
Open Research Online
The Open University’s repository of research publications
and other research outputs

Halophilic Responses to a Range of Salts and their
Relevance to Mars
Thesis
How to cite:

Morwool, Peter Frederick Woolman (2019). Halophilic Responses to a Range of Salts and their Relevance to
Mars. PhD thesis The Open University.

For guidance on citations see FAQs.

c© 2018 The Author

https://creativecommons.org/licenses/by-nc-nd/4.0/

Version: Version of Record

Link(s) to article on publisher’s website:
http://dx.doi.org/doi:10.21954/ou.ro.0000ef11

Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data policy on reuse of materials please consult the policies
page.

oro.open.ac.uk

http://oro.open.ac.uk/help/helpfaq.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/doi:10.21954/ou.ro.0000ef11
http://oro.open.ac.uk/policies.html


i 
 

 

Halophilic responses to a range of salts and their 

relevance to Mars 

 

Peter Frederick Woolman Morwool 

B.Sc. Molecular Biology and Genetics (Hons) 

M.Sc (Res)  

 

 

A thesis submitted for the degree of Doctor of 

Philosophy 

Astrobiology 

November 2018 

School of Environment, Earth & Ecosystems  

The Open University  

UK 

  



ii 
 

Declaration 

The research described herein was funded by the Open University, where the majority 

of the research was carried out. It is all my original research and the experiments and 

data analysis were carried out by me, with the following exceptions: 

• Thin sections (Chapter 2) were prepared by Michelle Higgins of the Open 

University Thin Section Laboratory. I carried out analysis of these thin sections. 

• I carried out sample preparation and target site selection for EMPA analysis 

(Chapter 2), but the instrument was calibrated and programmed by Sam 

Hammond of the Open University. 

• I powdered samples for XRD analysis (Chapter 2), but further processing, 

operation of the instrument and comparison of spectra with library data was 

carried out by Paul Schofield of the Natural History Museum, UK. 

• I carried out sample and standard preparation for ICP-MS analysis (Chapter 2), 

but the instrument was operated by Sam Hammond of the Open University. I 

analysed the data. 

• I prepared and dehydrated samples for Total Organic Carbon (Chapter 2) 

measurement, but the instrument was operated by Patrick Rafferty of the Open 

University. I carried out all further data analysis. 

• I carried out sample preparation for Total Gravimetric Analyses (Chapter 2), but 

the instrument was operated by Pete Landsberg of the Open University. I carried 

out all further data analysis. 

• For tRFLP analysis (Chapter 3), I carried out DNA extraction, amplification and 

fragmentation as well as the data analyses, but tRF profiles were generated by 

the bioinformatics company Macrogen in Seoul, South Korea. 



iii 
 

• For MiSeq analyses (Chapter 3), I carried out DNA extraction, but the sequencing 

process was carried out by the bioinformatics company Research and Testing 

Laboratory, Texas. I carried out all subsequent analyses of these sequences. 

• I carried out growth of the mixed cultures on a variety of agar compositions for 

isolation purposes, but at DLR, Cologne with the assistance of Dr Stefan Leuko as 

part of a COST funded Short Term Scientific Mission (STSM) 

• For sequencing of isolates (Chapter 4), I carried out DNA extraction and 

amplification. The sequencing was carried out by the bioinformatics company 

Macrogen in Seoul, South Korea. I carried out further analyses of this data. 

• In order to generate the growth curves in Chapter 4, I established approximately 

500 cell cultures in batches of 60-80, each of which would undergo 10 optical 

density measurements over the course of the next 30 days. I unfortunately broke 

my arm midway through one of these experiments. In order to not have wasted 

the work that had already been put into this batch of cultures, the final five 

optical density measurements for each member of this batch of cultures were 

made by Ben Stephens and Dr Ceri Gwyther of the Open University.  



iv 
 

Abstract 

This Thesis investigated the survival of salt-tolerant microorganisms in environments where 

salts other than NaCl are present, with the aim being to shed new light on the martian 

astrobiological potential of halophiles. 

Salt tolerant microorganisms, “halophiles”, are often proposed as analogues for potential 

martian life because, for water to exist on, or near, the present-day martian surface requires it 

to be highly saline. Furthermore, martian salt deposits are often proposed as locations in which 

to find evidence of ancient martian life; halophiles can undergo “entombment” within salt 

crystals for indeterminately long periods of time, and there is evidence that this provides 

protection from the extremes of the martian environment. Both of these proposals, however, 

are based upon studies of halophiles in terrestrial environments where NaCl is the dominant 

salt, whereas the martian environment is dominated by a wide range of salt compositions  

In this Thesis, Boulby Mine in Yorkshire was studied as its deposits feature a gradual transition 

from halite (NaCl) to potash (NaCl and KCl in equal concentrations) that might influence the 

microbial community present. Despite using both culture-independent and culture-dependent 

techniques, no difference was found in the microbial community across this transition in salt 

chemistry. It was shown that the NaCl requirement of obligate halophiles, isolated from these 

deposits, could be lowered by the presence of many other salts (KCl, K2SO4, MgCl2, MgSO4, 

Na2SO4, CaSO4). Furthermore, with the exception of MgCl2, the presence of these dissolved salts 

facilitated the entombment of viable cells and improved the UV tolerance of entombed 

microorganisms. This Thesis, therefore, suggests that the presence of non-NaCl salts in a 

martian environment could support the growth, entombment and survival of organisms 

analogous to halophiles.  
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Chapter 1: Introduction 

1.1 - Astrobiology 

1.1.1 - General overview 

Humanity has long been captivated by the idea of life beyond the Earth. Whilst the term 

“astrobiology” does not appear to have been used prior to 1953 (by the Soviet 

astronomer, Gavriil Tikhov, (Cockell, 2001)), the scientific concept is centuries old. 

Certainly it has existed since 1600 when the Italian monk Giordano Bruno was burned 

at the stake for the idea that intelligent life existed elsewhere in the universe (Cockell, 

2001). Bruno based his ideas on the, then highly controversial, work of Copernicus. 

These days the “Copernican Principle” is a fundamental keystone of modern 

astronomical science: “there  is  nothing  special  about  local [terrestrial] conditions  in  

both  the  spatial  and  temporal  sense” (Ćirković, 2004). The Copernican Principal 

implies the existence of life on other worlds (Whitmire and Matese, 2009).  

Even prior to the invention of space flight, the public’s imagination had been captured 

by authors such as Jules Verne and Herbert George Wells, who speculated about how 

the vastly different environmental conditions on the Moon and Mars would cause life to 

develop along different lines to on the Earth. This was, in part, fuelled by work of 

scientists, chief among them Percival Lowell, who suggested that features visible on the 

martian surface were vast irrigation projects built by an intelligent martian civilization 

(Lowell, 1908). 

As ground-based observational techniques advanced, and the space-age began, the data 

accumulated regarding our nearest planetary neighbours quashed some of this fervour 

for astrobiology (Jones, 2008, Gronstal, 2013). It became increasingly clear that the 
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environmental conditions on the Moon (Cockell, 2010), Mars (Gross, 2014) and Venus 

(Grinspoon and Bullock, 2007) were considerably less habitable than on the Earth. For 

example, liquid water (Grotzinger, 2009), essential to all terrestrial life, was not 

observed on the surface of any other planets within our Solar System.  

Of the rocky planets within our Solar System, Mercury’s proximity to the Sun means that 

it is too warm for life akin to that found on Earth (Helbert, 2014). Venus is a comparable 

size and composition to the Earth and is located within the habitable zone  (Moore et al., 

2017, Way et al., 2017, Cockell, 2001), but the extreme temperatures, pressures and 

acid rain (Voosen, 2017) render the surface hostile to all known life. Like the Earth, 

Mars has seasons and ice caps (Herschel, 1784) and the work of Lowell had popularised 

the idea of a planetary-wide network of canals. The arrival of the Mariner probes in the 

1970s, however, showed that the planet lacked any surface water (Sagan and Fox, 1975, 

Leighton et al., 1965), and, although the results are still debated (Levin and Straat, 2016, 

Levin and Straat, 1981, Biemann and Bada, 2011, Biemann, 2007, Navarro-González et 

al., 2006), the Viking landers did not find unequivocal proof of life’s existence, or 

absence, on the martian surface.  In the following decades, however, the independent 

advancement of planetary science (see Section 1.2) and microbiology began to re-open 

the question of life within our Solar System (Gronstal, 2013).  

a) Microbiology 

At the time of the Viking missions, biologists had typically considered the terrestrial 

habitable environment to be a relative narrow window (Rampelotto, 2010), even 

though some microbes - extremophiles - were known to survive in environments 

considerably more extreme than those in which humans could survive. At the time, 

however, extremophiles were believed to be low in diversity (Cavicchioli, 2011). It was 
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believed that they required complex, non-extremophilic, life to already exist before they 

could develop (Cavicchioli, 2011), and thus could never arise in the hostile 

environments in our Solar System. As a result, they were considered of limited use to 

astrobiology.  

 

Figure 1.1 - Simplified view of the three domains of life (Madigan et al., 2006) 

The gradual acceptance of the ideas proposed by Carl Woese in his studies of molecular 

phylogeny changed the view that extremophiles were highly specialised bacteria 

(Moreira and López-García, 1998). Many of the most extremophilic microbes were 

shown not to be specialised bacteria, but instead represented an entirely separate 

branch of the tree of life, far more closely related to each other and to the eukaryotes 

than to bacteria (Cavicchioli, 2011). The tree of life had to be redrawn (Figure 1.1) to 

take these findings into account. Under the current structure, the tree of life is split into 

three “domains”: the eukaryotes, the bacteria and the archaea (Moreira and López-

García, 1998). The majority of extremophilic microbes belong to the domain Archaea 
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(Castro‐Fernandez et al., 2017). The archaea, and by extension the majority of 

extremophiles, are an incredibly ancient lineage (Castro‐Fernandez et al., 2017) that did 

not require complex non-extremophilic bacteria to exist before they could evolve. This 

meant that organisms analogous to terrestrial extremophiles could potentially arise in 

extra-terrestrial environments that were never suitable for the vast majority of 

terrestrial organisms (Des Marais et al., 2008). 

The discovery of the domain Archaea roughly coincided with the advent of culture-

independent community sequencing (Barns et al., 1996). Prior to this, microorganisms 

could only be detected and identified in an environment by growing samples in the 

laboratory.  As DNA extraction techniques became more advanced, it became possible to 

sequence and identify microorganisms without growing them (Harper-Owen et al., 

1999). While archaea had initially been discovered in extreme environments, culture-

independent studies detected them in low concentrations in practically all terrestrial 

environments (Hugenholtz and Tyson, 2008), and in a wider range of environments 

than the bacteria. These discoveries increased the range of terrestrial environments 

that were considered habitable and, as such, widened the range of potentially habitable 

extra-terrestrial locations, including those within otherwise hostile environments 

(Gómez et al., 2012, Cockell, 2014). 

b) Planetary science 

On Earth, the presence of liquid water (and its chemistry) is almost always the factor 

that predicts the presence, or absence, of life (Knoll and Grotzinger, 2006). In the late 

1990s, NASA adopted its current strategy to “follow the water”, which attempts to 

identify habitable environments before attempting to directly detect evidence of life 

(Graf et al., 2005, Grotzinger, 2009).  
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There is now abundant evidence that the martian surface once possessed large bodies 

of liquid water (Grotzinger, 2009, Rosenberg and Head III, 2015, Seybold et al., 2017, 

Carr and Head, 2010a, Bost et al., 2010, Frydenvang et al., 2017, Hansen, 2009, 

Cassanelli et al., 2015, Hynek et al., 2015, Osterloo and Hynek, 2015, Carr and Head Iii, 

2010). As a result, it has been suggested that, even if the present-day surface is 

inhospitable, Mars might once have been habitable (Westall et al., 2015, Cockell, 2014).  

The aim of this Thesis is to investigate one such potentially habitable environment on 

Mars: the brines which comprised the final macroscopic bodies of water on the martian 

surface. This Thesis investigates the response of terrestrial halophiles (salt tolerant 

microorganisms) to brines and salt deposits consisting of salts other than terrestrially 

abundant NaCl.  Section 1.2 of this introduction outlines what is known about Mars. The 

sections that follow here, however, provide an introduction to the origin of life studies 

and the factors that must be considered when evaluating the potential habitability of 

Mars.  

1.1.2 - Origins of life in our Solar System 

The existence of life in an extra-terrestrial environment requires both an origin or 

source and a habitable environment in which it can persist. What is known about the 

origin of terrestrial life and the limits of terrestrial habitable environments can be used 

to attempt to interpret the astrobiological potential of other worlds.  

a) Abiogenesis 

For life to exist on a body in our Solar System, it needs to have had an origin from an 

abiological source – a process known as abiogenesis. Studies of the origins of life and its 
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ability to arise from abiotic environments are stymied by the fact that there is only one 

known example of it occurring, i.e., on Earth (Walker, 2017, Hazen, 2017).  

The mechanism behind the origin of terrestrial life remains uncertain, as any geological 

or geochemical evidence for it has been lost through tectonics and planetary resurfacing  

(Abramov and Mojzsis, 2009, Ohmoto et al., 2008). The oldest remaining evidence for 

the presence of life and biological processes can be dated to approximately 3.7 Ga (Dong 

et al., 2016, Nutman et al., 2016, Dodd et al., 2017), but life may have originated before 

this date.  

There are two main theories for the origins of life on Earth: RNA world or vesical first 

(Kauffman, 2007), because a self-replicating molecule (such as DNA or RNA) and a 

means of concentration and containing compounds for chemical reactions (a role played 

in the modern-day by the cell membrane) are the only two definite requirements for 

early life (Dzieciol and Mann, 2012).  

Many theories for the origin of terrestrial life suggest that it initially occurred in deep 

sea hydrothermal vents where the proton gradient could drive chemical reactions 

inside pores of the rock (Sojo et al., 2016, Herschy et al., 2014). Another theory suggests 

the origin of life occurred in shallow shorelines (Pasteris et al., 2006) where the 

evaporation of salt water during low-tide would concentrate primitive biomolecules 

inside the fluid inclusions of salt crystals for chemical reactions to occur. These could 

then be released to intermingle following dissolution of the crystals at high-tide before 

re-crystallising at low-tide, re-concentrating the molecules in different ratios for further 

reactions (Pasteris et al., 2006). A similar theory proposes that the origin of life 

occurred between the platy crystals of clay minerals in aqueous environments (Bernal, 

1951), where simple organic molecules could be absorbed and synthesised to more 
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complex biomolecules via the catalytic properties of the clay surfaces (Rossi et al., 2014, 

Subramaniam et al., 2011).  

It is unlikely that early life was photosynthetic. Prior to the generation of the ozone 

layer by photosynthetic organisms (Bekker, 2014), the Earth’s surface was exposed to 

solar radiation, as Mars is today (Fendrihan et al., 2009a). This implies life originated 

away from the sunlight, and, as such, primary production must have been driven by a 

process other than photosynthesis (Judson, 2017). Primary production was therefore 

likely driven by chemolithoautotrophic or chemoheterotrophic energy acquisition 

mechanisms. This is one of the reasons why hydrothermal vents, with their large 

naturally occurring proton gradients, are often proposed as the location of life (Lane, 

2017). 

b) Origins of potential martian life 

If life were to be discovered on Mars this would not necessarily indicate a second, 

independent origin of life. There are two scenarios which could explain the presence of 

potential martian life: independent abiogenesis and lithopanspermia. 

Independent abiogenesis  

The independent abiogenesis scenario is one in which an origin of life event occurred on 

Mars separate from the origin of terrestrial life. The probability of such an event 

occurring cannot be determined statistically since only one origin of life (Earth) can be 

studied (Walker, 2017). As will be outlined in Section 1.2.2b, the martian surface 

environment 4.1 to 3.7 Ga (the Noachian period) appears to have been similar to the 

terrestrial Archaean  environment (Anguita et al., 2006, Bost et al., 2010), when life is 

believed to have first arisen (Allen, 2016, Schwartzman, 2014, Cavalazzi and Barbieri, 
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2016). There is, however, no evidence of martian deep-sea hydrothermal vents, but 

similar systems could have been induced within Noachian impact craters (Chatterjee, 

2016).  Many of the conditions required for alternative models for the terrestrial origin 

of life, for example in transient salt-crusts (Pasteris et al., 2006) or clays (Rossi et al., 

2014, Subramaniam et al., 2011), seem as plausible for Mars as they do for the Earth, 

because there is abundant evidence of equivalent environmental conditions (Hynek et 

al., 2015, Osterloo and Hynek, 2015, Grotzinger et al., 2014). 

Earth features large interconnected global oceans, which allowed life to colonise the 

planet (Westall et al., 2015). It is uncertain whether Mars ever possessed a large global 

ocean, and if it did, it disappeared relatively early in martian history (Parker et al., 1993, 

Rodriguez et al., 2016a, Wordsworth, 2016). This, therefore, means that if life emerged 

in a martian impact-induced hydrothermal system (Chatterjee, 2016), it is plausible that 

it would not be able to leave its local area before the impact-induced heat dissipated. 

This could potentially mean that if life had arisen on Mars, it might have been spatially 

limited and became extinct relatively quickly (Westall et al., 2015). On the other hand, 

depending on how common the abiotic origins of life are, Mars might have featured 

many spatially and temporally diverse origins of life. On Earth it is believed that the 

rapid and wide spread of microbial life quickly precluded prebiotic molecules ever 

building up again in concentrations suitable for further abiogenesis (Lane et al., 2010, 

Enay, 1993). 

Lithopanspermia 

The second scenario to explain the potential presence of microorganisms on Mars is 

that it shares an origin with terrestrial life and became transported from one planet to 
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another inside meteorites (Horneck et al., 2008, Davies, 2003). This theory is called 

lithopanspermia.  

It is known that rocks have been transferred between the inner planets (Gladman et al., 

1996), since large impact events eject debris (ejecta) into space (Worth et al., 2013). 

This can fall onto other planets as meteorites (Worth et al., 2013). Martian meteorites 

have been positively identified on Earth (Gladman et al., 1996), and, while venusian 

meteorites have not been identified, it is theoretically possible that they exist (Jourdan 

and Eroglu, 2017).  

There is also evidence to suggest that microbes could survive ejection from the Earth, 

the harsh conditions of transit in space, and delivery onto another planetary body 

provided they are encased within ejecta (Horneck et al., 2008). If this ejecta landed in a 

habitable environment, the microbes could migrate into the new environment, spread 

and colonise (Davies, 2003).  

The high density of life on the terrestrial surface ensures that ejecta containing 

terrestrial microorganisms will have been transferred into space (Worth et al., 2013). 

Although transfer of materials from Mars to Earth is more dynamically favourable than 

the opposite direction, in the billions of years since life arose it is statistically likely that 

some terrestrial microbes have been delivered to the surface of our nearest planetary 

neighbours (Jourdan and Eroglu, 2017, Worth et al., 2013). 

If this scenario were true, it means that, if martian life is ever discovered, it could 

potentially share a common origin with life on Earth. However, it should not be 

automatically assumed that this origin is terrestrial – it may originate on Mars or even 

Venus (Walker, 2017, Davies, 2003).  
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Proving whether a potential organism discovered on Mars came from an independent 

origin or shared ancestry with terrestrial life would be difficult. The vastly different 

membrane composition between archaea and prokaryotes suggests that these 

organisms diverged even before the cell boundary was formed (Peretó et al., 2004). 

Depending on how early potential martian life diverged from terrestrial life, it may not 

have even needed to use DNA; early terrestrial life used RNA instead (Forterre et al., 

2004), and synthetic biology experiments show that there is no inherent value in the 

four nucleotides used in terrestrial DNA compared to other potential nucleotides 

(Pinheiro and Holliger, 2012). Potential martian life could therefore be very different to 

any terrestrial life, yet still share a distant common origin 

1.1.3 - Habitability 

Regardless of its origin, life needs a habitable environment in which to survive. The 

boundaries of a habitable environment are less stringent than those required for an 

origin of life, but the conditions would need to persist for life to remain (Westall et al., 

2015).  

A habitable environment has three components: a solvent, bioessential elements and a 

source of energy (Cockell et al., 2016). A solvent is required because life undertakes a 

wide variety of chemical reactions to survive (Brack, 2002, Westall and Brack, 2018); 

chemical reactions between dissolved substances are considerably more energetically 

favourable than chemical reactions between solids (Pryor, 2018, Westall and Brack, 

2018). All terrestrial life uses water as a solvent, and this is the basis for NASA’s “follow 

the water” strategy (Graf et al., 2005, Grotzinger, 2009).  
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Theoretically, the solvent does not necessarily have to be water. Astrobiological 

investigations into Saturn’s moon Titan focus on the theoretical utilisation of methane 

as a solvent (McKay, 2016). Despite the cold temperatures of the martian surface (-60 

℃, Section 1.2.1d, McKay,1999), liquid methane is unlikely to form (its boiling point is -

161.5 ℃ Kim et al., 2015) and, therefore, (as will be described in Section 1.2.1b), water 

is the only viable candidate for a martian solvent. In order for it to remain stable under 

martian conditions, however, a high salt concentration is required (Catling et al., 2010).  

In order for life to survive, it also requires the so-called “CHNOPS” elements (carbon, 

hydrogen, nitrogen, oxygen, phosphorus and sulfur, Cockell et al., 2016). These 

elements need to be available in a form exploitable by microorganisms for an 

environment to be considered habitable. Carbon is an essential component of all 

biomolecules because of the wide range of possible bonding configurations 

(Kupriyanova et al., 2017, Westall and Brack, 2018). Sources of carbon for potential 

martian organisms include the CO2 in the atmosphere (Murukesan et al., 2016) or 

delivery from space in the form of micrometeorites (Westall et al., 2015), which would 

allow autotrophy (the biotic fixation of abiotic carbon) to occur. Meanwhile, already 

(abiotically) fixed nitrogen is found within the sediments investigated by the Curiosity 

rover (Stern et al., 2015). The remaining CHNOPS elements have, likewise, been 

detected in minerals in Mars’ Gale Crater, which has led to its classification as a 

habitable environment in the Noachian and (potentially) Hesperian periods (Grotzinger 

et al., 2014) when water was present.   

In addition, life requires an energy source in order to fuel its many chemical reactions 

(Stelmach et al., 2018). On Earth most biological energy comes from photosynthesis, 

generating energy from sunlight (Nelson and Junge, 2015). On Mars, photosynthesis 
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seems unlikely, since exposure to sunlight would also require exposure to the extreme 

solar radiation (see Section 1.2.1c and Cockell, 1998). Photosynthesis is, however, a 

complex form of energy generation that appeared relatively late in terrestrial evolution 

(Bekker, 2014, Fischer et al., 2016). An alternative is chemotrophy, which involves 

energy being generated from chemical concentration gradients rather than from 

sunlight (Payler et al., 2016, Hays et al., 2017, Emerson et al., 2016). A wide variety of 

different molecules can be utilised as electron donors and electron acceptors for this 

process, many of which are present on Mars even in the present day (for example, 

organic molecules and hydrogen as potential donors, with iron and sulfates as 

acceptors, Westall et al., 2015) implying that chemotrophy could occur.  A detailed 

review of martian environments - past and present - is given in the following sections. 

1.2 - Mars 

1.2.1 - Present-day Mars 

The martian surface was initially characterised by the orbiting Mariner missions in the 

1960s and 70s (Leighton et al., 1965, Sagan and Fox, 1975, Collins Jr, 1971), and then by 

the Viking landers in the late 1970s (Margulis et al., 1979). The Viking landers had life 

detection as their primary goal but produced negative (and still debated) results (Levin 

and Straat, 2016, Levin and Straat, 1981, Biemann and Bada, 2011, Biemann, 2007, 

Navarro-González et al., 2006). The landers did, however, analyse the composition of 

the martian atmosphere and regolith (McSween Jr, 1984), which, in turn, enabled the 

identification of meteorites from Mars within collections on Earth (Wasson and 

Wetherill, 1979, Wood and Ashwal, 1982).  This determination of provenance meant 

that these meteorites could be used to further determine environmental conditions and 

processes on Mars (Burbine et al., 2002).  
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In 1997, the Mars Global Surveyor (MGS) orbiter began comprehensively mapping the 

martian surface (Smith et al., 2001). Since then, six orbiting spacecraft have 

(successfully) arrived in Mars’ orbit to map and characterise the geomorphology, 

atmosphere and polar regions (Edwards et al., 2014) while seven landers and/or rovers 

have (successfully) landed on the martian surface to further characterise specific 

geographical locations (Carr and Bell, 2014).  At the time of writing, Mars continues to 

be a target for astrobiological investigation, with the InSight, ExoMars 2020 and Mars 

2020 landers being the most prominent upcoming missions.  

As a result of this attention, the present-day surface and atmospheric conditions have 

been extensively characterised. They are described below.  

a) Atmosphere 

Mars has a relatively thin atmosphere, having been stripped by solar winds (Dehant et 

al., 2007); the current surface air pressure is 6.1mbar (Korablev et al., 2018), less than 

1% of that found on Earth and it is still falling (Hassler et al., 2014). The Curiosity rover 

measured daily fluctuations in the mean atmospheric pressure on the order of a couple 

of percent when Mars is furthest from the Sun and tens of percent when it is at its 

closest (Martínez et al., 2017).  

The composition of the martian atmosphere, as recorded by the Curiosity Rover in its 

first 105 days in Gale Crater, is displayed in Table 1.1. This data differs slightly from 

historic data from Viking and ground-based observations (Nier et al., 1976), which is 

believed to be a result of seasonal and geographic variation as well as improvement in 

the accuracy of analytical instruments over time (Martínez et al., 2017). As a result, this 
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data is believed to represent typical conditions on the martian surface in the present 

day. 

Table 1.1 - Percentage composition of the martian atmosphere as measured by Curiosity in its first 105 sols. Data from 
Mahaffy et al., (2013) 

Gas Percentage abundance 
CO2 96 (±0.7) 
Ar 1.93 (±0.03) 
N2 1.89 (±0.03) 
O2 0.145 (±0.009) 
CO < 0.1 

 

b) Temperature 

Mars is considerably colder than the Earth, with an average global temperature of -60 ℃ 

(McKay, 1999, Ferguson and Lucchitta, 1984). On Earth, the thick atmosphere (Haberle 

et al., 2017) and extensive oceans (Sleep and Zahnle, 1998) provide heat-sinks to buffer 

global temperatures and keep them reasonably stable. Without these, temperatures on 

Mars can vary significantly by geography, season and even time of day. In equatorial 

regions, air temperatures near the surface can briefly reach as high as 26 ℃, but can 

drop by more than 100 ℃ at night (Pierrehumbert, 2010).  

c) Radiation at the martian surface 

Although Mars only receives 43 % as much solar radiation as the Earth (owing to the 

increased distance from the sun) the surface UV dose rate is three orders of magnitude 

higher (Schuerger et al., 2006). This is owing to a combination of atmospheric factors: 

its relative thinness and the lack of any significant ozone layer (Cockell, 1998). This 

results in a radiation environment similar to that of space; high-energy, low-wavelength 

(> 300 nm) UV radiation can penetrate to the martian surface (Schuerger et al., 2006), 

which receives approximately 1,500 kJ/m2 of UV irradiance each day (Cockell et al., 
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2000). The subsurface is better shielded from this radiation; the depth it can penetrate 

varies with wavelength, but it is typically on the order of 1 mm (Ertem et al., 2017). 

Furthermore, the absence of a global scale magnetic field (Dehant et al., 2007) means 

that Mars receives significantly more cosmic rays (ionising particles from deep space) 

than the Earth (Matthiä et al., 2016). Although cosmic rays provide less than 10,000 

times the energy to the martian surface than solar UV (Pavlov et al., 2012) they are still 

important as they can penetrate several meters of regolith (Sheshpari et al., 2017), 

which is much deeper than the few millimetres that UV can reach  (Pavlov et al., 2012, 

Musilova et al., 2015). 

d) Water 

Surface/near surface water 

The temperature and pressure regime on the martian surface (described above) is such 

that water can exist as atmospheric vapour or as ice, but never as a liquid (Allen, 2016).   

This is illustrated using the phase diagram of water in Figure 1.2. 

 

Figure 1.2 - Phase diagram for water showing how temperature and pressure affect the phase of water, with typical 
values for the martian environment shown as a dark blue box. Image from Whittet (2017) 
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Water vapour has been detected in the martian atmosphere, with levels of between 5-

70 pr.µm depending on seasonal variation (Trokhimovskiy et al., 2015). The majority of 

the water on the martian surface and near sub-surface, however, is frozen as ice 

(Christensen, 2006). It has been estimated that there is enough water-ice in the surface 

and near sub-surface to cover the entire planet to a depth of 30 m (Clifford and 

McCubbin, 2016). While much of this ice can be found in the polar ice-caps, particularly 

the northern one (Brown et al., 2015), the majority of the water-ice is located in a layer 

of permafrost underneath the surface regolith across most of the planet. The thickness 

of this permafrost is undetermined (Mitrofanov et al., 2007), but the abundance of 

water in the near subsurface correlates with distance from the equator (Figure 1.3, 

Christensen, 2006). 

 

Figure 1.3 - Distribution of neutron counts across the martian surface according to High Energy Neutron Detector data 
from Mars Odyssey. Neutron counts negatively correlate with hydrogen ions, which are believed to represent water-ice. 
Image adapted from Christensen 2006. 

In the summer months, some of the permafrost melts and sublimes directly into the 

atmosphere and in the winter it deposits as ice again without ever entering the liquid 
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phase (Richardson and Wilson, 2002); the triple point of water in relation to martian 

conditions (as shown in Figure 1.2) means that pure liquid water is never stable.   

However, a high concentration of dissolved salt depresses the freezing point of water 

(Catling, 2014, Oakes et al., 1990) such that the liquid phase could be possible (Figure 

1.4), at least for short periods of time (Massé et al., 2016).  

 

Figure 1.4 - Freezing point of brines (in ℃) of increasing concentrations of NaCl and CaCl2 (in a terrestrial atmosphere). 
Image from Oakes, C. S., et al. (1990) 

Surface brines 

The Mars Reconnaissance Orbiter (MRO) observed thin, dark streaks (Figure 1.5) on the 

slopes of the Southern Highlands of Mars (McEwen et al., 2011) during the summer 

months (McEwen et al., 2013) when the martian temperatures can exceed 0 ℃ (Stillman 

and Grimm, 2018). These have been named Recurring Slope Lineae (RSL) and they form 

branching pathways which head downhill in a manner reminiscent of terrestrial 
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streams. This led to the hypothesis that they are formed from liquid water dampening 

the regolith (McEwen et al., 2013). “Dry” theories have also been proposed that do not 

invoke water, where the RSL are instead formed of avalanches of dust induced by 

seasonal changes in surface pressure (Schmidt et al., 2017). These avalanche-based 

theories are supported by the fact that the downwards spread of RSL is halted when 

they reach slopes shallower than 27 °, a feature observed in terrestrial avalanches 

(Dundas et al., 2017). Areas with RSLs, however, correspond with areas of elevated 

humidity (Bhardwaj et al., 2017), indicating localised inputs of water vapour to the 

atmosphere.  

 

Figure 1.5 - Re-projected view of HiRISE images obtained on May 30, 2011 showing RSL flowing down a slope. Image 
credit: NASA/JPL-Caltech/Univ. of Arizona  
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The implication that the RSL may represent brines has not resulted in any direct 

detection of liquid water (although the spectra were obtained in mid-afternoon, the 

warmest part of the day, when the water might not be present, Dundas et al., 2017), but 

has led to the search for evidence of evaporite deposits. Hydrated salt crystals (mainly 

consisting of MgSO4 and magnesium perchlorate) have been found where RSL have 

previously been observed (Ojha et al., 2015). While the spectra of RSL imply that 

potential martian brines would be likely to contain a high MgSO4 concentration, MgSO4 

has a relatively small impact upon the phase diagram of water, and thus other salts are 

required to provide stability to potential brines (Massé et al., 2014). Hydrated Na and 

Mg perchlorates have also been detected in the aftermath of RSL disappearance (Ojha et 

al., 2015), as well as at every lander site (Davila et al., 2013b, Kerr, 2013), implying their 

abundance across the martian surface (Kerr, 2013). Perchlorates can have a very strong 

effect on the freezing point of water, and are thus likely to be a major component of any 

potential martian brine (Massé et al., 2014). 

While the composition of RSL (if they are indeed brines) remains uncertain (Stillman et 

al., 2017), the water activity (see Section 1.3.1) of most modelled martian brines tend to 

fall in the range of 0.4 - 0.6 (Dundas et al., 2017). The lowest water activity at which 

terrestrial growth has been detected is 0.64 (Stevenson et al., 2015b) and planetary 

protection guidelines consider an extra-terrestrial environment uninhabitable if the 

water activity is below 0.5 (Rettberg et al., 2016). This would imply that even if RSL are 

brines, they would be uninhabitable. They are, however, still of astrobiological 

importance, because they are the best evidence of liquid water, an essential 

requirement of life (Jones, 2018), on the martian surface in the present day.  
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Discovering the source of the water, if RSL are water, is, therefore, essential. Water-

based theories of RSL formation have two primary hypotheses: 

1) It has been suggested that RSL are fuelled by the over pressurisation of subsurface 

aquifers (Stillman and Grimm, 2018), implying the existence of relatively large 

bodies of water in the martian near-subsurface. The regular appearance of RSL in 

similar locations years after year, would imply that aquifers must become recharged 

over the winter months (Stillman et al., 2016). The mechanism behind such 

recharging remains uncertain and there are no convincing models to do so (Stillman 

et al., 2016).  

2) RSL could also be fuelled by deliquescence onto salt crystals from both the 

atmospheric water (Nikolakakos and Whiteway, 2015) and/or the cryosphere 

(Pavlov et al., 2010).  It has been shown, via modelling, that atmospheric water 

vapour is capable of condensing directly onto salt crystals to form small pockets of 

brine (Nikolakakos and Whiteway, 2015). In this theory, the salts detected following 

RSL disappearance (Ojha et al., 2015) might predate RSL formation. Salts are found 

across the present day surface of Mars. The cations consist mainly of Mg and Fe, with 

smaller amounts of Na and K, while the anions consist mainly of sulfate and 

perchlorate with smaller amounts of chlorides (Massé et al., 2014, Clark and Van 

Hart, 1981, Kounaves et al., 2010, Hecht et al., 2009).  These may originate from 

aqueous alteration of rocks during ancient wetter conditions (Clark and Van Hart, 

1981) and reactions between volcanic gases (Catling et al., 2010), and provide 

surfaces for deliquescence.  

Deliquescence could theoretically happen across the planet, not just at sloped surfaces 

where RSL are visible. For example, there is evidence (a correlation between surface 
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temperature, atmospheric humidity, and changes in the hydration states of salts) to 

suggest that it occurs in Gale Crater in the present day, but water has yet to be detected 

(Martín-Torres et al., 2015). The ESA ExoMars 2020 rover will carry the HABIT 

(HabitAbility, Brine Irradiation and Temperature) instrument, which will attempt to 

generate brines on the martian surface from deliquescence of atmospheric water in 

order to prove that it is possible (Rodionov et al., 2017).  

Potential liquid water in the deep subsurface 

In the deep subsurface (on the order of kilometres), temperature and pressure 

increases. This could potentially put conditions into the area of the phase diagram 

where pure liquid water is stable (Mancinelli, 2000), though it is currently unfeasible to 

either detect or sample it. On Earth, water is found wherever the pressure and 

temperature regimes allow it. Models suggest that the colder martian core and lower 

gravity mean that the region of the martian subsurface conducive to liquid water has a 

larger volume than that of the Earth (Michalski et al., 2013).  

There is also radar evidence from the Mars Express orbiter to suggest the presence of a 

large body of water (several km diameter, and tens of cm deep) 1.5 km beneath the 

South Polar glaciers (Orosei et al., 2018). The temperature of this water is estimated to 

be approximately -68 ℃, implying, as with the potential near-surface brines, high 

concentrations of perchlorate in order to maintain this liquid state (Orosei et al., 2018); 

the pressure of the overlying ice is unlikely to be able to induce the melting needed for 

such a body to exist.  
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1.2.2 - Early Mars 

In the absence of field geologists on the martian surface, or extensive subsurface 

excavations, Mars’ geological history and stratigraphic relationships have been 

determined mainly though orbital observation (Carr and Head Iii, 2010, Wordsworth, 

2016, Rogers et al., 2018). These observations have been primarily of surface outcrops 

(Squyres et al., 2004, Sautter et al., 2016, Viviano-Beck et al., 2017), volcanic plains 

(Brož et al., 2015), cliff faces (Treiman, 2003) and crater density, distribution and 

preservation state (Hartmann and Neukum, 2001, Kreslavsky and Head, 2018, Irwin et 

al., 2018, Tanaka et al., 2014, Day et al., 2016).  The lack of precipitation-induced 

erosion, tectonic movement or (recent) volcanism means that such geomorphological 

features survive on the martian surface considerably longer than they do on Earth.  

 

Figure 1.6 - Global distribution of Amazonian, Hesperian and Noachian terrain. Adapted from (Solomon et al., 2005)  

Orbital observations have divided the martian terrain into three categories (Tanaka, 

1986), as shown in Figure 1.6, and thus three geological periods: Amazonian, Hesperian 
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and Noachian. A fourth period (Pre-Noachian) is in the early stages of being defined and 

characterised, although it’s timings and environmental conditions remain poorly 

constrained in comparison to the other periods (Carr and Head Iii, 2010, Bouley et al., 

2018). The preservation of these terrains and the features upon them can reveal much 

about the environmental conditions, both of the time when they formed and the time 

since (Carr and Head Iii, 2010).   

a) Pre-Noachian 

The Pre-Noachian is defined as the geological period from 4.5 - 4.1 Ga (Andrews-Hanna 

and Bottke, 2017). Mars formed around the same period of time as the Earth  (Fitoussi 

et al., 2016, Izidoro et al., 2014), but no terrain remains that formed between the 

accretion of the planet and the start of the Noachian period 4.1 Ga (Carr and Head Iii, 

2010). There is, however evidence of a catastrophic event that occurred around 4.5 Gya 

and this is defined as the start of the Pre-Noachian period. The exact nature of this 

catastrophic event is uncertain (the two main theories are an impact or sudden violent 

tectonics (Citron and Zhong, 2012)), but evidence for its occurrence exists in the fact 

that it caused a marked dichotomy between the Northern and Southern hemispheres of 

Mars (Carr and Head Iii, 2010).  To this day, there remains an average of 3 km difference 

in height (Wilhelms and Squyres, 1984) between the “Southern Highlands” and the 

“Northern Lowlands” (Figure 1.7).  



24 
 

 

Figure 1.7 - Topographic map of Mars, based on Mars Global Surveyor Orbiter data. The Hellas Basin (a) and Tharsis 
Regions (b) are marked (PIA02031, 1999) 

The end of the Pre-Noachian period (the start of the Noachian) is generally accepted as 

the impact event, that formed the Hellas Basin, and the start of the Late Heavy 

Bombardment (LHB) approximately 4.1 Ga (Andrews-Hanna and Bottke, 2017). 

Despite the absence of Pre-Noachian terrain (Carr and Head Iii, 2010), preservation of 

the boundary region between the highlands and the lowlands allows some general 

conclusions about this period to be drawn. All evidence of volcanism and lava in this 

boundary region is younger than the Tharsis volcanic plateau, implying very little 

volcanic activity occurred between the formation of the boundary and the early 

Noachian (Andrews-Hanna and Bottke, 2017). This also implies that, even in this early 

stage of martian history, there was no plate tectonics (Andrews-Hanna and Bottke, 

2017). In addition, martian surfaces older than 3.9 Ga preserve evidence of an ancient 

global magnetic field similar to the one on Earth today (Weiss et al., 2008), which 

implies that, during the Pre-Noachian, the surface would have been better protected 

from the solar radiation environment. 

(b) 

(a) 
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The pre-Noachian boundary region displays evidence of fluvial erosion, but this erosion 

can be dated to much later in Mars’ geological history (Andrews-Hanna and Bottke, 

2017), implying that little aqueous alteration occurred during the Pre-Noachian period. 

There is, however, evidence to indicate that the Pre-Noachian period featured episodic 

impact events (Palumbo and Head, 2017). These would have raised local temperatures 

by hundreds of kelvin and transferred enough surface water (either as liquid or ice) to 

the atmosphere that the basin and its surroundings might experience rainfall rates 

typical of a terrestrial tropical rainforest (2 m/year) for hundreds of years afterwards 

(Palumbo and Head, 2017). Rock debris from these impact events would also persist in 

the atmosphere for comparable periods of time. Depending upon the frequency of these 

large impacts, as well as smaller ones to maintain the conditions, it is feasible that this 

could have provided a greenhouse effect to raise global temperatures sufficiently to 

allow liquid water to persist long-term on the surface (Carr and Head, 2010a).  

b) Noachian 

The Noachian period lasted from 4.1 - 3.7 Ga, and its terrain is mainly found in the 

Southern Highlands (Figure 1.6). Noachian surfaces possess complicated networks of 

valleys and the main hypothesis for their formation is aqueous erosion induced by 

rivers and streams (Wordsworth, 2016, Rosenberg and Head III, 2015, Davis et al., 

2016, Cassanelli et al., 2015, Andrews‐Hanna and Lewis, 2011, Carr and Head Iii, 2010, 

Parsons et al., 2013, Wordsworth et al., 2013). Noachian terrains also possess inverted 

channels, which are presumed to have been formed by sedimentation in these streams 

(Davis et al., 2016, Mirino et al., 2018, Balme et al., 2016). Erosion models and drainage 

basin morphology both imply that the Noachian featured common and wide-spread 

precipitation, though it remains uncertain whether it was mainly rain or snow (Seybold 
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et al., 2017). There is geochemical evidence for surface liquid water in this period; clays 

and soils that have undergone aqueous alteration are found in abundance on Noachian 

terrain (Loizeau et al., 2018, Tirsch et al., 2015, Michalski et al., 2010). There is also 

geomorphological evidence to suggest that this time period would have seen the 

presence of long term lakes and seas within impact craters such as Hellas (Moore and 

Wilhelms, 2001) and Gale Crater (Frydenvang et al., 2017). It has even been suggested 

that a large ocean could have covered most of the northern hemisphere during at least 

the early Noachian (Parker et al., 1993, Rodriguez et al., 2016a, Fawdon et al., 2018). 

The Noachian period is marked by intense volcanism, but it was focused in the Tharsis 

Region (Figure 1.7b); across the rest of the planet, the rate of resurfacing of Noachian 

terrain by impacts is significantly higher than the rate of resurfacing by volcanic activity 

(Carr and Head, 2010b). The Tharsis volcanism would have pumped large volumes of 

CO2 and water vapour into the atmosphere, creating a greenhouse effect (Jakosky and 

Phillips, 2001) that would raise global temperatures (Westall et al., 2013).   

Surfaces formed in the early Noachian contain magnetic anomalies consistent with 

formation under a global magnetic field, which is not observed today (Connerney et al., 

2001). The failure of the internal dynamo generating this field is dated to between 4.0-

3.8 Ga (Arkani‐Hamed and Olson, 2010, Weiss et al., 2008), although it is uncertain how 

gradual a process this failure was (Kuang et al., 2008). Following failure of the dynamo, 

the planet would have been exposed to the cosmic radiation of space and the 

atmosphere would have become exposed to solar winds (Section 1.2.1a) causing its loss 

to space, and the gradual development of the the modern radiation environment (see 

Section 1.2.1c). 
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It is now hypothesised, thanks to the data gathered by the Curiosity Rover, that Gale 

Crater was a habitable lake during the late-Noachian period (Grotzinger et al., 2014). It 

is highly likely that it was not the only habitable environment on the martian surface 

during this time and Noachian Mawrth Vallis has also been identified as a potential 

habitable environment (Michalski et al., 2010). The general picture that has been built 

up of the martian environment during the Noachian, is one of a warmer, wetter world 

than the one today. The conditions were, perhaps, comparable to those of the Archaean 

Earth (Anguita et al., 2006, Bost et al., 2010).  

It is uncertain how this warmer, wetter environment was maintained over the course of 

the Noachian, and whether it featured transient periods of warmth in an otherwise cold 

system (Wordsworth et al., 2015). Even taking into account the volcanism-generated 

greenhouse effect (Jakosky and Phillips, 2001) and the high rate of impact events 

(Segura et al., 2002), all climate models indicate there would be insufficient heat to 

allow water to remain stable at the martian surface for the period of time required for 

the observed valley networks to form (Wordsworth, 2016). This disparity between the 

models and the observed Noachian fluvial features is heightened further when one 

takes into account the fact that the younger Sun was considerably colder than it is today 

and thus would have provided much less heat to the martian surface (Wordsworth, 

2016). 

Owing to the uncertainties in likely temperatures and pressures in the Noachian, it 

cannot be determined whether stable freshwater was ever present on the martian 

surface or if it was mainly brines. It can, however, be assumed that warmer 

temperatures and pressures would mean that liquid water could be stable with lower 
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salinities than postulated modern brines, though by how much lower is uncertain 

(Hansen, 2009). 

As the Noachian ended, most bodies of water dried up (Osterloo and Hynek, 2015), with 

the salts within them precipitating out to form large chloride deposits (Hynek et al., 

2015). These can be found in the bases of craters on Noachian terrains across the 

Southern Highlands (Osterloo et al., 2008). Similar terrestrial deposits contain fluid-

inclusions, tiny pockets of the brines that formed them (Natalicchio et al., 2014, Shen et 

al., 2017). Microorganisms from these inclusions can be detected and grown much later 

(Lowenstein et al., 2011, Schubert et al., 2009, Schubert et al., 2010, Norton and Grant, 

1988, McGenity et al., 2000, Gramain et al., 2011), as will be discussed in greater detail 

later in this Chapter (Section 1.3.3).   

c) Hesperian  

The Hesperian period extended from the end of the Late Heavy Bombardment 

(approximately 3.7 Ga) to approximately 3.0 Ga (Carr and Head Iii, 2010), which means 

it overlaps with the terrestrial Archaean period. The Hesperian environment differed 

significantly from the Noachian environment that proceeded it. It is unknown whether 

this transition was sudden or gradual (Warner et al., 2010), but there are several 

explanations for why it occurred. 

The end of the LHB meant that there was significantly fewer impact events (Segura et 

al., 2002). The atmosphere also thinned significantly around the same time, possibly 

because of the failure of the magnetic field exposing the atmosphere to solar winds 

(Dehant et al., 2007) or because of a sudden and large-scale precipitation of carbonates 
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in the late Noachian, which removed large volumes of CO2 from the atmosphere and 

altered its composition (Fernandez-Remolar et al., 2011, Hu et al., 2015). 

The Hesperian featured considerably more volcanism than the Noachian, with the 

surviving surface terrain comprised mainly of large lava plains (Carr and Head, 2010b). 

Increased volcanism would have produced greenhouse gases which would make global 

temperatures relatively warm in comparison to those found in the present day. The 

absence of large valley networks (Carr and Head, 2010b) and the distribution of 

Hesperian-aged circumpolar ice deposits (Fastook et al., 2012), however, indicate that 

the lack of impact-induced heat (Segura et al., 2002) made global temperatures colder 

than in the Noachian. They were likely below the freezing point of water (Fastook et al., 

2012) with polar temperatures estimated to be between -50 and -70 ℃ (Kress and 

Head, 2015),  and local temperatures within craters such as Gale to be -43 ℃ (Kling et 

al., 2017). 

There is little aqueous erosion of Hesperian features, implying both a drier environment 

than the Noachian and that this dry environment has persisted ever since (Carr and 

Head, 2010b). Despite these arid conditions, there is still widespread evidence of 

localised liquid water, though not to the extent seen in the Noachian. Valley networks 

are found on the sides of several Hesperian volcanoes (Fassett and Head Iii, 2006), as 

well as across the plains (Anguita et al., 2006, Parsons et al., 2013, Warner et al., 2010, 

Andrews‐Hanna and Lewis, 2011). The morphology of these valleys implies that they 

were not formed by the constant presence of liquid water, but instead represent 

catastrophic flooding events (Warner et al., 2010, Andrews‐Hanna and Lewis, 2011, 

Carr and Head Iii, 2010). These flooding events resulted from overflow of subsurface 
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aquifers (Rodriguez et al., 2016b, Marra et al., 2015) and lakes (Lapotre et al., 2016, 

Goudge and Fassett, 2018).  

It has long been thought that lakes were rare and transient during this period, but there 

is contradictory evidence from Curiosity. The fluvial deposits (including mudstones and 

conglomerates; Williams et al., 2013, Vaniman et al., 2014) uncovered in Gale Crater 

indicate water with a depth of at least 100 m may have persisted for thousands to 

hundreds of thousands of years (Grotzinger et al., 2015). This has given rise to the 

hypothesis that Hesperian Mars featured long-lived crater lakes (Moore and Wilhelms, 

2001, Frydenvang et al., 2017).  Given the pressure and temperature regime on Mars at 

that time, these lakes should have been lost to evaporation in a few thousand years.  

Hence, it has been proposed that these Hesperian crater lakes may have been covered 

by ice sheets similar to terrestrial Antarctic lakes, thin enough to still allow sediment 

deposition but sufficient to retain water for longer periods of time (Kling et al., 2017). 

The theory is supported by an apparent absence of wind-induced waves during this 

period, as evidenced by the morphology of lake deltas in Gale Crater (Palucis et al., 

2016).  While, as yet unproven, this hypothesis would significantly extend the lifetime of 

bodies of liquid water under martian conditions (Moore and Wilhelms, 2001, 

Frydenvang et al., 2017).   

d) Amazonian 

The longest martian geological period is the Amazonian, which has lasted two thirds of 

martian history: from 3 Ga to the present day (Carr and Head, 2010b). This period is the 

most well defined and characterised.  The environmental conditions that have prevailed 

during this period (described above in Section 1.2.1) have been relatively stable, with 

significantly less large-scale alteration of surface morphology than previous periods 
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(Ehlmann and Edwards, 2014) and slower rates of erosion and volcanism (Carr and 

Head Iii, 2010).  

Although active volcanism has never been observed on Mars, there is some evidence to 

suggest that it might still occur (Hauber et al., 2011). This limited volcanism and the 

lack of large-scale liquid water movement or impact events means that the majority of 

the surface morphological changes during this period appears to be the result of the 

movement of water-ice glaciers (Carr and Head, 2010b). 

1.2.3 - Martian habitability 

While it is difficult to draw definitive conclusions about the environment of Mars in the 

ancient past, it seems certain that Mars and Earth once resembled each other more than 

they do today (Anguita et al., 2006, Bost et al., 2010, Westall, 2005). There is strong 

evidence that, during the Noachian, Mars was more habitable, potentially to the extent 

that life could have developed and spread (see Section 1.1.2).  Determining the 

habitability of Mars in the present day, however, remains problematic; Section 1.2.1 

describes environmental factors that that make the present-day surface inhospitable to 

life and it remains uncertain whether life is capable of overcoming them. The following 

sections discuss the potential habitability of Mars today, focusing on the environments 

in which potential life may be found. 

a) Deep subsurface habitability 

Studies of the terrestrial deep subsurface, >100 m in depth (Probst et al., 2018), have 

repeatedly detected life in all environments that meet the three criteria of habitability 

outlined in Section 1.1.3 (Onstott et al., 2014). In fact, subsurface prokaryotes are 

estimated to comprise near 50 % of the Earth’s total biomass (Whitman et al., 1998) and 
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there does not appear to be any limits to the depth or pressure at which life can be 

found, so long as water is stable (Onstott et al., 2014). Microbes have been detected and 

isolated in coal beds as deep as 2.4 km below sea-level (Inagaki et al., 2015), but there is 

indirect evidence for microbial activity occurring as deep as 10 km (Plümper et al., 

2017).  

The higher temperatures and pressures within the martian subsurface, compared to the 

surface, would support the stability of liquid water (Michalski et al., 2018). 

Microorganisms in the terrestrial deep subsurface can survive chemolithotrophically: 

generating the energy required for organic life via the oxidation of naturally occurring 

reduced compounds within the rocks (Payler et al., 2016, Hays et al., 2017, Emerson et 

al., 2016). This implies that the subsurface of Mars (at a depth of up to 6 km, Michalski 

et al. 2016) could potentially be a habitable environment. Exactly how large a volume, 

and how deep this water would be, remains uncertain due to the limited available 

knowledge about the martian subsurface (Michalski et al., 2013).  

More recently, a large body of liquid water has been detected below the martian South 

Polar ice caps (Eigenbrode et al., 2018). This is postulated to contain high 

concentrations of dissolved salts (See Section 1.2.1d and Eigenbrode et al., 2018). 

Terrestrial sub-glacial lakes with temperatures below 0 ℃ (such as Lake Vostok), are 

believed to contain viable bacterial species (Sapp et al., 2018, Bulat, 2016), which raises 

the possiblity that the martian subsurface lake might be habitable. However, this 

martian lake is proposed to be -68 ℃, below the lowest temperature at which metabolic 

activity of terrestrial microbes has been reported (-50 ℃, Clarke et al., 2013, see Section 

1.2.1c). Furthermore, as will be discussed within Section 1.4.2, assumptions about the 

habitability of saline environments are based around terrestrial studies in NaCl-rich 
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environments and do not consider the other salts dominant in the martian environment 

(Ojha et al., 2015, Massé et al., 2014, Kerr, 2013); this newly proposed martian 

environment may contain perchlorates (Orosei et al., 2018).  

b) Near subsurface habitability 

Even depths as shallow as a meter below the martian surface could be protected from 

many of the features that would render the surface uninhabitable (Ivarsson and 

Lindgren, 2010). UV can only penetrate a few mm into the martian soil (Ertem et al., 

2017), and even cosmic rays can only penetrate as deep as 5 cm (Pavlov et al., 2012, 

Musilova et al., 2015). Water is also believed to be able to exist as small pockets of brine 

condensed onto the surface of salt crystals (Nikolakakos and Whiteway, 2015, Fischer et 

al., 2014), with indirect evidence for this detected by Curiosity in Gale Crater (Martín-

Torres et al., 2015). On Earth similar near surface deliquesced brines in the Atacama 

desert contain microorganisms (Davila et al., 2013a, Davila et al., 2015) indicating that 

they can be a habitable environment.  

Periodic releases of methane have been detected in the martian atmosphere that may 

originate from the subsurface (Oehler and Etiope, 2017, Fries et al., 2015, Webster et al., 

2014). This methane could be formed via abiotic process such as photo-degradation of 

meteoritic organic molecules or ongoing serpentinization (Hu et al., 2016), but it could 

also be biotic; in the absence of sunlight, methanogenesis (generation of CH4 from CO2 

and H2) is a commonly suggested mechanism for energy generation by martian 

analogue organisms (Sinha and Kral, 2015, Schirmack et al., 2015). Curiosity has also 

detected CHNOPS elements, large organic molecules (Eigenbrode et al., 2018), and 

potential electron donors and acceptors in Gale Crater (Grotzinger et al., 2014), which 
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could imply that a relatively habitable environment persists in the relatively shallow 

subsurface of Gale Crater to this day. 

Potential survival in the near subsurface, however, is complicated by the heavy ion form 

of cosmic radiation. Heavy ions can potentially trigger secondary radiation cascades in 

the martian regolith. While not lethal over short time periods (years or decades) these 

would kill dormant organisms that were incapable of active DNA-repair over the course 

of millions of years, even at depths as deep as 5 m (Dartnell et al., 2007). The near 

martian subsurface will be investigated for its habitability by the ExoMars 2020 rover. 

This will contain a radar system for mapping the subsurface within 2 m of the rover 

(Ciarletti et al., 2017).  It will also possess the largest drill yet taken to Mars (also 2 m) 

in order to retrieve, and analyse, samples of interest identified by the radar (Ciarletti et 

al., 2017). One of the key aims of the mission is to characterise habitability in the 

present-day near subsurface (Josset et al., 2017), 

c) Surface habitability 

When considering the martian surface, both in the present day and the distant past, in 

terms of the three factors used to define habitability (CHNOPS elements, liquid water 

and an energy source, Section 1.1.3), it would theoretically be considered habitable. 

CHNOPS elements have been detected in Gale Crater (Grotzinger et al., 2014) and the 

environmental conditions wold potentially allow autotrophy (Murukesan et al., 2016, 

Westall et al., 2015). As discussed above (Section 1.2.1d) there is the potential for salt-

rich liquid water to exist both now and in the distant past, potentially creating a habitat 

for salt tolerant organisms. The present-day martian surface, however, is exposed to a 

variety of environmental extremes (Section 12.1) that the subsurface is not. From a 

practical perspective, the martian subsurface, therefore, appears to be more habitable 
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but there is an absence of firm data on its conditions. This will change with the arrival of 

the InSight and ExoMars 2020 missions, but for now the surface conditions are 

considerably better characterised.  

Many terrestrial organisms, known as extremophiles, are known to be able to tolerate 

some of the extreme environmental factors, such as the temperatures, atmosphere, 

radiation (at least in small amounts) and desiccation,  on the martian surface, at least in 

small amounts (De Vera et al., 2014). As such, terrestrial extremophiles are often used 

as analogues in astrobiology experiments (Gómez et al., 2012, Mancinelli et al., 2004) 

and their ability to survive under Mars relevant conditions are considered below. 

Temperature 

The mean martian temperature is -60 ℃  (McKay, 1999). While the lower limit of 

metabolic activity of microorganisms is believed to be around -50 ℃ (Clarke et al., 

2013) this is not the limit for survival and there are reports of cells being revived 

following exposure to temperatures as low as -196 ℃ (Mazur, 1980, Bakermans, 

2017a). Dormant terrestrial cells could theoretically withstand the mean martian global 

temperature and be successfully revived later under warmer conditions (Bakermans, 

2017b). The martian surface temperature is highly variable depending upon geographic 

location, season of the year and time of day. At the equator, the temperature can vary as 

much as 100 ℃ across a day-night cycle (from approximately 20 to approximately -150 

℃, Pierrehumbert, 2010). This, at least temporarily, puts the surface within the 

temperature range where metabolic activity and reproduction is possible.  

Terrestrial microorganisms, however, even extremophilic ones, require a stable thermal 

environment to survive (Schumann, 2016). This range of temperatures includes the 
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melting point of water, thus the inhospitable temperature variation is further 

complicated by freeze-thaw effects, generated by the formation of sharp, microscopic 

ice crystals (Kong et al., 2017, Sleep and Zahnle, 1998). Despite this, there is evidence to 

suggest that terrestrial microorganisms, even non extremophilic ones, can survive 

simulated exposure to the martian diurnal temperature cycle, although this has only 

been tested over the course of weeks rather than years (Mickol et al., 2018a, Mickol et 

al., 2018b). Alternatively, as dormant cells contain considerably less water (Ulanowski 

et al., 1987) microorganisms on today’s martian surface might be able to withstand this 

temperature cycling by remaining continually dormant, instead of reviving in the 

periodic warmer temperatures.  

Atmospheric pressure 

There are no naturally occurring terrestrial surface environments where pressure is as 

low as it is on the present-day martian surface (6.1 mbar, Korablev et al. 2018), 

although microorganisms have been successfully cultured from clouds and the 

terrestrial troposphere where the pressure was presumed to be much lower than the 

surface (Schuerger and Nicholson, 2016). A variety of terrestrial microorganisms used 

for Mars analogue experiments, however, have shown an ability to withstand simulated 

martian pressures (Mastascusa et al., 2014, Nicholson et al., 2013, Mickol and Kral, 

2017).  

Screening of environmental samples from a wide variety of terrestrial sources in 

artificially generated martian-pressure environments has shown that, despite the 

survival of common microorganisms in these environments, they do exert a selection 

pressure. Some microorganisms tolerate these conditions better than others (Schuerger 

and Nicholson, 2016). These so-called hypobarophiles were primarily isolated from cold 
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environments, such as the Alps and Canadian mountains, implying that low-pressure 

stress resistance might use similar pathways to cold resistance (Schuerger and 

Nicholson, 2016). While the study of the low-pressure tolerances of microorganisms is 

still in its early days, there is no evidence to suggest that the low pressures found on the 

present-day martian surface would render it uninhabitable (Schulze-Makuch et al., 

2017) 

Atmospheric composition 

The martian atmosphere is anaerobic - it contains little to no oxygen (Table 1.1). While, 

by modern standards, an anaerobic environment is considered extreme, the origin of 

terrestrial life likely occurred in an anaerobic environment (Michalski et al., 2018). The 

vast majority of the Earth’s atmospheric oxygen is produced by photosynthesis and, 

prior to the Great Oxygenation Event (Blaustein, 2016), oxygen was toxic to terrestrial 

life (Michalski et al., 2018). All terrestrial aerobes are descendants of extremophilic 

oxygen tolerant microorganisms (Fischer et al., 2016). The Earth’s high oxygen content 

is therefore one factor with which it might be stated that Earth is a more extreme 

environment than present-day Mars. 

Earth still retains many organisms capable of operating in anaerobic environments 

(Cockell et al., 2017, Ollivier et al., 1994). Many of these have adapted to tolerate the 

widespread aerobic environment, but obligate anaerobes can still be found in 

environments which oxygen cannot reach, such as the seafloor and hydrothermal vents 

(Miroshnichenko and Bonch-Osmolovskaya, 2006). Experiments with anaerobic 

organisms have shown that many are capable of growth under simulated martian 

atmospheric conditions (Beblo-Vranesevic et al., 2017, Rettberg et al., 2017, 

Bauermeister et al., 2014). While the vast majority of terrestrial organisms could not 
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survive the martian atmosphere, the lack of oxygen does not render the present-day 

martian surface uninhabitable. 

Radiation 

The radiation environment on the surface of Mars is comparable to that of space 

(Schuerger et al., 2006), with heavy bombardment from both solar UV and cosmic 

ionizing radiation (Section 1.2.1c). UV radiation can cause adjacent pyramidine bases on 

the same strand of DNA to form covalent bonds (Goosen and Moolenaar, 2008), whereas 

ionising radiation can cause single strand or double strand breaks in the DNA sequence 

(Shibata and Jeggo, 2019). Terrestrial microorganisms are known to exist which can 

withstand radiation at dosages significantly higher than any that naturally occur in 

terrestrial environments (Musilova et al., 2015). So called “radiation resistant 

organisms” achieve this survival by a combination of two mechanisms: 1) the existence 

of multiple copies of the genome per cell to act as a “backup” and 2) highly efficient 

DNA-repair machinery (Soppa, 2013). Both of these mechanisms are already present in 

“radiation-resistant organisms” because they initially evolved as a response to 

desiccation stress (Musilova et al., 2015).  

Despite the existence of many radiation resistant microorganisms on Earth, there are 

none known to be able to withstand equivalent doses of radiation to the values found on 

the martian surface (Musilova et al., 2015). This, therefore, renders the majority of the 

martian surface uninhabitable to known terrestrial organisms, at least in terms of long-

term survival over a period of years. As mentioned earlier, the UV radiation can be 

blocked by a relatively small amount of regolith (Ertem et al., 2017, Pavlov et al., 2012, 

Musilova et al., 2015) or by salt crystals (Stan-Lotter et al., 2002b, Leuko et al., 2015), 

but the cosmic radiation, while lower in intensity, can cause damage to cells at much 
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lower depths (Dartnell and Patel, 2014). Terrestrial microorganisms, however, have not 

developed radiation-resistance as such, but have instead gained it as a side effect of 

desiccation resistance (Dartnell et al., 2010). It, therefore, does not seem unreasonable 

to suggest that long-term gradual exposure to the martian radiation environment could 

cause evolution of resistance mechanisms not needed by terrestrial life (Dartnell et al., 

2007). 

While Mars is unlikely to have ever had an ozone layer generated by photosynthesis 

(Cockell et al., 2000), the Earth also did not have one when life first emerged (Fendrihan 

et al., 2009a). On the early Earth, life must have relied on the magnetic field (Fendrihan 

et al., 2009a) and the radiation absorbing properties of water (Westall et al., 2006) to 

protect it from radiation. It seems reasonable to suggest that on Noachian Mars, both of 

these factors could have provided protection to potential martian organisms (Fendrihan 

et al., 2009a) although neither of these factors remain to the present day. If Mars ever 

possessed life on the surface, it appears that the radiation environment is the most 

extreme environmental condition that it would have had to adapt to. The radiation is, 

therefore, one of the key environmental conditions on the martian surface that will be 

investigated in this thesis.  

Desiccation  

On present-day Mars, the majority of the surface is dry - there are no seas, lakes or 

oceans (Zahnle, 2001). This severely limits the number of potential habitable 

environments. If water does exist on the martian surface it is likely to be transient 

(Bhardwaj et al., 2017, Jones, 2018, Martín-Torres et al., 2015) and organisms would 

have to cope with extended periods of dryness. Terrestrial desert environments also 

only possess transient water, but microorganisms are still able to survive (Paulino-Lima 
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et al., 2016, Azua-Bustos et al., 2014, Yu et al., 2015). “Xerotolerant” microorganisms 

have developed a wide range of responses to desiccation stress including the formation 

of biofilms and secretion of exopolysaccharides (Lebre et al., 2017). The ability to 

become dormant and form spores also provides protection against desiccation for long 

periods of time (Jones and Lennon, 2010, Lebre et al., 2017).  Any potential martian 

microorganism would, therefore, require adaptations to periods of dryness and an 

absence of water. 

Salt 

Salts (of the compositions outlined in Section 1.2.1d) are found across the present-day 

surface of Mars (Massé et al., 2014, Clark and Van Hart, 1981, Kounaves et al., 2010, 

Hecht et al., 2009). This implies saline bodies of water once existed, some of which may 

persist into the present day (Ojha et al., 2015).  

High concentrations of salt create an extreme environment. Terrestrial salt tolerant 

microorganisms - “halophiles” - have been discovered (McGenity and Oren, 2012, 

Mancinelli, 2005) that can grow even in saturated brines (Madigan et al., 2006). These 

salt-tolerant organisms have primarily been studied in NaCl dominated brines, and 

relatively little is known about their tolerance to other salts. This is the main topic of 

this Thesis and will be discussed in greater detail later (Section 1.4.2). 

Adapting to surface extremes 

The present-day martian surface environment is unlikely to be habitable to any known 

terrestrial extremophile, with the most extreme environmental factor being the 

radiation environment. There is evidence, however, to suggest that all of these 

environmental conditions were less extreme in the distant past (Section 1.2.1b) and it is 
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believed that life could have survived on the martian surface during the Noachian 

period. For life to survive into the Hesperian it would have had to adapt to these 

environmental stresses, but it seems likely that some could have developed 

physiological adaptations to the worsening environmental conditions (De Vera et al., 

2014).  

There has never been an extinction event capable of eradicating all forms of terrestrial 

microbial life and models suggest that it is too diverse and widespread for one to ever 

happen (Sloan et al., 2017). It, therefore, seems reasonable to suggest that even if the 

Noachian-Hesperian transition was sudden and catastrophic, potential Noachian life 

might have been able to survive into the Hesperian where habitable environments, if 

they existed, were smaller scale and considerably more transient (Cockell, 2014). As the 

last bodies of water, and thus potentially the last habitable environments, on the 

martian surface would contain a high salt content (Davila and Schulze-Makuch, 2016, 

Osterloo and Hynek, 2015), in this Thesis, halophiles are investigated as a model for 

terrestrial organisms that would, theoretically, be best suited for such a transition.  

1.3 - Halophiles 

Halophiles are salt tolerant microorganisms. They were amongst the earliest 

extremophiles to be discovered, since many of the extremely halophilic archaea possess 

a distinctive pink colour induced by a photosynthetic pigment which was known of even 

in the time of Pliny the Elder (79 AD) (Bostock, 1855). Halophiles are found in all three 

domains of life, and representatives are known from archaea (Hou and Cui, 2017), 

bacteria (Kindzierski et al., 2017), fungi (Zhang and Wei, 2017) and even plants 

(Chakradhar et al., 2017). The most extreme salt tolerances tend to be found in one 
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specific family of archaea, the Halobacteriaceae. Halophiles are found in highly saline 

areas from around the globe, such as salterns (Viver et al., 2015), the dead sea 

(Mullakhanbhai and Larsen, 1975, Oren, 1983) or salt flats (Vogt et al., 2018). 

Extremophiles, such as halophiles, are often difficult to work with in the laboratory. The 

extremes of their environments mean that they are often present in only low diversity 

communities (Twing et al., 2017) with very low biomass (Direito et al., 2012). 

Extremophilic microbes are often “obligate extremophiles”, that have  adapted for 

survival in extreme conditions, but are unable to grow in less extreme conditions 

(Rasuk et al., 2016). These extreme conditions are often difficult to replicate in the 

laboratory, for example many anaerobes are highly susceptible to oxygen stress 

(Miroshnichenko and Bonch-Osmolovskaya, 2006). Extremophiles also tend to grow 

very slowly (Corkrey et al., 2018), over the course of months and years, which can lead 

to studies using extremophiles to be lengthy. For these reasons, many studies of 

extremophiles tend to be culture-independent, based upon the activity of unculturable 

extremophiles in the field rather than cell cultures in the lab (Alain and Querellou, 

2009). Analysis of DNA can identify which microorganisms are present in a community 

(Clark et al., 2017), while mRNA can show which microbes are active and their 

responses to variable environmental conditions (Tripathy et al., 2016).  

Fortunately, halophiles are amongst the easiest extremophiles to culture since their 

environmental extreme is one that can be easily generated and maintained in the 

laboratory (Ma et al., 2010). As such there is decades of research, which has investigated 

the adaptation mechanisms that halophiles have developed (Grant et al., 1998b, 

DasSarma and DasSarma, 2006, Ma et al., 2010, McGenity, 2017) to cope with the most 

abundant terrestrial salt: NaCl (Fox-Powell et al., 2016). The following sections, 
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therefore, present an overview of what is currently known about the mechanisms that 

halophiles employ to survive in terrestrial, NaCl-rich brines. 

1.3.1 - Osmosis and water activity 

As discussed earlier (Section 1.1.3), water is considered essential for life, because of its 

use as a solvent (Brack, 2002, Westall and Brack, 2018). Cells need to have a precisely 

balanced internal water concentration (Beckett, 1986). This is controlled by osmosis, a 

passive, energy-free process (Kramer and Myers, 2012) that cells exploit to take in from, 

or release water to, the environment (Figure 1.8).  Osmosis involves the movement of 

water through a membrane from an area of low solute concentration to one of high 

solute concentration, in an attempt to equalise solute concentrations (Figure 1.8). When 

a cell is removed from its normal environment and immersed in one rich in salt, water 

leaves the cells and enters the saline environment in order to equalise solute 

concentrations on either side of the cell membrane.  As a result, the cells dry out and die 

(Grant et al., 1998b).  
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Figure 1.8 - The process of osmosis. Water moves in both directions through the semi-permeable membrane, but the net 
movement of water is always towards the greater concentration of dissolved compounds. Adapted from Beckett, B.S. 
(1986) 

Terrestrial organisms are adapted to exist in osmotic equilibrium with their 

surroundings (Kramer and Myers, 2012). In conditions of high NaCl, non-halophilic 

microorganisms have this osmotic equilibrium disrupted resulting in the water moving 

out of their cells, causing them to dry out and die. As a result, many terrestrial 

halophiles have their internal osmotic potential adapted to high solute concentrations, 

as will be described in more detail in section 1.3.2 (Gunde-Cimerman et al., 2018). In an 

extra-terrestrial environment where the solute may not be NaCl, it is important to have 

a thorough understanding of the osmotic gradient between the cell and its surroundings 

as this may impact on how habitable that brine might be.   
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A wide variety of terms are used to describe the osmotic potential of solutions (Griffin, 

1996). The two most frequently used are water activity (aw) and water potential (ψ). 

The terms tend to be used interchangeable in the literature (Van Long et al., 2017, 

Chirife and Resnik, 1984, Vandeputte et al., 2017, Labuza, 1980, Grant, 2004, Stevenson 

et al., 2015a, Ciancio et al., 2016, Da Silva et al., 2016, Aujla and Paulitz, 2017, Yan et al., 

2015) as they measure the same parameter, but use different techniques and units 

(Griffin, 1996). For the purposes of this Thesis, water activity is the measure used, but it 

can be converted into water potential for comparison with other studies using Equation 

1, where T is the temperature in kelvin and Vw is the molar volume of water (Mueller et 

al., 2011). By monitoring the water activity of solutions of different salts and 

determining whether these solutions can allow growth, it can be investigated whether 

these changes in water activity are responsible for whether these environments are, or 

are not, habitable to halophiles.  

Equation 1 - Conversion between water activity and water potential 

ψ = 8.314T ln 𝑎𝑤/𝑉𝑤   

1.3.2 - Halophilic tolerance to salts 

Halophiles can be divided into the moderate halophiles, which can survive salinities of 0 

M to roughly 3.4 M, and the obligate, or extreme, halophiles (Figure 1.9), which can 

survive from roughly 3.4 M NaCl to saturated solutions (Madigan et al., 2000).  As a 

general rule, the moderate halophiles and the extreme halophiles use separate methods 

(Bell, 2012) to survive high salt concentrations (Figure 1.10) which are described below 



46 
 

 

Figure 1.9 - Growth of organisms of varying halotolerance at different salt concentrations (Madigan et al., 2000) 

 

Figure 1.10 - Non-halophilic cells, extreme halophiles and moderate halophiles when exposed to salt rich environments.   
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a) Osmoprotectant strategy 

The “moderate halophiles” (5-20 % NaCl mass by mass) survive by accumulating 

organic substances called “osmoprotectants” or “compatible solutes” (Grant et al., 

1998b) within their cytoplasm (Figure 1.10b). Osmoprotectants primarily protect cells 

by reducing the damage to internal macromolecules caused by the loss of water from 

the cell interior (Kempf and Bremer, 1998). The osmoprotectants themselves can be 

one, or more, of many substances, mainly betaines, sugars and amino acids. 

Osmoprotectants cannot, however, prevent the loss of water by osmotic pressure, 

although their impact on the internal water potential does slow the process slightly 

(Grant et al., 1998b). As a result, this method cannot protect cells from the most saline 

environments hence the classification of most cells that use this method as “moderate 

halophiles”. Osmoprotection is the method used by the vast majority of halophilic 

bacteria which explains why halophiles in this domain tend to only be moderate 

halophiles (Canovas et al., 1996). 

b) Salt-in strategy 

“Extreme halophiles,” primarily the haloarchaea, employ the “salt-in” strategy, which 

involves accumulating high concentrations of ions within the cell (Figure 1.10c).  This 

results in a lower internal water potential and thus lower osmotic gradient (Grant et al., 

1998b). Despite the high abundance of NaCl in most halophilic environments, terrestrial 

cells avoid high internal Na+ concentrations because of its toxicity, therefore, the cells 

instead fill themselves with K+ (Gunde-Cimerman et al., 2018).  

These internal K+ concentrations can reach as high as 5 M (Deole et al., 2013). K+ uptake 

is typically a passive process, utilising diffusion through membrane channels based 
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upon proton-gradients that the cell already generates (Gunde-Cimerman et al., 2018) 

via respiration and in some archaea the action of bacterioruberin (see Section 1.3.4a). 

Despite the passive nature of K+ uptake, there is evidence that halophiles can modulate 

and control it: the internal K+ concentration correlates neatly with external NaCl even 

with rapid artificial modulation in the external concentrations (Deole et al., 2013).  An 

ATP-driven K+ pump, kdp, has been detected but only in the genera Halobacteria 

(Kixmüller and Greie, 2012).  

c) Comparison between the two strategies 

The “salt in” method is considerably more effective than the osmoprotectant method  

and therefore, can support survival in over 3.4 M NaCl (20% mass by mass), hence the 

halophiles that employ this strategy are classified as “extreme halophiles” (Figure 1.9)  

(Grant et al., 1998b). The salt-in strategy is also considerably less energy intensive 

(Yancey et al., 1982), but it is not without its drawbacks. High K+ levels significantly 

raise the internal charge of the cell, which impacts the three-dimensional structure of 

cellular components, such as protein and DNA (Yancey et al., 1982). To compensate for 

this, the internal components of extreme halophiles have become highly negatively 

charged in order to retain their shape in the highly positively charged internal 

environment (Yancey et al., 1982). This has resulted in extremely halophilic cells 

becoming dependent on high internal concentrations of K+ ions. A lower internal charge 

would disrupt the structure of DNA and internal proteins. This means that in low-salt 

environments the cells cannot excrete the K+ ions. The intense osmotic pressure results 

in the cell taking up too much water and bursting (Grant et al., 1998b). For this reason, 

the extreme halophiles are also described as “obligate halophiles” (DasSarma and 

DasSarma, 2006). 
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The list of organic solutes used as osmoprotectants is incredibly large and diverse 

(Kempf and Bremer, 1998). This diversity of osmoprotectants is also reflected in their 

positioning across the phylogenetic tree, suggesting that this strategy has numerous 

independent origins (Oren, 2008). This in turn goes to explain the large diversity of 

moderately halophilic organisms. There is, however, evidence to suggest that the “salt-

in” strategy has only ever evolved once, and is primarily limited to the class of archaea 

known as the Halobacteria (Wright, 2006). In more recent years, the salt-in strategy has 

been detected within the bacterial phyla Firmicutes (Oren, 1986) and Bacteroidetes 

(Anton et al., 2002), but there is strong evidence to suggest that this is a result of 

horizontal gene transfer with the Halobacteria rather than an independent origin (Oren, 

2008).  

1.3.3 - Entombment of halophiles 

Many terrestrial brines are formed in areas where the rate of water influx is less than 

the rate of  evaporation, resulting in salts becoming concentrated (McGenity et al., 

2000). This is not a stable system, and eventually leads to complete evaporation of the 

brine as salt crystals precipitate (McGenity et al., 2000).  

When salt crystals form, they contain microscopic pockets - fluid inclusions - of the 

original brine (Norton and Grant, 1988). Examples of fluid inclusions are shown in 

Figure 1.11. When halophiles are present in evaporating brines, the size and abundance 

of these inclusions is increased (Adamski et al., 2006) and halophiles are preferentially 

entombed within these inclusions (Figure 1.12) rather than within the crystalline 

matrix (Fendrihan et al., 2009a). These effects have also been observed as occurring in 

the presence of organic nanoparticles, instead of intact cells (Pasteris et al., 2006), 
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which implies that entombment is a physico-chemical process rather than biological. It 

seems that particles, or cells, act as seeds in a process similar to ice nucleation in water 

(Pasteris et al., 2006).  

 

Figure 1.11 - Fluid inclusions imaged in laboratory-grown halite crystals under phase-contrast microscopy. Adapted 
from Adamski et al., (2006) 

 

Figure 1.12 - Location of pre-stained cells of Halobacterium salinarum NRC-1 in laboratory-grown fluid inclusions. Cells 
are stained using the LIVE/DEAD ® BacLight™ bacterial viability kit, live cells are green and dead cells are red, It can be 
seen (left) that the green dye is primarily localised within the fluid inclusions, and that (right) within the inclusions, the 
dye is localised within the cells (Fendrihan et al., 2012) 

Subsequent dissolution of these salt crystals releases the still-viable halophiles into the 

aqueous environment (McGenity et al., 2000) where they can be dispersed. It has also 
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been postulated that entombed halophiles can be distributed around the Earth within 

salt grains blown upon the wind (McGenity et al., 2000). This could potentially explain 

how obligate halophiles have been able to colonise brines from around the world, 

despite them being separated by vast regions that are inhospitable to them (Roux et al., 

2016) 

a) Surviving entombment 

There is a tendency in the literature to describe entombed halophilic cells as “dormant” 

(Fendrihan et al., 2012, Rosenzweig et al., 2000, Graur and Pupko, 2001, McGenity et al., 

2000, Norton et al., 1993). In microbiology, however, dormancy refers to a very specific 

process in which microbes become spores; the available genomic evidence suggests that 

halophilic archaea lack the necessary genetic pathways to undergo spore formation 

(Fendrihan et al., 2012, Grant et al., 1998a) and so the term “dormancy” should not be 

used. Halophiles do, however, appear to undergo large physiological changes when 

entombed in fluid inclusions that are visually similar to those of dormant cells.  

Spherical particles, smaller than a typical halophilic archaeal cell (< 1 µM diameter, 

compared to approximately 2 µM) , have been observed in ancient fluid inclusions from 

which halophiles have later been cultured (Schubert et al., 2009). Further work has 

shown that rod-shaped halophiles could be induced to form similar, miniaturised-

spherical shapes (Figure 1.13) in conditions of low water potential, corresponding with 

those found within inclusions (Fendrihan et al., 2012).  
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Figure 1.13 - Scanning electron micrographs of Halobacterium salinarum NRC-1 in its normal rod form (A) and as 
spheres formed in low water potential conditions (B-G). Scale bar is 600 nm in A and 270 nm in B-G. Image from 
Fendrihan et al. (2012). 

Halophiles typically possess an S-layer, a tightly packed hexagonal layer of glycoprotein, 

as the final exterior layer of the cell (Fendrihan et al., 2006). This layer is believed to be 

responsible for maintaining the shape of the halophilic cell under different salt 

conditions (Fendrihan et al., 2006). When the cells form spheres, they appear to 

completely lose their S-layer (Fendrihan et al., 2012). These spheres also contained 

significantly less ATP (12.4 ng/mg of biomass) than the rod-shaped form (620 ng/mg of 

biomass). Loss of ATP and the S-layer are both features of dormant microbes, implying 

that while they lack the ability to form true spores (Fendrihan et al., 2012, Grant et al., 

1998a), the halophilic ability to survive entombment may involve a similar process 

(Fendrihan et al., 2012).  

While the formation of spherical particles with dormancy-like traits suggests that 

halophiles become inactive to survive entombment, there is also conflicting evidence. 

For example, microscope observations of laboratory-grown salt crystals suggests that 
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entombed halophiles do not immediately become inactive, but instead slow their 

movement over the course of a year of observation (Adamski et al., 2006). It is uncertain 

whether they eventually cease this movement over longer timescales (Adamski et al., 

2006).  

Recent studies have also suggested that the ATP driven K+ pump, kdp, which is unique 

to the Halobacterium genera (Kixmüller and Greie, 2012), may improve survivability of 

entombment in this genera compared to other haloarchaea (Huby, 2017). The 

Halobacterium genera is also the most abundant archaea to be successfully isolated 

from both ancient rock salts (McGenity et al., 2000) and modern salterns with a known 

diverse community.  It has been shown that knock out mutants of this pump have 

considerably reduced survival within crystals (Kixmüller and Greie, 2012), which 

provides early insights into how this “sphericalisation” process operates and is 

regulated.  

b) Long term survivability in halite 

There are a plethora of experimental studies to suggest that it is possible to recover  

ancient halophiles from salt crystals hundreds of millions of years old (Satterfield et al., 

2005, Jaakkola et al., 2014, Gibtan et al., 2017, Rubin et al., 2017, Jaakkola et al., 2016a). 

Contamination of laboratory equipment and more recent microbial re-colonisation of 

the salts (Sankaranarayanan et al., 2014) have, however, been suggested as alternative 

explanations for the presence of such organisms. In many natural environments, viable 

cells cannot be extracted from salts older than 30,000 years (Schubert et al., 2009, 

Hebsgaard et al., 2005), implying that this might be a hard limit for long-term microbial 

survival while entombed.  
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Owing to the uncertainty of the biological processes halophiles undergo while 

entombed, it is unknown whether a halophile trapped within a salt crystal is capable of 

metabolic activity and DNA repair (Schubert et al., 2009). Schubert et. al (2009b) 

suggested that the greater success rate of inoculating haloarchaea from fluid inclusions 

containing dead, glycerol-rich algae, might imply that entombed haloarchaea are 

capable of metabolising the remains of cells that cannot survive entombment. If so, then 

it was calculated that the carbon content of a single algae cell would be able to support 

DNA repair of a single Halobacteria cell for 12 million years (Schubert et al., 2009). As 

the glycerol was initially produced by the algae to act as an osmoprotectant in the saline 

environment prior to salt formation (Kageyama et al., 2017), it also seems plausible that 

the glycerol-rich algae were being used by the halophile in some way as an 

osmoprotectant. 

1.3.4 - Polyextreme halophiles 

Many extremophiles can be classified as “polyextremophiles” - they can survive more 

than one environmental extreme (Srivastava, 2014). This is often a result of either 

frequently co-occurring environmental extremes, for example Antarctic extremophiles 

need to be both cold and desiccation resistant (Pfaff et al., 2016), or because of different 

environmental stresses inducing the same negative effect on a cell, for example both 

radiation and desiccation cause DNA damage which can be repaired using the same 

pathways (Mattimore and Battista, 1996).  

Most halophiles are polyextremeophiles and are able to survive, and grow, in saline 

environments with additional stresses. The tolerance of halophiles to these other 

stresses makes them a good candidate for use in astrobiology, as many of these 
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environmental stresses are ones that are also found on the martian surface (though 

admittedly at lesser extremes).  The following sections outline how polyextremophilic 

halophiles are able to tolerate some of the extreme conditions found on the present-day 

martian surface outlined in Section 1.2.1. 

a) UV-resistance and autotrophy 

In areas with extreme amounts of sunlight (e.g.  the Dead Sea), brines form in lakes and 

salterns where the rate of evaporation of water is greater than the rate of water influx, 

causing a high concentration of the dissolved salts (McGenity et al., 2000). The 

microorganisms that grow within these environments have adapted to survive 

exposure to extreme amounts of solar UV radiation in addition to high salt 

concentrations (Oren, 2009).  

Halophilic UV-resistant archaea commonly possess pigments, such as bacterioruberin, 

that are evident as pink colouration visible to the naked eye (Oren, 2009) as shown in 

Figure 1.14. Bacterioruberin, and potentially the high internal K+ concentrations (used 

to modulate internal water potential, see Section 1.3.2b), provide protection from UV by 

scavenging the free radicals formed within the cell under high UV conditions 

(Shahmohammadi et al., 1998). Another pigment, bacteriorhodopsin, also provides 

protection from UV by absorbing the energy of high wavelengths of light (Oren, 2009). 

This absorbed energy is used to pump protons out of the cell, and the resulting proton 

gradient is then used to generate ATP (Oren and Shilo, 1981), the source of all biological 

energy.  It has been proposed that this primitive form of photosynthesis could predate 

the more commonly used form (Blankenship, 1992).  
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Figure 1.14 - A saltern near San Francisco. The high salt concentration water appears pink, due to the high 
concentrations of Halobacterium (DasSarma and DasSarma, 2006). 

Despite the UV-resistance of many halophiles, the radiation dosage on the martian 

surface is still more extreme than a terrestrial halophile could survive in a brine. Even 

the more radiation-tolerant halophiles typically have 90 % of a population killed when 

exposed to approximately 10 kJ/m2 of UV (Leuko et al., 2015), whereas the martian 

surface typically receives approximately 1,500 kJ/m2/day (Cockell et al., 2000). There 

is, however, experimental evidence to suggest that entombment within salt crystals 

could significantly raise UV-resistance and potentially allow survival even in under the 

present-day martian radiation environment (Fendrihan et al., 2009a, Fernández-

Remolar et al., 2013).   
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b) Cold tolerance 

Brines are also found in cold terrestrial environments. Many subsurface Antarctic lakes 

are below freezing temperature and the water can only exist as a liquid due to the high 

salt concentrations (Mikucki et al., 2015), as is hypothesised on present-day Mars 

(Jones, 2018). Investigations of many terrestrial subsurface hypersaline cold 

environments, such as Lost Hammer (Niederberger et al., 2010), the lake that feeds 

Blood Falls (Mikucki and Priscu, 2007), or the lake under Axel Heiberg island in Canada 

(Sapers et al., 2017), have all shown the presence of microbial communities.  

Relatively little research has been carried out into the cold tolerance of halophiles 

(Oren, 2014), but they seem to consistently be found in samples of Antarctic subsurface 

hypersaline ice lakes (Yakimov et al., 2015, Oren, 2014, Tregoning et al., 2015, Williams 

et al., 2014). There is even evidence to suggest that in some sub-zero hypersaline 

environments, methanogenesis, a commonly proposed energy generation mechanism 

for potential martian organisms, as discussed in  Section 1.1.3 (Mickol and Kral, 2017, 

Oehler and Etiope, 2017, Fries et al., 2015, Sinha and Kral, 2015), is capable of occurring 

(Niederberger et al., 2010).  

c) pH tolerance 

The Earth possess many hypersaline salt lakes, formed by a variety of processes such as 

the dissolution of carbonates, (Patrick et al., 1981), hydrothermal and volcanic systems 

(Bowen and Benison, 2009) and even by human pollutants (Tolonen and Jaakola, 1983). 

Investigations into such lakes have found them to have communities of halophilic 

microorganisms (Bowen and Benison, 2009). While not as widespread amongst the 

halophiles as UV-resistance and cold tolerance, acid-tolerant halophiles can be found 
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across the phylogenetic tree in both the Bacteria and Archaea domains (Zammit and 

Watkin, 2016). Both acid tolerance and halotolerance require specialised systems to 

maintain the internal ionic concentration. It is, therefore, believed that acid tolerant 

halophiles gained acid tolerance as a result of modifications to the already existing 

halotolerance systems (Zammit and Watkin, 2016).  

By analysing the composition and distribution of aqueous alteration features in Gale 

Crater, constraints can be placed on the chemistry of the water that produced them 

(Tosca et al., 2011). This evidence suggests that the pH of the brines in Gale Crater were 

highly variable, both spatially and temporarily, with strong evidence found for both 

circumneutral and acidic (pH of 3.4-5.2) water (Rampe et al., 2017, Phillips-Lander et 

al., 2017, Peretyazhko et al., 2016, Tosca et al., 2011). The fact that terrestrial halophiles 

have been able to adapt the salt-tolerance mechanisms to survive low pH increases the 

potential range of habitats within Gale Crater  

d) Desiccation resistance 

Halophiles are often described in the literature as desiccation resistant (Kottemann et 

al., 2005, Shirsalimian et al., 2017, Leuko et al., 2015). Desiccation resistance in 

halophilic and non-halophilic microorganisms is routinely examined by evaporating 

growth medium containing cells (Kottemann et al., 2005, Shirsalimian et al., 2017, 

Leuko et al., 2015). By necessity, the halophilic growth medium contains high salt 

concentrations and, as a result, these salts precipitate forming fluid inclusions, with the 

microorganisms entombed inside. This is, therefore, not a true test of desiccation as the 

cells remain in the hyper-saline aqueous environment within the fluid inclusions rather 

than in a desiccated state. 
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Despite the lack of studies investigating the desiccation resistance of halophiles outside 

salt crystals, there are some suggestions that haloarchaea could possess true 

desiccation resistance. Haloarchaeal genomes possess sequences and protein domains, 

analogous to compounds such as mucins, known to be involved in desiccation resistance 

in other non-halophilic organisms (Stan-Lotter and Fendrihan, 2015) and these stress 

response pathways are activated when halophiles are grown on partially desiccated 

agar plates (Kixmüller and Greie, 2012). Furthermore, haloarchaea tend to possess 

multiple copies of the genome per cell, a common desiccation resistance tactic as it 

provides a template for DNA repair (Soppa, 2013). While there is circumstantial 

evidence that halophiles are desiccation resistant, it has yet to be adequately proven.  

It seems unlikely that, in the natural environment on either Earth or Mars, a halophile 

would ever be exposed to truly desiccating conditions. Evaporation of a halophilic 

habitat would cause cells to become entombed within salt crystals, as in the above 

studies. Alternatively, in a natural environment, conditions within the surrounding 

brine would become too inhospitable to life before the water completely evaporated 

(McGenity, 2017).  

1.4 - Halophiles and martian salts 

1.4.1 - Potential entombment on Mars 

Halophiles are often used as analogues for potential martian life (Payler et al., 2016, 

Fendrihan et al., 2009a, Orwig, 2014, Barbieri and Stivaletta, 2011, Fernández-Remolar 

et al., 2013, Srivastava, 2014, Rolfe et al., 2017, Matsubara et al., 2017). They have been 

shown, as described above, to be resistance to a wide variety of environmental stresses, 

which are associated with the martian surface. More crucially, any potential martian 
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water, either in the present day in the near subsurface or in the distant past as the 

temperatures and air pressures lowered (see Section 1.2.2), would require a high salt 

content to remain liquid (Catling, 2014, Massé et al., 2016, Stillman and Grimm, 2018). 

Interest in terrestrial halophiles as analogues for potential martian life is also likely to 

increase, given the recent suggestion of a large salt-lake under the martian South Polar 

glaciers (Orosei et al., 2018 and Section 1.2.1d). 

The ability of halophiles to become entombed in salt crystals is of special interest to 

martian astrobiology for a variety of reasons; it has already been mentioned (Section 

1.2.1c) that entombment could provide protection from today’s martian radiation 

environment (Leuko et al., 2015, Fendrihan et al., 2009a, Fernández-Remolar et al., 

2013). Entombment is also of relevance because it has been suggested that in the past, if 

life ever existed on Mars, it might have been geographically isolated and limited to small 

habitable regions (Westall et al., 2015). If life did ever become established on the 

martian surface, the changing environmental conditions (see Section 1.2.2) would have 

meant that surface habitable regions would become increasingly short lived and too 

geographically dispersed for life to easily travel between them (Cockell et al., 2012); life 

may not have been able to establish a firm foothold on the surface (Westall et al., 2015). 

Entombed halophiles blown on the wind, however, have been shown to be able to travel 

large distances between terrestrial environments habitable to them, as outlined above 

(McGenity et al., 2000).  

Evidence of ancient martian life could be potentially entombed and preserved within 

martian salt crystals. The Southern Highland chloride deposits (see Section 1.2.2b) are 

of particular interest in this regard, because it is believed that their formation occurred 

at the tail end of the presence of large-scale bodies of water on the martian surface 
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(Osterloo and Hynek, 2015). Once these salts formed, water became considerably more 

short-lived and rarer. If the lakes that formed these deposits contained life, then these 

deposits might possess the youngest remaining evidence of past life on Mars 

(Srivastava, 2014).  

The time since these deposits formed (3.65 Ga, Osterloo and Hynek, 2015) is orders of 

magnitude longer than even the most radical of claims of long-term survival of 

entombed halophiles (250 Ma, Satterfield et al., 2005). Even if organisms themselves 

could not survive these timescales, fluid inclusions could be targeted to look for ancient 

biomolecules. Even compared to the terrestrial environment, biomolecules (including 

normally short-lived ones such as DNA, Fernández-Remolar et al., 2013) are relatively 

stable within halite due to the fact that they are airtight, geologically stable, anaerobic 

and have a high ionic strength and low water activity (Parnell et al., 2007, Grant et al., 

1998a).  

In the martian radiation environment, where most organic molecules have a half-life 

that can be measured in months (Poch et al., 2014), the radiation shielding effects of 

halite would be highly advantageous for the long term preservation of biomolecules 

(Fernández-Remolar et al., 2013, Parnell et al., 2007). The pigments possessed by 

halophilic archaea (see Section 1.3.5a) are often proposed as potential biomarkers for 

detecting evidence of ancient martian life since they can persist in the geological record 

for millions of years (Parnell et al., 2007), are very clearly of biological origin (Parnell et 

al., 2007) and give a very distinctive signature under a Raman spectrometer, such as the 

one that will be included on the ExoMars 2020 rover (Fendrihan et al., 2009b).  
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While it cannot be definitively stated that evidence of ancient life could survive 

preservation within martian salt deposits, if biomarkers are preserved anywhere, then 

salt deposits are one of the better places to look.  

1.4.2 - Halophiles and different salt compositions 

Martian salt deposits are proposed as locations to look for evidence of ancient martian 

life (Payler et al., 2016, Tosca et al., 2008, Fendrihan et al., 2009b, Fendrihan et al., 

2009a, Orwig, 2014, Barbieri and Stivaletta, 2011, Fernández-Remolar et al., 2013).  

There is evidence to suggest that the Southern Highland chlorides might be NaCl 

(Osterloo et al., 2010), but two factors cast doubt on this: Firstly, all attempts to identify 

the spectra of martian salt deposits are based on library data from terrestrial deposits. 

This library data is overwhelmingly skewed in composition towards NaCl-rich deposits 

and ones formed under very different terrestrial temperature regimes to those likely on 

Mars (Hanley et al., 2010). Secondly the interpretation of spectra suggests that they are 

so NaCl-rich (Osterloo et al., 2010) that their purity is far in excess of any terrestrial 

deposit (Osterloo et al., 2010). This contradicts evidence that (as outlined in Section 

1.2.1d) martian brines themselves are not NaCl-rich but instead rich in Mg, sulfates and 

perchlorates (Tosca et al., 2011).  

There is evidence to suggest that extreme obligate halophiles cannot tolerate low water 

potentials induced by compounds other than NaCl (Grant, 2004); growth of obligate 

halophiles in brines made by other salts of comparable salinity and water activity is 

often heavily inhibited (Fox-Powell et al., 2016, Brown and Gibbons, 1955, 

Mullakhanbhai and Larsen, 1975, Oren and Bekhor, 1989). Hence, based on the likely 

composition of the salts, potential martian brines could possess a salinity and water 
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potential suitable for halophilic growth and still not be habitable to halophiles (Fox-

Powell et al., 2016).  

A greater understanding is needed of the way that salts of different compositions effect 

cells of both halophiles and non-halophiles, when compared to the effects induced by 

NaCl. The primary aim of this Thesis, therefore, is to investigate the tolerance of 

halophiles to a variety of different salts, including Mars relevant ones, in order to 

determine whether halophiles are capable of withstanding conditions similar to the 

ones found on Mars.  

a) Effect of salt composition on halophiles 

The extremely halophilic archaea use high internal K+ concentrations in order to 

equalise water potential on either side of their membranes (Wright, 2006). This would 

imply that they should be able to withstand high dissolved KCl concentrations, since this 

demonstrates tolerance to K+ ions and Cl- ions, present in high concentrations in the 

vicinity of the cell membrane (though on different sides) This does not, however, appear 

to be the case; alteration of the NaCl: KCl ratios in liquid culture can have a significant 

negative impact on their growth (Brown and Gibbons, 1955). That said, there is some 

positive effects, since supplementation of media with high concentrations of KCl will 

allow growth of obligate halophiles at lower concentrations of NaCl than they could 

otherwise tolerate (Brown and Gibbons, 1955). Similar results have been observed 

independently with MgCl2 (Mullakhanbhai and Larsen, 1975) and NaBr (Oren and 

Bekhor, 1989), suggesting that this effect is linked not just to cation changes.  

Moderate halophiles have also shown different responses to identical water potentials 

induced by different salts. NaCl and MgSO4 have significantly different effects on the 
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metabolome (the total number of metabolites produced by an organism) of moderately 

halophilic bacteria. While in both cases the production of osmoprotectants is 

upregulated, in MgSO4 brine there is a significant increase in carbohydrate metabolism 

that is not present during growth in NaCl brine (Schwendner et al., 2018). There was 

also a significant difference in the amino acid metabolism employed between the two 

salts (Schwendner et al., 2018). The mechanisms and reasons for these differences are 

unclear, but indicate that while both salts induce osmotic pressure, they also induce 

different (but as yet unknown) stresses (Schwendner et al., 2018).  

b) Potential mechanisms behind different responses to different salts 

There are a number of different chemical factors that can vary between salt solutions of 

the same salinity. Some of these factors are interlinked, whereas others are independent 

of each other. Many of these factors, while identified, have yet to be fully understood:  

Water activity  

Bivalent salts (e.g. NaCl, KCl, NaBr) exert less of an effect on water activity than divalent 

salts (e.g. MgCl2, CaCl2.), due to the amount of ions in the solution  (Hallsworth et al., 

2007a). Furthermore, differences in the ion size and electron affinity also mean that 

ions from the same group in the periodic table, such as Na and K, can have different 

effects on the water potential (Williams, 1970).  

Chaotropicity and kosmotropicity 

Another possible explanation is chaotropicity. Although not well understood (Fox-

Powell et al., 2016), in the simplest terms, it is known that some substances (such as 

NaBr, MgCl2 and CaCl2, Cray et al., 2013), termed ‘chaotropes’, increase the solubility 



65 
 

and stability of hydrophobic biomolecules when co-dissolved in solution. In contrast, 

other substances, termed kosmotropes, such as NaCl and KCl (Cray et al., 2013) reduce 

their solubility and stability (Ball and Hallsworth, 2015).   

This alteration of the stability of biomolecules by salts can have a profound effect on 

biological systems, in particular on membranes and proteins. This can be demonstrated 

via agar gels, where chaotropes decrease the gel-point temperature while kosmotropes 

increase it (Cray et al., 2013). There is also evidence to suggest that, to some extent, 

kosmotropic effects can be counterbalanced by addition of chaotropic agents, but these 

effects do not seem to directly cancel each other out on a one-to-one basis (Oren, 2013).  

The total impact of chaotropicity within a brine is likely to have a major impact upon its 

habitability. While it is often stated that, on Earth, wherever water is detected there is 

life, evidence for life in hypersaline MgCl2 rich deep-sea brines is contradictory at best, 

despite the billions of years of selection pressure for organisms to adapt to a large, but 

gradual Mg gradient. This is believed to be a result of the high chaotropicity of MgCl2 

(Figure 1.15 and Hallsworth et al., 2017). Terrestrial brines typically become highly 

chaotropic following precipitation of halite. It is speculated that avoidance of these 

chaotropic “bitterns” is one of the reason why halophiles preferentially entomb 

themselves within the halite as it forms (McGenity, 2017).  
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Figure 1.15 - Effect on gel-point temperature (as a proxy for chaotropicity and kosmotripicity) of increasing 
concentrations of various substances. The middle and top bands represent ranges at which life has been observed to 
undergo metabolic activity whereas metabolic activity has never been observed in the bottom band. Adapted from 
Hallsworth et al. (2007). 

Chaotropicity seems to be significantly more harmful to microorganisms than 

kosmotripicity, but the reason for this is unknown (Oren, 2013). The effects of 

chaotropicity and kosmotropicity are not always detrimental to life. It has been 

speculated that the effects these have on solubility, if balanced suitably with other 

environmental extremes, could potentially allow microorganisms to grow in higher or 

lower temperature environments than they could not otherwise survive (Stevenson et 

al., 2015a).  
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Ionic strength and charge 

Variations in ionic strength and ionic charge between different salts are also likely to 

have different impacts upon microbes. Ionic charge and ionic strength are not the same, 

because different ions can carry different charge. For example, a solution of MgSO4 

(Mg2+ + SO42-) with the same ionic strength as a solution of NaCl (Na+ + Cl-) will have 

double the charge.  

Monovalent salts are known to induce changes in the stability of dissolved proteins in 

accordance with the Hofmeister series (Dominy et al., 2002). Halophiles, in particular, 

are known to be sensitive to variations in the charge of their surroundings, because the 

negative charges accumulated by their proteins and DNA in order to remain stable in 

high K+ concentrations can repel each other if the environmental charge changes too 

much (Elcock and McCammon, 1998).  

Despite the fact that previous studies of martian analogue brines indicate that the total 

concentration of ions, and the charge they carry, may cause separate effects on 

habitability (Clark and Van Hart, 1981), very little research has yet to be carried out in 

disentangling these effects, especially in the context of martian rather than terrestrial 

brines (Fox-Powell et al., 2016). 

c)  Relevance to this thesis 

If martian salts are not NaCl, then it becomes vitally important to investigate the ability 

of halophiles to survive in different salts. Halophiles clearly possess tolerance to the 

above factors as they are all present, to some extent, within terrestrial NaCl-rich brines. 

However, the ability of halophiles to tolerate these factors independent of NaCl 

concentration is poorly understood. In this Thesis, halophilic tolerance to a variety of 
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different salts, both in brines and entombed within crystals, are investigated in order to 

determine whether halophiles are indeed of value to martian astrobiology. 

1.5 - Boulby Mine 

In order to investigate the tolerance of halophiles to salts other than NaCl, the deposits 

from Boulby Mine have been utilised.  Boulby Mine cuts through 250 million year old 

Zechstein evaporite deposits, including halite (NaCl), sylvite (KCl within ‘potash’) and 

anhydrite (CaSO4) (Woods, 1979). 

Microbial research of the mine has, in recent years, tended to focus on the community of 

NaCl-rich brines formed from dissolution of the evaporites (Fox-Powell et al., 2016, 

Cockell et al., 2017, Cockell et al., 2018), but past research has demonstrated the 

presence of culturable halophilic microbes within both the halite and the sylvite-rich 

deposits (Norton et al., 1993). Prior to this project, however, no work had been 

undertaken to investigate community differences between the salts. The Boulby Potash-

Boulby Halite interface, in particular, provides an opportunity to study a naturally 

occurring gradient in salt composition, and the microbial communities entombed 

within. 
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1.5.1 - The deposits at Boulby 

 

Figure 1.16 - The stratigraphy of Boulby Mine, based on data from Woods, (1979). Cutaway shows the areas of the mine 
being focused on for this project as described by Thomas Edwards, Senior Exploration Geologist of Boulby Mine 

Boulby Mine is a commercial site, with the Boulby Potash its primary commodity 

(Edwards, 2015).  Although “potash” is often used to describe various deposits 

containing potassium, in this thesis “potash” is used to refer to rock samples that 

contain both NaCl and KCl.  “Sylvite” will be used to specify KCl crystals within potash 

samples, but “halite” will be used to refer to both the beds in the mine of predominantly 

NaCl composition (e.g. Boulby Halite) and individual crystals of NaCl within other beds.  

The Boulby Potash is categorised according to its commercial viability, which is 

determined by its composition: the “primary potash” (KCl and NaCl in roughly 50:50 

proportions, Woods, 1979) is the most commercially viable, with “secondary potash” 
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(potash with silt) less so (Hebblewhite, 1977).  Typically, the secondary potash overlays 

the primary potash (Figure 1.16).  

To reach the Boulby Potash beds requires excavation through the Boulby Halite below 

it, presenting an opportunity to sample both of these beds (Woods, 1979). The interface 

between the two beds varies from a sharp contact at some sites to a gradual merging of 

the beds over a height of one meter (Edwards, 2015).  

The Boulby Halite itself has commercial value and is predominantly NaCl mixed with 

silt. As with the Boulby Potash, the Boulby Halite is split into two categories for 

commercial purposes. Grey halite is referred to as “silty halite” (Edwards, 2015), 

although Woods (1979) identifies this as shale. Pink coloured halite is referred to as 

“clean pink halite” or “CPH” (Woods, 1979, Edwards, 2015) and represents the purest 

halite in the mine. As a general rule, most of the halite is silty with occasional regions of 

CPH throughout it.  A narrow band of CPH is also found running through the Boulby 

Halite below the interface between this bed and the Boulby Potash throughout much of 

the mine, although the depth of this band varies (Woods, 1979).  

The beds of interest are both underlain and overlain by beds of anhydrite (Figure 1.16). 

The Boulby Halite lies directly above the Billingham Anhydrite, but the Upper Anhydrite 

is separated from the Boulby Potash via the shale-rich Upgang Formation and the 

Carnallitic Marl (a salt-rich clay, not a marl, Woods, 1979). These beds were not 

sampled for this study. 

1.5.2 - Viability of Boulby Mine as a sampling site 

The geology of Boulby Mine represents subsurface chloride deposits, however there 

have not yet been any subsurface chlorides yet detected on Mars because of lack of 
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access to the subsurface.  The existence of martian chloride deposits on the surface 

suggests subsurface deposits may exist (Payler et al., 2016), but nothing is known about 

their composition or distribution.  For this reason, there are some limitations in 

comparing between life within Boulby Mine’s deposits and potential life on Mars. 

No terrestrial surface deposit, however, can truly represent a martian surface deposit 

because of the existence of Earth’s hydrological cycle. While surface salt deposits exist 

on Earth in areas where rain is rare, it does still occur (Schulze-Makuch et al., 2018, 

Jordan et al., 2017). This induces significant aqueous alteration to the top layers of the 

deposit, as well as delivering new microbes. On Mars, the surface deposits are unlikely 

to have undergone much, if any, aqueous alteration from surface processes for millions 

of years (Parnell et al., 2007). The most recent evidence of aqueous alteration on Mars is 

found in the Stimson Formation, which has a minimum age of 2,000 Ma (Frydenvang et 

al., 2017). Furthermore, the large martian chloride deposits formed as a result of the 

cessation of wide-spread surface water  (Osterloo and Hynek, 2015). Subsurface 

terrestrial deposits are therefore more likely to resemble the martian surface deposits, 

than surface terrestrial deposits and so Boulby Mine provides a viable comparator.  

The Boulby deposits do still differ significantly from those on the martian surface. For 

example, they are also exposed to considerably higher oxygen levels than on Mars. 

Furthermore, Boulby is a working mine, which means that the deposits are constantly 

exposed to contamination. This Thesis will attempt to mitigate these factors by means of 

acid-bleach sterilising the crystals in order to try and investigate only those microbes 

sealed within the crystals and not exposed to the terrestrial environment (Chapter 2). 

Perhaps of greater concern is the fact that, while 250 Ma old, the deposits at Boulby 

Mine are still significantly younger (Woods, 1979) than any that could be expected to 
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exist on Mars, given how long ago the last martian large bodies of water evaporated 

(Osterloo and Hynek, 2015). Cells and biomarkers entombed within crystals in Boulby 

Mine deposits would be younger and entombed for much shorter timescales than any 

that might exist on Mars today.  

Despite these drawbacks, the processes being examined, namely impact of salt 

concentration on the entombed community, should be comparable regardless of 

whether the deposit lies on the surface or in the subsurface and is valid regardless of 

the differences in the age of the deposits, provided these limitations are considered in 

any interpretation.  

1.6 - Outline of this thesis 

The overarching aim of this thesis is to investigate entombment and growth of 

microorganisms in salts other than NaCl, including magnesium salts and sulfates, both 

of which are abundant on the martian surface (Section 1.2.1d). To do so, this Thesis will 

address the following objectives: 

1. To investigate the effect of variation in Boulby evaporite composition on 

entombed microbial diversity. 

2. To isolate and identify microorganisms from the compositionally-varied 

evaporite deposits found in Boulby Mine. 

3. To characterise the novel microorganisms (isolated in objective 2) with 

particular focus on their tolerance to salts, both NaCl and others. 

4. To investigate the ability of one of these isolates to survive entombment in 

brines containing high concentrations of non-NaCl salts 
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5. To investigate whether the composition of the salt crystals effects the survival of 

the entombed isolates under UV. 

These objectives are addressed as follows:  

Chapter 2, describes the collection and characterisation of evaporite deposits from 

Boulby Mine.  

Chapter 3 presents a culture-independent study investigating the effect of the 

composition of the evaporate deposits on the microbial community structure. 

Chapter 4 outlines the growth and isolation of microorganisms from the Boulby 

samples. They are characterised based upon the carbon sources they can utilise, the 

agars they can grow on, their morphology, halotolerance, and their ability to use salts 

other than NaCl to make up their minimum salt requirements. 

Chapter 5 describes the entombment of one of these isolates, Halobacterium noricense 

FEM1, within laboratory-grown crystals of different salt compositions and the results of 

experiments that subject these crystals containing cells to Mars-relevant UV conditions. 

The Thesis concludes (Chapter 6) with a summary of the key results and suggestions for 

how this study could be extended and used to inform future martian astrobiological 

studies, including life detection missions. 
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Chapter 2: Characterisation of Boulby Mine’s evaporite deposits  

2.1 - Introduction 

The aims of this chapter are as follows: 

• To describe the protocols used to obtain, process and store samples from Boulby 

Mine, North Yorkshire, UK 

• To determine those samples’ mineralogy and geochemistry, in order for this to 

inform the planning of, and interpretation of results from, microbiological 

experiments in Chapters 3 and 4.  

A previous study (Norton, et al., 1993) demonstrated the presence of microorganisms 

within the evaporite deposits of Boulby Mine, UK (see Section 1.5). Using a combination 

of culturing and lipid analysis, Norton et al., (1993) isolated and identified halophilic 

archaea (but not bacteria) from both the Boulby Halite and Boulby Potash deposits. 

Norton’s study, however, did not investigate whether there was any variation in 

community diversity or community composition between these deposits. Indeed, there 

has generally been an absence of research into whether evaporite deposits of different 

chemical compositions can support different microbial communities. The work that has 

been carried out has focused, not on ancient evaporitic deposits such as those in Boulby 

Mine, but precipitates formed in modern commercial salterns (e.g. Oren, 2005). The 

details of these studies will be outlined in Chapter 3. There have also not been any 

studies directly comparing the community composition of evaporites of different 

chemical compositions, independent of environmental factors, such as changing salinity 

and chaotropicity, within the brine that formed them. There is, however, abundant 

evidence that demonstrates that, in non-evaporite geological settings, the chemical 
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composition of different lithologies can have a significant impact on community 

structure (Uroz et al., 2009, Skidmore et al., 2005, Reith et al., 2015, Nyyssönen et al., 

2014); Na concentration, for example, has been shown to significantly impact the 

community composition of granite rocks (Gleeson et al., 2006).  

As demonstrated in Section 1.5.2, Boulby Mine presents a unique opportunity to 

investigate the effect of the geochemical composition of salts on microorganisms. The 

geological sequence exposed in Boulby Mine consists of the Boulby Halite (NaCl) 

overlain directly by the Boulby Potash (NaCl and KCl in roughly equal concentration, 

Woods, 1979). This enables a comparison between lithologies (and microbial 

communities) that have experienced similar geological histories and environmental 

conditions within the mine (e.g., temperature, humidity and exposure to 

contamination), but vary only in their cationic composition. This is in contrast to prior 

papers looking at salts within salterns (Oren, 2005, Javor, 2012, Baati et al., 2011) 

where these factors have not been kept consistent.  

Microorganisms detected within these deposits are expected to either inhabit the 

surface of crystals (in deliquesced micro-brines, as observed in the Atacama desert, 

Davila et al., 2013a, Stivaletta et al., 2012) or be entombed within fluid inclusions 

(Lowenstein et al., 2011, Schubert et al., 2009, McGenity et al., 2000, Gramain et al., 

2011). Entombed microorganisms represent communities that have been preserved for 

significant periods of time, either from the time the salt was precipitated, or from when 

an influx occurred at a later date. For the purposes of this study, it is assumed that any 

microorganisms that are entombed predate the excavation of the mine. Those not 

entombed represent younger communities that have pervaded the beds during 

exposure to the active mine or that have developed because of secondary alteration of 
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the lithological units. This assumption has helped to direct the methodology used to 

prepare and analyse the samples taken. 

To allow any relationship between salt composition and microbiology to be determined, 

samples needed to be collected from Boulby Mine and characterised for their 

microbiology (outlined in Chapter 3), mineralogy and geochemistry. Understanding the 

mineralogy and geochemistry is important for two reasons. Firstly, it is important to 

confirm that the samples are of the lithology expected when sampled from the mine; the 

sampling itself was based upon characterisation conducted by prior studies (Payler et 

al., 2016, Woods, 1979, Parnell and Blamey, 2017) and the experience of the mine staff 

who assisted in the sample collection (Edwards, 2015). Secondly, geochemical and 

mineralogical characterisation of the samples would allow precise quantification of 

their composition. This, in turn, would allow better comparisons with microbiological 

data both within each lithology and throughout the stratigraphic column.  

This first data chapter, therefore, describes the excavation of samples from Boulby 

Mine, and the geochemical and mineralogical analyses undertaken to characterise them. 

This is then followed, in the next chapter, by a thorough investigation into the microbial 

community within the samples. Together, these Chapters will shed light on the question 

of whether martian deposits of compositions other than NaCl would be able to entomb a 

community of ancient microorganisms. 

2.2 - Materials and methods 

The following sections describe the methods used to obtain and characterise the 

geological and biological samples needed to further the aims of this Chapter.  
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2.2.1 - Sample collection and processing 

a) Boulby Mine  

Boulby Mine in Saltburn, Cleveland, Yorkshire (54°33'19.1"N, 0°49'20.4"W) is run by 

Cleveland Potash Limited: a subsidiary of Israel Chemicals Ltd (ICL). The mine is 1.4 km 

deep and has permission to excavate an area of 820 km2 (ICL-UK, 2017). In order to 

access the deposits, a 1,000 km network of underground tunnels has been built (Figure 

2.1), although only some of these tunnels are currently accessible (Edwards, 2015). To 

collect samples for this study, Boulby Mine was visited on two separate occasions (18th 

November 2014 and 27th October 2015) under the supervision of Thomas Edwards, the 

Senior Exploration Geologist.  The details of both expeditions are provided below. 

Despite some scientific endeavours, including astrobiological studies of the subsurface 

brines (Payler et al., 2017) and dark matter detection experiments (Scovell et al., 2018, 

Hart and Collaboration, 2002, Smith et al., 1998), Boulby Mine is primarily a commercial 

operation and so, whilst scientific literature on the mine does exist (Woods, 1979, 

Norton et al., 1993, Talbot et al., 1982, Parnell and Blamey, 2017), information is often 

commercially sensitive and not publicly available. For this project, an overview of the 

mine, as well as descriptions of its environmental conditions, were made available by 

Thomas Edwards.  An idealised stratigraphy of the lithologies excavated within the 

mine was shown in Figure 1.16 (Chapter 1). 
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Figure 2.1 - Map of the roadways of Boulby Mine as of November 2015. Cutaways show the locations of the five sampling 
sites investigated in this project, as well as sixth site (Site C) that was sampled but not used in this project. 
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b) Sampling procedure 

On both expeditions, samples were excavated from the walls of the mine shaft using a 

chisel and a geological hammer. They were handled using nitrile gloves (Kimtech, 

Science) that had been sterilised with isopropyl alcohol wipes (Azowipe), then 

transferred to sterile sample bags (Whirlpak, Fischer Scientific).  

The samples were kept at ambient (mine) temperature (38 ℃) during field work and, 

within 24 hours, transported to the Open University laboratories within a thermally 

insulated container. The samples were kept at the laboratory’s ambient temperature, 22 

±2 ℃, until further analysis was undertaken.  

c) Initial sampling expedition 

An initial sampling expedition was carried out on 18th November 2014. This was in the 

early stages of this project and its goal was to obtain samples for use in pilot 

experiments that would optimise techniques.  As a result, the samples obtained on this 

occasion were used purely for biological experiments and were not geochemically 

characterised.  Most experiments in which these samples were used were later repeated 

using samples obtained on the second sampling expedition (described below, Section 

2.2.1b). In general, it is the data obtained from this second expedition that is presented 

in this thesis, but cultures of microorganisms inoculated by samples from this initial 

sampling expedition, were retained for investigation in Chapter 4.  

Site X 

The majority of samples obtained from the initial sampling expedition came from a 

single location within Boulby Mine, designated Site X (Figure 2.1). This site featured the 
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Boulby Halite and the Boulby Potash, with a well-defined interface region between 

them.  

At Site X, five samples were obtained of the Boulby Potash and four of the Boulby Halite.  

In both instances, the samples were taken from a distance >1 m from the interface. Five 

samples from immediately either side of this interface were also collected. Site X 

featured veins of sylvite, high purity KCl (Woods, 1979, Edwards, 2015), running 

through the Boulby Potash bed. Three samples of this sylvite were obtained. 

No record was made of whether the samples of the Boulby Potash obtained from Site X 

were of the primary or secondary type (See Section 1.5.1 and also below, 2.2.1d), but 

the Boulby Halite can be assumed to be of the “silty” variety (see Section 1.5.1 and also 

below, 2.2.1d) based upon its colouration. 

Non-chloride samples 

On this initial sampling expedition, four samples were also obtained of anhydrite 

(CaSO4) and two of polyhalite (K2Ca2Mg(SO4)4·2(H2O)), as identified in the field by 

Thomas Edwards. These samples were obtained from a conveyor belt transferring 

product to the surface. As a result, their provenance is uncertain, but it is known that 

they are sourced from below Boulby Halite in the stratigraphic column (Edwards, 

2015). 

d) Second sampling expedition - Sites A-E 

Following biological investigation into samples obtained on the initial expedition 

(included in Chapter 4), the decision was made to return to the mine to obtain samples 

of the Boulby Potash, the Boulby Halite and the interface region, from multiple sites to 
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enable comparisons and validations to be made. These would be subject to both 

microbial and geochemical characterisation and be better constrained in terms of their 

provenance within the mine and the stratigraphic column.  For this reason, this second 

expedition put a greater emphasis on recording details at each sample site including the 

in-situ geology of the samples prior to excavation.  

Sample sites for this second expedition were selected based on three criteria: 

1) the presence of the Boulby Halite, the Boulby Potash and an interface region between 

them 

2) the presence of both beds with sufficient vertical depth to enable samples to be taken 

through each stratigraphy  

3) ease of accessibility within the working mine. 

Thomas Edwards identified, in advance, a tunnel that would best suit the three criteria. 

This was a relatively new shaft, compared to that of Site X: the tunnel had taken 4.5 

months to excavate, and this work had ceased 6 months prior to the field visit. This 

tunnel, therefore, had the least potential for surface contamination compared to other 

accessible shafts within the mine. The tunnel was located 4 km north of the British 

coastline, where the interface between the Boulby Halite and Boulby Potash was 

approximately 720 m below sea level (Edwards, 2015).  

Sites A-E 

On the sampling expedition, initially five sample sites were identified within this tunnel 

(A-E, Figure 2.2). On closer inspection, however, Site C did not excavate the Boulby 
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Halite and therefore, although samples were taken from Site C, only samples from Sites 

A, B, D and E were used in the analyses for this Thesis.  

 

Figure 2.2 - Sampling Sites A, B, D & E showing the stratigraphy that was evident. There is no Site C. Each photo includes 
a meter ruler for scale 

At Sites A, B, D & E, the floor was composed of Boulby Halite and it extended roughly 

halfway up the walls of the shafts.  The Boulby Halite is between 35-40 m thick (Woods, 

1979, Edwards, 2015), however the depth of each bed and the location of the potash-

halite interface region relative to the shaft floor, varied between sample sites. This is a 
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result of the variable direction of the mine excavation. Figure 2.2 shows photographs of 

each sample site with the stratigraphy labelled.  

At Sites A, B, D & E, the Boulby Halite was typically a dark grey colour (Figure 2.2), a 

result of high concentrations of “silt” (described as shale by Woods, 1979). At Site A, 

however, Clean Pink Halite (CPH), i.e., halite lacking in silt, was also observed, and a thin 

band of this was also seen at Site E, consistent with the description of Woods (1979).  

Above the halite was the interface region, which varied between sites. While at Sites B 

and E, the interface was sharp and clearly visible to the naked eye (Figure 2.2) as it had 

been at Site X, the interface was less clear at sites A and D where the two beds appeared 

to merge. This ‘transition zone’ is comparable with that identified by Woods (1979).  

Above the transition zone/interface was the Boulby Potash, which was between 8 and 

10 m thick (Edwards, 2015), extending from the transition zone to the shaft roof. The 

Boulby Potash is classified according to its commercial viability: silt-poor primary 

potash is typically found lower down the stratigraphy, closer to the Boulby Halite, 

whereas silt-rich secondary potash is found higher up (Figure 2.2). At sites B, D & E, 

only primary potash was evident; however, at Site A, the tunnel’s depth was such that 

the bottom of the secondary potash was accessible.  

Samples 

A total of 20 samples were obtained from the second sampling expedition (Table 2.1). At 

each site, one sample of the Boulby Halite and one sample of the Boulby Potash 

(selecting primary potash, where possible, to minimise excessive silt content) were 

taken from >1 m from the Boulby Potash-Boulby Halite boundary to avoid the 

interface/transition zone.   
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Table 2.1 - List of the samples obtained on the second sampling expedition, and the analysis they were subjected to 

Sample location 
Petrological 
analysis of 

thin sections 

EMPA 
analysis 

XRD 
Analysis 

ICP-MS 
Analysis 

TOC and 
LOI 

analysis 

Community 
Analysis 

Site A 

Secondary 
potash 

     

Primary potash      

Halite from 
within the 

Primary potash 

     

Top of the 
interface 

     

Bottom of the 
interface 

     

Boulby Halite 
(silty halite) 

     

Boulby Halite 
(CPH) 

     

Site B 

Primary potash      

Top of the 
interface 

     

Bottom of the 
interface 

     

Boulby Halite 
(silty Halite) 

     

Site D 

Primary potash      

Top of the 
interface 

     

Bottom of the 
interface 

     

Boulby Halite 
(silty Halite) 

     

Site E 

Primary potash      

Top of the 
interface 

     

Bottom of the 
interface 

     

Boulby Halite 
(silty Halite) 

     

Boulby Halite 
(CPH) 
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Samples were also collected from within the interface regions. Where this was a gradual 

transition, samples were collected both from the top, where it was closer to the Boulby 

Potash, and the base, where it was closer to the Boulby Halite. Where the interface was 

more defined, samples were collected from immediately above and immediately below 

the sharp transition.  

Samples of CPH and silty halite were also taken, where available. Furthermore, at Site A, 

a sample of the secondary potash and a sample of halite from within the primary potash 

were collected.  

e) Sub-sampling 

To undertake geochemical analyses alongside the biological, sub-samples were created 

of the samples from Sites A, B, D & E by splitting them using a rock chisel (Figure 2.3). 

Although there was no means of carrying this out under sterile conditions, the chisel 

was sterilised with ethanol before each use, to minimise the risk of cross-contamination.  

 

Figure 2.3 - A selection of sub-samples stored prior to sterilisation 
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One sub-sample from each sample then underwent surface sterilisation, crushing and 

homogenisation for use in the microbiology, molecular biology and geochemical 

analyses described below. The remaining sub-samples were used to create thin sections 

that could be used to investigate the mineralogy further.  

All samples and sub-samples were stored at room temperature within Whirlpak, 

Fischer Scientific sample bags until further analysis.  

f) Sample sterilisation and homogenisation 

The molecular and microbiological analyses of the samples was concerned primarily 

with the microbes entombed within the samples. As a result, whole samples from the 

first sampling expedition and the selected sub-samples from the second expedition 

underwent sterilisation to eliminate contamination caused by activity within the mine, 

for example: human and machine working, the constant airflow through the tunnels 

from the surface and any contamination that occurred during the sub-sampling process 

in the lab.  

Sub-samples were surface sterilised according to the methodology of Sankaranarayanan 

et al. (2011), which involves washing the samples in acid and bleach in order to kill 

surface microbes and degrade DNA.  

Solutions of 1M HCl (stock solution 36 %), 1M NaCO3 (stock solution 15 %) and 1M 

NaClO were prepared by diluting or dissolving in autoclaved NaCl solutions (400 g l-1, 

which is above the saturation limit of 360 g l-1) thus ensuring the presence of 

undissolved NaCl in the bottle prior to mixing in the acid, bleach or NaClO. This ensured 

the final solution remained NaCl-saturated. The principle behind this sterilisation 

procedure was that the HCl and the NaClO killed the surface microorganisms as well as 
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those in any pores open to the environment, whilst the NaClO neutralised any traces of 

the acid and bleach left on the samples that could interfere with later analysis. 

The solutions were prepared in saturated NaCl solution, rather than water, to limit the 

dissolution of the water-soluble samples. Undissolved NaCl was removed from the 

solutions prior to the sterilisation procedure by allowing the salt to settle at the bottom 

of the bottle and transferring the solution at the top to fresh sterile bottles. 

The sub-samples were washed in 500 ml beakers, which contained 330 ml of the 

solutions (Figure 2.4). Owing to the potential for HCl and NaCO3 to react to form 

mustard gas (Evans, 2005), the processes were carried out within a fume cupboard. 

Sub-samples were transferred between the solutions using a pair of tongs that were 

flame and ethanol sterilised prior to use.  

 

Figure 2.4 - Surface sterilization procedure based on the methodology of Sankaranarayanan et al. (2011) 

Figure 2.4 illustrates the process used. The first step was to submerge samples in the 

HCl solution for 15 minutes, such that the entire volume of it was below the surface of 

the liquid. The samples were then transferred to the first beaker containing NaCO3 

solution (Figure 2.4) and likewise submerged for 15 minutes, in order to neutralise the 

acid. To remove any traces of the previous solutions, the samples were next washed in a 

beaker of saturated NaCl solution, again for 15 minutes. 



88 
 

Following acid sterilisation, the samples were bleach sterilized by submerging in the 

NaClO solution for 15 minutes, followed by neutralisation in fresh NaCO3 solution for 15 

minutes. As NaClO can degrade DNA (Sankaranarayanan et al., 2011), and DNA 

extraction was planned for these samples, any remaining traces of bleach were washed 

off via 15 minute submersions in 5 separate saturated NaCl solutions.  

Following sterilisation, the samples were triple-bagged in transparent sterile sampling 

bags (Whirlpak, Fischer Scientific) and crushed gently between two planks of wood 

using a rock hammer to facilitate crushing. The end product had a grain size of 

approximately 1 cm diameter. These grains were mixed, by shaking the bags, to form 

homogenous samples. For all geochemical and molecular analyses, unless otherwise 

stated, 2 g of the homogenous mixes were used, with three replicates of each.  

g) Thin section preparation 

In order to examine the distribution of minerals and fluid inclusions within the samples 

by petrologic means (see below), thin sections were prepared of the Boulby Halite and 

primary potash by Michelle Higgins, in the Open University Thin Section laboratory.  

Since halite and potash are fragile, water-soluble minerals, care had to be taken during 

thin section preparation to avoid the use of water, so sections were not polished. Their 

thickness was made to roughly 30 µm. Finished thin sections were mounted on glass 

slides using an epoxy resin but were not covered. 

2.2.2 - Geological characterisation 

Although samples were collected from defined beds, confirmation of their broad 

mineralogy and an investigation of their detailed chemistry was necessary.  In the field 
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and in the laboratory, this was undertaken by initially examining the hand specimens.  

Subsequently, a more detailed characterisation was carried out using a variety of 

techniques. 

a) Petrological examination 

Thin sections were examined via petrologic microscopy. Low magnification photos of 

each thin section were taken with a Leica-Wild M28 petrological microscope, capable of 

magnification between ×0.63 and ×5. More detailed examination of areas within the thin 

section were made with a different petrological microscope, allowing magnification at 

×5, ×10, ×40 and ×60. Both microscopes were capable of allowing observation under 

plane and cross-polarised light. Detailed notes and photographs were taken of each 

section.  

b) Electron Microprobe Analysis (EMPA) 

Sylvite (KCl) and halite (NaCl), the main components of Boulby Potash, are isomorphic 

and look similar under both plane and cross-polarised light (Deer et al., 1992) so are 

difficult to distinguish with a petrological microscope. A Cameca SX100 was used to 

carry out Electron Microprobe Analysis (EMPA) that could indicate the presence, and 

distribution, of sylvite and halite crystals within individual samples and provide 

quantitative information about the samples’ compositions.  

The thin sections were carbon coated (25 - 30 nm thick) and analysed under standard 

analytical conditions for this instrument: 20kV, 20 nA and a beam diameter of 10 µm. 

These conditions had previously been used to investigate halite and sylvite using a 

similar instrument (Altigani et al., 2016). The probe was set to measure signals from K, 

Fe, Mn, Si, Mg, Ca, Na, Al, Cl and S. The probe had been previously calibrated to 
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standards of haematite, bustamite, for-BM4, jad-BM4, sylv BM4 and barite. Between 

them, these standards contain all the element being investigated at a wide range of 

concentrations. Detection limits of the instrument are stated by the manufacturer to be 

in the order of 100 ppm, however, instrument drift means that in practice this varies by 

element and on a daily basis. Detection limits at the time of measurement, were 

calculated based on measurement of the standards and are described in Table 2.2.  

Table 2.2 - Detection limits of each element in the EMPA 

Element Detection Limit (ppm) 
Na 323 
Al 176 
Si 101 

Mg 186 
Fe 368 
Mn 303 
K 129 
Ca 182 
Cl 568 
S 449 

 

c) X Ray Diffraction (XRD) 

To determine the precise mineralogy of each sample, they were also analysed via X-Ray 

Diffraction (XRD) at the Natural History Museum (NHM), London, using a Nonius PDS 

120 powder diffraction system with an Inel curved, position sensitive detector as 

described previously (Schofield et al., 2002). Sterilised and homogenised samples were 

further crushed to a fine powder within an automated tungsten carbide mill for 30 

seconds. Samples were then sent to Dr Paul Schofield (NHM) for preparation and 

analysis.  

There, the samples were mixed with acetone to form a slurry and spread evenly upon a 

circular sapphire substrate. An X-ray tube operating at 45 kV and 32 mA and a 
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germanium 111 monochromator crystal was used to generate a monochromatic cobalt 

Kα1 X-ray beam with a height of 0.14 mm and a length of 5.00 mm. The samples were 

spun in the plane of the sample’s surface for 60 minutes while measurements were 

made in reflection geometry. The sample surface was at an angle of 4 ° to the incident 

beam.  

NIST silicon powder SRM640 and silver behenate were used as calibration standards. 

Phases were identified via comparison with the International Centre for Diffraction Data 

(ICDD) Powder Diffraction File (PDF) database and historical data from samples within 

the NHM mineral collection. 

The detection limit of XRD for any given phase, in general, is commonly stated to be 2 % 

of a sample by volume (Bunaciu et al., 2015). 

d) Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

Elemental composition (n = 3) of the samples was measured using Inductively Coupled 

Plasma Mass Spectrometry (Agilent 7500s ICP-MS with New Wave 213 laser system). 

Samples were prepared and analysed by Dr Sam Hammond (Open University). 

Sterilised, homogenised samples (2 g) were dissolved in 2 % nitric acid to a 

concentration of 0.005 % w/w. The low final concentration was used because of the 

potential for the high concentration of chloride ions to damage the instrument. The 

detection limits varied between elements, however, the standards had been created 

based on prior ICP-MS studies of halite composition (Titler and Curry, 2009), making 

the assumption that the highest K concentration in the potash would not exceed the Na 

in the halite. The list of ions the instrument was calibrated to detect is shown in Table 

2.3, along with the detection limits within the 0.005 % solutions.  
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Table 2.3 - Detection limits of ions measured by the Agilent 7500s ICP-MS 

Ion Detection limit (ppm) 

Na 3.21 

K 2.02 

Ca 0.14 

Si 0.033 

Mg 0.025 

Fe 0.013 

Al 0.013 

Sr 0.0012 

Ba 0.0007 

Mn 0.0007 

2.2.3 - Organics and volatiles 

It was assumed that, because of the detection of microbes in prior studies (Norton et al., 

1993), that there must be carbon within the samples. Carbon cannot be detected by ICP-

MS since it is not easily ionised. XRD is also unlikely to detect carbon, aside from 

crystalline components.  

Therefore, two methods were employed to measure the carbon content of the samples. 

The first was by measurement of Total Organic Carbon (TOC) and the second was by 

measuring Loss on Ignition (LOI). LOI and TOC are often correlated and used in 

conjunction to confirm findings in low carbon content studies (Labuza, 1980), such as 

this one.  

a) Total Organic Carbon (TOC) 

Samples were crushed to a fine powder using an agate pestle and mortar that had been 

washed with deionised water and dried in a laminar flow hood between each use. The 

samples (0.1 g) were added to ceramic “TOC boats” (miniature crucibles), which had 

been pre-weighed. An accurate weight at this stage could not be ascertained, because, 

once a sample was crushed the mass gradually increased over time as new crystal faces 
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absorbed more water from the atmosphere. To eliminate the water, the samples were 

heated for 12 hours at 105 ℃. Once heated, samples were transferred to a desiccator 

and allowed to cool to room temperature. Samples were briefly removed from the 

desiccator and the “dry-mass” of the samples were calculated.  

Once cooled and weighed, the samples were covered with ceramic wool and transferred 

to a Shimadzu SSM-5000A- TOC machine. The chamber within the instrument was 

heated to 900 ℃ and the carbon within the samples combusted to form CO2. The CO2 

released was measured using a Shimadzu TOC-V. A glucose and a Leco soil calibration 

standard containing 2.42 % carbon were both used to calibrate the instrument. The 

detection limit of the instrument was 0.01 %, with a margin of error of ±1 %. The 

instrument was operated by Timothy Barton (Open University).  

b) Loss on Ignition (LOI) 

It was anticipated that the carbon content of the samples would be low, potentially 

lower than the detection limits of the Shimadzu SSM-5000A instrument (0.01%), 

therefore, the LOI was also measured. While LOI provides the mass of all volatiles (not 

just organics), LOI and TOC are often strongly correlated (Labuza, 1980). The aim was 

to obtain LOI values and use them to extrapolate the TOC of those samples that were 

below the limit of detection of the Shimadzu TOC-V.  

Owing to how low the carbon within the samples was expected to be, a sample 

concentration technique was developed for the LOI analyses. This method was based on 

the assumption that the majority of the volatiles present would be non-soluble. This 

assumption was supported by the ICP-MS and XRD data, which showed that the soluble 

components of the samples were dominated by Na, K and Cl (Sections 2.3.1c & d).  
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Samples were measured and dissolved in 45 ml ddH2O within a 50 ml falcon tube. The 

exact mass varied between samples, but was roughly 10 g ± 0.2 g. The initial mass was 

chosen to keep the volume of sample well below potential saturation of the solution.  

The samples were heated at 40 ℃ and observed regularly until the samples appeared to 

have completed dissolution. During this process, the lid of the falcon tube was sealed to 

prevent evaporation of water. The samples were centrifuged at 6,000 x g for 15 minutes 

to concentrate the insoluble components at the base of the tubes. The supernatant was 

then carefully removed using a pipette, ensuring that the insoluble components of the 

samples gathered at the bottom of the tube were not disturbed. These insoluble 

components were then resuspended in 5 ml of ddH2O to form a slurry. This slurry was 

split roughly evenly between three crucibles (of known mass) using a pipette with the 

tip cut off to allow larger particles to be taken up. 

The crucibles of slurry were then heated for 12 hours at 105 ℃ to remove the water. 

The dry-weight of the resulting grey-coloured salt crystals was calculated as for the 

TOC. By comparing the mass of the original sample, the mass of the water added to the 

sample and the mass of the sample after the water and soluble components had been 

removed, the concentration factor for each sample could be calculated. This was 

typically an order of magnitude, although it varied based upon the amount of non-

soluble component left in the sample after evaporation. The exact mass of the samples 

and water added, and removed, was precisely measured throughout, which allowed a 

more accurate value for this concentration factor to be calculated for each sample.  

Once the dry-weight of these crystals, with concentrated non-soluble components, were 

calculated, the samples were heated for a further 12 hours at 600 ℃ in order to combust 

the volatiles. The samples were then cooled to room temperature in the desiccators. The 
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samples’ new mass was then measured and the change in mass calculated. This was 

then back-calculated to give values for the samples if they had not been concentrated. 

c) Thermogravimetric Analysis (TGA) 

During data analyses, the LOI data showed unexpected, large variance. In order to 

attempt to explain this, thermogravimetric analysis (TGA) was employed using a 

Netzsch Jupiter STA 449C Thermo-microbalance, operated by Pete Landsberg (Open 

University). This method was similar to LOI, in that it involved heating a sample from 

room temperature to 600 ℃. As it was heated, the temperatures were held stable for 1 

hr at 105 ℃, 150 ℃ and 300 ℃, in order to monitor whether changes in mass would 

stabilise or continue to change with prolonged heating. The mass of the sample was 

measured throughout the heating process, allowing a more accurate determination of 

the volatiles that were being combusted at each temperature. 

To prepare the samples for TGA analysis, they were powdered in a pestle and mortar. 

Samples that had been concentrated and samples that had not been concentrated (as in 

the LOI experiment, Section 2.2.3b) were investigated, in order to determine whether 

the concentration process was responsible for the variation seen in the LOI data.  

The TGA profiles of chloride salts are not readily available within the scientific 

literature, and it was uncertain what effect, if any, the concentration technique would 

have. As a result, standards of 99.9% purity NaCl purchased from Sigma Aldrich were 

analysed in triplicate (again both concentrated and not concentrated), before analysis of 

the suite of Boulby samples. 
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2.2.4 - Fluid inclusions 

Morphology and distribution of the fluid inclusions within the crystals was carried out 

by viewing the thin sections (see Section 2.2.2a) under plane polarised light using a 

standard petrological microscope.  

The thin sections were observed at ×60 magnification (to get an overview of the 

samples and to identify areas with groups of fluid inclusions) and at ×5 magnification 

(to attempt to detect lone fluid inclusions not detectable at ×60 and investigate groups 

of inclusions further). Since lone fluid inclusions would not be visible at lower 

magnification, this potentially introduces a sampling bias; however, searches for lone 

inclusions at the high magnifications failed to detect any.  

2.2.5 - Statistical analyses 

Compositional data were analysed using the statistics software R (Team, 2013). 

Compositional data from samples of the same bed, but different sites were tested for 

variance using one-way Analysis of variance (ANOVA) tests (n was always > 3). For 

comparing between beds, Student’s t-tests (for two beds) or two-way ANOVA tests (for 

more than two beds). ANOVA tests were carried out using the aov() function included in 

R (Team, 2013), whereas Student’s t-tests were carried out using the appropriate 

function in Microsoft Excel. Where variation was detected, post-hoc Tukey HSD tests 

were carried out to determine whether specific samples differed from each other. This 

was carried out with the TukeyHD() function included in R (Team, 2013).  
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2.3 - Results 

2.3.1 - Sample characterisation 

Before the composition of the microbial community could be investigated, the geology 

of the samples was fully characterised. The methods that were used to characterise the 

samples included: visual investigation of hand specimens; petrographic analysis; XRD 

and ICP-MS (outlined in Section 2.2). The results from each of these methods are 

discussed below.  

a) Hand specimens 

Samples from Sites A-E 

Visually, the Boulby Halite samples presented a spectrum between the silty halite (dark 

grey) and the CPH (pink) as displayed in Figure 2.5. Both CPH and silty halite were 

semi-opaque; crystals on the edges of the samples would allow light to pass through.  

 

Figure 2.5 - Representative samples of a) the silty halite (from Site A) and b) CPH (from Site E). Both photos are at the 
same scale.  
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All four samples of primary potash exhibited red colouration and displayed grey 

deposits of silt that ran parallel to the bedding planes (Figure 2.6a). There was no 

observed difference in the distribution of the silt deposits between samples. Boulby 

Potash was more opaque than Boulby Halite; even at the edges of the sample, light could 

not pass through. 

As expected, secondary potash (from Site A) contained a higher abundance of silt than 

samples of primary potash. This was expected, since the silt is the reason for the 

devaluing of the secondary potash from a commercial perspective.  

Samples from the interface region varied in visual appearance depending on whether 

the interface had been clearly or poorly defined (transition zone). Poorly-defined 

interface (PDI) samples resembled a mixture of the two beds throughout, with the semi-

opaqueness of the Boulby Halite, but the deep red colour of Boulby Potash (Figure 2.6b). 

The well-defined interface (WDI) samples displayed a clear visual contrast between the 

beds, with samples as described above (Figure 2.6c). 
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Figure 2.6 - Representative samples of a) primary potash (from Site E), b) poorly-defined interface (from Site A) and c) well-defined interface (from Site E) between Boulby Halite and primary potash  
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Samples from Site X/first expedition 

Samples of three lithologies that did not undergo further geological characterisation 

were obtained on the first sampling expedition: sylvite, anhydrite and polyhalite. The 

sylvite samples possessed a crystalline structure similar to that of the Boulby Potash 

and Boulby Halite, but these crystals were opaque and coloured pure white (Figure 2.7). 

Both anhydrite and polyhalite appeared a uniform grey colour (Figure 2.7). It was 

observed that the polyhalite and anhydrite samples were considerably less friable than 

the samples of the chloride deposits when they were struck with the rock hammer for 

homogenisation (Section 2.2.1f). 

 

Figure 2.7 - Representatives of the three types of sample that were not present at Sites A-E, a) sylvite, b) anhydrite, c) 
polyhalite. All images taken at the same scale 

b) Mineralogical composition - petrography 

Prior research (Woods, 1979) indicated that the Boulby Potash contained sylvite and 

halite, in comparison to the Boulby Halite, which was mostly halite. While it was known 

that the Boulby Potash would contain halite and sylvite, it was uncertain how 

homogenous the samples would be. This was investigated by examining the mineralogy 

of the samples using petrological microscopy and EMPA.  
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Halite 

Halite crystals, displaying the characteristic distinctive cubic habit under plane-

polarised light (as evidenced by the distinct cross hatched cleavage planes; Figure 2.8a), 

were identified in all thin sections of Boulby Halite, as expected (Deer et al., 1992). In 

the samples of halite with a high “silt” content, minor (<5 %) opaque phases were also 

evident. 

 

Figure 2.8 - Thin section of halite (from Site E) viewed under a) plane and b) cross-polarised light using lenses of 0.5 × 
magnification. Smaller, opaque crystals displaying interference colours are visible in the cross-polarised light at the 
bottom of the image. c) Sections of these veins are expanded at a higher magnification (×40 ) 

Under cross-polarised light, halite is opaque, but the cubic habit remained evident 

(Figure 2.8b). A phase with blue, green and yellow interference colours was also seen 

(Figure 2.8c) in some of the Boulby Halite samples. At higher magnification (×40), these 

phases could be seen to consist of small (0.1mm diameter), irregular crystals. Based on 

the crystal shape, birefringence and published literature (Deer et al., 1992), these 

crystals were tentatively identified as anhydrite (CaSO4). Further investigation by ICP-
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MS and XRD (Sections 2.3.1d and 2.3.1c) confirmed this identification. The abundance of 

these crystals varied between the samples. The absence of other minerals in these thin 

sections confirmed the samples as halite, with only minor additional phases. There were 

no obvious differences in mineralogy between any of the Boulby Halite samples other 

than in the abundance of the opaque phases.  

Primary potash 

The petrography of primary potash samples was also investigated. Potash from Boulby 

Mine (Section 1.5.1) is a mixture of halite (NaCl) and sylvite (KCl). These minerals are 

often described as isomorphic (Deer et al., 1992), which would make it difficult to 

distinguish between them in plane-polarised light. When the thin sections of primary 

potash were observed under plane-polarised light, halite could be identified (as detailed 

above), but large areas with a deep red colouration were evident (Figure 2.8a) taking up 

around 50% of the sample. This was presumed to be sylvite and showed that there was 

a heterogeneous distribution of halite and sylvite within the primary potash.  
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Figure 2.9 - Thin section of primary potash (from Site D) viewed under (a) plane and (b) cross-polarised light. Veins are 
visible in the cross-polarised light at the bottom of the image. Sections of these veins are expanded at a higher (×40) 
magnification  (c), (d). A particular section of white crystal (e) is labelled here as it is discussed in more detail further on 
in this Chapter. 
 

As with the Boulby Halite, the primary potash samples were opaque under cross-

polarised light, but crystals exhibiting blue, green and yellow interference colours, like 

those seen in the halite and tentatively identified as anhydrite, were observed but at 

much greater abundance (Figure 2.9b). These crystals predominantly surrounded the 

opaque phases but their abundance and distribution were not consistent between 

samples of primary potash.  

c) Mineralogical composition - XRD 

The minerology of each of the samples was determined via X-Ray Diffraction (XRD) and 

the results are displayed on Table 2.4. Halite (NaCl) was a major phase in all the 
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samples, across all sites and beds (Table 2.4). This was as expected for the samples from 

the Boulby Halite. It was also expected for the samples of Boulby Potash, as prior 

studies have shown this bed to contain high amounts of NaCl (Woods, 1979). 

Sylvite (KCl) was a major phase in all of the samples of Boulby Potash (Table 2.4). It was 

also unexpectedly found in some samples of the Boulby Halite from Sites A and B. This 

would be further investigated via ICP-MS analysis. 

Woods (1979) identified several calcium deposits (CaCl2, CaSO4 or CaCO3) in Zechstein 

salts, but here, only CaSO4 (anhydrite) was identified (Table 2.4). Detection of anhydrite 

corresponded with the appearance of the blue, green and yellow features observed in 

the thin sections, supporting the conclusion that these were anhydrite crystals. As a 

general rule, anhydrite tended to be a major phase higher up the stratigraphic column 

and a minor, or trace, phase lower down. Samples without anhydrite were found in all 

the beds, so its distribution was heterogeneous. 

Cristobalite and quartz were identified in a number of samples, but there was no 

pattern to the distribution of these minerals. It is presumed, based upon the results of 

other work which detected quartz in chloride deposits (Har et al., 2010, Har et al., 

2006), that they were present specifically within the silt in the primary potash and silty 

halite. 
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Table 2.4 - Minerals detected (major, minor or trace phases) by XRD. Phases that were not detected are marked with “n.d.” 

Sample location Halite Sylvite Anhydrite Cristobalite Quartz 
Site A 

Secondary potash Major Phase detected Major Phase detected Major Phase detected n.d Minor phase detected 
Primary potash Major Phase detected Major Phase detected n.d n.d n.d 
Halite from within the primary potash Major Phase detected Major Phase detected n.d Trace amounts detected n.d 
Top of the interface Major Phase detected Major Phase detected n.d n.d n.d 
Bottom of the interface Major Phase detected Major Phase detected Trace amounts detected n.d n.d 
Boulby halite (silty halite) Major Phase detected n.d Major Phase detected Trace amounts detected Trace amounts detected 
Boulby halite (CPH) Major Phase detected Minor phase detected Trace amounts detected Trace amounts detected n.d 
Site B 
Primary potash Major Phase detected Major Phase detected n.d n.d n.d 
Top of the interface Major Phase detected Major Phase detected Major Phase detected Trace amounts detected n.d 
Bottom of the interface Major Phase detected Major Phase detected Major Phase detected n.d n.d 
Boulby halite (silty halite) Major Phase detected Major Phase detected Trace amounts detected n.d n.d 
Site D 
Primary potash Major Phase detected Major Phase detected Major Phase detected n.d Minor phase detected 
Top of the interface Major Phase detected Major Phase detected Major Phase detected Trace amounts detected n.d 
Bottom of the interface Major Phase detected Major Phase detected Trace amounts detected Trace amounts detected n.d 
Boulby halite (silty halite) Major Phase detected n.d Major Phase detected Trace amounts detected n.d 
Site E 
Primary potash Major Phase detected Major Phase detected Major Phase detected Trace amounts detected n.d 
Top of the interface Major Phase detected Major Phase detected Major Phase detected n.d n.d 
Bottom of the interface Major Phase detected Trace amounts detected Minor phase detected n.d Minor phase detected 
Boulby halite (silty halite) Major Phase detected n.d Trace amounts detected Trace amounts detected n.d 
Boulby halite (CPH) Major Phase detected n.d Trace amounts detected Trace amounts detected n.d 
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d) Mineralogical composition - EMPA 

Having identified the minerals present, the electron microprobe was used to determine 

where these minerals were located within the samples and obtain precise chemical data 

for the phases present.  

Four representative thin sections were chosen for EMPA analyses such that there was at 

least one each of primary potash, silty halite and CPH, as well as a sample each of Boulby 

Potash and Boulby Halite with and without the crystals presumed to be anhydrite 

(Table 2.5). Raw data from the EPMA are given in Appendix 1 and Table 2.5 presents the 

percentage composition of each detected phase.  

The EMPA data presented in this Chapter can be considered reliable in comparing and 

contrasting samples of different composition. This should not, however, be taken as 

accurate measurements of the composition of the samples themselves. The inability to 

polish the thin sections (due to their brittleness and water solubility) is likely to have 

added significant and variable disruption to the electron beam which will in turn have 

affected the quality of the data. Furthermore, while the EMPA instrument itself, and its 

automated interpretation of the data, makes the assumption that the majority of the 

composition of a sample is an oxide, the samples used in this Thesis were 

predominantly chlorides. While the data tables for these analyses presents the data as 

oxides, past studies (Woods, 1979, Hollingsworth et al., 2013) would indicate that the 

Na and K detected in this analyses are NaCl and KCl, not Na2O and K2O. This is 

supported by the XRD data (Section 2.3.1c). Interpreting these chlorides as oxides is 

likely to have introduced further errors into the data, which might explain why the 

majority of the samples report measurements of over 105 % of the samples’ mass.  
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Boulby Halite - CPH and silty halite 

Both types of Boulby Halite (the CPH and silty halite), showed little variation under 

either cross- or plane-polarised light and this was reflected in the EMPA data (Table 

2.5). The composition of the colourless crystals from CPH and silty halite was identical, 

consisting mostly of Na (55.16 %) and Cl (60.69%), with much smaller amounts of K, Ca, 

Al2O3, SiO3 and SO3. Student’s t-tests showed p > 0.05 for all measured components 

within between the CPH and silty halite, confirming consistent compositions.  

Table 2.5 - Percentage weight composition of CPH, silty halite and Boulby (primary) potash. Each sample was measured 
in excess of three times and data shown is the mean with the standard deviation of the element oxide (with the exception 
of chlorine). Boulby Potash areas identified as halite via microscopy can be split into two categories (A and B) as 
described in the text below. 

Wt% 
Boulby Halite 

- CPH 

Boulby Halite 
- silty halite 

(bulk) 

Boulby Halite 
- silty halite 
(opaques) 

Boulby 
Potash - 
“sylvite” 

Boulby 
Potash - 
“halite” 

category A 

Boulby 
Potash - 
“halite” 

category B 
Cl 60.98 ± 1.95 60.47 ± 0.76 1.02 ± 0.41 47.34 ± 1.74 60.55 ± 0.59 48.32 ± 0.33 

Na2O 55.22 ± 2.30 55.11 ± 1.29 0.19 ± 0.01 0.73 ± 0.64 56.45 ± 0.32 0.29 ± 0.12 

K2O 0.13 ± 0.03 0.11 ± 0.02 1.66 ± 1.13 59.08 ± 1.03 0.27 ± 0.19 59.93 ± 0.28 

MgO 0.00 ± 0.00 0.1 ± 0.12 13.16 ± 6.13 0.01 ± 0.01 0.02 ± 0.03 0.00 ± 0.00 

CaO 0.02 ± 0.00 0.05 ± 0.05 0.9 ± 1.01 0.05 ± 0.12 0.13 ± 0.23 0.01 ± 0.01 

MnO 0.00 ± 0.00 0.00 ± 0.01 0.01 ± 0.02 0.00 ± 0.01 0.00 ± 001 0.00 ± 0.00 

FeO 0.00 ± 0.00 0.01 ± 0.01 2.47 ± 0.55 0.26 ± 0.21 0.02 ± 0.02 0.01 ± 0.01 

Al2O3 0.00 ± 0.00 0 ± 0 9.37 ± 2.20 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.01 

SiO2 0.01 ± 0.01 0.03 ± 0.02 39.80 ± 9.58 0.04 ± 0.05 0.01 ± 0.01 0.01 ± 0.01 

SO3 0.01 ± 0.02 0.01 ± 0.02 1.28 ± 1.94 0.03 ± 0.04 0.16 ± 0.31 0.03 ± 0.05 

Total 116.37 ± 4.22 115.84 ± 0.82 69.86 ± 5.16 107.53 ± 2.81 117.59 ± 0.67 108.60 ± 0.38 

As observed under the microscope, the sample of silty halite contained many opaque 

phases. The EMPA results showed that these opaque phases had a significantly different 

composition to the halite crystals (p < 0.001 for all components except Mn). Opaque 

phases exhibited lower abundances of Cl (1.02 %) and Na (0.19 %), higher abundances 

of Mg, Fe, Al and were dominated (39.82 %) by SiO2 (Table 2.5 and Appendix 1). 

Variation within the opaques seemed higher than in the halite crystals, as evidenced by 

the much larger standard deviations. The XRD data (Section 2.3.1c) had shown the 
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presence of quartz and cristobalite in the samples and it had been speculated that these 

were present in the silt rather than in the halite crystal. These EMPA results support 

this hypothesis. 

Boulby Potash  

The microscopy and XRD indicated that the primary potash exhibited features 

consistent with the presence of both halite and sylvite (Section 2.3.1b), distributed 

heterogeneously. The red features, presumed to be sylvite, were targeted by EPMA and 

were similar in composition to one another (ANOVA tests showed p > 0.05 for all 

measured components), with elevated K abundances (47.31 %) consistent with their 

identification as sylvite. EMPA measurements of the Na, K and Cl concentrations of these 

areas differed significantly to those of the Boulby Halite (Student’s t-tests showed p < 

0.00001), but the concentrations of the other components did not. Thus, it could be 

concluded that these areas represented sylvite within the primary potash. 

The remaining crystals within the primary potash had been assumed to be halite, as 

they had visually resembled the samples of Boulby Halite under the petrological 

microscope, and there was no observed variation within and between these crystals. 

The EMPA measurements of these crystals, however, could be split into two categories 

(A and B, Table 2.5) based upon whether the K concentration was low (in the range 0.05 

- 0.5 %) or high (in the range 59.8 - 60.4 %), there were no K values in between these 

categories.  

Category A crystals had a statistically similar composition to the Boulby Halite itself 

(Student’s t-tests showed p > 0.05 in all case). Category B crystals had the same 

composition as the sylvite in the primary potash (Student’s t-tests showed p > 0.05 for 
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all measured components), with statistically different Na, K and Cl concentrations to 

both category A crystals and the Boulby Halite (Student’s t-tests showed p < 0.00001).  

These results indicate that only EPMA analysis could confirm lithologies on the basis of 

Na and K concentrations, and the results supported the identifications made by the 

microscopy. Halite crystals, however, had a higher Cl concentration than sylvite (51% 

compared to 44%, p < 0.05). In the absence of other Cl-bearing phases (at the detection 

limits of the EMPA and XRD), the source of this variation remains unknown. 

Anhydrite 

The samples investigated by EMPA had been chosen such that there was a sample each 

of Boulby Halite and Boulby Potash with and without the crystals proposed to be 

anhydrite (as identified using microscopy and XRD). A Student’s t-test showed that 

crystals identified as potentially anhydrite by microscopy had higher concentrations (as 

seen in Table 2.5) of Ca and SO4 compared to the surrounding Boulby Halite or Boulby 

Potash  (p < 0.05), further supporting the hypothesis that they were anhydrite. The 

presence or absence of anhydrite within the thin section, however, made no difference 

to the overall Boulby Halite or Boulby Potash composition (Student’s t-tests showed p > 

0.05 for all components).  

The composition of these (presumed) anhydrite crystals varied within samples from the 

same site and between sites (Table 2.6) (for all components an ANOVA test shows p > 

0.05). The variable presence of other components, such as Mg, Al2O3 and SiO2, indicates 

that they are not pure CaSO4 and that the concentration and composition of these 

impurities is highly variable. 
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Table 2.6 - Percentage weight composition of areas of Boulby Halite and Boulby Potash samples that possessed 
birefringent crystals under cross-polarised light 

Wt% 
Boulby 
Halite 

Boulby 
Halite 

Boulby 
Halite 

Boulby 
Halite 

Boulby 
Halite 

Boulby 
Potash 

Boulby 
Potash 

Boulby 
Potash 

Boulby 
Potash 

Boulby 
Potash 

Cl 0.35 54.64 0.51 0.71 23.27 0.26 0.95 0.35 39.20 8.07 

Na2O 0.16 47.76 0.75 0.53 24.91 0.31 1.19 0.57 43.36 0.15 

K2O 0.08 0.1 0.65 0.13 0.97 0.71 0.29 0.20 0.96 0.01 

MgO 0.48 0.01 7.32 0.50 4.47 0.84 0.08 0.10 0.84 10.82 

CaO 38.24 5.9 21.58 36.50 2.96 35.50 38.43 38.86 9.86 0.04 

MnO 0 0 0.01 0.00 0.00 0.01 0.00 0.00 0.00 2.65 

FeO 0.02 0 1.62 0.06 1.09 0.43 0.01 0.04 0.16 27.05 

Al2O3 0.02 0 2.84 0.11 1.42 1.61 0.01 0.02 3.47 0.07 

SiO2 0.32 0.03 10.89 0.49 30.28 5.96 0.12 0.24 4.74 0.08 

SO3 44.14 8.75 22.76 43.79 3.66 39.33 57.81 54.49 14.19 0.07 

Total 83.81 117.19 68.93 82.82 93.03 84.96 98.89 94.87 116.78 49.01 

 

e) ICP-MS 

Chemical characterisation was further investigated using Inductively Coupled Plasma 

Mass Spectrometry (ICP-MS), as described in Section 2.2.2d. Without knowing the 

precise density of the samples prior to dissolution, it was not possible to accurately 

back-calculate the molar concentration of the initial samples. Results are, therefore, left 

in the form of parts per million (ppm) of the rock samples.  

Boulby Halite  

The composition of the samples of Boulby Halite (CPH, silty halite and a sample with the 

visual appearance of CPH found within the Boulby Potash bed) was investigated (Table 

2.7). As expected, Na was the dominant element detected ranging in concentration from 

2.43×105 to 3.85×105 ppm. 
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Table 2.7 - Elemental concentration (ppm) of each of the Boulby Halite samples analysed, as determined by ICP-MS. Error represents standard deviation of that element across 3 replicates. This table extends 
onto the next page 

Site 
Sample 

type 
Na K Ca Mg Si 

A Silty halite 3.85×105 ± 1.88×103 1.62×103 ± 1.54×101 2.12×103 ± 2.06×102 2.42×102 ± 3.69 1.70×103 ± 1.39×102 

A CPH 3.84×105 ± 3.11×103 2.12×103 ± 1.83×101 1.54×103 ± 3.00×102 3.84×102 ± 1.10×101 3.28×103 ± 2.84×102 

B Silty halite 2.43×105 ± 3.24×103 1.88×105 ± 4.20×103 0 ± 0 4.57 ± 5.6 2.76×103 ± 7.63×102 

D Silty halite 3.71×105 ± 4.94×103 2.95×103 ± 3.18×101 2.45×103 ± 2.73×102 3.62×102 ± 5.98 2.01×103 ± 2.00×102 

E CPH 3.33×105 ± 4.78×103 8.60×102 ± 2.72×101 8.70×102 ± 5.53×102 0 ± 0 2.42×103 ± 1.56×102 

E Silty halite 3.75×105 ± 1.53×103 1.19×103 ± 1.33×101 3.31×103 ± 3.03×102 3.49×102 ± 1.38×101 2.93×103 ± 3.43×102 

A 
CPH from 

within 
potash bed 

3.85×105 ± 4.60×103 1.51×104 ± 3.82×102 0 ± 0 5.52 ± 2.40 2.32×103 ± 2.90×102 
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Site 
Sample 

type 
Mn Fe Sr Ba Al 

A Silty halite 2 ± 0 1.07×102 ± 13 25 ± 6 8 ± 1 75 ± 4 

A CPH 2 ± 0 0 ± 0 22 ± 4 18 ± 2 30 ± 8 

B Silty halite 0 ± 0 0 ± 0 1 ± 0 0 ± 0 63 ± 6 

D Silty halite 2 ± 0 49 ± 7 28 ± 2 0 ± 0 91 ± 7 

E CPH 0 ± 0 0 ± 0 14 ± 32 0 ± 0 1.08×102 ± 28 

E Silty halite 1 ± 0 42 ± 3 45 ± 10 0 ± 0 1.20×102 ± 6 

A 
CPH from 

within 
potash bed 

0 ± 0 0 ± 0 9 ± 0 13 ± 1 0 ± 0 
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Variation in Na and K within the Boulby Halite  

An initial one-way ANOVA test, investigating variation between all seven samples, 

showed highly significant variation in Na concentrations between the samples of Boulby 

Halite (p < 0.005). Post-hoc Tukey tests, however, revealed that this variation was 

entirely the result of the sample from Site B (which was silty halite) which showed 

lower Na concentrations than the other samples (discussed further below). ANOVA tests 

ran without this sample were no longer significant (p = 0.53). There was no other 

variation in Na concentration of Boulby Halite between sample sites (p < 0.05), meaning 

an average Na concentration (with the sample from Site B excluded) could be calculated 

of 3.72×105 ± 2.00×104 ppm.  

The Boulby Halite sample from Site B had a statistically significantly lower Na 

concentration than the other samples (2.43×105 ppm compared to a mean of 3.7×105 

ppm). Likewise, this sample showed the highest K concentration by an order of 

magnitude (1.88x105 ppm). However, the ANOVA tests showed that, even with this 

sample excluded, all samples of Boulby Halite varied significantly in their K 

concentration (p < 0.05) and that this variation was not related to sample site (p > 0.05). 

The sample from Site B had previously been shown by XRD to contain sylvite as a major 

phase (see Section 2.3.1c). It was therefore concluded that, despite being collected from 

the Boulby Halite bed, this sample was not representative of Boulby Halite. It was, 

therefore, excluded from further analyses.  

Although sylvite had been detected by XRD as a minor phase in the sample of CPH from 

Site A (see Section 2.3.1c), this same sample did not contain elevated concentrations of 

K according to the ICP-MS (statistically compared using post-hoc Tukey tests), so it was 

retained for further analyses. 
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Variation in other elements 

ANOVA tests had showed no significant variation in the concentration of Na between 

samples of Boulby Halite, with the exception of the sample from Site B. There was, 

however, statistically significant variation in the concentration of other measured 

elements between all the samples (in all instances p < 0.05).  

For Ca, Si and Sr, the ANOVA tests showed the variations were down to differences 

between sample sites (p < 0.005), whereas for K, Mg, Mn, Fe, Be and Al they did not (p > 

0.05). This would indicate that K, Mg, Mn, Fe, Be and Al had inter-site variation, but 

were relatively consistent within a site, whereas Ca, Si and Sr were highly variable even 

within the same site.  

Comparison of silty halite and CPH 

Student’s t-tests showed that there was no statistically significant difference between 

the concentrations of any of the elements within the CPH and the silty halite (p > 0.05). 

This would imply, in concordance with the EMPA data, that the presence or absence of 

silt within a sample has no significant impact on the bulk composition of these samples.  

Identification of the samples 

Woods (1979) does not go into detail about the composition of the Boulby Halite, 

instead focusing on the Boulby Potash, but does describe inconsistent leaching of K 

minerals into the Boulby Halite. This leaching could explain the variable K 

concentrations between these samples. Woods also describes variable Ca 

concentrations as high as “up to 10 percent”. All Ca concentrations observed in the 

Boulby Halite in this Chapter fit within this roughly described range.  



115 
 

With the exception of the sample from Site B described above, none of the samples of 

Boulby Halite investigated in this Chapter have a composition that would contradict the 

descriptions of Woods (1979). As such, it can be assumed that these samples were 

correctly identified.  

Interface  

The composition of the samples from the interface region between the Boulby Halite 

and the Boulby Potash was investigated (Table 2.8). As discussed earlier (Section 

2.2.1c), at each site a sample was taken from the top and the bottom of the interface. 

The definition of the interface varied within the mine, with Sites A and D having a poorly 

defined interface, and B and E having a well-defined one. This might have implied 

differences in composition across the interface region.  An initial ANOVA test, without 

taking into account sample site or position within the interface, showed highly 

significant variation (p < 0.0001) in the concentration of all the elements between all 

nine of these samples (from all sample sites). The next task, therefore, was to 

investigate what was responsible for this variation.  

Variation between the top or bottom of the interface.  

It was initially thought that this variation would be a result of position within the 

interface, with samples from near the Boulby Potash having a composition more similar 

to this lithology than the samples from near the Boulby Halite, and vice versa.  However, 

paired Student’s t-tests comparing composition of samples from the top and bottom of 

the interface at each site showed no significant difference in the concentration of any of 

the elements (in all cases p > 0.05). This would imply that there was little compositional 

variation between the top and bottom of the interface region.  



116 
 

Table 2.8 - Elemental concentration (ppm) of each of the interface samples analysed, as determined by ICP-MS. Error represents standard deviation of that element across 3 replicates. Table continues onto 
the next page 

Site 

Location 
within 

the 
interface 

Interface 
definition 

Na K Ca Mg Si 

A Top 
Poorly 

defined 3.53×105 ± 3.77×103 2.64×104 ± 3.41×102 0 ± 0 9 ± 2 2.54×103 ± 4.16×102 

A Top 
Poorly 

defined 3.63×105 ± 4.45×103 1.48×104 ± 3.13×102 1.37×103 ± 1.92×102 6.08×102 ± 7 1.83×103 ± 4.05×102 

A Bottom 
Poorly 

defined 3.84×105 ± 4.59×103 1.51×104 ± 3.82×102 0 ± 0 6 ± 2 2.32×103 ± 2.90×102 

B Top 
Well 

defined 3.18×105 ± 2.27×103 3.54×104 ± 9.66×102 6.88×103 ± 5.71×102 7.18×102 ± 11 3.06×103 ± 4.74×102 

B Bottom 
Well 

defined 3.37×105 ± 9.26×103 4.68×104 ± 1.02×103 1.06×103 ± 2.87×102 2.19×102 ± 7 1.75×103 ± 4.03×102 

D Top 
Poorly 

defined 3.77×105 ± 5.63×103 2.95×104 ± 1.41×102 3.68×103 ± 3.47×102 35 ± 3 1.75×103 ± 2.25×102 

D Bottom 
Poorly 

defined 3.60×105 ± 3.62×103 9.60×103 ± 1.43×102 5.95×103 ± 5.96×102 3.25×102 ± 12 1.83×103 ± 4.70×102 

E Top 
Well 

defined 3.02×105 ± 3.66×103 1.55×104 ± 1.85×102 2.09×104 ± 9.84×102 6.96×102 ± 5 1.48×103 ± 2.64×102 

E Bottom 
Well 

defined 3.43×105 ± 5.13×103 2.80×104 ± 2.40×102 8.07×103 ± 4.06×102 7.20×102 ± 9 1.48×103 ± 4.53×102 

 

  



117 
 

 

 

 

Site 

Location 
within 

the 
interface 

Interface 
definition 

Mn Fe Sr Ba Al 

A Top 
Poorly 

defined 1 ± 0 10 ± 10 10 ± 3 15 ± 2 1.07×102 ± 33 

A Top 
Poorly 

defined 8 ± 0 1.27×102 ± 8 15 ± 1 0 ± 0 88 ± 7 

A Bottom 
Poorly 

defined 0 ± 0 0 ± 0 9 ± 0 13 ± 1 0 ± 0 

B Top 
Well 

defined 18 ± 1 3.65×102 ± 18 66 ± 3 20 ± 2 3.04×102 ± 25 

B Bottom 
Well 

defined 2 ± 0 55 ± 7 19 ± 2 15 ± 1 1.27×102 ± 5 

D Top 
Poorly 

defined 0 ± 0 0 ± 0 32 ± 0 10 ± 1 26 ± 4 

D Bottom 
Poorly 

defined 2 ± 0 92 ± 6 49 ± 3 0 ± 0 1.51×102 ± 10 

E Top 
Well 

defined 4 ± 0 2.42×102 ± 3 133 ± 5 0 ± 0 2.40×102 ± 10 

E Bottom 
Well 

defined 6 ± 0 2.70×102 ± 6 58 ± 3 0 ± 0 3.62×102 ± 14 

 



118 
 

Variation between sites and interface type 

ANOVA tests showed significant variation in the concentration of Na, Fe and Al between 

sites (p < 0.05). Post-hoc Tukey tests implied that this variation was a result of 

differences between those sites where the interface was well defined (Sites B and E) 

compared to those sites where it was poorly defined (Sites A and D). In order to confirm 

this was the case, Student’s t-tests were carried out, which showed significant difference 

(p < 0.05) in the concentration of these elements (Figure 2.10) between samples from 

where the interface was well-defined and where it was poorly-defined. Poorly defined 

interface samples had on average more Na than the well-defined (3.62×105 ± 1.00×104 

ppm compared to 3.26×105 ±1.14×104 ppm), but lower concentrations of Fe (46 PPM 

±15, compared to 233 ±21 ppm) and Al (74 ± 35 ppm compared to 258 ± 31 ppm).  

 

Figure 2.10 - Variation in elemental composition between poorly-defined interface and well-defined interface. The y-axis 
presents concentration in parts per million (ppm) plotted on a logarithmic scale. Elements where concentration 
exhibited a significant difference between the definition types, as determined via Student’s t-tests, are marked with *. 
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Boulby Potash  

ANOVA tests showed significant compositional variation between all samples of Boulby 

Potash (p > 0.05) for all measured elements. This was the case even for Na and K and is 

reflected in the large range of values for these elements (Table 2.9). Na ranged from 

1.59×105 to 3.07×105 ppm, while K ranged from 5.61 ×104 to 2.41×105 ppm. Since there 

was only one sample of primary potash per site, variation within sites could not be 

distinguished from variation between sites and thus no cause of this variation could be 

determined.  

The single sample of secondary potash was the only sample, of any lithology, in which 

the K concentration exceeded the Na concentration.  

Woods (1979) described general trends in the composition of the Boulby Potash as 

follows: “[the] main constituent minerals are sylvite and halite with minor clay and 

anhydrite and trace magnesite, pyrite and quartz”. No previous quantitative 

characterisation is available. 

The samples of the Boulby Potash obtained within this study fit Woods’ description; the 

main measured elements were Na and K, indicative of halite and sylvite with Ca 

(presumed, on the basis of XRD results, to be anhydrite) the next most common 

element. Woods (1979) does not describe what the “minor clay” consists of, but it seems 

reasonable to presume this is equivalent to ‘silt’ within the samples, and is responsible 

for the measurements of Si that fall between 8.06×103 and 3.00×102 ppm. This means 

that all the samples of Boulby Potash obtained on this sampling expedition are likely to 

have been correctly identified.
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Table 2.9 - Elemental concentration (ppm) of each of the potash samples analysed, as determined by ICP-MS. Error represents standard deviation of that element across 3 replicates 

Site 
Sample 

characterisation 
Na K Ca Mg Si 

A 
Secondary 

Potash 
1.59×105 ± 2.38×103 2.71×105 ± 3.98×103 3.21×104 ± 9.05×102 7.58×102 ± 9 3.00×103 ± 7.09×102 

A Primary Potash 2.34×105 ± 1.92×103 2.41×105 ± 5.24×103 0 ± 0 16 ± 2 2.40×103 ± 5.39×102 

B Primary Potash 3.07×105 ± 2.74×103 5.61×104 ± 8.45×102 1.92×103 ± 3.25×102 1.50×102 ± 5 8.08×102 ± 5.31×102 

D Primary Potash 2.17×105 ± 2.84×103 1.79×105 ± 2.34×103 1.58×104 ± 9.28×102 7.99×102 ± 15 2.06×103 ± 3.34×102 

E Primary Potash 2.67×105 ± 3.70×103 1.39×105 ± 2.19×103 6.43×103 ± 6.38×102 5.41×102 ± 11 2.52×103 ± 2.78×102 

 

Site 
Sample 

characterisation 
Mn Fe Sr Ba Al 

A 
Secondary 

Potash 
14 ± 0 2.29×102 ± 41 2.33×102 ± 8 17 ± 2 2.10×102 ± 16 

A Primary Potash 0 ± 0 0 ± 0 8 ± 0 12 ± 1 7 ± 6 

B Primary Potash 2 ± 0 45 ± 3 22 ± 1 9 ± 1 74 ± 5 

D Primary Potash 10 ± 0 3.98×102 ± 38 1.03×102 ± 5 15 ± 2 4.01×102 ± 37 

E Primary Potash 4 ± 0 3.03×102 ± 36 50 ± 3 0 ± 1 3.26×102 ± 11 
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Compositional trends across the stratigraphy  

Having investigated the composition of the various beds, and variation within them, the 

data was combined in order to determine trends and patterns throughout the 

stratigraphy. 

Na, K and Cl 

As expected, the Boulby Halite and the primary Boulby Potash show significantly 

different (p > 0.05) concentrations of the two major cations (Na and K), and these 

cations were strongly negatively correlated across all the samples (Figure 2.11), with a 

Pearson coefficient of -0.94. This means the samples represent a wide variety of Na:K 

ratios, which can be used to investigate the effect variations in this ratio might have on 

microbial community structure (Chapter 3 and 4). 

 

Figure 2.11 - Na and K concentration of each of the samples plotted against each other. Data shown is the mean of each 
sample run in triplicate while the error bars represent the standard deviation. Anomalous “halite” refers to the sample 
from site B that had anomalous ICP-MS and XRD data 
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ICP-MS could not measure the Cl concentration of these samples, but on the basis of the 

XRD data, it was assumed to be the sum of Na and K (Table 2.10). Since, in each lithology 

(with the exception of Na, in the Boulby Halite) the concentration of Na and K varied 

significantly according to ANOVA tests, it is not unexpected that the concentration of 

this presumed Cl also varied significantly in each of these beds (in all instances the 

ANOVA tests showed p < 0.05). No significant difference was found, however, in the 

presumed Cl concentration between the Boulby Halite and Boulby Potash (Student’s t-

test, p > 0.05), yet, as described above, significant difference was found in the individual 

cations. This suggests that the anion concentration remained constant throughout the 

stratigraphy, while the concentration of each of the two cations varied. Based upon the 

combined Na and K concentrations observed across all samples (Table 2.10), the mean 

predicted Cl concentration across all lithologies was 3.83×105 ± 3.44×104 ppm.  

Table 2.10 - Mean and standard deviation of the Na, K and presumed Cl concentrations in each bed (n varies between 
lithology but is always > 4). 

 
Mean Na 

concentration 
Mean K 

concentration 
Mean presumed 
Cl concentration 

Boulby 
Potash 

2.37×105 ± 5.53×104 1.78×105 ± 8.54×104 4.15×105 ± 4.20×104 

Interface 3.49×105 ± 2.65×104 2.18×104 ± 1.39×104 3.71×105 ± 2.76×104 

Boulby 
Halite 

(excluding 
Site B) 

3.72×105 ± 2.01×104 3.98×103 ± 5.52×103 3.76×105 ± 2.27×104 

 

Other elements 

Sr, Mg, Mn, Fe, Ba and Al were detected in the samples but at low concentrations and 

their host minerals could not be confirmed via the XRD. None of these elements 

correlated with either Na or K, and no significant difference was found in their 

concentration between lithologies (in all cases p > 0.05).  
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It was observed that Ca concentration was at its highest in those samples presumed to 

contain anhydrite (see Section 2.2.2a, b & c), supporting this suggestion. At each site, Ca 

concentration decreased with depth, although there was intra-bed variations. There 

was a strong positive correlation between Ca and Sr (Pearson coefficient = 0.99). This is 

expected as Sr is often used as a proxy for Ca. They are similar sized atoms, which form 

minerals in similar ways, and over geological periods of time Ca can be substituted by Sr 

(Capo et al., 1998).  

Ca was also observed to correlate with Mg, Mn, Fe and Al, although this correlation was 

not strong (Pearson coefficients are 0.71, 0.65, 0.66 and 0.62, respectively). All samples 

without Fe were in the lower quartile of Ca values (< 3,000 ppm).  

There was no correlation observed for Ba and Si with any of the other elements. 

2.3.2 - Volatile content and organic carbon 

Previous work (Norton et al., 1993) that identified the presence of microbes in Boulby 

samples supported the assumption that the samples would contain organic carbon. TOC 

and LOI measurements were taken for the 16 samples that had been chosen for 

community characterisation. 

a) Total organic carbon (TOC) 

Initial attempts to assess the carbon content of the samples were carried out via a TOC 

machine. Although organic carbon was detected in all but one of the samples (Table 

2.11) its abundance was <0.1 % w/w in all samples except the secondary potash where 

it was 0.1166 %. The detection limit of this instrument is 0.01 %, the accuracy is ±1 %, 

and the standard deviation of many of the samples was similar to, or exceeded, the 
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mean (Table 2.11). These uncertainties on the data means that no statistical analysis of 

these results could be carried out.  

Table 2.11 - Total organic carbon (mean and standard deviation, n  = 3) detected in each sample 

Site Sample Total Organic Carbon (as percentage of sample's mass) 

A Secondary Potash 0.1166 ± 0.0196 

A Primary Potash 0.0258 ± 0.044 

A Interface top 0.0515 ± 0.0449 

A Interface bottom 0.0564 ± 0.0155 

A Halite 0.0399 ± 0.0148 

B Primary Potash 0.0152 ± 0.0011 

B Interface top 0.0201 ± 0.0181 

B Interface bottom 0.0204 ± 0.004 

D Primary Potash 0.6230 ± 0.0157 

D Interface top 0.0044 ± 0.0019 

D Interface bottom 0.0122 ± 0.0068 

D Halite 0.0007 ± 0.0011 

E Primary Potash 0.0098 ± 0.0139 

E Interface top 0.0117 ± 0.0087 

E Interface bottom 0.0149 ± 0.0096 

E Halite 0.0000 ± 0.0000 

 

b) Loss on Ignition (LOI) 

Owing to the low carbon content, the non-soluble components of the samples were 

concentrated and the LOI measured as described in Section 2.2.3b. Raw data for the 

concentration factor for each sample, and their initial and final mass, can be found in 

Appendix 2.  

Two-way ANOVA tests showed that the percentage change in mass (p > 0.05) was not 

related to lithology but may be related to sample sites since there were significant 

differences between them (p < 0.05). Tukey post-hoc tests indicated that the samples 

from Site E differed from the other sites, which is apparent in Figure 2.12, since this site 
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had the smallest loss of mass and, in the case of the halite, a gain in mass in all three 

replicates (Figure 2.12). 

 

Figure 2.12 - Box plot showing percentage change in mass upon heating samples from each bed at each site (n = 3).  

However, this data is problematic. Heating samples to 600 ℃ did cause the samples to 

change mass, but this change was inconsistent between replicates. Each sample was run 

in triplicate, and in general, one of the three replicates would show a gain in mass rather 

than a loss. Even in cases when all three replicates lost mass, this loss was variable, as 

evidenced by Figure 2.12. A discussion of these issues accompanies the TGA data in the 

following section.  
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c) Thermogravimetric Analysis (TGA)  

TOC indicated low abundances of carbon and the percentage change in mass identified 

by LOI was highly variable (even between replicates of the same sample); some of the 

replicates gained mass. It was hypothesised that the oxidation of compounds of the 

minor ions (such as Fe and Mg) might be responsible for this change, although no 

correlation could be found between the LOI results and samples with a higher 

abundance of these ions (Section 2.3.1e).  

In order to investigate the potential causes of this change of mass, Thermogravimetric 

Analysis (TGA) was employed, as described in Section 2.2.3c.  

 

Figure 2.13 - Representative TGA profiles of commercially acquired NaCl that had undergone the concentration 
technique outlined in Section 2.2.3b. An initial experiment (solid black line) was carried immediately after the sample 
was removed from the desiccating environment. The second analysis (solid grey line) was carried out after the sample 
had been exposed to atmospheric conditions at room temperature for 24 hours. 
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Analyses were initially carried out, not on a sample from Boulby Mine, but of 99.9% 

purity NaCl (Sigma Aldrich). This was in order to determine whether the unexpected 

and variable changes in masses measured by LOI were a result of impurities within the 

samples or were a property inherent to salt. The NaCl was concentrated and analysed 

using the TGA (Figure 2.13), one sample was analysed immediately following removal 

from the desiccator and another analysed after exposure to atmospheric conditions for 

24 hours. 

The NaCl analysed immediately after desiccation was initially heated to 100 ℃, then 

150 ℃ and then 300 ℃, leaving the samples for one hour between each temperature 

step. During each hour, the samples continued to gradually gain in mass at a consistent 

rate (Figure 2.13). Mass loss began at 311 ℃, while the temperature was being 

increased to 600 ℃. 

The melting point of NaCl is 801 ℃ (Anwar et al., 2003) and it does not combust (Lewis, 

2016), so it seems unlikely that chemical reaction or changes in the state of the NaCl 

were responsible for these changes in mass. With this in mind, the only other potential 

source of these changes in mass is the amount of absorbed water present within the 

sample.  

In order to confirm this, the experiment was repeated with a sample of commercial NaCl 

that had been removed from the desiccated environment and allowed to take up 

atmospheric water over a period of 24 hours. In this sample, there was no gain in mass 

(Figure 2.13), and the mass gradually decreased until, again, a large drop occurred at 

311℃.  
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Each of these two experiments were carried out in triplicate. While there was always a 

loss of mass at 311 ℃, below this temperature the profiles were highly variable, but a 

gain in mass was always seen with dehydrated samples and a loss of mass in those 

exposed to the atmosphere. This experiment was also repeated using samples that had 

not undergone the concentration procedure, and it produced the same results.  

All TOC and LOI measurements had been based on “dry-weights” obtained by heating to 

105 ℃ for 12 hours. These TGA results indicate that heating to 105 ℃ was not sufficient 

to remove all the water from the samples, and that the water content within replicates 

of the same sample were inconsistent. This would, therefore, explain the large amounts 

of variation in the LOI data.  

It does not seem feasible to obtain a dry-weight of salt crystals without heating a sample 

to over 311 ℃. In doing so, however, the temperature of the samples would be 

increased above the point at which many organic volatiles would combust, for example, 

wood combusts at 260 ℃ (Ramdahl, 1983). It therefore does not seem feasible to obtain 

true values for TOC or LOI of hygroscopic salt samples, as they cannot be heated to 

desiccation without combustion of some of the carbon.  

2.3.3 - Detection of fluid inclusions 

a) Morphology of inclusions 

Previous studies (Lowenstein et al., 2011, Schubert et al., 2009, Gramain et al., 2011, 

Sankaranarayanan et al., 2011, Adamski et al., 2006) suggest that, if microbes were 

present within these samples they would be  found within fluid inclusions. The 

presence, morphology and distribution of fluid inclusions within the thin sections were 

therefore investigated. 
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Figure 2.14 - Examples of the two morphologies of fluid inclusions: observed in a sample of CPH from Site E. a) and b) 
show fluid inclusions forming at high abundance within single crystals (magnification ×60). c) and d) show inclusions 
forming a straight-line that cuts across multiple crystals (magnification ×15). a) and c) correspond to b) and d) 
respectively. 

Using the technique of searching for large groups of inclusions outlined in Section 2.2.4, 

fluid inclusions were observed to be present in all thin sections (two of CPH, one of silty 

halite and three of primary potash). These groups of inclusions had two morphologies: 

groups of inclusions within a single crystal, or arranged in straight lines, a single 

inclusion wide, that crossed crystal boundaries (Figure 2.14). There was no difference 

in the distribution of these fluid inclusions or their morphologies between primary 

potash, CPH and silty halite. 
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Figure 2.15 - a) Typical morphology and size of fluid inclusions observed in a sample of Boulby Halite from Site A. b) A 
similar group of fluid inclusions, with a rare “dumbbell” shape (highlighted). Both images taken at ×60 magnification 

The majority of the fluid inclusions were square (Figure 2.15), although the occasional 

dumbbell shape (Carter and Hansen, 1983) was also visible where two inclusions 

merged. The majority of the squares-shaped inclusions had sides of approximately 20 

µm, although smaller sizes were also seen.  

b) Composition of inclusions 

When using the microprobe to investigate the distribution of minerals with the thin 

sections (Section 2.3.1d), a group of fluid inclusions was observed within a section of 

category B (presumably sylvite) crystals from the Boulby Potash (Figure 2.16). This 

area corresponds to the one labelled in Figure 2.9e in Section 2.3.1b. 
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Figure 2.16 - Backscatter electron image from the electron microprobe of an area from a sample of primary potash. This 
area of crystal contains a high density of fluid inclusions.   

Compositional data of four of these inclusions was investigated, but it should be 

acknowledged that that results would have been affected by the fact that these thin 

sections had not been polished (Section 2.2.1g) and that the beam had to pass through 

layers of sylvite before and after hitting the inclusions. Despite these drawbacks, the 

results show a clear difference in inclusion composition compared to the surrounding 

sylvite (Figure 2.17). There was no significant difference (p > 0.05) in the Cl 

concentration (52.23 %), but Na was only present at 0.35 % in the sylvite and was 

significantly higher in the inclusions (p < 0.05). For three of the inclusions, Na had a 

concentration of approximately 50 %, but the final inclusion was much lower at 25%.  
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Figure 2.17 - EMPA compositional data from 4 fluid inclusions in close proximity to each other, compared to the mean 
values from the surrounding sylvite (sylvite n = 3). Errors bars are standard deviations from within the sylvite 

There was likewise a significant difference in the K concentration of these inclusions 

compared to the surrounding sylvite (p < 0.05). The K concentration varied more 

between inclusions than the Na did, but in all four inclusions was much lower than the 

60% observed in the surrounding sylvite. The EMPA was calibrated to also detect Fe, 

Mn, Si, Mg, Ca, Al and S (Section 2.2.2b), but these were not detected in either these 

inclusions or the surrounding sylvite. 

Owing to the problems outlined above, care must be taken in over-interpreting these 

data. For example, the lower Na concentration in one inclusion might represent a 

difference in its composition, but it might also represent thicker sylvite in this area of 

the unpolished section. Nevertheless, this is valuable circumstantial evidence to imply 

that within the K-rich, Na-poor sylvite, the fluid inclusions contain more Na and less K. 
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2.4 - Discussion 

2.4.1 - Sample identification 

The samples taken from the Boulby Potash on the second sampling expedition had their 

composition confirmed to be potash (as defined in the Introduction to this thesis, 

Section 1.5.1). All but one of the samples of the Boulby Halite from this expedition had 

their composition confirmed to be halite. The exception was the sample from Site B, 

which was closer in geochemical composition to the Boulby Potash. The origin of this 

sample remains uncertain, and it was excluded from further statistical analysis of the 

samples and the microbiological characterisation in the next chapter. While samples 

from Site X on the first expedition did not undergo geochemical characterisation, the 

high rate of successful identification of potash and halite from sites A, B, D & E implies 

that the samples from Site X are likely to also have been correctly identified. 

2.4.2 - Sample composition 

Geochemical analysis of the samples had shown that the concentration of Na within the 

Boulby Halite was relatively consistent throughout the bed, though other elements (K, 

Ca, Mg, etc.) varied. The Boulby Potash, in comparison, was highly variable in 

composition for all elements. From a commercial perspective the Boulby Potash is 

divided into primary and secondary varieties based on their silt content, but Woods 

(1979) instead described variations based upon the ratios of halite, sylvite and silt 

within the samples and classified the potash into five categories (A-E, Table 2.12).  
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Table 2.12 - Descriptions of the five categories of Boulby Potash as defined by Woods (1979) 

 A B C D E 

Colour Grey Grey Grey Grey or Red Grey or Red 

Sylvite 
Long 

horizontal 
crystals 

Long 
horizontal 

crystals. 
Excess of 

50% of the 
sample 

Long 
horizontal 

crystals. 

High 
concentrations. 
Sometimes in 
excess of 40% 
of the sample 

Low 
concentrations. 

Sometimes 
below 25% of 

the sample 

Halite High in CaSO4 High in CaSO4 

Sometimes 
can make up 
a very large 

amount of the 
sample 

No description 
provided 

High 
concentrations. 
Sometimes in 
excess of 75% 
of the sample 

“Silt” content 
Low 

concentration 
Low 

concentration 
High 

concentration 
Low 

concentration 
Low 

concentration 

Woods (1979) described these categories as highly localised, with a sharp transition 

between them. No evidence of transition between these categories was observed on the 

sampling expedition but, with the exception of their colour, many of the differences 

between categories would not be detectable by eye. The maximum size of an area of a 

specific category was stated to be a kilometre squared (Woods, 1979), much larger than 

the distance between the sites in this project, and no minimum size was given. It is, 

therefore, plausible that some of the sites might have contained different categories of 

Boulby Potash that went unnoticed at the time of sampling.  

All the samples of Boulby Potash obtained in this study were red indicating that they are 

likely to belong to either category D or E (Table 2.12). The samples from Site A and Site 

D, both had KCl concentrations in excess of 35% of the sample, indicating that these 

samples were likely to be of type D, whereas the samples from sites B and E had KCl 

concentrations below 28 % of the sample, implying that these might have been of Type 

E.  

Woods’ (1979) description of Boulby Mine does not feature much discussion of the 

interface region between the Boulby Halite and the Boulby Potash. It is, however, 
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described as highly variable, although this variation is primarily considered in terms of 

different locations within the mine rather than in terms of the stratigraphy as a whole 

or the lateral variation observed in these results. The hypothesis had been made that 

vertical variation would be seen, such that samples from nearer the Boulby Potash 

would have higher K concentrations than samples from nearer the Boulby Halite. This 

was not observed, and no significant difference was observed in any of the 

compositional elements of samples from the top or bottom of the interface at the same 

site. The intention had been to investigate whether the microbial community within the 

interface differed across the transition from Boulby Halite to Boulby Potash, but these 

results indicate that this is not possible as chemically this transition does not appear to 

occur. 

The geochemical data across all the samples does, however, presents a range of Na and 

K concentrations in order to investigate how the changes in the composition of the 

samples effects community, but this cannot be investigated on a site by site basis. By 

continuing to include two samples from the interface at each site in the microbial 

analysis, however, a statistically valid number of samples of both interface type (well 

defined and poorly defined) can still be investigated (n = 4 of each). This, therefore, can 

allow investigation into community differences between the various lithologies 

independent of the overall chemical composition. 

2.4.3 - Evidence for alteration 

There was an abundance of evidence that some aqueous alteration had occurred since 

the Permian origin of the samples. For example, the morphology of fluid inclusions 

cutting across crystals in a straight line (as observed in Figure 2.14c) is typically formed 
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by secondary alteration, as water moves through the crystals leaving the inclusions 

behind (Schubert et al., 2009a, Fish et al., 2002).  

The XRD data also provides evidence of secondary alteration: the only Ca phase 

detected was CaSO4, although prior studies indicated the presence of primary CaCl2 

within Boulby Mine (Woods, 1979). CaSO4 on the other hand, represents a secondary 

mineral formed via aqueous alteration later in the beds’ geological history (Woods, 

1979). The CaSO4 may originate from the dissolution and mobilisation by groundwater 

of Ca+ and SO4- from one of the two nearby (Figure 2.18) anhydrite beds (Woods, 1979). 

 

Figure 2.18 - Postulated movement of CaSO4 through the stratigraphic column to the samples 

Woods (1979) suggested that fluid flow through the mine had been upwards (Woods, 

1979), but there are two pieces of evidence to support the proposal that the aqueous 

alteration seen in the present study had occurred via downward movement of fluid. 
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Firstly the “foam structure” of halite and sylvite crystals (Figure 2.9), which is 

characteristic of chlorides that have undergone post-burial recrystallization (Hardie et 

al., 1985), was only visible in the Boulby Potash thin sections, and never in the Boulby 

Halite. This implies that the samples from higher beds had undergone more alteration 

than those from the lower ones. Secondly, the ICP-MS and XRD showed that Ca 

concentrations decreased with depth at each sample site, which implies downward 

movement of water. This, in turn, implies that the CaSO4 had been delivered to the rocks 

by fluid that had moved through the upper anhydrite, presumably passing through the 

Upgang Formation, Canalitic Marl and Transition Zone along the way (Figure 2.18).  

If the Ca was representative of aqueous alteration of the rocks, then this would also 

explain why the concentrations of many of the minor elements in the samples 

correlated with Ca, rather than Na or K. They, presumably, also precipitated at the same 

time as the Ca in the same aqueous alteration event. 

2.4.4 - Summary and conclusions 

The sampling expedition to Boulby Mine retrieved a variety of samples of both the 

Boulby Halite, and the Boulby Potash as well as the interface between them.  

The confirmation and characterisation of the samples’ compositions will allow a 

comparison with their community composition in the next chapter. The analysis 

presented in this Chapter revealed significant intra-lithology variation in composition, 

as well as potential downwards movement of water through the samples, as evidenced 

by the presence of CaSO4, that had not been expected in advance. Chapter 3 outlines the 

community composition of these samples, and the observations in this Chapter need to 
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be considered in the interpretation of the microbial community and its relationship 

with salt composition.  

Further, the carbon content of all the samples was below the detection limits of the TOC 

instrument, which implied that the biomass of the samples must be very low and a low-

yield of DNA should be expected and planned for. The approach to this is outlined in the 

next chapter. 
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Chapter 3: Effect of salt composition on the microbial community in 

Boulby Mine’s deposits 

3.1 - Introduction 

The aims of this chapter are twofold: 

• To determine the microbial diversity within the Boulby Mine evaporites that 

were characterised in Chapter 2 

• To determine whether the cationic composition of these evaporites influences 

the microbial community structure. 

In Chapter 2, samples of Boulby Potash and Boulby Halite from four locations within 

Boulby Mine were collected and their composition determined. The results showed that 

these samples represented a range of Na and K compositions, but had relatively 

consistent Cl concentrations (approximately 3.83×105 ppm). This, therefore, allows 

investigation into whether the cationic composition of the evaporates influences the 

composition of the microbial community.  

Prior work investigating microbial communities that form within evaporites with 

different compositions from the same saltern showed that gypsum deposits 

(CaSO4.2H2O) were dominated by photosynthetic algae, whereas halite (NaCl) was 

dominated by obligate halophilic archaea (Oren, 2005). These differences are unlikely 

to be a result of the different evaporite’s ability to support different microorganisms, 

but are more likely to be a result of the changing microbial community of the saltern 

itself over time (Oren, 2005).  This is likely to be driven by the changing salinity of the 

brine as the evaporites precipitate, first gypsum and then halite (Oren, 2005). The initial 
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salinity of a saltern is relatively low, supporting photosynthetic algae, which become 

entombed in gypsum.  With increasing evaporation, the salinity increases, resulting in a 

saltern community composition dominated by obligate halophilic archaea, which 

become entombed in the later-precipitating halite.  

Further studies of salterns have indicated that, once halite precipitation is complete and 

K salts have started to precipitate (Grant et al., 1998a), the microbial community of a 

saltern will again change in structure (Javor, 2012, Baati et al., 2011). Although the 

community composition of the K salts in these settings has not been investigated, it is 

expected that once K salts start to precipitate, the MgCl2 concentration of the remaining 

brine becomes elevated, which drives extreme changes of the saltern’s chaotropicity 

and pH (Javor, 2012, Baati et al., 2011), and may encourage a change to the microbial 

community composition. 

Evidence from liquid culture studies also suggests that differences in microbial 

community might be observed between NaCl- and KCl-rich evaporites (Brown and 

Gibbons, 1955). Brines of optimum halophile salinity (3.42 M) in a greater than 2:2 

KCl:NaCl ratio will not support the growth of obligate halophiles, and growth is still 

heavily inhibited at below 2:2 ratios (Brown and Gibbons, 1955). Other studies have 

shown the same effect is induced by MgCl2 and NaBr (Mullakhanbhai and Larsen, 1975, 

Oren and Bekhor, 1989).  These previous studies might, therefore, imply that 

communities in salts with a low NaCl content may not be dominated by the obligate 

halophilic archaea which dominate all previously studied NaCl-rich deposits (Schubert 

et al., 2010, Vreeland et al., 2007, Park et al., 2009). 

This Chapter therefore presents culture-independent techniques used to investigate 

entombed community composition across the lithological transition from Boulby Potash 
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to Boulby Halite and across the range of compositions determined in Chapter 2. The aim 

is to investigate whether communities differ between NaCl-rich salts and salts of other 

compositions, and if so, what possible reasons might be behind this. This will, in turn, 

shed light on whether potential martian deposits of compositions other than NaCl (see 

Chapters 1 and 2) would be able to entomb microorganisms. 

3.2 - Materials and Methods 

3.2.1 - Sample selection 

Chapter 2 described the excavation and characterisation of samples from Boulby Mine. 

The samples had been surface sterilised in order to investigate only microorganisms 

entombed within the samples and not those on the surface. Sixteen samples were 

chosen for microbiological investigation and they are listed in Table 3.1. Samples of 

primary potash, the top of the interface, the bottom of the interface and the Boulby 

Halite were used from each site (with the exception of Site B where the sample of 

“halite” had anomalous composition) and the sample of Secondary Potash from Site A.  

These samples showed a range of Na concentrations from 1.60×105 - 3.85×105 ppm, K 

concentrations from 8.60×102 - 2.72×105 and Ca concentrations from 0 - 3.21×104 ppm 

(Chapter 2), allowing an investigation into how the microbial community changed with 

composition.  The community structure of these samples was ascertained, for the most 

part using culture-independent techniques, as described below. 
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Table 3.1 - Samples investigated for community analyses in this Chapter. Table shows the site and lithology of each sample, as well as the concentrations of the main components as determined via ICP-MS in 
the previous chapter (Section 2.3.1e) and the presumed Cl concentration based upon combining the Na and K concentration 

Site Lithology Na K Ca Si Presumed Cl 

A Secondary Potash 1.60×105 ± 2.38×103 2.72×105 ± 3.98×103 3.21×104 ± 9.05×102 3.01×103 ± 7.09×102 4.32×105 

A Primary Potash 2.35×105 ± 1.93×103 2.41×105 ± 5.24×103 0 ± 0 2.40×103 ± 5.39×102 4.76×105 

A Top of the interface 3.54×105 ± 3.78×103 2.64×104 ± 3.41×102 0 ± 0 2.55×103 ± 4.16×102 3.80×105 

A 
Bottom of the 

interface 
3.37×105 ± 9.26×103 4.69×104 ± 1.02×103 1.06×103 ± 2.87×102 1.75×103 ± 4.03×102 3.84×105 

A Boulby Halite 3.85×105 ± 1.88×103 1.62×103 ± 1.54×101 2.12×103 ± 2.06×102 1.70×103 ± 1.39×102 3.86×105 

B Primary Potash 1.93×105 ± 1.72×103 2.19×105 ± 5.12×103 1.69×104 ± 6.20×102 5.22×103 ± 8.13×102 4.13×105 

B Top of the interface 3.19×105 ± 2.28×103 3.55×104 ± 9.66×102 6.89×103 ± 5.71×102 3.07×103 ± 4.74×102 3.54×105 

B 
Bottom of the 

interface 
3.37×105 ± 9.26×103 4.69×104 ± 1.02×103 1.06×103 ± 2.87×102 1.75×103 ± 4.03×102 3.84×105 

D Primary Potash 2.18×105 ± 2.85×103 1.79×105 ± 2.34×103 1.58×104 ± 9.28×102 2.65×103 ± 3.34×102 3.97×105 

D Top of the interface 3.77×105 ± 5.64×103 2.95×104 ± 1.41×102 3.68×103 ± 3.47×102 1.76×103 ± 2.25×102 4.07×105 

D 
Bottom of the 

interface 
3.60×105 ± 3.63×103 9.61×103 ± 1.43×102 5.96×103 ± 5.96×102 1.84×103 ± 4.70×102 3.70×105 

D Boulby Halite 3.71×105 ± 4.94×103 2.95×103 ± 3.18×101 2.45×103 ± 2.73×102 2.01×103 ± 2.00×102 3.74×105 

E Primary Potash 2.68×105 ± 3.70×103 1.39×105 ± 2.19×103 6.43×103 ± 6.38×102 2.52×103 ± 2.78×102 4.07×105 

E Top of the interface 3.03×105 ± 3.66×103 1.56×104 ± 1.85×102 2.10×104 ± 9.84×102 1.48×103 ± 2.64×102 3.18×105 

E 
Bottom of the 

interface 
3.43×105 ± 5.14×103 2.82×103 ± 2.44×101 8.07×103 ± 4.06×102 1.49×103 ± 4.53×102 3.46×105 

E Boulby Halite 3.33×105 ± 4.78×103 8.60×102 ± 2.72×101 8.70×102 ± 5.53×102 2.42×103 ± 1.56×103 3.34×105 
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3.2.2 - Initial DNA extraction 

The first step in community characterisation was to extract genomic DNA from the 

samples. DNA was extracted from each sample (16 samples, n = 3, therefore a total of 48 

DNA extracts), in a randomised order, using a modified version of the desalting method 

described by Sankaranarayanan et al., (2011). The modifications were employed 

because Leuko et al., (2008) had shown that desalting methods such as this produce a 

lower yield of some genera of archaea that have a thick cell wall (e.g. Haloarcula). Prior 

work culturing microbes from these deposits (Norton et al., 1993, McGenity et al., 2000, 

Cockell, 2017), had implied that the community would be dominated by archaea. In 

order to improve the yield of what was presumed to be a large part of the entombed 

community, a heat shock step was added to encourage lysis of these cell types. 

In this modified method, 2 g of homogenised sample (Section 2.2.1f) was dissolved in 10 

ml of ddH2O and heated for 30 min at 80 °C. The dissolved sample was concentrated 

using a 200 µl Amicon centrifugal filter (Ultra-0.5, 50 kDa pore size, YM-50) via 

centrifugation at 3,000 × g, at 4 ℃, for 8 min. Following each round of centrifugation the 

filter was refilled to 200 µl with dissolved sample. The centrifugation and refilling was 

repeated 17 times. Centrifugation beyond this point typically resulted in very little 

solution passing through the filter due to the accumulation of silt.  

The salt was then diluted/washed out of the filters by a further seven rounds of 

centrifugation (as above), this time refilling between spins with ddH2O instead of 

sample, as described by Sankaranarayanan et al. (2011). The filters were then inverted 

placed in sterilised 1 ml centrifuge tubes, and centrifuged a final time for 6 min at 6,000 

× g. The final volume of solution was 200 µl, but the concentration of DNA was below 



144 
 

the detection limits of the laboratory’s ThermoScientific Nanodrop 1000, which were 2 

ng/µl (Scientific, 2008). The low concentration made ascertaining the presence of DNA 

problematic; it could not be proven that these had been successful until the 

amplification stages of the terminal restriction fragment length polymorphism (tRFLP) 

analyses.  

3.2.2 - Terminal Restriction Fragment Length Polymorphism (tRFLP) 

a) Overview of the tRFLP process 

The microbial community composition was assessed using tRFLP analysis, which is a 

low cost, high-throughput method for investigating microbial diversity and allows 

statistical differentiation between the different samples. The method involves partial 

amplification of the 16S rRNA gene using the polymerase chain reaction (PCR). The 

forward primers (63F and A341F, Bell, 2010 and Baker et al., 2003) had been created 

with a 6-carboxyfluorescein (6-FAM) attached to their 5’ ends.  

The PCR products were then fragmented via digestion with a restriction enzyme (MspI, 

Section 3.2.2c). The size of the terminal restriction fragments (tRF) varied according to 

the specific microbial group (Habtom et al., 2017). The frequency of each fluorescent 

fragment size was ascertained during the final stage of tRFLP analysis.  

Using a combination of Illumina MiSeq and tRFLP analysis, it was possible to identify 

the taxa that were most likely to contribute to each of the sizes of fluorescent fragments 

in the tRFLP profile, and thus identify the taxa that change in abundance between 

samples.   



145 
 

b) PCR with fluorescent primers 

For this study, the hypervariable V2 region of the bacterial and archaeal 16S rRNA gene 

was amplified. The 50 µl PCR mixtures for both bacteria and archaea were identical and 

contained 10 µM of both forward and reverse primers, 5 µl of PCR Buffer, 1 µl of 2 mM 

dNTP mix and 0.5 µl of 5 U/µl Taq polymerase. To this, 33.5 µl of the DNA extracts 

obtained using the Amicon filters, as described above (Section 3.2.2), was added. The 

bacterial primers (Bell, 2010) were 63F (5′-CAGGCCTAACACATGCAA GTC-3′) and 530R 

(5′-GTATTACCGCGGCTGCTG-3’) while the archaeal primers (Baker et al., 2003) were 

A341F (5′-CCTAIGGGGIGCAICAG-3′) and A1204R (5'- TTMGGGGCATRCIKACCT-3’). The 

PCR programs were as follows: 

• Bacteria: initial denaturation at 94 °C for 10 min, followed by 35 cycles of 

denaturing for 45 secs at 94 °C, annealing for 1 min at 56 °C, elongation for 3 min 

at 72 °C, followed by a final elongation for 10 min.  

• Archaea: initial denaturation at 94 °C for 5 min, followed by 35 cycles of 

denaturing for 1 min at 94 °C, annealing at 55 °C for 1 min and extension at 72 °C 

for 1 min, followed by a final extension for 10 min. 

The DNA concentration of both the DNA extracts and the completed PCRs were too low 

to visualise using gel electrophoresis. The DNA concentration of the PCR reactions could 

not be ascertained via nanodrop because the PCR mixture included DNA (dNTP mix and 

primers) that could not be distinguished from PCR product. The success of the PCR was 

determined using a positive control. The Discussion section of this Chapter (Section 

3.4.5b) will, therefore, include discussion of whether the data is indicative of tRFLP 

carried out on a successful extract or not. For the archaea, DNA extracted from 
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Halobacterium noricense (obtained in Chapter 4, Section 4.3.2) was used as a positive 

control, while the bacterial positive control came from a mixed culture of bacteria 

inoculated from the River Dee by a fellow student (Curtis-Harper, 2017). Both positive 

control DNA extracts had a concentration of 10 ng/µl.  The selection of samples for 

further downstream analyses, using the tRFLP approach, was dictated by the presence 

of a successful positive control during the PCR amplification stage.  

c) Restriction digest 

The combination of low DNA concentrations and volumes led to the decision not to 

purify PCR products, as this would cause unacceptable loss of sample. PCR products 

were digested with the restriction enzyme MspI, which fragments DNA at the sequence 

CCGG (Waalwijk and Flavell, 1978). This digestion was carried out in a 10 µl reaction, 

containing 8.6 µl of PCR product, 1 µl of Cutsmart Enzyme Buffer and 0.3 µl of 30 U/µL 

MspI, for 12 hrs at 37 °C. Samples were then stored at -4 ℃ until they were shipped to 

Macrogen, Seoul, for analysis.  

d) Fragment analyses 

Fragment analysis was carried out by Macrogen using a 3730XL DNA analyser. Analysis 

of the electropherographs were carried out with the commercial software GeneMarker 

v2.6.4 (Hulce et al., 2011). tRF profiles were analysed in the same random order that 

they been used for DNA extractions. GeneMarker was used to group fluorescent (start of 

the PCR product) fragment sizes into manually created bins. Individual peaks 

presenting less than 50 nucleotides were not included in subsequent analysis as they 

could not be distinguished from primer dimers, which caused significant noise. Peaks 

that were separated from each other by two, or less, base pairs, and never occurred 
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within the same profile, were assumed to be the same peak with slippage of the size 

ladder. These merged peaks were assigned the mean size of the peaks, rounded to the 

nearest whole number. In general, the profiles had a relatively stable baseline, and there 

were relatively few peaks, so no peaks were discounted due to their small size. The 

relative fluorescence of each peak within each tRFLP profile was determined. 

3.2.3 - MiSeq analyses 

To facilitate the identification of the tRFLP fragments, MiSeq analyses was carried out 

on the DNA extracts. The aim of the MiSeq analyses was not to necessarily produce a 

detailed breakdown of the community structure of the evaporites (though it could shed 

some light on it), but to provide a list of sequences and their associated taxa which could 

be used to infer taxonomic identities to the tRFLP data. In order to maximise the efficacy 

of the tRF identification, the illumina sequencing was conducted on all 48 DNA extracts 

(Section 3.2.2), pooled together, regardless of their lithology or sample site.  

Illumina MiSeq analyses of the pooled DNA extracts were carried out via RTL genomics 

in Texas using Illumina MiSeq 2x300 flow cell at 10pM. This required a DNA 

concentration of at least 10 ng/µl, whereas the DNA extracts that had been pooled all 

had a DNA concentration too low to be determined. A concentration step was therefore 

required.  

The DNA was concentrated using the phenol:chloroform/isopropanol protocol 

(Sambrook and Russell, 2006). In brief, an equal volume of phenol:chloroform was 

added to the pooled DNA extract. The DNA and phenol:chloroform were mixed via 

inversion and centrifuged at 16,000 × g for 4 min. The top layer, containing the DNA 

dissolved in chloroform, was transferred to a sterile Eppendorf tube. The DNA was 
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precipitated by adding an equal volume of -20 ℃ isopropanol (100 %) and incubating at 

room temperature for 6 hrs. The precipitate was pelleted by centrifugation at 16,000 × 

g for 5 min. The pellet was washed twice with 70 % -20 ℃ ethanol and centrifuged 

again. ddH2O was then added in 20 µl volumes until the pellet had fully dissolved.  

The concentration of the new DNA solution was quantified using a ThermoScientific 

Nanodrop 1000 and was found to be 110 ng/µl. The final concentration was adjusted to 

15 ng/µl using ddH2O. This final concentration of DNA was re-confirmed, again using 

the Nanodrop (ThermoScientific). This process was accompanied by the same process 

being carried out on an equal volume of autoclave sterilised ddH2O. No pellet formed in 

this negative control, and the nanodrop could not detect any DNA. This implied that the 

DNA found in the concentrated pooled sample had come from the DNA extraction and 

that the extractions had been successful.  

The pooled and concentrated DNA extract was sequenced using the Illumina MiSeq 

platform (Caporaso et al., 2011) by RTL genomics, Texas. Sequencing was carried out 

using the primers 28F (GAGTTTGATCNTGGCTCAG) and 388R 

(TGCTGCCTCCCGTAGGAGT) for bacteria (Aquino, 2017) and Arch341F 

(CCTACGGGAGGCAGCAG) and Arch806r (GGACTACVSGGGTATCTAAT) for archaea 

(Mesa et al., 2017). The unedited datasets provided by RTL genomics can be found 

within the CD attached to this Thesis, in the folder named “MiSeq Raw Data”. 

Quality filtering and identification of the sequences was conducted with the open source 

program Mothur v1.39 (Schloss et al., 2009).  Sequences were aligned against the Silva 

database of 16s genes (Oksanen et al., 2007). Identical sequences were grouped 

together and those that were too long, too short, appeared chimeric or contained 
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obvious sequencing errors, such as long strings of repeated bases (homopolymers), 

were removed. Taxonomy was generated using the BLAST algorithm against the RDP 

Training set v14 database of archaeal and bacterial 16S rRNA genes (Callahan, 2016). 

The sequences, their taxonomy and their abundances can also be found in the CD 

attached to this Thesis, in the folder named “MiSeq as analysed by Mothur”. 

3.2.4 - Synthesis of MiSeq and tRFLP data 

In silico digestions were carried out via online Restriction Mapping software (Stothard, 

2000) at http://www.bioinformatics.org/sms2/rest_map.html as part of The Sequence 

Manipulation Suite  using the MspI restriction endonuclease. The small number of 

potential peaks, and relatively low diversity of the MiSeq data meant that Microsoft 

Excel could be used to manually compare fragment sizes from the tRFLP data with 

predicted fragment sizes in the MiSeq and thus identify the peaks. Fragment sizes 

produced by the most abundant sequences in the MiSeq data corresponded to the 

largest peaks in the tRFLP data, plus or minus 4 bp. The tall peaks of similar fragment 

size within the MiSeq and the tRFLP were assumed to represent the same nucleic acid 

sequences. Once these tall peaks had been identified, smaller, less distinctive ones could 

be identified by examining which peaks predicted by the MiSeq fell between those 

already identified. Where multiple taxa could contribute a peak, a note was made in the 

relevant part of the results section. 

3.2.5 - Other DNA extraction methods 

Following concentration of the pooled DNA extracts, the samples were sent to RTL 

Genomics for sequencing. Whilst these pooled extracts contained sufficient DNA for 

sequencing with the bacterial primers, this was not the case for the archaea. RTL 

http://www.bioinformatics.org/sms2/rest_map.html
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genomics attempted sequencing using multiple archaeal primer pairs, but without 

success. The low concentration of archaeal DNA was further demonstrated by carrying 

out PCR on the remains of this extract using the tRFLP primers alongside the positive 

controls.  PCR using bacterial primers was successful, but no bands appeared when PCR 

was carried out on this extract using the archaea primers.  

a) Trouble shooting 

When the DNA extracts were pooled to produce the sample for MiSeq (see Section 

2.2.5c), isopropanol was used to precipitate the DNA from the solution. The amount of 

precipitate that was produced was considerably larger than would be expected given 

the eventual final concentration of DNA measured. 

Upon further inspection, and comparison to DNA extractions carried out on cultures of 

microorganisms (for the work in Chapter 4), it was realised that this precipitate was not 

DNA. The DNA precipitate appeared as small powdery particles of bright white 

colouration; whilst in contrast, the narrow, off-white strands (e.g., DNA) was seen when 

the DNA was precipitated from the pure cultures.  

The composition of the small powdery precipitate was investigated using a Zeiss Supra 

55VP, Field Electron Gun - Scanning Electron Microscope (FEG-SEM). Three samples of 

the pellet were fully dissolved in ddH2O, transferred to microscope slides and dried 

overnight in a laminar flow hood. The precipitate formed as a viscous substance that 

adhered to the slide. The slide was then carbon coated (15-20 nm thickness) and 

mounted within the chamber of the FEG-SEM instrument at an accelerating voltage of 

20.00 kV and a 7-10 mm working distance.  
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Under the FEG-SEM, the precipitate in all three samples appeared to have a similar 

structure, with irregular shapes typically 5 µm wide (Figure 3.1). Analysis using Energy 

Dispersive Scattering (EDS) was undertaken to establish the composition of the 

precipitate. The primary components of all nine spectra were Ca, O and S (Figure 3.1).  

While these results cannot be fully quantified due to the lack of a polished flat surface, 

or comparison with standards, the co-detection and high abundance of these three 

elements would imply that the precipitate is primarily CaSO4.  Na and Cl were also 

detected in lesser amounts in all samples, which was not unexpected given the source of 

the samples.  

 

Figure 3.1 - Representative FEG-SEM secondary electron image of the precipitate and accompanying EDS spectra 

The ICP-MS analyses of the geological samples had shown they contain CaSO4 (Section 

2.3.1d), but always less than 2 % of the concentration of Na or Cl, whereas FEG-SEM 

analyses of the precipitate following DNA extraction showed the CaSO4 exceeded NaCl. 

This would imply that, while the washing step in the DNA extraction had removed the 

main salts, the CaSO4 had been concentrated within the filters along with the DNA. As 

this does not occur with the Cl- ions, this might be a result of the larger size of SO4-2 ions, 
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or a result of the filter potentially possessing a greater affinity to ions with a higher 

charge.  

As it could now be assumed that the majority of the pellet was CaSO4, rather than DNA, 

attempts were made to add low volumes of water to the precipitate such that the CaSO4 

would not be fully dissolved, but the DNA would. When the CaSO4 was not fully re-

dissolved, however, PCR (both archaeal and bacterial) was not successful; either the 

undissolved CaSO4 was inhibiting the PCR reaction or DNA would not enter solution if 

the CaSO4 was not dissolved. The DNA could not be separated from the CaSO4 or 

concentrated. As a result, it was concluded that the DNA extracts obtained using the 

original desalting method was unsuitable for carrying out MiSeq analyses on the 

archaea due to the low concentration of DNA. 

This investigation into the precipitate formed by the phenol:chloroform/isopropanol 

protocol demonstrated that the concentration of the DNA solution could not be further 

increased without also raising the CaSO4 concentration in such a way as to prevent 

downstream use of the DNA.  A variety of techniques were employed to attempt to 

extract sufficient DNA using culture-independent techniques but were not successful. 

All of these techniques were paired with DNA extraction from a culture of archaea 

grown in salt-rich media, to act as a positive control. These techniques are listed below, 

with further details available in Appendix 3:  

• Attempts to re-optimise the phenol purification step 

• Incubation with Proteinase K between the heat shock and filtration stages of the 

filter DNA extraction protocol 
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• Addition of a beat beating step between the heat shock and filtration stages of 

the filter DNA extraction protocol 

• Attempting to purify DNA from the filter DNA extraction protocol by means of a 

commercially available Zymo Genomic DNA Clean & Concentrator kit 

• Use of a CTAB-based DNA extraction protocol, previously used to extract 

archaeal DNA from solid salt samples (Leuko et al., 2008) 

• Use of a bead beating DNA extraction protocol, previously used to extract 

archaeal DNA from solid salt samples (Leuko et al., 2008) 

• Use of a commercially available MP Biomedicals FastDNA™ SPIN Kit. 

b) DNA Extraction from culturable archaea 

None of the techniques listed above produced sufficient concentrations of archaeal DNA 

for MiSeq. As a last resort, a culture-based technique was employed to produce a larger 

microbial biomass for DNA extraction.  However, there were limitations to this.  The 

vast majority of microbes within an environmental sample are considered 

“unculturable” as they will not grow in laboratory conditions. A DNA extract obtained 

this way would contain only microorganisms suited for growth in the laboratory and, 

while three different media (that had shown the ability to allow growth of halophilic 

archaea, see Chapter 4) were used, this would not represent the diversity or 

distribution of the archaea in the natural environment. This method would, however, 

provide information regarding some members of the archaeal community, which could 

be used as a starting point for interpreting the tRFLP data.  

Growth media used in this study were optimised for Chapter 4 and are covered in 

greater detail in Section 4.2.1; however, in brief they are described here: 
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• 100% Modified Payne’s Media (Norton et al., 1993): A litre of media contained 

10 g of Difco yeast extract, 7.5 g of casein hydrolysate, 2 g of KCl, 3 g of trisodium 

citrate, 200 g l-1 NaCl, 20 g l-1 MgSO4, 1 ml of 50 g l-1 FeSO4.7H2O solution and 1 

ml of 0.36 g l-1 MnCl2.4H2O solution. This was made in two parts: an 800 ml part 

containing the NaCl and MgSO4 and a 200 ml part containing the rest of the 

ingredients. Both parts had their pH adjusted to between 7 and 7.5, were 

autoclaved separately and combined in a laminar flow hood. 

• 10% Modified Payne’s Media: 100% Modified Payne’s Media had been diluted 

ten-fold in 200 g l-1 NaCl that had been pH adjusted to between 7 and 7.5.  

• 200 g l-1 NaCl: Saline solution with no nutrients.  

In this experiment, 1 g of each of the sterilised, homogenised samples were pooled to a 

final mass of 16 g. The sample was then dissolved in 160 ml of a 100 g l-1 NaCl, 10 g l-1 

MgSO4.7H2O buffer developed by Gramain et al. (2011) to a final concentration of 200 g 

l-1 of salt (halite and potash). The crystals were dissolved in this buffer to ensure that 

any entombed obligate halophiles were not exposed to osmotic shock. 

For dissolution, the suspension was heated at 32 ℃, 180 rpm for 3 hrs. Once the salt 

was dissolved, 3 ml of the suspension was used as an inoculum into 22 ml of media such 

that the final concentration of the inoculum solution within each culture was 12 %.  

For each of the media types, 15 cultures were set up in 50 ml falcon tubes, with a 25 ml 

headspace. These falcon tubes were incubated in the dark at 38 ℃. After 1 month, DNA 

was extracted from the cultures using a modified version of the CTAB method employed 

by Leuko et al., (2008). For this, 2 ml of each successful culture was centrifuged in 

sterile Eppendorf tubes at 4,000 x g for 8 min at room temperature and resuspended in 
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576 µl of TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA). For cell lysis, 30 µl of 10 % 

SDS and 9 µl of proteinase K (10 mg/ml) were added to the tubes prior to incubation at 

40 °C, with continuous mixing at 150 rpm. After 3 hrs, 100µl of 5M NaCl was added 

along with 80 µl of CTAB solution (41 g l-1 NaCl and 100 g l-1 CTAB). The samples were 

then heated at 65 °C for 20 min in a heat block. These were allowed to cool to room 

temperature, before they were pooled and purified using the same 

phenol:chloroform/isopropanol method used to concentrate the pooled samples 

(Section 3.2.5c).  

3.2.6 - Statistical analyses 

tRFLP ordination analyses were carried out using the vegan (Oksanen et al., 2007) and 

ecodist packages (Goslee and Urban, 2007) for the statistics software R Studio. The 

dissimilarity of the tRF profiles between rocks of different chemical compositions was 

tested using analysis of similarity (ANOSIM) tests. The data is displayed graphically 

using nonmetric multidimensional scaling (NMDS). In these plots, data points near each 

other represent communities with a similar structure, whereas data points far apart 

have a dissimilar structure. Groupings and patterns of the distribution of these points 

can therefore show variation within the community and shed light on clusters of 

samples with a similar community compared to the total dataset. For both ANOSIMS 

and NMDS analyses, the tRFLP data needed to be converted into a distance matrix. This 

was carried out using analyses of Bray-Curtis dissimilarity and the same distance matrix 

was used for both analyses. A separate distance matrix generated using a binary 

conversion factor was used to compare the frequency of peaks between profiles, 

independent of abundance. 
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Microbial diversity between groups of samples was examined by generating rarefaction 

curves using the rarecurve function in the vegan package for R. Rarefaction curves 

required all values to be integers, whereas tRFLP data was typically presented as a 

percentage of the total community. Some fragments and families contributed as little as 

0.001 % of the community. As a result, all values were multiplied by 1,000 to convert 

them into integers for rarefaction analyses.  

Once tRFs could be matched up with taxa, SIMPER statistical tests were carried out 

using the ecological statistics program Primer (Clarke and Warwick, 1994), in order to 

determine which microbial families were most affected by the differences in chemical 

composition.  

3.3 - Results 

In order to investigate whether the evaporites of different composition contained 

different microbial communities, the data from the tRFLP analyses presented in this 

Chapter is considered in the context of the geological and geochemical setting described 

in Chapter 2. 

3.3.1 - Bacterial community  

Owing to the use of different primers (Section 3.2.2) the archaeal and bacterial data had 

to be considered separately. The bacterial data is presented first. 

a) Fragment distribution 

The bacterial communities from each of the rock samples (16 samples in triplicate 

producing 48 profiles) were examined using community fingerprinting to provide a 
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measure of the relative abundance of the various terminal restrictions fragments (tRFs) 

produced by each sample. Although 48 DNA extracts were analysed, only 46 were 

successfully amplified to produce tRF profiles.  

Across all 46 tRF profiles there were 70 distinct peaks observed.  These peaks 

represented different fragments lengths, varying in size from 53 - 164 bp. Universally 

present in all of the samples were peaks of 57 bp, 97 bp and 164 bp (Figure 3.2). 

 

Figure 3.2 - Plot showing variation in the frequency of the peaks between the Boulby Potash and the Boulby Halite 

An ANOSIM statistical test was carried out investigating the frequency of the peaks 

occurring between samples, independent of the heights of the peaks. This showed that 

the likelihood of a peak being present in a sample was statistically different depending 

on which bed the sample came from (p > 0.05). As a general rule, the peaks with a 

smaller fragment size were more common within the Boulby Potash than in the Boulby 

Halite (Figure 3.2). There were seven peaks unique to the Boulby Halite (peak size 79, 

117, 119, 134, 141, 146 and 177 bp) and eight peaks unique (peak size 105, 107, 114, 

125, 127, 131, 140 and 142 bp) to the Boulby Potash, although in all cases they only 
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appeared in a relatively small number of T-RFLP profiles, approximately 9% of the 

samples of the lithology they appeared in).  

b) Overall composition of the community 

MiSeq analyses 

The different fragment sizes reported in the tRFLP analyses correspond to different 

numbers of bases within strands of DNA. MiSeq analysis was carried out on pooled DNA, 

from the 48 extracts used for tRFLP analyses. This maximised the chances that all the 

DNA strands which produced fragments in the tRFLP analysis would be represented in 

the MiSeq data.  

The data from the MiSeq analysis resulted in 38,331 raw reads. These reads ranged in 

size from 35 to 500 bp, with a mean length of 347 bp and a median of 345 bp. Following 

quality filtering using the Mothur v1.39 software, the number of sequences were 

reduced to 33,738 reads of 2,813 unique sequences. These sequences ranged in length 

from 273 to 349 bp, with a median length of 306 bp and a mean of 307 bp. They can be 

found in the CD attached to this Thesis, in the folder named “MiSeq as analysed by 

Mothur”. 

The 16S rRNA genes collected from this sequencing operation were compared to the 

RDP taxonomy database (as described in Section 3.2.4) and a taxon was assigned to 

each sequence. All sequences could be identified to the family level with a confidence of 

80 % or higher.  

The bacterial community contained seven known bacterial phyla (Figure 3.3), which 

represented 95 % of the obtained sequences. The remaining 5 % of the sequences were 

those that could not be classified within a known phylum. The three most abundant 



159 
 

phyla were Proteobacteria (36.33 %) Actinobacteria (25.04 %) and Firmicutes (20.64 

%), as shown in Figure 3.3.  The remaining 13 % of the community consisted of the 

candidate phyla Saccharibacteria (7.32 %), Fusobacteria (2.81 %), Bacteroidetes (2.77 

%) and Acidobacteria (0.12 %). 

 

Figure 3.3 - Phyla detected within the MiSeq analyses 

There was relatively low diversity within these seven phyla within the MiSeq analysis. 

The Actinobacteria, Saccharibacteria, Fusobacteria and Acidobacteria were each 

represented by only a single class. The Bacteroidetes were represented by five classes 

but were dominated by just two: the Cytophagia and Flavobacteria. The Proteobacteria 

were also represented by five classes but were mostly Alphaproteobacteria and a 

smaller amount of Gammaproteobacteria. The Firmicutes were represented by four 

classes but the Clostridia dominated followed by the Bacilli and Negativicutes. A detailed 

breakdown of the classes detected in the other phyla, and the contribution of individual 

classes to the total community, can be found in Table 3.2. 
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Table 3.2  - Classes detected in the bacterial community via MiSeq analyses 

Phylum Class Percentage of total community 
Acidobacteria Subgroup Gp6 0.12 
Actinobacteria Actinobacteria 52.04 
Bacteroidetes Unclassified 0.62 
Bacteroidetes Bacteroidia 0.06 
Bacteroidetes Cytophagia 1.18 
Bacteroidetes Flavobacteria 0.91 
Bacteroidetes Sphingobacteria 3.09×10-3 
Saccharibacteria Unclassified 7.32 
Firmicutes Bacilli 4.52 
Firmicutes Clostridia 14.31 
Firmicutes Unclassified 0.06 
Firmicutes Negativicutes 1.76 
Fusobacteria Fusobacteria 2.81 
Proteobacteria Alphaproteobacteria 21.96 
Proteobacteria Betaproteobacteria 1.64 
Proteobacteria Deltaproteobacteria 0.01 
Proteobacteria Gammaproteobacteria 9.43 
Proteobacteria Unclassified 3.28 
Unclassified Unclassified 4.96 

 

In total, 53 families were detected within the MiSeq analyses (Table 3.3). The 

identification of all of these families had a confidence level of 80 % or higher. Of these 

53 families, the only one with a relative abundance greater than 10 % of the total 

community was the Lachnospiraceae from the phylum Firmicutes. This family accounted 

for 14.3 % of all the sequences. The next most abundant families were the 

Propionibacteriaceae (9.2 %) and Micrococcaceae (7.7 %), which both belong to the 

Actinobacteria phylum. 
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Table 3.3 - Families detected within the MiSeq analyses, and their taxonomy. Continues onto next page 

Phyla Class Order Family Percentage of total community 
Acidobacteria Subgroup Gp6 Gp6 Unclassified 0.123 

Actinobacteria Actinobacteria Acidimicrobiales 

Iamiaceae 0.062 
Actinomycetaceae 0.139 

Corynebacteriaceae 0.225 
Intrasporangiaceae 1.512 
Microbacteriaceae 2.200 

Micrococcaceae 7.743 
Nocardioidaceae 3.919 

Propionibacteriaceae 9.175 
Unclassified 0.068 

Bacteroidetes 

Bacteroidia Bacteroidales 
Bacteroidaceae 0.046 

Unclassified 0.009 
Cytophagia Cytophagales Cytophagaceae 1.179 

Flavobacteriia Flavobacteriales Flavobacteriaceae 0.913 
Sphingobacteriia Sphingobacteriales Chitinophagaceae 0.003 

Unclassified Unclassified Unclassified 0.617 

Firmicutes 

Bacilli 

Bacillales 
Bacillaceae_1 0.321 

Staphylococcaceae 0.537 
Unclassified 0.015 

Lactobacillales 

Aerococcaceae 0.744 
Enterococcaceae 1.392 
Lactobacillaceae 0.130 
Streptococcaceae 1.299 

Unclassified 0.083 

Clostridia Clostridiales 
Lachnospiraceae 14.298 

Unclassified 0.012 
Negativicutes Selenomonadales Unclassified 1.756 
Unclassified Unclassified Unclassified 0.056 
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Phyla Class Order Family Percentage of total community 
Fusobacteria Fusobacteriia Fusobacteriales Fusobacteriaceae 2.815 

Proteobacteria 

Alphaproteobacteria 

Caulobacterales Caulobacteraceae 0.173 

Rhizobiales 

Bradyrhizobiaceae 1.978 
Hyphomicrobiaceae 0.951 

Rhizobiaceae 3.682 
Unclassified 0.472 

Rhodobacterales 
Rhodobacteraceae 7.459 
Rhodospirillaceae 5.663 

Unclassified 0.670 
Sphingomonadales Sphingomonadaceae 0.873 

Unclassified Unclassified 0.043 

Betaproteobacteria 
Burkholderiales 

Comamonadaceae 0.667 
Unclassified 0.787 

Unclassified Unclassified 0.188 
Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae 0.009 

Gammaproteobacteria 

Enterobacteriaceae Enterobacteriaceae 1.105 
Legionellales Coxiellaceae 2.222 
Pasteurellales Pasteurellaceae 1.241 

Pseudomonadales 
Moraxellaceae 2.312 

Pseudomonadaceae 2.219 
Unclassified Unclassified 0.025 

Xanthomonadales Xanthomonadaceae 0.315 
Unclassified Unclassified Unclassified 3.281 

Saccharibacteria Unclassified Unclassified Unclassified 7.317 
Unclassified Unclassified Unclassified Unclassified 4.956 
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A rarefaction curve was plotted. This curve forms a plateau (Figure 3.4), indicating that 

this was a relatively accurate representation of the community within the samples.  

 

Figure 3.4 - Rarefaction curve of the families detected within the MiSeq analyses.  

tRFLP Analyses 

In-silico digestion of the MiSeq fragments using the same cleavage site, as used in the 

tRFLP analyses, permitted taxonomic identification of the tRFs (Table 3.4). The majority 

of the peaks were generated by only a single family, which allowed them to be identified 

with relative ease. Some peaks, however, had more than one family contributing. Where 

this was the case, the fragments were assigned to the taxonomy of the family that 
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contributed the most fragments of this length (Table 3.4). For all fragment lengths that 

could be formed by more than one family, one family would typically produce in excess 

of 88 % of these fragments (Table 3.4).  The only exception to this was the 107 bp long 

fragment that consisted of 67 % Actinobacteria (with a 91 % confidence in the sequence 

identification) and 33 % Firmicutes (with a 100 % confidence in the sequence 

identification). Following the methodology outlined above, for the purposes of this 

work, this peak was designated as Actinobacteria (Table 3.4). The confidence in the 

assignment of sequences to families was always > 85 % (Table 3.4).  
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Table 3.4 - Identification of fragments found in tRFLP using MiSeq. Where a fragment could have more than one family contribute to it, all families that contribute > 5% are shown. 
Fragments sizes are assigned the taxa that contributes the most to the abundance of the fragment (marked in bold). Table continues onto next page 

Fragment 
Size (bp) 

Percentage 
contribution to 

fragment 
abundance 

Phylum Class Order Family 

Mean 
confidence of 

sequence 
identification 

53 100 Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae 100 

54 99 Bacteroidetes Unclassified Unclassified Unclassified 87 

55 100 Firmicutes Bacilli Lactobacilliales Enterococcaceae 100 

56 100 Proteobacteria Gammaproteobacteria Pasteurellales Pasteurellaceae 100 

57-60 100 Unclassified Unclassified Unclassified Unclassified 100 

62 100 Bacteroidetes Sphingobacteriia Sphingobacteriales Chitinophagaceae 99 

63 88 Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae 86 

63 12 Bacteroidetes Bacteroidia Bacteroidales Unclassified 92 

64 100 Proteobacteria Betaproteobacteria Burkholderiales Unclassified 100 

66 100 Saccharibaceria Unclassified Unclassified Unclassified 91 

67-69 100 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae 100 

70-90 93 Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae 99 

70-90 7 Proteobacteria Alphaproteobacteria Rhizobiales Unclassified 96 

91 100 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae 99 

93 100 Actinobacteria Actinobacteria Actinomycetales Nocardioidaceae 97 

97 100 Firmicutes Bacilli Bacillales Bacillaceae_1 100 

100 100 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae 100 

101-103 89 Proteobacteria Unclassified Unclassified Unclassified 100 

101-103 5 Proteobacteria Betaproteobacteria Unclassified Unclassified 86 

101-103 5 Actinobacteria Betaproteobacteria Actinomycetales 4 different families 100 

104-105 94 Actinobacteria Actinobacteria Actinomycetales Nocardioidaceae 99 

104-105 6 Proteobacteria Unclassified Unclassified Unclassified 100 

106 100 Actinobacteria Actinobacteria Actinomycetales Intrasporangiaceae 100 
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Fragment 
Size (bp) 

Percentage 
contribution to 

fragment 
abundance 

Phylum Class Order Family 

Mean 
confidence of 

sequence 
identification 

107 67 Actinobacteria Actinobacteria Actinomycetales Micrococcaceae 91 

107 33 Firmicutes Bacilli Bacillales Staphylococcaceae 100 

108 83 Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae 100 

108 7 Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae 100 

108 6 Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae 100 

109 100 Actinobacteria Actinobacteria Actinomycetales Micrococcaceae 99 

110 1 Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae 100 

112 92 Firmicutes Bacilli Bacillales Bacillaceae_1 93 

112 8 Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae 99 

114 100 Firmicutes Bacilli Bacillales Staphylococcaceae 100 

115-118 100 Unclassified Unclassified Unclassified Unclassified 100 

119 100 Actinobacteria Actinobacteria Actinomycetales Microbacteriaceae 100 

120 100 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae 89 

121 100 Unclassified Unclassified Unclassified Unclassified 98 

121-129 100 Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae 100 

129 100 Unclassified Unclassified Unclassified Unclassified 100 

132 100 Acidonacteria Subgroup Gp6 Gp6 Unclassified 98 

134-141 100 Actinobacteria Actinobacteria Actinomycetales Actinomycetaceae 100 

142 100 Bacteriodetes Cytophagia Cytophagales Cytophagaceae 96 

146 100 Proteobacteria Alphaproteobacteria Rhodobacteriales Rhodobacteraceae 96 

147 100 Proteobacteria Gammaproteobacteria Pseudomanadales Unclassified 100 

164 100 Actinobacteria Actinobacteria Actinomycetales Nocardioidaceae 100 

165 100 Firmicutes Clostridia Clostridiales Lachnospiraceae 97 

176 100 Proteobacteria Unclassified Unclassified Unclassified 100 

177 100 Firmicutes Clostridia Clostridiales Lachnospiraceae 100 
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c) Community differences between samples  

Having identified the fragments, a Bray-Curtis dissimilarity matrix was generated to 

compare the relative abundance of each of the families between each of the tRFLP 

profiles. ANOSIM statistical tests were then carried out on this matrix. 

An initial test was conducted investigating all samples regardless of source (lithology or 

sample site). This showed that there were statistically significant differences in 

community between the different samples (p < 0.001), but not between replicates of the 

same sample. With this in mind, further investigation was carried out to determine the 

source of these differences. 

Comparing lithologies 

The results of an ANOSIM test showed that there was no significant difference (p > 0.05) 

in the relative abundance of the families between the different lithologies (regardless of 

sample site): secondary potash (n = 1 in triplicate), primary potash (n = 4 in triplicate), 

top of the interface (n = 4 in triplicate), bottom of the interface (n = 4 in triplicate) or 

Boulby Halite (n = 3 in triplicate).  

As had previously been shown (Section 3.3.1a), when the presence or absence of a 

fragment within a sample, rather than its actual relative abundance, was considered 

using a binary distance matrix, a statistically significant difference was observed 

between the Boulby Potash and the Boulby Halite. However, once these fragments were 

analysed using the taxonomic identities allotted to them from the MiSeq in-silico 

digestion no statistically significant difference was observed.  
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The lowest taxonomic level which could be identified via the MiSeq analyses was family, 

so this might indicate variation between the treatments on a taxonomic level below 

family. This difference in where a statistically significant result was observed could, 

therefore, imply that the Boulby Potash and Boulby Halite contained different strains or 

species, but the same families in the same ratios.  

Comparing sample sites 

ANOSIM tests showed no significant difference in the community composition between 

samples from different sites (Site A n = 5 in triplicate, Site B n =3 in triplicate, Site D n = 

4 in triplicate, Site E n = 4 in triplicate). Also, no significant difference was observed in a 

two-way test comparing samples of the same lithology from different sites (in both 

cases, p > 0.05). 

Relationship with Na and K 

The samples displayed a wide range of chemical compositions (see Table 3.1 and 

Chapter 2), so it was investigated whether the variation in chemical composition of the 

samples was linked to the variation detected in the tRFLP profiles.   

ANOSIM statistical tests cannot investigate variation in community compared to the 

actual measured values of the elemental concentrations, because this test works by 

comparing between groups. As a result, in order to investigate whether differences in 

community composition and chemical composition were linked, the samples had to be 

sorted into groups based upon their composition.  

This was initially carried out using groups based on the samples’ K and Na 

concentrations (as determined via ICP-MS, Section 2.2.3e, Tables 2.7 - 2.10) as these 
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major cations were the compositional elements that differed the most between samples; 

K and Na concentration had been strongly negatively correlated (Section 2.3.1e). 

Initially, four groups were investigated: 

• K < 0.5 % 

• 1 % < K < 5 % (there were no samples where K fell between 0.5 % and 1 %) 

• 10 % < K <20 % (there were no samples where K fell between 5 and 10 %) 

• 20 % < K <30 % 

An ANOSIM statistical test was carried out, which showed that there was no statistically 

significant difference in community composition between these four groupings (p > 

0.05). Modifications were made to the grouping criteria, such that there were fewer 

larger groups, or more smaller groups, but the ANOSIM did not reveal significant 

differences between them either (in all instances p > 0.05).  

A two-way ANOSIM was also carried out, investigating the combined effect of Na/K 

concentration and the sample site they came from as simultaneous, but independent 

variables. Again, there was no significant difference in the community structure 

between these different groups (p > 0.05).  

An NMDS ordination was plotted (Figure 3.5), which confirmed that Na and K 

concentration did not correspond to differences in community composition; there is 

significant overlap on the plot between profiles from the low K and high K samples. The 

NMDS also confirmed the results of the initial ANOSIM comparing replicates of 

individual samples, showing that the community is not uniform; the data points are well 

distributed across the plot.  
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Figure 3.5 - NMDS ordination showing that potassium concentration does not affect the abundance of different bacterial 
fragments 

Relationship with Ca 

ICP-MS and XRD had shown heterogeneous distribution of Ca between the samples and 

this had been linked to aqueous alteration (see Section 2.4.3). In order to investigate the 

effect Ca had on community composition, as had been undertaken for Na and K, the 

samples were sorted into four groups according to their Ca concentration. The first two 

groups designated were the extreme outliers of samples: those with no Ca and those 

with greater than 1 % Ca. A further two groups were then made by splitting into 

samples where Ca fell between 0 and 0.5%, and those where it fell between 0.5 and 1%.  
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The four groups were, therefore, as follows: 

• 0 % Ca 

• Ca < 0.5 % 

• 0.5 % < Ca < 1 % 

• Ca > 1 % 

The ANOSIM test showed significant differences in community structure between the 

four groupings of Ca concentration (p < 0.005). This was also apparent when the NMDS 

ordination (Figure 3.5) was altered so that Ca concentrations were plotted (Figure 3.6); 

there was no overlap between low Ca and high Ca samples. The samples with between 

0.5 and 1 % Ca tended to be grouped with the samples > 1 % Ca, whereas the samples 

with between 0 and 0.5 % Ca were spread across the entire plot. 

 

Figure 3.6 - NMDS ordination showing how abundance of bacterial families is affected by calcium concentration. 
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Relationship with other elements 

A significant difference in community structure was also observed when the samples 

were grouped according to the concentration of some of the elements that had been 

previously been correlated with Ca concentration: Ba (p < 0.05), Sr, Al and Mg (p < 

0.005). Fe abundances had also been seen to be correlated with Ca abundances, but the 

ANOSIMS test showed that Fe concentration did not have a statistically significant effect 

on community composition (p > 0.05). This could be a result of the fact that, as 

discussed in Section 2.3.1e, Fe was absent from many samples that still had small 

amounts of Ca. 

The ANOSIM also showed that Si and Mg had no significant effect on the community 

composition (p > 0.05).  

d) Families that differ between samples 

The ANOSIM statistical test showed that the only measured factors that influenced the 

microbial community composition of the samples were the concentrations of Ca and 

some of the ions that correlated with Ca (Ba, Sr, Al and Mg). With that in mind, the mean 

abundance of each family was calculated for each of the four Ca groups as defined above 

(Figure 3.7). It is important to note when considering this data that no conclusions can 

be drawn about changes in the actual abundance of bacterial cells of each taxa; this data 

only shows increases and decreases in the relative abundance of each taxa within the 

total community of unknown (and potentially variable) size.  This uncertaintly is 

discussed in further detail in Section 3.4.3. 
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Figure 3.7 - The relative abundance of the taxonomic groupings within samples of different Ca concentration.  
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A change in community composition with increasing Ca concentration is evident (Figure 

3.7). All samples were dominated by the Bacillacaea_1 and the unclassified phyla. The 

next two most abundant families, however, the Nocardioidaceae and Bradyrhizobiaceae, 

differed significantly in their abundance between samples of different Ca concentration 

(Student’s t-tests where Ca < 0.5 % and > 0.5 %, p < 0.0001). There was also a positive 

correlation between the abundance of both of these families and Ca concentration 

(Spearman’s Rank coefficients = 0.94 and 0.88 respectively).  

The Rhodobacteraceae showed the most extreme decrease in abundance with 

increasing Ca concentration. It accounted for 8.1 % of the fragments in the samples with 

no Ca, but this dropped to 1.0 % in the samples with between 0 and 0.5 % Ca. It then 

was as low as 0.29 % in the samples with greater than 1 % Ca. The family with the 

largest increase in abundance with rising Ca were the Nocardioidaceae, which went 

from 1.7 % in the samples with no Ca to 15.0 % in the samples with greater than 1 % Ca 

While the Intrasporangiaceae, Microbacteriaceae, Lachnospiraceae and 

Pseudomonadales always had low abundances (they were at most 0.1 %, 0.3 %, 0.1 % 

and 1.0 % respectively), these families were only detected in samples with low Ca 

concentrations (< 0.5 %), implying that higher concentrations of Ca led to fewer genera 

in the samples. This was confirmed by comparing the rarefaction curves (Figure 3.8) for 

each of the four groupings of Ca concentration (again the relative abundances have all 

been multiplied by 1,000 to ensure they are all integers). While all four curves 

plateaued, indicating that there were unlikely to be families missed in this analysis, the 

height of the curves decreased with increasing Ca concentration. Higher Ca 

concentrations, therefore, corresponded with lower community diversity.  
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Figure 3.8 - Rarefaction curves, showing species richness within rocks of different elemental composition 

A SIMPER statistical test showed the cumulative effect of individual families on bacterial 

community dissimilarities between samples with different Ca concentrations. Since it 

was not possible to ascertain the Ca concentration of a sample prior to excavation, there 

were only two samples with a Ca concentration of 0 %. This was not enough to ensure 

that the SIMPER test was statistically significant. Therefore, these samples were 

grouped as those containing 0-0.5 % (inclusive) Ca for this one specific analysis.  
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Table 3.5 - The taxa most responsible for differences in community structure between different Ca concentrations, as 
determined by a SIMPER test 

Taxa (Class - Order - Family) 

Average 
abundance in 

samples below 
0.5% Ca 

Average 
abundance in 

samples above 
1% Ca 

Contribution to 
dissimilarity 

between two Ca 
concentrations 

(%) 

Cumulative 
dissimilarity 
between the 

two Ca 
concentrations 

(%) 

Gammaproteobacteria - 
Pasteurellales - Pasteurellaceae 

7.99 1.45 9.84 9.84 

Bacilus - Lactobacillales - 
Enterococcaceae 

8 4.83 9.08 18.92 

Bacteroidia - Flavobacteriia - 
Flavobacteriales 

4.52 5.14 8.88 27.8 

Alphaproteobacteria - 
Rhizobiales - Bradyrhizobiaceae 

4.27 12.93 8.85 36.65 

Unclassified class of 
Bacteroidetes 

5.96 1.64 8.74 45.39 

Unclassified Class of 
Candidatus_Saccharibacteria 

3.08 0 8.38 53.77 

Actinobacteria - Actinomycetales 
- Nocardioidaceae 

5.68 14.91 6.86 60.63 

Alphaproteobacteria - 
Rhizobiales - Rhizobiaceae 

2.27 1.11 6.03 66.66 

Betaproteobacteria - 
Burkholderiales - Unclassified 
family 

2.32 0.24 5.65 72.31 

Alphaproteobacteria - 
Rhodobacterales - 
Rhodobacteraceae 

2.35 0.29 5.39 77.7 

Bacteroidia - Bacteroidia - 
Bacteroidaceae 

1.38 0.8 4.49 82.19 

Sphingobacteriia - 
Sphingobacteriales - 
Chitinophagaceae 

1.51 0.64 4.14 86.33 

Bacilus - Bacillales - 
Bacillaceae_1 

24.63 30.73 2.56 88.89 

Unclassified Phyla (Between 1-5 
families) 

18.24 23.8 2.14 91.03 

The SIMPER test showed that 50 % of the difference between samples was a result of six 

key families. Those that decreased in abundance with rising Ca levels were the 

Pasteurellaceae, Enterococcaceae, unclassified class of Bacteroidetes and the 

Saccharibacteria, while the Flavobacteriales and Bradyrhizobiaceae increased in 

abundance.  
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3.3.2 - Archaeal community 

a) Fragment distribution 

Analysis of the tRF profiles of the samples using archaea primers showed 21 peaks, 

ranging in size from 51 to 192 nucleotides.  Of these 21 peaks, seven were relatively 

common, featuring in at least two of the three replicates of each of the 16 samples 

analysed. Of the remaining 14 peaks, 12 were unique to individual tRFLP profiles and 

were not present in replicates of the same sample. Despite the low frequency of these 

peaks, however, when they were present they were relatively large (the abundance of 

13 of these 14 peaks was greater than 0.5 %, the abundance of eight of these 14 peaks 

was greater than 1 %, and the abundance of two of these 14 peaks was greater than 40 

%).  Hence, they could not be excluded from the analysis.  

As with the bacterial tRFLP data, an ANOSIM test was carried out with the distance 

matrix only taking into account the presence or absence of the peaks.  Unlike with the 

bacteria, the ANOSIM test showed that there was no significant difference in the 

presence or absence of peaks between the Boulby Potash or the Boulby Halite. This is 

probably a result of the large number of peaks with a low frequency between samples, 

but high relative abundance within individual samples.  

b) Overall composition of the community 

Attempts were made to carry out partial 16S rRNA gene sequencing using universal 

archaea primers on the same nucleic acid extracts that had been used to sequence the 

bacterial community, using the same techniques. RTL genomics in Texas attempted 

multiple PCR conditions, primers and nested PCRs and hypothesised that this failure 

was a result of the low DNA concentration of the sample. This would imply that the 
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archaeal DNA concentration of this sample was below the threshold capable of 

amplification through PCR techniques. 

Multiple attempts were made to extract DNA using methods designed to increase the 

yield of archaeal DNA. These ranged from modifying the techniques used to successfully 

extract DNA from the bacteria, to trialling a variety of different techniques (see 

Appendix 3). None of these attempts were successful.  

In order to obtain some sequence data for identification of the archaeal fragments, a 

mixed community was inoculated from the samples and grown in the laboratory. This 

community had its DNA extracted and was analysed for MiSeq. This resulted in 81,790 

reads of 8,790 unique sequences, ranging in size from 213 to 602 bp, with a mean length 

of 428 bp and a median of 427. After quality filtering to remove too long, too small or 

chimeric sequences, as described in Section 2.2.5c, this resulted in 71,695 reads of 1,970 

unique sequences. All filtered sequences were 389 bp long and can be found in the CD 

attached to the back of this Thesis in the folder named “MiSeq as analysed by Mothur”. 

The 16S rRNA sequences from these cultures were compared with the NCBI Blast 

database (Johnson et al., 2008). This suggested that, of these 71,695 reads, 71,693 

corresponded to Halobacterium noricense with 99 % confidence. The remaining two 

reads corresponded to Haloarcula (one with a 99 % confidence and one with 95 %), but 

they could not be identified to the species level. While the unculturable diversity of the 

archaea remains uncertain, the culturable diversity is very low. All Halobacterium 

noricense sequences detected in this study would theoretically produce a fragment of 

157 bp, which may correspond with a 155 bp long fragment detected in 75 % of the 

archaeal analyses (mean abundance 5.1 %). The remaining fragments could not be 

identified.  
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c) Community differences between samples 

As with the bacteria, no significant difference was observed between community 

composition of samples from different lithologies or sites, or in a two-way test 

comparing both these factors simultaneously (in all cases p > 0.05). 

 

Figure 3.9 - NMDS ordination showing that K concentration does not affect the abundance of different bacterial 
fragments 

For the bacterial analyses, the samples had been grouped according to their 

composition (Section 3.3.1c) for all the elements detected via ICP-MS (Chapter 2). The 

same groups were used to analyse the archaeal community. No significant differences in 

community composition were observed for any of the elements (all ANOISM tests 

showed, p > 0.05). This lack of variation in tRF profiles was supported by the NMDS 

ordination (Figure 3.9). Unlike in the bacterial NMDS plot, the data was more tightly 

constrained along the two arbitrary axes with very few outliers. This in turn implied a 

lack of meaningful difference in community structure. 
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3.4 - Discussion 

3.4.1 - Composition of the microbial community of Boulby Mine 

Norton (1993) had isolated microbes from within samples of both the Boulby Potash 

and the Boulby Halite. This study also showed the presence of DNA within these beds, as 

well as the interface region between them. The microorganisms identified within this 

study, however, differed significantly to those in Norton’s (1993) results, as discussed 

below.  

a) Archaea 

Norton (ibid.) had only detected archaea within the mine, namely Halobacterium 

saccharovorum and salinarium as well as Haloarcula vallismortis. A sufficient yield of 

archaeal DNA could not be obtained directly from the samples collected in the current 

study for MiSeq analysis. When mixed cultures were generated using the same media 

and methodology as Norton, however, only Halobacterium noricense and unclassified 

Haloarcula were detected.  

Three hypotheses are advanced to explain the differences between this study and the 

previous one (ibid.). The first is that they result from sampling differences.  Although 

this study showed no difference in the composition of the microbial community 

between different sample sites, this was only over a roughly rectangular area measuring 

600 × 400 m. In comparison, Boulby Mine contains over 1,000 km of tunnels and it is 

uncertain where Norton sampled from. It is therefore possible that over larger or 

unsampled areas, the archaeal community composition varies despite the fact no 

evidence of variation was seen in the areas investigated in this study.  
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This study and Norton’s (ibid.) also differ in terms of sterilisation techniques. Norton’s 

samples had undergone surface sterilisation by submerging them in ethanol for 5 hrs. 

More recent studies, however, have called the efficiency of this sterilisation protocol 

into dispute and suggest that the acid-bleach-based method, employed in this study, is 

significantly better at removing surface microorganisms (Sankaranarayanan et al., 

2011). This might imply that, while the archaea detected in this study came from within 

the samples, those extracted by Norton may have been on the exterior.  

The third hypothesis is that the differences between results of this study and those of 

Norton (1993) are a result of advancements in the field of taxonomy. Norton’s work 

predated the widespread availability of sequence data, and thus identifications were 

made based on lipid analysis. It is now known that the extremely charged nature of 

halophilic, archaeal lipids means that there is less variation between genera than is 

found in other phyla (Oren, 2012). The advent of 16S rRNA sequencing has led to a 

significant reordering of the halophilic branches of the taxonomic tree, and the resulting 

confusion has yet to be fully rectified. Strains that are now believed to be from the same 

species bear the names of different genera, while strains that are officially nomenclated 

as Halobacteria salinarum can be found to cluster in a variety of different genera instead 

of the Halobacteria (DasSarma and DasSarma, 2008). It is possible that the organisms 

cultured and identified as H. saccharovorum, H.salinarium and H.vallismortis by Norton 

in 1993 would not be recognised via sequence data today. 

b) Bacteria 

While the archaea detected differed from those found previously (ibid.), they were, at 

least, within the same order of the phylogenetic tree. This study, however, also 

identified 53 families of bacteria, while Norton detected none. Norton’s paper describes 
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the discovery of “eubacteria” in samples from Boulby Mine, but these “eubacteria” are 

now recognised as archaea. 

Studies of the subsurface brines found within Boulby Mine have also shown a 

community dominated by archaea (McGenity et al., 2000, Cockell, 2017). These brines 

are formed by fluid flow and dissolution of the evaporites, and it is believed that the 

communities that inhabit them consist of microbes that have been released from 

entombment by this dissolution (McGenity et al., 2000, Cockell, 2017). There are no 

records of bacteria being detected in the Boulby Mine evaporites themselves, however, 

recently a bacterium has been successfully isolated from these brines (Beblo-Vranesevic 

et al., 2018). This bacterium, an obligate anaerobe Halanaerobium sp. MASE-BB-1, 

comes from the order Halanaerobiales within the phyla Firmicutes. This order was not 

detected in the MiSeq analyses in this study.  

Studies of similar evaporite deposits worldwide have also shown communities 

dominated by archaea rather than bacteria. While bacteria have been successfully 

isolated from similar halite deposits, they are significantly outnumbered by the archaea 

(Schubert et al., 2010, Vreeland et al., 2007, Park et al., 2009).  

An explanation for why so few bacteria have been detected in prior studies compared to 

this study, might be because of an influx via secondary alteration, as indicated by the 

presence of CaSO4.  This hypothesis will be explored further in Section 3.4.3b. An 

alternative explanation, however, may be in the techniques used. Prior studies have 

mainly been culture-dependent and, as such, only viable and culturable microbes were 

investigated. This Chapter, however, focused on culture-independent techniques that 

detected DNA sequences not cells. It is possible that the bacterial DNA sequences 

detected within this study did not represent viable bacteria. The Proteobacteria, the 
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most abundant phyla detected in the illumina MiSeq analyses (36.33 % of the 

sequences), have not previously been successfully isolated from Permian salt deposits. 

They have, however, been found at unexpectedly high abundances in another sequence-

based culture-independent study which investigated a variety of halite deposits from 

around the world (Fish et., 2002), both younger (Miocene Badenian Halite from Poland) 

and older (Silurian Cayugan Halite from Michigan) than the ones investigated in this 

study. 

A comparison of different evaporite deposits, of different ages, formed from different 

seas and preserved under different conditions is problematic, but on a global scale four 

of the six bacterial phyla identified via MiSeq in Boulby Mine have been identified 

previously in culture-independent studies of ancient halite: the Proteobacteria, 

Actinobacteria, Firmicutes and Fusobacteria  (Chen et al., 2007, Fish et al., 2002, 

Hebsgaard et al., 2005). This leaves only the Acidobacteria and the Saccharibaceria 

which have not been discovered in ancient salt deposits prior to this study.  

The absence of comparable studies detecting Saccharibacteria might be explained by 

the fact that it is has only recently been classified (He et al., 2015). References in the 

literature can be found to the identification of Saccharibacteria, under its old name of 

“candidate phyla TM7” (Azua-Bustos et al., 2012), within surface salt deposits in the 

Atacama desert, where the communities are active and driven by photosynthesis 

(Davila et al., 2015).  

Of the six detected phyla, only the Acidobacteria have not been detected inside salt 

crystals before. The Acidobacteria represented a small proportion of the community 

(0.12 % of the illumina MiSeq) and were only detected within the tRF profiles of a single 

sample (although in all the replicates). This raises the possibility that this sample had 



184 
 

experienced contamination, either from the working mine environment or in the lab. On 

the other hand, this sample was visually the purest and uniformly pink coloured sample, 

and the ICP-MS determined that this sample had no Ca. This sample might, therefore, be 

the sample that has undergone the least alteration since its formation and thus contain 

the best preserved ancient community of all the samples.  

Entombment within salt crystals exerts environmental stresses on cells. Archaea 

undergo a variety of physiological changes to withstand this stress (see Chapter 1) and 

knockout mutants of the K+ pump system show severely reduced survival (Kixmüller 

and Greie, 2012). The only bacteria that have been successfully cultured after millennia 

of entombment are those which can form spores (Vreeland et al., 2000, Willerslev et al., 

2004). The two most abundant bacterial families in the tRFLP profiles, Bacillaceae and 

Nocardioidaceae, are known to have spore forming varieties, but this is not the case for 

the majority of bacteria identified in this analysis. It is, therefore, feasible that the vast 

majority of bacterial families that were trapped in the crystals, and were detected in this 

study, did not survive over geological time. It has previously been noted (Chapter 1) 

that entombment within halite is believed to encourage long term preservation of the 

DNA of deceased organisms due to the sealed, anaerobic, highly charged environment 

and this may be an explanation for the results observed.  

c) Archaeal and bacterial comparison 

As noted above, prior culture-dependent studies (Schubert et al., 2010, Vreeland et al., 

2007, Park et al., 2009) would indicate that viable archaea within these samples should 

be both more abundant and more diverse than the viable bacteria. The DNA sequences, 

however, suggest the contrary - there was higher diversity of bacterial DNA sequences 

than archaeal.  
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Excluding the community-dependent nature of the archaea identification process, the 

tRFLP analyses showed 70 possible bacterial fragment sizes compared to 21 for the 

archaea. The assumption is made that these communities represent microorganisms 

that were present in the hyper-saline Zechstein sea as it evaporated and formed these 

deposits, although this has not been proven. Of the archaeal phyla, only halophiles were 

detected, while all the bacterial phyla detected possess halophilic members (McGenity 

and Oren, 2012). These are therefore microorganisms that could have survived the 

hypersaline conditions of the evaporating Zechstein Sea. Studies of evaporating salterns 

have shown that, even though communities become weighted towards archaea as 

salinity increases, the bacterial community remains more diverse (Casamayor et al., 

2002), so it seems reasonable to suggest that the same would be true of the evaporating, 

hyper-saline Zechstein sea. This would fit with the observation in this Chapter of higher 

bacterial than archaeal diversity.  

It was initially intended to use qPCR to quantitatively compare the amount of bacterial 

and archaeal DNA, but this was not feasible with the low DNA concentrations. It seems 

reasonable, however, to suggest that the archaeal DNA within the samples was less 

abundant than that of bacterial origin. Repeated DNA extractions failed to produce a 

suitable yield of archaeal DNA for later analyses, while bacterial DNA was of sufficient 

concentrations. While this might be a result of the relative difficulty in breaking the cell 

walls of halophilic archaea compared to halophilic bacteria (Leuko et al., 2008), the 

repeated failure of multiple methods, optimised in prior studies to extract DNA from 

halophilic archaea, implies they have a relatively low biomass.   

It has already been speculated above that the bacteria detected within this analysis 

might not represent viable bacteria, but instead represent deceased cells. It has 
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previously been hypothesised that one of the ways in which halophilic archaea are able 

to withstand long-term entombment is by metabolising the remains of long deceased 

bacteria entombed alongside them (Schubert et al., 2009). If that’s the case, then a 

greater abundance of deceased bacterial cells, previously undetected by culture-

dependent studies, within these inclusions might be able to act as an energy source for 

archaea preserved over geological time periods. This could potentially help to explain 

reports of ancient (250 Ma) halophiles being revived from both these deposits and 

others worldwide (Stan-Lotter et al., 1999, Stan-Lotter et al., 2002a, Jaakkola et al., 

2016b, Jaakkola et al., 2016a). 

3.4.2 - Community composition between beds 

One of the goals of this Chapter was to determine whether the cationic composition of 

samples affected the entombed microbial community. These results indicated that there 

was no difference in community composition between the Boulby Potash, the Boulby 

Halite or the interface between them. The geochemical analyses of the samples had 

shown that there was significant variation in the concentrations of K and Na within the 

same beds, but this variation was also not linked to any significant differences in the 

microbial community composition.  

The same microorganisms were detected in both the Boulby Halite and the Boulby 

Potash in the same community structure. Despite the large differences in chemical 

composition, these samples appear to contain the same genera in the same ratios. Three 

hypotheses are proposed to explain this result: 

The first hypothesis is that halite and potash have similar crystallographies (Deer et al., 

1992) and might have the same physiological effects on microorganisms. This structural 
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similarity might mean that, from a microbial perspective, there is no meaningful 

difference between the two lithologies as host rocks (Williams, 1970). 

The second hypothesis is based upon the observation that the mineralogical 

composition of each bed is heterogeneous; halite crystals were identified within the 

Boulby Potash, for example (Section 2.2.2b). It is possible that microbes detected within 

the samples excavated from the Boulby Potash might have been located exclusively 

within the halite crystals rather than the sylvite. This seems reasonable since past 

literature shows that obligate halophiles would not be able to survive the low NaCl-high 

KCl concentrations of a brine composed of these sylvite crystals dissolved at the cell’s 

optimum salinity (Brown and Gibbons, 1955). Further research, therefore, could 

investigate differences in the yield of DNA from the Boulby Potash and the Boulby Halite 

in order to determine whether the lower volume of halite crystals in the Boulby Potash 

correspond to a lower yield of DNA. The varying silt content of the beds made this 

impractical to investigate in this study because the different particle sizes and volumes 

would affect the rate at which DNA could be passed through the filters, and thus the 

amount of DNA extract obtained from each sample. Chapter 5, however, will present the 

results of investigations into laboratory-grown crystals that may allow this hypothesis 

to be investigated further. 

The third hypothesis is based on the approximate compositions of fluid inclusions 

determined by EMPA (Section 2.3.3b); at least some of the fluid inclusions within the 

sylvite contained high NaCl concentration brines. As it is the fluid inclusions, and the 

brines contained within, that are the actual location of the cells, not the crystalline 

matrix of the salt (Fendrihan et al., 2009a), it is possible that the composition of the 
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surrounding crystal matters little to microbial survival so long as the inclusion itself is 

habitable.  

3.4.3 - The impact of aqueous alteration upon the community 

a) Aqueous alteration and diversity 

Bacterial community diversity was linked to relatively small variations in Ca 

concentration (Section 3.3.1c & d). While it might be the case that higher Ca levels were 

directly responsible for the observed decrease in diversity, Ca was shown in Chapter 2 

(Section 2.4.3) to be an indicator that the samples had been aqueously altered. This link 

between Ca concentration and aqueous alteration makes it difficult to determine how 

the observed variation in the bacterial community came about.  

Aqueous alteration induces a variety of changes to the lithological environment. These 

changes include, but are not limited to, the precipitation of CaSO4 (and the elements 

which correlated with it such as Fe, see Section 2.3.3e and Woods, 1979) and the 

dissolution and recrystallisation of the crystals themselves (Hardie et al., 1985). Any 

one (or more) of these changes could have been responsible for the observed trends in 

bacterial community diversity.  

It is also important to consider the possibility that fluids moving through the mine 

might be capable of moving microorganisms as well as dissolved ions. It has often been 

proposed that so-called “ancient microorganisms” recovered from ancient halite are, in 

fact, more modern microorganisms inside secondary fluid inclusions created by 

aqueous alteration (Jaakkola et al., 2016b, Satterfield et al., 2005). The movement of 

microorganisms in fluids downwards through sample sites A-E might support this 

hypothesis and explain the trends in bacterial diversity observed in this Chapter.   
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Cells in lithologies with a higher Ca concentration (presumed to have undergone more 

aqueous alteration, Section 2.4.3) could have been mobilised and redeposited into lower 

beds as fluid moved downwards through the stratigraphic column.  It is known that 

events such as these, which decrease population size, also cause a decrease in diversity, 

because of the likelihood of taxa being completely removed (Herren et al., 2016, Hague 

and Routman, 2016). These could mean that the decrease in diversity in the more 

altered lithologies is a result of a reduction in biomass (see Sections 2.2.3 and 3.4.1c for 

why analysing this was unfeasible). It is important to note that a similar decrease in 

diversity would be observed, however, if the aqueous alteration did not move cells, but 

instead caused environmental changes that destroyed DNA.  

The observed lower diversity in the more altered samples seems to be limited to the 

bacteria, with no difference observed in the archaeal community (Section 3.3.2). If this 

lower bacterial diversity is a result of the movement of cells down the stratigraphic 

column, it would imply that archaeal cells have a mechanism to prevent them being 

carried out of their host rock by aqueous alteration. Alternatively, if the lower bacterial 

diversity is a result of environmental changes within the sample, then this would imply 

that the archaea are, in general, more resistant to these environmental changes than the 

bacteria. 

b) Aqueous alteration and the detection of bacteria 

It is important to bear in mind, that, while the Ca2+ and SO42- deposited as CaSO4 by 

evaporation of the fluid seems likely to have originated from the Upper Anhydrite (see 

Section 2.4.3), the fluid itself could have come from much higher up the stratigraphic 

column, for example the Upper Halite or even the surface. This means that the fluid 
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could potentially have transferred microorganisms from any of these locations to the 

sample sites.   

Norton (1993) refers to “extensive mineralogical change, though there are areas in which 

little alteration has taken place” when describing the mine as a whole.  However, it is 

unclear whether the samples investigated in that study were obtained from sites that 

had been subjected to alteration.  This, therefore, introduces an alternative hypothesis 

to explain the fact that bacteria were observed in this study, but not in Norton’s (Section 

2.4.1b) - the alteration state of the samples might be different.  It could be suggested 

that fluids may have delivered bacteria to the samples investigated in this project, but 

not to Norton’s samples.  Alternatively, Norton’s samples may have been subjected to 

more alteration, removing all bacteria.   

Fish (2002), however, identified similar bacterial DNA in a variety of deposits using 

culture-independent techniques while taking care not to examine aqueously altered 

samples. This suggests that bacteria which can only be detected via culture-independent 

techniques are relatively common in ancient halite deposits, and aqueous alteration is 

not required to explain their presence. Occam’s razor would suggest that the simplest 

explanation for the detection of bacteria in this study, and not prior ones, remains the 

fact that this study was culture-independent, instead of the hypothesis that they can be 

found in only a relatively small, aqueously altered area of Boulby Mine. Chapter 4 

investigates these options further. 

Movement of bacteria could impact community diversity 

Regardless of the difference between this study and that of Norton (ibid), there was a 

clear difference in bacterial diversity with aqueous alteration, using Ca concentration as 

a proxy.  The greatest diversity of bacteria was found in the samples that had the lowest 
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Ca concentration (Section 3.3.1d) and were thus assumed to have undergone the least 

aqueous alteration (Section 2.4.3).   The samples subjected to the most alteration (i.e., 

with the highest Ca concentration), showed the lowest bacterial diversity. 

If it is assumed (Section 3.4.3a) that there was already a community of bacteria present 

in the rocks before aqueous alteration, it implies that fluids removed bacteria and 

redistributed them elsewhere or that the process led to cell death.  This would, in turn, 

increase the relative diversity of less altered lithologies.   If, however, bacteria were 

introduced into the stratigraphic column via this aqueous alteration, then an alternative, 

as yet undefined, mechanism is required to explain the greater diversity observed in the 

least altered samples.  

Investigation of the fluids 

Since the deposits higher up the stratigraphic column were not sampled during the site 

visit, and could not be sampled later because of health and safety concerns (Edwards, 

pers comm.), it is not possible to determine whether they are the source of bacteria 

within these samples. Fluids that have passed through these beds, however, have been 

extensively studied and could give an indication of what microbiology could be 

mobilised by its movement.  

Boulby Mine contains brines. The dissolved salt within these brines is believed to 

originate from dissolution of the same salt deposits (McGenity et al., 2000, Payler et al., 

2017) sampled in this study. The fluid, meanwhile, is believed to originate from aquifers 

above the salt deposits (Bottrell et al., 1996, Payler et al., 2017) and thus has followed a 

path similar to the one proposed in Figure 2.18.  
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As discussed above (Section 3.4.1b), studies of these brines have only ever detected one 

bacteria, Halanaerobium sp. MASE-BB-1(McGenity et al., 2000, Cockell, 2017, Beblo-

Vranesevic et al., 2018), and it is not one observed in this study. This implies that the 

fluids moving through Boulby Mine today do not contain viable bacteria of the families 

detected in fluid inclusions sampled in this study. This does not rule out the 

possibilities, however, that the subsurface fluids have changed over time (with respect 

to the bacteria they carry), or that those fluids which altered the samples in this study 

delivered non-viable bacteria. As a result, there is no evidence to disprove the 

hypothesis that the bacteria detected in this study were a result of them being added or 

modified by aqueous alteration.  

3.4.4 - Implications for martian astrobiology 

These results imply that large changes in the Na content of chloride deposits do not 

impact the structure of their microbial community. This raises the possibility that, so 

long as there is a large amount of NaCl in the salts, that the presence of other salts 

would not affect the chances of finding evidence of ancient preserved life. The 

composition of the vast martian chloride deposits remains unknown (Osterloo et al., 

2010) and is unlikely to be potash, but these results indicate that a composition as low 

as 40 % NaCl and 60 % KCl would contain similar microorganisms to one of pure NaCl. 

Later chapters will investigate this whether this is a property only of NaCl/KCl mixtures 

of salt, or whether the same survival of microorganisms is seen when NaCl is combined 

with more Mars relevant salts. 

The biggest observed impact on the entombed microbial communities was caused by 

aqueous alteration. Samples that had undergone more aqueous alteration appeared to 
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possess a less diverse microbial community. As described above, it is believed that this 

lower diversity community is a result of the more altered samples having suffered loss 

of many members of the original ancient community, rather than the less altered 

samples having an influx of additional microorganisms. The reasons for this were not 

identified but this has significance for Mars.  

Mars is now a dry planet, and it is postulated that formation of the large surface 

deposits represent the end of large scale liquid water on the planet’s surface (Osterloo 

and Hynek, 2015). It has previously been postulated that martian evaporites are 

unlikely to have undergone as much aqueous alteration as their terrestrial equivalents 

(Parnell et al., 2007) and the most recent surface evidence of aqueous alteration on 

Mars has a minimum age of 2,000 Ma, though it is likely much older (Frydenvang et al., 

2017). It has been suggested that this lack of recent aqueous alteration might allow 

martian salts to better preserve geochemical biosignatures than their terrestrial 

equivalents (Parnell et al., 2007). The same could be true of community structure. If 

there was evidence of an ancient martian microbial community entombed within these 

deposits, then diversity of the original community could be relatively well preserved, at 

least in comparison to these Zechstein samples. 

3.4.5 - Limitations 

a) Limitations of the tRFLP technique 

Significant differences were observed between the community profile shown by the 

illumina MiSeq analyses and that shown by the tRFLP analyses, despite both being 

carried out on the same DNA extracts. One reason for these differences is that the tRFLP 

profiles only show microorganisms that will form fragments. Of the 2,813 unique 
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sequences detected via MiSeq, 643 did not contain a restriction site to form a fragment. 

This accounted for 37% of the MiSeq reads. These sequences were therefore invisible to 

the tRFLP analyses.  

Another reason why some bacteria detected in the MiSeq profile did not appear in the 

tRFLP profile is that their fragment size was too long. The Fusobacteria, for example, 

comprised 3 % of the community according to MiSeq, but were completely absent in the 

tRFLP profiles. The restriction mapping software showed that many of the Fusobacteria 

sequences should, theoretically, have produced 233 bp long fragments, but no 

fragments were detected longer than 164 bp. One of the limitations of tRFLP is that  

becomes less accurate as fragment size increases (Fredriksson et al., 2014, de Lange and 

Wijtten, 2010, Sjöberg et al., 2013).  

As a result of the above limitations, tRFLP does not show a whole community, but only 

those elements of the community that would form fragments. Changes in the abundance 

of specific taxa in different tRFLP profiles did indeed represent changes in the 

abundance of these taxa in the actual samples (or at least those members of the taxa 

that produce fragments), but a substantial portion of the community was completely 

invisible to this technique. It is uncertain how these unobserved members of the 

community varied between tRFLP profiles. For example, no conclusions can be drawn 

about the distribution and diversity of the Fusobacteria between different samples. 

tRFLP also lacks taxonomic accuracy. Multiple sequences from separate families gave 

rise to the same peak. While in most cases 80 % of the sequences that created a peak 

came from the same family, it is possible that there were patterns in the distribution of 

this remaining 20 % of each peak that was not visualised.  
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b) Archaeal DNA 

While the bacterial tRFLP analyses seem relatively robust, the accuracy of the archaeal 

tRFLP is questionable. The DNA extracts used for this were later discovered to contain 

insufficient archaeal DNA for MiSeq analyses (Section 3.2.5). The archaeal tRFLP 

profiles contained many anomalous peaks, present in only one profile across all the 

samples in triplicate, while the rarefaction curve suggested that a large part of the 

community went unsampled.  

The lack of diversity within the archaeal tRFLP data fits the established literature 

(Casamayor et al., 2002), but could also be an artefact of a restriction digest being 

carried out on a PCR with insufficient DNA. The frequent occurrence of peaks larger 

than a primer dimer would suggest that this is not the case but, in retrospect, a negative 

control should have been run with the samples.  

This situation is less problematic for the bacteria. The fact that there was variation in 

the tRFLP profiles with elemental abundances (such as Ca), and that the tRF profiles 

closely resembled those predicted by the MiSeq analyses, means that these are likely to 

be true results and not an attempt to analyse a negative result.  

c) Calcium sulfate interferes with DNA Extraction 

Raising the yield of DNA from the extracts proved problematic because of the 

unexpectedly high concentration of CaSO4 within the extracts. While it was present in 

the samples, it was at very low concentrations and it was assumed that it would be 

washed out with the other salts. This does not appear to have occurred and CaSO4 was 

concentrated within the filters along with the DNA. Once concentrated, DNA and CaSO4 

proved difficult to separate. CaSO4 has a similar solubility to DNA: CaSO4 has a 
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saturation point in water at room temperature of 11.62 mM (Gangolli and Chemistry, 

1999). Consistent values for the solubility of DNA in water are not available in the 

scientific literature, presumably because it can vary with sequence length (Cleaver and 

Boyer, 1972), many commercial documents from companies that work with DNA 

estimate the solubility in room temperature water to also be around 10 mM (GeneTools 

LLC, 2001, Integrated DNA technologies, 2011, Sigma Aldrich, 2016). This could, 

therefore, help to explain why the DNA and CaSO4 could not be separated by techniques 

that involved removing one substance from a solution, but not the other.  

While in solution, the CaSO4 did not appear to present a problem to the PCR reactions 

and downstream processing. It appeared, however, that this CaSO4 was in a 

hypersaturated solution, at a higher concentration than the normal saturation point of 

CaSO4 (Gangolli and Chemistry, 1999). Most DNA purification techniques require the 

precipitation of the DNA and resuspension in water. At this stage, a high concentration 

of CaSO4 would precipitate and could not be re-dissolved unless at significantly higher 

volumes of water than the volume it was precipitated from. Ironically, this meant that 

the concentration step of most protocols would result in a higher volume and thus 

lower concentration of DNA. This has severely impacted the ability to get a clear picture 

of the archaeal community of Boulby Mine. This should be considered and a solution 

found during the planning stages of any future attempts to extract DNA from Zechstein 

environments. 
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3.4.6 - Further work  

a) Work included in this thesis 

The work presented in Chapter 1 and this Chapter investigated the microbial 

community of the Boulby Mine evaporites and found it was dominated by bacteria, in 

contrast to prior studies (Norton et al., 1993, McGenity et al., 2000). One possibility 

(Section 3.4.1a) is that this is a result of the culture-independent nature of this study 

compared to previous studies that have relied on culturing viable microorganisms.  

Chapter 4 investigates this further by repeating previously used culture-dependent 

experiments, in order to ascertain whether techniques used in the past would have been 

capable of detecting the bacteria within them. A wider range of culture conditions was 

also employed in an attempt to determine whether the large numbers of bacteria 

detected within these samples were still viable and whether they could be grown in the 

laboratory. 

The community composition of samples of Boulby Halite and Boulby Potash appeared to 

be identical, despite the large differences in chloride composition. It was discussed in 

Section 3.4.2 that this might imply that microorganisms can undergo entombment in 

sylvite crystals, either due to a) structural and chemical similarity to halite or b) the 

composition of the fluid inclusions being similar within both crystal types. An alternate 

hypothesis was that the microorganisms detected within the Boulby Potash were 

located exclusively within the heterogeneously distributed halite crystals within this 

bed. Attempts are made to investigate the ability of halophiles to entomb themselves 

within salts of different compositions, including ones similar to the samples from 

Boulby Mine, in Chapter 5.  
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b) Proposed further work 

The archaeal tRFLP detected a variety of different fragments. Most of these, however, 

could not be identified because the archaeal biomass within the samples was too low for 

MiSeq analyses (Section 3.3.2). A variety of alternate DNA extraction methods were 

attempted, but all failed (Section 3.2.5). It should, however, be noted that the initial DNA 

extraction probably did produce archaeal DNA (Section 3.4.5b), although the high 

concentration of CaSO4 prevented this concentration being increased (Section 3.2.5 and 

3.4.5c). Replicating this DNA, instead of concentrating it, might, therefore, be a more 

successful avenue for future research. DNA replication techniques are flawed in that 

sequences are not replicated at the same rate and this results in highly inaccurate 

values for relative abundances (Marine et al., 2014). If compared to the tRFLP data 

obtained in this Chapter, however, then it would be the sequences, and not the relative 

abundance data, that would be used to identify the fragments. Accuracy of the relative 

abundances in a MiSeq analysis on a replicated sample would, therefore, not be strictly 

necessary. Too much inaccuracy, however, could greatly inhibit the ability to line up 

hypothetical tRF profiles against actual ones for identification purposes. 

3.5 - Conclusions 

In this Chapter, the microbial community of Boulby Mine was investigated using 

culture-independent techniques. These techniques appeared to show a higher diversity 

and abundance of bacteria than archaea, in contrast to previous studies of both Boulby 

Mine and evaporite deposits worldwide. It is suggested that this is a result of the 

presence of a large number of deceased bacteria within the samples which has not been 

detected in previous studies because they focused only on culturable microorganisms. 
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This Chapter shows that the microbial community of Boulby Mine does not vary 

between lithologies or Na and K ratios. This implies that the microbial communities 

found within terrestrial NaCl beds can be used as an analogue for the communities 

within chloride beds of other cation compositions.  

There is strong evidence to suggest that aqueous alteration of the samples has had a 

negative impact on the bacterial community entombed within. This effect does not 

appear to impact all the observed taxa equally.  
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Chapter 4: Isolation and characterisation of microorganisms from 

Boulby Mine  

4.1 - Introduction 

The aims of this Chapter are as follows: 

• To isolate novel microorganisms from Boulby Mine  

• To investigate whether the viable microorganisms vary between the 

compositionally-varied Boulby evaporites  

• To investigate the tolerance of the isolates to salts of diverse compositions.  

The results presented in Chapters 2 and 3 provide early evidence to suggest that the 

Boulby Potash and the Boulby Halite might contain the same viable microorganisms; 

petrological analyses had shown their crystallography to be similar (see Section 2.3.1b) 

and no differences were observed in the morphology or distribution of the microbe-

containing fluid inclusions (see Section 2.3.3). Additionally, the EMPA analysis 

suggested that the inclusions within the Boulby Potash contained a brine composition 

more similar to the salt chemistry of the Boulby Halite (NaCl) than the host KCl (see 

Section 2.3.3). The molecular data also showed there was no difference in the entombed 

community between beds or between samples with large differences in Na and K 

concentration (Section 3.4.2). This implies that the composition of the evaporites does 

not affect the diversity or distribution of the entombed microorganisms.  

It was uncertain, however, whether these microorganisms remained viable, or whether 

the viability of the microorganisms would be affected by the different evaporite 

compositions. The viability of these organisms is called into question because the 
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culture-independent techniques used in Chapter 3 suggest that the majority of the DNA 

within the samples was bacterial rather than archaeal. However, previous culture-

dependent studies of the deposits have shown the viable members of the community to 

be almost exclusively archaea (Norton and Grant, 1988, Norton et al., 1993, Grant et al., 

1998a), a trend shared by evaporite deposits worldwide (Schubert et al., 2010, Vreeland 

et al., 2007, Park et al., 2009).  

Although these differences might be explained by the bacteria no longer being viable 

(Section 3.4.1c), they might also be a result of the methodologies previously employed 

(Section 3.1.4b).  The culture-dependent studies of both Boulby Mine (Norton et al., 

1993), and similar halite deposits worldwide (Schubert et al., 2010, Vreeland et al., 

2007, Park et al., 2009), all started from the assumption that the communities consist 

mostly of halophilic archaea, and, as such, used highly saline media (Norton et al., 1993). 

The detection of large numbers of bacterial sequences in Chapter 3 (via MiSeq, Section 

3.3.1), however, calls this assumption into doubt.  

Whilst halophiles are known to exist in bacterial genera (McGenity and Oren, 2012), it is 

also possible that some could survive the saline environment of the samples in the form 

of non-halophilic spores (Section 3.4.1b). If so, they would not have grown in the highly 

saline media employed in previous studies. While it is difficult to prove the hypothesis 

that the bacteria are not viable, culture-dependent detection of bacteria (either 

halophilic bacteria or revived spores) in these samples would disprove it. Determining 

which viable microorganisms can be grown from the Boulby deposits is, therefore, the 

primary topic investigated in this chapter.  

Determining whether the viability of microorganisms varies between the Boulby Potash 

and the Boulby Halite has implications for determining whether life could potentially 
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survive in martian non-halite salt deposits. Additionally, microorganisms from the 

Boulby Potash are of further value to the field of martian astrobiology, as these 

microorganisms must, by definition, have a tolerance to salts that are not dominated by 

NaCl (at least in the solid, non-aqueous form) given the high concentrations of KCl 

within this lithology. Hypothesised (aqueous) brines on the martian surface, both in the 

present day and on early Mars, present a variety of different chemistries, but are often 

not dominated by NaCl (Tosca et al., 2011). In order to investigate the viability of the 

isolates obtained in this Chapter for use as analogues for potential martian life, their 

ability to withstand a variety of salts (Na2SO4, KCl, K2SO4, MgSO4, MgCl2 and CaSO4) was 

also investigated. These salts were chosen either because previous studies have shown 

they will allow the growth of obligate halophiles (as summarised in Section 1.4.2),  they 

have been detected within the Boulby Mine environment where the microorganisms 

were found (Section 2.3), or they are of relevance to the martian surface (Clark and Van 

Hart, 1981, Ojha et al., 2015, Davila et al., 2013b, Kerr, 2013). 

This Chapter therefore seeks to: a) determine whether microorganisms other than 

those detected by Norton (1993) can be grown from the samples investigated in the 

Chapter 3 and whether these differ between the lithologies and b) determine the range 

of salt compositions that can be tolerated by these viable microorganisms. This will, in 

turn, shed light on the ability of non-halite evaporites to support life, which has 

implications for the non-NaCl-based salts found on Mars. 
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4.2 - Materials and Methods 

4.2.1 - Inoculation 

a) Samples  

Microbial enrichment cultures were prepared by dissolving samples from Boulby Mine 

in growth media and incubating them for three months. These samples included those 

which had previously been investigated in Chapter 3 (from Sites A, B, D & E: the Boulby 

Potash, the Boulby Halite and from the top and bottom of the interface between them), 

as well as the samples collected on the earlier expedition (from Site X and the samples 

of anhydrite and polyhalite from deeper in the mine, Section 2.2.1c).  

b)  Inoculation protocol 

The focus of this work was the microorganisms entombed within Boulby’s salts, and not 

those on the samples’ surfaces. Therefore, sterilisation was carried out as described in 

Section 2.2.1f. Once sterilised, 2 g of homogenised sample was incubated in 50 ml 

conical flasks containing 25 ml of media as described below (this dissolved the rock to 

release the cells). Inoculation was performed in a laminar flow hood to minimise further 

risk of contamination. Once inoculated, flasks were sealed with both cotton wool and 

aluminium foil, in order to allow influx of air and moisture but prevent influx of 

microorganisms (Amadi et al., 2016, Ukpaka, 2016, Norris and Darbre, 1956, Jagessar et 

al., 2008).The incubation conditions were designed to replicate, where possible, the 

environmental conditions from the mine (Section 2.2.1b): in the dark, and at 38 ℃.  
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Halophilic growth medium 

A variety of growth media were used to optimise the number of microorganisms 

isolated. Modified Payne’s Medium (MPM) had previously been used to culture 

microorganisms from Boulby Mine (Norton et al., 1993) and was therefore used in this 

study. The medium contained (l-1): 10 g of Difco yeast extract; 7.5 g of casein 

hydrolysate; 2 g of KCl; 3 g of trisodium citrate; 200 g of NaCl; 20 g of MgSO4; 0.0009 g of 

FeSO4.7H2O and 0.00009 g of MnCl2.4H2O.  

MPM was prepared by making two solutions (A and B), which were mixed together after 

autoclaving. Part A contained 200 g NaCl and 20 g MgSO4, (final volume 800 ml). Part B 

contained the 10 g of Difco yeast extract; 7.5 g of casein hydrolysate; 2 g of KCl; 3 g of 

trisodium citrate; 0.0009 g of FeSO4.7H2O and 0.00009 g of MnCl2.4H2O (final volume 

200 ml). The pH of Part A and B were adjusted to between 7 and 7.5 using either 1 M 

NaOH or 1 M HCl solution. After autoclaving, the solutions were combined aseptically in 

the laminar flow hood. 

In addition, a 10 % strength variant of MPM was prepared, by adding 100 ml of MPM to 

900 ml of a 200 g l-1 NaCl solution (pH was adjusted to 7-7.5 prior to autoclaving). 

Samples were also inoculated in the 200 g l-1 NaCl solution without additional nutrient 

media (meaning the only nutrients available for cells would have to come from the 

dissolved evaporite sample). 

MPM was also prepared as an agar, for use in the isolation experiments (Section 4.2.2). 

This was achieved by creating both 100 % MPM and 10 % MPM with all the ingredients 

at double their normal concentrations. These were then mixed with an equal volume of 
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40 g l-1 bacteriological agar which had been autoclaved separately, in order to create 

MPM (of both nutrient strengths) with a final agar concentration of 20 g l-1. 

Non-halophilic media 

In order to investigate the possibility of non-halophilic bacterial spores present in the 

salts, a non-saline media was used. This was glucose-yeast-peptose media. This is 

referred to in this text as GYP, but is also known elsewhere by the name ATCC medium 

1049 (Schipper et al., 1996). 

GYP contained (l-1): 5 g of Difco yeast extract; 5g of glucose; 5 g of peptose; 5g of sodium 

acetate; 5 g of pyruvic acid. The pH was adjusted to 7.0 using 1 M HCl and 1 M NaOH and 

then autoclaved. 50 ml of medium was dispensed into sterilised 50 ml conical flasks in 

the laminar flow hood. As with the saline media MPM, a 10 % strength GYP was 

prepared.  

The GYP medium was prepared without salts, however, the addition of 2 g of sample 

increased the salinity of the medium to 80 g l-1 (with NaCl to KCl ratio varying between 

samples). This is more than twice the 35 g l-1 NaCl found in sea water (Takagi and 

Yoshida, 2006), and thus would select for the growth of moderately halophilic 

microorganisms (Grant et al., 1998b). 

In order to also select for the growth of non-halophilic microorganisms, a dilution step 

was included.  For this, the samples were dissolved in GYP medium and after 1 hr, 1 ml 

was transferred (in the laminar flow hood) to a clean flask containing 24 ml of fresh GYP 

medium. The final salt concentration of the medium was 3.2 g l-1. As with the saline 

media, all flasks of GYP medium were incubated at 38 ℃ in the dark. 
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c)   Visualising the cells 

Cell enumeration 

Sybr ® Green I microscopy 

Cell enumeration was carried out using a modified version of the Sybr ® Green I 

protocol. For non-saline samples, the manufacturers of this dye recommend an 

incubation step (Noble and Fuhrman, 1998). In this project, however, it was found that 

the dye’s fluorescence in high salinity media faded in seconds once exposed to the 

microscope’s UV beam. The length of time the fluorescence persisted could be extended 

to ten seconds if the dye-sample mix was immediately visualised, with little to no 

incubation time. 

Sybr ® Green I DNA dye (10 µl) was added to 10 µl of culture on a microscope slide. The 

solutions were gently mixed with a sterilised pipette tip and a coverslip was placed on 

top. The slide was then observed with an epifluorescent Leica DMRP microscope at 

100× magnification with an excitation wavelength of 450 - 490 nm and a long band cut-

off filter of >515 nm. To optimise visibility, this was carried out in a dark room. It was 

observed that fluorescence persisted several seconds longer in 100 % MPM than 10 % 

MPM, while no fluorescence was observed in 200 g l-1 NaCl known to contain cells. This 

implied that one of the components of MPM had a stabilising effect upon the 

fluorescence. Even in the 100 % MPM, however, this fluorescence was still considerably 

shorter-lived compared to cultures grown in non-halophilic media (typical salinity < 25 

g l-1), where the fluorescence would persist for minutes at a time.   

For cell enumeration, a serial dilution was carried out to 10,000× dilution within 100 % 

MPM. 10 µl of sample was pipetted onto a microscope slide and examined, as described 
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above.  Cell counts were carried out where possible, i.e., when cell numbers were less 

than 20 per field of view, since rapid fading of fluorescence made counting more cells 

unreliable. Ten fields of view were selected to collect data from representative areas of 

the slide and the mean cells per field of view was calculated. 

This mean was multiplied by the dilution factor of the sample and a conversion factor.  

The conversion factor (1,541,401.274) had been previously calculated for this 

technique using this laboratory’s specific microscope, by Dr Stephen Summers (pers 

comm).  

Absorbance 

In order to monitor microbial growth in numerous cultures simultaneously, an 

ELx808™ Absorbance Microplate Reader was used. 200 µl aliquots of culture was 

transferred into a sterile 96 well plate and the absorbance at 590 nm was measured. 

Cell density and absorbance of light have a strong, positive, linear correlation. This 

means that changes in absorbance values over time could be used as a proxy for cell 

growth, without physically counting hundreds of cultures at a time (Jensen et al., 2015, 

Govantes, 2018, Kutschera and Lamb, 2018). 

Cellular morphology - crystal violet staining 

To investigate cellular morphology, cells were fixed and dyed with crystal violet.  

Approximately 1×109 cells were centrifuged at 4,000 × g at room temperature for 4 min 

and resuspended in 0.9 ml of 200 g l-1 NaCl. This was then mixed with 0.1 ml of 25 % 

glutaraldehyde and incubated at room temperature for 1 hr. Following incubation, the 

mixture was chilled for 23 hr, at 4 °C in order to fix the cells. Following fixation, cells 

were centrifuged (as above) and washed twice in 1 ml of sterile ddH2O in order to 
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remove excess salt. 100 µl of fixed sample was transferred to a sterile microscope slide 

and dried at room temperature overnight. 

To stain the cells, the microscope slides were flooded with 0.25 % crystal violet solution 

for 1 min. The excess stain was removed from the slides and left to dry in a laminar flow 

hood for a period of 1 hr. A drop of dibutyl phthalate xylene (DPX) was added to the 

dried samples in order to: a) immobilise the cells and b) seal in place a cover slip which 

was gently placed on top leaving no air bubbles. After the DPX had dried, samples were 

observed using a Leica DM RP microscope under visible light using 100× magnification. 

4.2.2 - Isolation  

Isolation from the microbial enrichments was carried out once growth was confirmed 

using the Sybr ® Green I method, as described in Section 4.2.1c. Three techniques were 

used to obtain pure isolates from these samples: a) spread and streak plating on agar; b) 

serial dilutions in liquid media, and c) floating filters. Each of these methods are 

described below. 

a) Isolation on agar 

Spread plates 

To obtain single colonies, a 10× dilution series was prepared (from 109 cells ml-1 to 

1×103 cells ml-1) from each mixed culture in their relevant media. Both 200 µl and 1 ml 

volumes of each dilution were spread across agar plates of 100 % and 10 % MPM agar 

(described in Section 4.2.1b), using a sterilised L shaped spreader. This produced plates 

containing a wide range of cell numbers (2x102 - 1x109). 
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The plates were incubated in the dark at 38 ℃ to mimic the conditions of the liquid 

cultures the cells had previously been grown in. The plates were stored in the incubator 

within sterile plastic bags alongside plates that contained Kimtech wipes dampened 

with ddH2O instead of inoculated agar. At this temperature, the damp wipes raised the 

humidity within the bags and slowed the drying out of the highly saline plates (Leuko, 

2016).  

Approximately 150 plates of each strength of MPM were inoculated; however, cells 

were only observed on two of the 100 % MPM agar plates and a single 10 % MPM agar 

plate. Therefore, 10 g l-1 sodium pyruvate was added to the agar, and fresh plates 

prepared. Sodium pyruvate has previously been used to improve the growth of 

halophilic archaea on agar (Oren, 2016a), but here it still did not improve the yield.  As a 

result, the following compositions of agar plates were also used, which have previously 

been used to successfully isolate halophiles:  

• Modified Halorubrum chaoviator agar (Mancinelli et al., 2009) contained (l-1): 

200 g of NaCl; 2 g of KCl; 0.2g of CaCl2.2H2O; 20 g of MgCl2.6H2O; 5g of Difco yeast 

extract; 5 g of Casamino acids; 20 g of agar. The final pH was adjusted to 7.4 

using NaOH and HCl. 

• Modified CASO Agar (Leuko, 2016): CASO agar was purchased from Sigma 

Aldrich and diluted as per the manufacturer’s instructions. Prior to autoclaving, 

the following was added (l-1): 200 g of NaCl; 2g of KCl; 20 g of MgSO4; 2 g of 

bentonite. 

• Artificial Sea Water (ASW) agar  (Wolf and Oliver, 1992) contained (l-1): 95 g of 

NaCl; 34.6 g of MgCl.6H2O; 49.5 g of MgSO4.7H20; 1.25 g of CaCl.2H2O; 5 g of KCl; 
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0.25 g of NaHCO3; 0.62 g of NaBr; 1 g of Difco yeast extract; 20 g of agar.  The pH 

was neutral and was not adjusted. 

After inoculation, the plates were incubated in humid bags as described above. Once 

colonies were visible, they were streaked onto fresh plates for isolation, as described 

below. 

Streak plates 

To obtain pure isolates the streak plate method (Sanders, 2012) was used. This method 

involves using a quadrant streak technique to facilitate sequential dilution of the 

original inoculum (Figure 4.1).  

 

Figure 4.1 -Streak plate isolation technique 

A sterile inoculation loop was used to pick cells from a mixed community, and streak 

them onto a fresh plate, as shown in Figure 4.1. The plates were then incubated in 

humid bags at 38 ℃, as described above. Individual colonies were selected for 
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molecular analysis, which will be described in Section 4.2.3, and reinoculated (using a 

sterile plastic loop) into fresh liquid media (as described in Section 4.2.1b). 

b) Dilution series using liquid medium 

Halophiles have previously been isolated from mixed cultures by means of a dilution 

series (Sorokin, 2015). This involved a geometric progression of the inoculum in a 

logarithmic fashion in liquid medium, with the aim being to produce a pure culture.  

 

Figure 4.2 - Dilution Series Methodology 

For this, 1 ml of inoculum was added to 9 ml of growth media in a 15 ml Falcon tube and 

mixed via inversion for 1 min to establish a homogenous culture (Figure 4.2). This 

process was further repeated until a 10-10 dilution was prepared. All dilutions were then 

incubated as described in Section 4.2.1b, with the lids slightly unscrewed to allow 

exchange of air with the atmosphere. After two months, the most diluted culture that 

could be determined to have undergone growth (as determined via fluorescent 

microscopy, Section 4.2.1c) was used to inoculate two further dilution series, such that 

each mixed culture underwent three consecutive dilution series in order obtain isolates 

in pure cultures. 
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The dilution series was also carried out in MPM with a salinity of either: 150 g l-1 NaCl, 

100 g l-1 NaCl, 50 g l-1 NaCl or no NaCl. The aim was to apply selection pressure (higher 

osmotic stress), in order to select for isolates that could tolerate a wide range of 

salinities. 

The overall goal of the dilution series was to obtain pure cultures. Visual inspection of 

the cultures could not determine whether this had occurred since all cells in the mixed 

cultures looked identical under Sybr ® Green I microscopy. As a result, all cultures that 

had undergone the dilution series were sequenced (as described in Section 4.2.3), 

without prior knowledge of their purity.  

c)  Floating Filters 

The third isolation technique employed was the “floating filter” technique, initially 

developed for the isolation of “fastidious” acidophilic bacteria (de Bruyn et al., 1990). 

This is the first time this method has been used to isolate halophiles. For this method, 1 

ml of mixed culture was filtered through a sterile 25 ml Whatman® Nucleopore™ 

Track-Etched Membrane filter, within a laminar flow hood, using a vacuum pump. All 

components of the pump apparatus that could potentially come into contact with cells 

were sterilised with 70 % ethanol before and after filtration. The pore size of the filter 

was 0.22 µm, which prevented the cells passing through the filter. As a result, they 

instead formed a layer on the surface of the filter. 

The filters were then transferred to a 6 well plate, which contained 10 ml of media. The 

hydrophobic nature of the filters meant they floated on top of the media, but the cells 

growing on the surface could still access the nutrients below. Lids were placed on the 6 

well plates and they were sealed with parafilm to allow exchange of air with their 
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surroundings. The plates were then incubated in the dark at 38 ℃. Colonies grew on the 

surface of the filter in a similar manner to on an agar plate.  

After a period of approximately two weeks, colonies were visible on the filters. Once this 

had occurred, the media was gradually pipetted from the wells. This was carried out 

within the laminar flow hood (to ensure the filters were kept sterile). The colonies were 

then transferred, using a sterile plastic loop, to 10 ml of media. Colonies with different 

morphologies were selected for sequencing. 

4.2.3 - Identification and characterisation of isolates 

DNA was extracted from each of the isolates as described below (Section 4.2.3a). 

Regions of the 16s rRNA gene were sequenced (Section 4.2.3b) and used for 

identification. 

a) DNA Extraction 

The high internal salinity of halophiles means that they tend to burst when submerged 

in pure water (Grant et al., 1998b). This allowed a relatively simple DNA extraction 

method to be employed. Aliquots (0.5 ml) of cultures were centrifuged at 4 ℃ for 4 min 

at 6,000 × g and the salt-rich media removed. The pellet was re-suspended in 0.75 ml 

sterilised nucleic acid-free ddH2O in order to burst the cells. To ensure that this had 

occurred, a freeze-thaw step was employed, in which the samples were frozen at -80 ℃ 

and then heated rapidly to 40 ℃ in a heat-block; this was repeated three times. 

The DNA was purified using phenol:chloroform:isoamyl alcohol (25:24:1, v/v) 

(Sambrook and Russell, 2006). In brief, 0.75 ml of phenol:chloroform:isoamyl alcohol 

(25:24:1, v/v) was added to the 0.75 ml DNA extract and mixed by inverting the tube 



214 
 

until the contents were visually homogenous. This was then centrifuged at 6,000 × g for 

4 min, at 4 ℃.  The top aqueous layer, containing DNA, was transferred into a sterile 

DNase-free Eppendorf tube. The DNA was precipitated by adding an equal volume of 

cold isopropanol (4 ℃) and incubated at room temperature for 6 hr. The solution was 

then centrifuged at 6,000 × g for 4 min, at 4 ℃, and the pellet was washed in cold 70 % 

ethanol (4 ℃). The DNA was resuspended in 200 µl of nucleic acid free water. The final 

concentration and purity of the DNA was ascertained via a Thermo Scientific nanodrop 

1000. DNA extracts were stored at -20 ℃. 

b) PCR  

In order to identify the isolates, PCR was used to amplify a region of the 16s rRNA gene 

for sequencing. This was carried out as outlined below. 

PCR reaction mixtures 

All PCR amplifications were performed in reaction mixtures with a final volume of 50 µl. 

These contained: 10 µM each of both forward and reverse primers, 5 µl of PCR Buffer, 

0.04 mM dNTP mix, 2.5 U of Taq polymerase and 100 ng of DNA. The final volume was 

made up to 50 µl using sterile, nucleic-acid free ddH2O. Success of the PCR was 

ascertained by running 10 µl of PCR product on a 2 % agarose gels using the DNA 

binding dye, SybrSafe, to visualise the PCR product. 
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Primers 

The PCR primers that were used are shown in Table 4.1.  

Table 4.1 - Primers used for sequencing 

Primer 
Name 

Primer 
Direction 

Position Primer Sequence Reference 

Com1 Forward 519 CAGCAGCCGCGGTAATAC (Schwieger and Tebbe, 1998) 
Com2 Reverse 907 CCGTCAATTCCTTTGAGTTT (Schwieger and Tebbe, 1998) 
A27f Forward 27 TCCGGTTGATCCTGCCGGAG (McGenity et al., 1998) 
A571f Forward 571 GCCTAAAGCGTCCGTAGC (Liao et al., 2009) 
A1525r Reverse 1525 AAGGAGGTGATCCAGCC (McGenity et al., 1998) 
Hb109f Forward 109 AGCTCAGTAACACGTGGYC Designed in this study 
Hb1354r Reverse 1354 GTGTGTGCAAGGAGCAGGG Designed in this study 

 

Com1-Com2 

The universal primers Com1 and Com2 were initially used to determine which of the 56 

sequences were unique (Schwieger and Tebbe 1998). The PCR reaction for the Com1 

and Com2 primers was as follows: initial denaturation at 94 °C for 3 min, followed by 25 

cycles of denaturing for 1 min at 94 °C, annealing for 1 min at 45 °C, elongation for 90 

sec at 72 °C, followed by a final elongation for 4 min at 72 °C (Schwieger and Tebbe 

1998).  

The Com1 and Com2 primers allowed sequencing of the V4 and V5 regions of the 16S 

rRNA gene. The primer binding sites are located in highly conserved regions across both 

bacteria and archaea (Dohrmann and Tebbe, 2006). Thus, they could be used as primers 

for PCR reactions when the domain of each isolate was uncertain. While the primer 

binding sites are stable, the V4 and V5 regions between these primers are highly 

variable, and thus would allow preliminary identification.  
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Both the NCBI BLAST program (Johnson et al., 2008) and the Naïve Bayesian rRNA 

Classifier v1.0 analysis tool within the Ribosomal Database Project II (Wang et al., 2007) 

identified all the of the isolates as being halophilic archaea.   

Use of existing primers 

Initial identification of the isolates had been carried out by sequencing the Com1-Com2 

region, but more detailed identification required sequencing of a larger region of the 

gene. Since the isolates had all been identified as haloarchaea, existing haloarchaea 

specific primers could be used for this larger region, instead of unreliable “universal” 

primers (Wang et al., 2007, Yu et al., 2008).  

The haloarchaeal primers A27f, A571f and A1525r (Table 4.1, McGenity et al., 1998, 

Liao et al., 2009) did not work as expected.  For example, when A571f was used as the 

forward primer, a PCR product approximately 800 bp shorter than expected was 

observed, while the primer pair A571f-A1525r produced no visible PCR product.   

Therefore, initial identification could only be based on the 300 bp product of the Com1 

and Com2 primers. These short sequences were compared with the NCBI database, 

through the NCBI BLAST algorithm (Johnson et al., 2008). This revealed 18 complete 

16S rRNA sequences (>1,300 bp) each of which had in excess of 96 % similarity to at 

least two of the isolates. These sequences were imported into BioEdit, and aligned 

against the short sequences from the isolates using the ClustalW plugin (Thompson et 

al., 2002).  
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Investigating the failure of existing primers 

The archaeal primers A27f, A571f and A1525r, which had resulted in unsuccessful PCR, 

were aligned with the complete 16S genes obtained from the NCBI database. This 

alignment showed that, while the forward primers A27f and A571f were located within 

the 16S genes of organisms closely related to the isolates (Figure 4.3), the primer 

binding site for A1525r (the antisense of the sequence) was located near position 480 

(Figure 4.3) instead of near position 1,525.  This explains the unsuccessful PCRs when 

using the A1525r primer. 
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Figure 4.3 - Alignment of the haloarchaeal primers used previously against the top BLAST results for the isolates. A1525r is a reverse primer, so the antisense is aligned instead of the 
sense. Alignment is shown as a screenshot of the software BioEdit (Hall, 1999) using the ClustalW plugin (Thompson et al., 2002). Sequence position (at the top of the image) represents the 
position on the longest sequence being aligned and not the actual position on the 16s gene. Position on the sequence is approximately 10bp less than the position on the gene because the 
library sequences do not include the ends of the 16S rRNA gene.
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Primer design 

Based on the ClustalW alignment with haloarchaeal16S rRNA sequences similar to those 

of the isolates, two conserved regions were identified and new PCR primers designed. 

The forward primer, Hb109f (Figure 4.4), was designed for a region of 19 conserved 

bases just after the V1 region. Base 18 was variable - it could be a thymine or cytosine - 

so a degenerate primer was used. This meant that the primers contained one of the two 

possible bases at this position in equal concentration.  

 

Figure 4.4 Highly conserved regions in 18 sequences and primers based on those sequences. Hb1354r is a reverse primer, 
so the primer used was the antisense of the conserved region. Alignment is shown as a screenshot of the software BioEdit 
(Hall, 1999) using the ClustalW plugin (Thompson et al., 2002). 

For the reverse primer, a group of conserved bases just after the V8 region was selected. 

This new primer (Hb1354r) was designed based upon 19 highly conserved bases. As 

this was a reverse primer, the primer sequence was the antisense of the sequence 
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within the gene (Figure 4.4). These new primers sequences are listed in Table 4.1 and 

were expected to produce a theoretical PCR product 1,245bp long, containing the 

hypervariable regions V2-V8. 

Once the primers were designed, the online program OligoCalc (Kibbe, 2007) was used 

to check that the annealing temperatures of the primers were within 5 °C of each other 

and that there were no hairpin loops where the sequences would self-complementary. 

OligoCalc (Kibbe, 2007) was also used to estimate the PCR conditions for the PCR 

reaction. While this estimated protocol was successful, the PCR products tended to 

smear when run on a gel. Therefore, the conditions were modified using trial and error. 

It was found that lowering the annealing temperature from the predicted temperature 

of 57 ℃ to 55 ℃ produced clear bands of the correct size (Figure 4.5). The final PCR 

program was, therefore: an initial denaturisation at 94 ℃ for 5 min, followed by 30 

cycles of denaturing at 94 ℃ for 40 sec, annealing for 30 sec at 55 ℃ and extension at 72 

℃ for 1 min, followed by a final extension of 10 min at 72 ℃.  

 

Figure 4.5 Image of successful PCR of the Hb109f and Hb1525r primers designed in this study. Left and right lanes show 
DNA ladder. Lanes 2-7 (from left to right) show PCR products of roughly 1,200 bp. Lanes 8 and 9 show no PCR product in 
the negative control 
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 PCR clean up 

The PCR products were purified using a QIAquick PCR Purification Kit according to the 

manufacturer’s instructions. Following PCR purification, the concentration of PCR 

product was ascertained via a Thermo Scientific nanodrop 1000. 

c) Sequence analysis 

The purified PCR products were shipped to Macrogen, Seoul, where they were 

sequenced using a 3730xl DNA Analyser.  Sequencing was carried out in both a forward 

and reverse direction. 

Sequence and quality data was returned from Macrogen in the .ab1 file format. These 

files were analysed using the software BioEdit v7.2.6 (Hall, 1999). Regions of high 

quality DNA were identified in each of the DNA electropherograms by the clarity of 

individual peaks. Using BioEdit (Hall, 1999), a contig (overlapping DNA fragments that 

in combination represent a consensus region of DNA) was prepared based upon the 

sequences for the Com1-Com2 and Hb109f-Hb1354r reactions in both forward and 

reverse directions. Where there was a mismatch in the overlapping sequence data, the 

quality of the sequencing was investigated by comparing the raw electropherograms 

and determining which sequence had the clearest and higher quality peaks  

The contigs were assigned taxa by means of the Naïve Bayesian rRNA Classifier v1.0 

analysis tool within the Ribosomal Database Project II (Wang et al., 2007). The NCBI 

Blast program (Johnson et al., 2008) was also used to identify the most closely related 

species to each isolate. 
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Phylogenetic trees were generated using the software MEGA7 (Kumar et al., 2016). The 

trees were constructed using type strains of all known species within a genera that an 

isolate had been assigned to. The trees also included the type strains of species within 

closely related genera as identified via previously drawn phylogenetic trees of the 

halophilic archaea (Gupta et al., 2015). Type strains of species were identified by means 

of the online database “List of prokaryotic names with standing in nomenclature” 

(Parte, 2013). MEGA7 constructed trees using the maximum likelihood method based 

on the Tamura-Nei model (Tamura and Nei, 1993) and a bootstrap value of 100. 

4.2.4 - Carbon utilisation of the isolates 

The utilisation of different carbon sources was ascertained by two techniques, as 

described below. 

a) Biolog plates 

The first method was the use of Technopath Biolog Ecoplates. These 96 well plates 

contain 31 different organic carbon sources, selected for their applicability to soil 

microbial community analysis (Insam, 1997). The carbon sources were dried with 

essential nutrients, in triplicate, along with negative controls (containing no carbon 

source, Gryta et al., 2014), as shown in Table 4.2. 
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Table 4.2 -Layout of the carbon sources within the Biolog Ecoplates. Table is copied from the manufacturer’s instruction booklet (Murphy, 2008)  
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A tetrazolium dye was included in each well and, as the organic carbon was 

metabolised, the dye was reduced causing a colour change (Gryta et al., 2014). The low 

carbon content of the rock samples (Section 2.3.2) prevented characterisation of any 

organic species in the environmental samples, so it is uncertain whether the carbon 

sources on the plates were representative of those available to the microbes in Boulby 

Mine. They did, however, represent a wide range of potential carbon sources, important 

since the ability to metabolise them is highly variable between species of 

microorganisms (Insam, 1997). This was, therefore, a relatively simple way to carry out 

preliminary analyses of the carbon sources that these isolates can utilise.  

Cells were washed in 200 g l-1 NaCl solution to remove traces of their previous media, 

and then transferred to the Biolog Ecoplates, such that each well contained 200 µl of 

media and 1×108 cells. Plates were sealed with parafilm and incubated at 38 °C in the 

dark for a period of one month. An abiotic control plate was prepared in parallel, this 

was in order to ascertain whether the 200 g l-1 NaCl was capable of inducing colour 

change in the wells without microbial activity. 

Typically, Biolog Ecoplate experiments are analysed using a plate reader (Insam et al., 

2001, Westergaard et al., 2001, Feigl et al., 2017). This was not feasible in this Chapter, 

because of the highly saline solutions required for growth of the isolates. The high 

salinity caused the small volumes within the wells to evaporate rapidly and unevenly 

across the plate, precipitating solid NaCl crystals at the base of the wells; these 

interfered with absorbance readings. As the plate reader could therefore not be used, 

after one month the plates were assessed via a visual inspection, and the wells where 

the colour change had occurred were noted.  
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In order to prevent the plates drying out, they were examined by eye every three days. 

If the volume of liquid within a well dropped below 100 µl, it was topped up with a 

mildly saline dissolution buffer (100 g l-1 NaCl, 10 g l-1 MgSO4.7H2O) developed by 

Gramain et al. (2011) and used in Section 2.2.5e.  

b) Further carbon characterisation 

Biolog carbon plates have not been used with halophilic microorganisms before, so it 

was uncertain how successful this technique would be. As a result, additional 

experiments were carried out in parallel using a minimal growth media that had  

previously been developed for halophiles (Kauri et al., 1990, Dyall-Smith, 2009), 

designed specifically so that the carbon source can be easily changed.  

This media contained (l-1): 200 g of NaCl; 50 g of MgCl2.6H2O; 5 g of K2SO4; 0.26g 

CaCl2.2H2O.  The pH of the medium was adjusted to 7.5 prior to autoclaving. After 

sterilisation, 5 ml of filter sterilised 1M NH4Cl, 2ml of phosphate buffer (Dyall-Smith, 

2009) and 1 ml of trace elements solution (Dyall-Smith, 2009) were added to the 

medium in a sterile laminar flow-hood. The medium (9.75 ml) was dispensed into 

sterile 15 ml falcon tubes.  

Carbon sources were added to the medium to give a final concentration of 5 g l-1. Stock 

solutions (200 g l-1) were prepared containing the following: Difco Yeast Extract (to act 

as a positive control), malic acid, ammonium acetate, citric acid, ascorbic acid, ethanol, 

ferric citrate, D-glucose, glycerol, lactic acid, sodium acetate, tri-sodium citrate, glutamic 

acid and water with no carbon (to act as a negative control). Where 200 g l-1 solutions 

could not be made because of saturation limits (as was the case for ammonium acetate, 
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ascorbic acid, ferric citrate and glutamic acid), saturated solutions were prepared. For 

sterilisation, these solutions were filtered through a 0.22 µm filter. 

For inoculation, cells were washed in 200 g l-1 NaCl, in order to remove any carbon left 

over from the growth media, and resuspended in the media to a final density of 1×108 

cells ml-1.  Cultures were incubated at the dark at 38 ℃ for a period of 1 month and 

aerated by hand-shaking twice a week. Each experiment was carried out in triplicate. 

After a month, growth was determined using Sybr ® Green I DNA, as previously 

described (Section 4.2.1.c).  

4.2.5 - Salt tolerance of the isolates 

The isolation method used in this Chapter selected for a wide range of halotolerances, 

from 200 - 3.2 g l-1. Therefore, the halotolerance for each of the isolates was determined, 

as was the ability of the isolates to tolerate salts other than NaCl.  

a) Halotolerance 

Halotolerance was determined by investigating growth in 10 % MPM with NaCl 

concentrations of 3.42 M (the unaltered concentration in both 100 % and 10 % MPM), 

2.56 M, 1.71 M, 0.87 M and 0 M.  Preliminary experiments carried out only on 

Haloarcula Sp. JPW1 and H.noricense FEM1 & FEM2 (data presented in Appendix 9a) 

indicated that when these isolates were transferred to media of this salt concentration 

and growth occurred, the stationary phase would be reached within a month.  

Sudden osmotic shock upon addition to a new media can have significant impact on 

growth curves (Cheroutre-Vialette et al., 1998). In order to minimise this effect from 

these experiments, before the growth curve experiments were conducted, the cells were 
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washed and transferred to a “acclimatisation culture” culture of each of the salt 

concentrations (at a density of 1×108 cells ml-1) and allowed to adjust to these NaCl 

concentrations for a period of one month. 

These acclimatisation cultures were used as an inoculum for the cultures where the 

growth curve was monitored.  To ensure consistency between experiments the same 

number of cells (1×108 cells ml-1) was added to each medium. Growth was monitored 

for a period of one month, using the plate reader method described above (Section 

4.2.1c). To ensure consistency in aeration, which is known to impact microbial growth 

(Rei, 1959, Winslow et al., 1932) the cultures were continually shaken at 190 rpm 

during incubation.  

Specific growth rates were calculated using the Growthcurver package for the statistics 

software R (Sprouffske and Wagner, 2016). Each experiment was carried out in 

quadruplet. Where growth was not detected, the experiment was repeated to a total of 

eight times.  

b) Tolerance to non-halite salts 

The tolerance of the isolates to a variety of non-halite salts (in the presence and absence 

of NaCl) was also determined. The rational for the salts tested was as follows: 

• KCl (Brown and Gibbons, 1955) and MgCl2 (Mullakhanbhai and Larsen, 1975) - 

for comparison with historical data on the survival of halophiles  

• KCl and CaSO4 - for comparison with the salts detected in Boulby Mine (Chapter 

2) 

• Na2SO4, KCl, K2SO4, MgCl2 and MgSO4 - to investigate any differences between 

chlorides and sulfates   
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• MgCl2, MgSO4 and CaSO4 - with relevance to the martian surface (Ojha et al., 

2015, Massé et al., 2014, Clark and Van Hart, 1981).  

Media preparation  

“Stock media” of 10 % MPM containing one of the above salts were prepared, 

substituting NaCl for the desired salt. The KCl stock medium was created at an 

equimolar (3.42 M) concentration to the normal NaCl-based MPM. The concentration of 

the MgCl2 stock medium was 1.71 M in order to give an equimolar Cl concentration to 

the normal NaCl-based MPM; whilst the Na2SO4 stock medium was made at 1.71 M in 

order to keep an equimolar Na concentration. The MgSO4 stock medium was also made 

at a concentration of 1.71 M in order to keep Mg and SO4 concentrations consistent with 

the MgCl2 and Na2SO4 media. K2SO4 and CaSO4 based media could not be prepared at 

1.71 M as these salts are highly insoluble (NCBI Resource Coordinators, 2018). These 

stock media were, therefore, prepared as saturated solutions. The concentrations of the 

stock media are shown in Table 4.3. 

Table 4.3 - Final concentrations of salts replacing NaCl in the 10 % MPM Stock Media.  

Salt Concentration (M) 

NaCl 3.42 M 

KCl 3.42 M 

MgCl2 1.71 M 

Na2SO4 1.71 M 

MgSO4 1.71 M 

K2SO4 Saturated = 0.69 M (NCBI Resource Coordinators, 2018) 

CaSO4 Saturated = 0.0139 M (NCBI Resource Coordinators, 2018) 

 

Growth experiments  

Although the stock media containing high concentrations of non-NaCl salt (Table 4.3) 

were tested for their ability to support growth, historic data indicated that growth was 
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unlikely to occur. This is because prior research (Brown and Gibbons, 1955, 

Mullakhanbhai and Larsen, 1975) indicates that, while the presence of other salts can 

lower the NaCl-dependency of obligate halophiles, it cannot completely remove it.  The 

stock media were mixed, in a laminar floor hood, with “normal” 10 % MPM (containing 

NaCl) in the ratios 3:1, 2:2 and 1:3 to create media across a range of salt concentrations, 

as listed in Table 4.4.  The media were then inoculated with 1×108 cells ml-1, and growth 

was monitored, as described in Section 4.2.4a. Again, the specific growth rate was 

calculated using the Growthcurver package (Section 4.2.5a). 

c) Water activity 

In order to determine the water activity of the different media, a Novasina LabMaster 

AW was used at 38 ℃. The instrument chamber was loaded with 5 ml of medium. 10 % 

of the media (in an order selected by a random number generator) were prepared and 

measured in triplicate. In all cases the measurement variation was within the accuracy 

of the instrument (± 0.003) as stated by the manufacturer (Vandeputte et al., 2017). The 

remaining 90 % of the readings were only made once, but are, therefore, assumed to be 

accurate to within ± 0.003.  
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Table 4.4 - NaCl and ion concentrations when 10 % MPM was mixed with “stock media” of varying compositions.  

Ratio of 10 % MPM 
containing NaCl to 
stock media with  

another salt 

NaCl 
Concentration 

(M) 

Cation 
concentration: 
Na+, K+, Mg2+ or 

Ca2+ (M) 

Anion 
Concentration: 
Cl- or SO42- (M) 

Total Ion 
Concentration 

(M) 

4:0 3.42 3.42 3.42 6.84 

3:1 No Salt 2.57 2.57 2.57 5.13 

3:1 Na2SO4 2.57 3.42 2.99 6.41 

3:1 MgSO4 2.57 2.99 2.99 5.99 

3:1 MgCl2 2.57 2.99 3.42 6.41 

3:1 KCl 2.57 3.42 3.42 6.84 

3:1 K2SO4 2.57 2.91 2.74 5.65 

3:1 CaSO4 2.57 2.57 2.57 5.14 

2:2 No Salt 1.71 1.71 1.71 3.42 

2:2 Na2SO4 1.71 3.42 2.57 5.99 

2:2 MgSO4 1.71 2.57 2.57 5.13 

2:2 MgCl2 1.71 2.57 3.42 5.99 

2:2 KCl 1.71 3.42 3.42 6.84 

2:2 K2SO4 1.71 2.40 2.06 4.46 

2:2 CaSO4 1.71 1.72 1.72 3.43 

1:3 No Salt 0.86 0.86 0.86 1.71 

1:3 Na2SO4 0.86 3.42 2.13 5.56 

1:3 MgSO4 0.86 2.14 2.14 4.28 

1:3 MgCl2 0.86 2.14 3.42 5.56 

1:3 KCl 0.86 3.42 3.42 6.84 

1:3 K2SO4 0.86 1.89 1.37 3.26 

1:3 CaSO4 0.86 0.87 0.87 1.73 

0:4 No Salt 0.00 0.00 0.00 0.00 

0:4 Na2SO4 0.00 3.42 3.42 5.13 

0:4 MgSO4 0.00 1.71 1.71 3.42 

0:4 MgCl2 0.00 1.71 3.42 5.13 

0:4 KCl 0.00 3.42 3.42 6.84 

0:4 K2SO4 0.00 1.38 0.69 2.07 

0:4 CaSO4 0.00 0.01 0.01 0.03 
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4.3 - Results 

4.3.1 - Enrichments 

In total, 48 samples of surface-sterilised salts were used to prepare microbial 

enrichments.  These included: Boulby Halite; Boulby Potash; the top and bottom of the 

interface between them from Sites A, B, D, E & X; the sylvite from Site X; and the 

polyhalite and anhydrite of unknown provenance from deeper in the mine (see Section 

2.2.1). After three months, microbial growth was investigated using Sybr ® Green I 

(Section 4.2.1c). In flasks where growth had occurred, the cell density was between 

1×109 and 2×1010 cells ml-1. In flasks where no growth was observed, the enrichments 

were re-examined after another six months, but no further growth was seen. It is 

assumed, based on the work in Section 3.3.2b, that these were mixed cultures, 

consisting of a variety of different strains of microorganisms.  

Until isolation could be attempted from these mixed cultures (Section 4.3.2), no 

conclusions could be drawn about the distribution of specific viable microorganisms 

between lithologies.  However, it has previously been proposed that when multiple 

samples of a lithology are inoculated in separate enrichment cultures, the number of 

cultures where growth is observed is indicative of the number of viable cells within this 

lithology (McGenity et al., 2000). This assumption has been employed in this Thesis, in 

order to investigate potential variation in the number of viable cells between the 

different lithologies in Boulby Mine.  

In order to compare the different number of samples which demonstrated positive 

growth between the different lithologies with different overall number of samples, a 

“success rate” for the generation of growing cultures was calculated. The success rate 
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was the number of cultures where growth was observed after a period of three months, 

expressed as a percentage of the total number of sample-media mixtures created for 

that lithology or media composition. For ease of interpretation, calculations of success 

rates for media (in Section 4.3.1a) are based only on lithologies that had been shown to 

be capable of producing growth (in Section 4.3.1b). Conversely, calculations of success 

rates of lithologies (in Section 4.3.1b) are based only on media compositions where 

growth could be shown to occur (in Section 4.3.1a). 

a) Comparison between growth media 

Growth was only detected in the 10 % MPM (success rate of 41.6 %), 100 % MPM and 

the 200 g l-1 NaCl media (both had a success rate of 6.25 %). Growth was not detected in 

the non-saline GYP medium (Section 4.2.1a). Although growth was observed in the 200 

g l-1 NaCl (containing no additional nutrients), the cultures were incapable of further 

growth when subbed into fresh 200 g l-1 NaCl medium. In order to maintain these 

cultures long-term, the cultures were therefore re-inoculated into 10 % MPM. 

b) Comparison between lithologies 

Of the 48 samples used to inoculate the media, 12 were Boulby Halite, 13 were from the 

bottom of the Boulby Potash-Boulby Halite interface (see Section 2.2.2d), 12 were from 

the top of this interface and 11 were from the Boulby Potash.  

The 12 samples of Boulby Halite were dissolved in flasks of each of the five media 

compositions (Section 4.2.1) to a total of 60 flasks. Microbial growth was only observed 

in the 100 % MPM (one culture) and the 10 % MPM (three cultures). No growth was 

detected with the Boulby Halite samples in any of the other growth media. 
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The 13 samples from the bottom of the Boulby Potash-Boulby Halite interface were also 

dissolved in flasks of each of the five media (75 flasks). Here, microbial growth was 

detected in all three of the saline media: 100 % MPM (one culture), 10 % MPM (eight 

cultures) and 200 g l-1 NaCl (three cultures). 

The 12 samples from the top of the interface region were also subjected to the same 

approach (to a total of 60 flasks), but growth was detected only in the 100 % MPM (one 

culture) and the 10 % MPM (two cultures); no growth was detected in 200 g l-1 NaCl.   

For the 11 Boulby Potash samples (55 flasks), growth was only detected in the 10 % 

MPM (eight cultures).  

No growth was detected in the sylvite, polyhalite or anhydrite enrichments. This could 

be a result of low biomass within the samples, an inability to maintain viable cells, a lack 

of cells that could grow within the inoculation media or a result of the relatively small 

number of samples investigated compared to the other sample types (four of sylvite, 

three of anhydrite and two of polyhalite).   

Although it could not be demonstrated statistically, the most growth was observed 

when Boulby Potash was used as the inoculum (24.2 % success rate), followed by the 

Boulby Halite (11.1 % success rate). As shown in Section 2.2.2d, the Boulby Potash had 

a significantly higher K and lower Na concentration than the Boulby Halite. This could 

suggest that the higher K concentration of the Boulby Potash might influence the 

chances of viable microorganisms being extracted from the samples. No statistically 

significant inter-or intra-lithological difference was found, however, between the K or 

Na concentrations of the samples that produced growth (Student’s t-Tests, p > 0.05). 

Chapter 2 had shown significant inter-lithological differences in the Ca, Fe and Mn 
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concentrations between the samples (Section 2.2.2d), but Student’s t-Tests showed no 

significant difference in the concentration of any of the measured ions between samples 

that did and did not produce growth (p > 0.05 for both inter- and intra-lithological 

tests).  

4.3.2 - Isolation 

a) Isolate sequences 

Microorganisms were isolated using the methods outlined in Section 4.2.2. Using these 

methods, DNA was extracted from 56 potential pure cultures for sequencing (Section 

4.2.3). Of these 56 potential isolates, 12 were not pure, which was evidenced by an 

absence of clear peaks in the sequencing electropherograms. These impure cultures had 

all resulted from the dilution series procedure (Section 4.2.2.b). This indicates that, 

despite the low diversity of the mixed cultures (as evidenced by the MiSeq data in the 

previous chapter, Section 3.3.2b, and the small number of sequences observed across 56 

potential isolates), it was difficult to obtain pure cultures using the dilution method.  

The remaining 44 isolates were represented by six unique sequences (Table 4.5). Four 

of these sequences were assigned to the genus Haloarcula with a 100 % confidence, 

using the RDP database, and were named JPW1-4. Two of the isolates were identified as 

members of the genus Halobacterium with 100 % confidence and were named FEM1-2. 

This, therefore, would imply that all six sequences were members of the order 

Halobacteriales in the class Halobacteria and the domain Archaea. All sequence data for 

these isolates can be found in FASTA format in Appendix 6.   
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Table 4.5 -The 48 isolates that produced good quality sequence data contained one of 6 sequences between the Com1-
Com2 regions or were an impure sequence. Based on analysis later in this chapter, the four sequences are named FEM1-2 
and JPW1-4.  

Isolation method Sample type Sequence 
100% MPM agar Boulby Halite FEM1 
Dilution series in 100 g/l NaCl Boulby Potash FEM1 
Floating filter Bottom of well-defined interface region FEM1 
Floating filter Bottom of well-defined interface region FEM1 
Floating filter Bottom of well-defined interface region FEM1 
Floating filter Boulby Halite FEM1 
Floating filter Boulby Halite FEM1 
Floating filter Boulby Potash FEM1 
Dilution series in 100 g/l NaCl media Boulby Potash FEM2 
Dilution series in 100 g/l NaCl media Boulby Potash FEM2 
Dilution series in media of normal salinity Boulby Potash FEM2 
Dilution series in media of normal salinity Halite FEM2 
Dilution series in media of normal salinity Boulby Potash FEM2 
Floating filter Boulby Potash FEM2 
100% MPM agar Top of the well-defined interface region JPW1 
100% MPM agar Top of the well-defined interface region JPW1 
100% MPM agar Top of the well-defined interface region JPW1 
100% MPM agar Top of the well-defined interface region JPW1 
Floating filter Bottom of well-defined interface region JPW2 
Floating filter Bottom of well-defined interface region JPW2 
Floating filter Bottom of well-defined interface region JPW2 
Floating filter Bottom of well-defined interface region JPW2 
Floating filter Bottom of well-defined interface region JPW2 
10% MPM agar Boulby Potash JPW3 
10% MPM agar Boulby Potash JPW3 
10% MPM agar Boulby Potash JPW3 
10% MPM agar Boulby Potash JPW3 
Floating filter Boulby Potash JPW3 
Floating filter Boulby Halite JPW3 
Floating filter Boulby Potash JPW3 
Floating filter Boulby Potash JPW3 
Floating filter Top of the well-defined interface region JPW3 
Floating filter Top of the well-defined interface region JPW3 
Floating filter Top of the well-defined interface region JPW3 
Floating filter Boulby Potash JPW3 
Floating filter Boulby Potash JPW3 
Floating filter Boulby Halite JPW3 
Floating filter Boulby Halite JPW3 
Floating filter Top of the well-defined interface region JPW3 
Halorubrum chaoviator agar Boulby Potash JPW3 
ASW agar Boulby Potash JPW3 
Modified CASO agar Boulby Halite JPW3 
Modified CASO agar Boulby Potash JPW4 
Modified CASO agar Boulby Potash JPW4 

Strains FEM1, FEM2 & JPW3 were isolated from both the Boulby Halite and the Boulby 

Potash (Table 4.5), indicating that the presence of Haloarcula and Halobacterium 

appeared to be unaffected by geochemical composition. The JPW4 strain was isolated 
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only twice, in both occasions from the Boulby Potash.  Despite the relatively large 

number of times JPW1 and JPW2 were isolated (four and five times respectively), each 

isolate was only isolated from a single mixed culture, which means they may have been 

unique to the specific samples that inoculated these cultures. 

b) Taxonomy of the isolates  

The Halobacterium isolates 

As discussed above (Section 4.3.2a), the isolates FEM1 and FEM2 were identified via the 

RDP classifier as members of the genus Halobacterium. Comparison with the NCBI 

database using the BLAST algorithm (Johnson et al., 2008) showed that the two isolates 

were closely related to Halobacterium sequences (from both isolates and uncultured 

sequences detected in environmental samples) found in Chinese salt mines (Table 4.6), 

so their presence here is not unexpected.  

Table 4.6 - Taxonomical identification of the Halobacterium isolates identified with the sequence length and identity of 
the most closely related cultured and uncultured organisms within the NCBI database 

Strain 
Sequence 

length (BP) 
Similarity to cultured 

organisms 
Similarity to uncultured 

organisms 

FEM1 1105 
99% similarity to Halobacterium 
salifodinae strain: JCM 18548 
isolated from a Chinese salt mine 

99% similarity to Halobacterium 
genes identified in Chinese salt 
mines 

FEM2 1054 
99% similarity to Halobacterium 
salifodinae strain: JCM 18548 
isolated from a Chinese salt mine 

99% similarity to Halobacterium 
genes identified in Chinese salt 
mines 

The high rate of horizontal gene transfer across the class Halobacterium (not just within 

the genus of the same name) means that there is relatively little genetic diversity 

between organisms regarded as different species (Fullmer et al., 2014). It was, 

therefore, the case that when the sequences from the genus Halobacterium (FEM1 and 

FEM2) were compared to previously cultured microorganisms (which exist in culture 

collections and have had more stringent identification carried out than just 16s rRNA 
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sequencing) using the BLAST algorithm, the results showed a 99 % similarity to 

multiple different species e.g., H.noricense, hubeinse and salifodinae (Figure 4.6).  

 

Figure 4.6 - Screenshot of the BLAST output of isolate FEM1 against the NCBI database. The figure shows the top hits for 
FEM1 including members of H.salifodinae, H.hubeinse and H.noricense, an expanded image would show other species of 
Halobacterium which also had 99% similarity. A similar result was observed with FEM2 

A phylogenetic tree was constructed for the Halobacterium isolates using the program 

MEGA7 (Section 4.2.3.b). The tree contained the type strains of all members of the 

Halobacterium genus and the closely related genus Halarcheum (Figure 4.7).  Both FEM1 

and FEM2 were seen to be more closely related to the species Halobacterium noricense 

than any of the other species type strains.  As a result, the isolates were assigned to the 

species Halobacterium noricense. The two strains of H.noricense obtained in this project 

had very similar 16S rRNA genes (>99 % accuracy), with only five differences observed 

along the 1,000 bp long contig (Figure 4.8). 
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Figure 4.7 - Phylogenetic tree showing relationships between two of the isolates (marked with a red box) and the genera Halobacterium, Halarchaeum and Halanaeroachaeum. The percentage of trees in 
which the associated taxa clustered together is shown next to the branches. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. 

 

 

Figure 4.8 - When the Halobacterium sequences were aligned, only five differences were observed across the entire 1,000 bp long contigs, Alignment shown as a screenshot of the software BioEdit (Hall, 
1999) using the ClustalW plugin (Thompson et al., 2002). 
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The Haloarcula isolates 

As discussed in Section 4.3.2a, the isolates JPW1-4 were identified via the RDP classifier 

as members of the genus Haloarcula. Comparison with the NCBI database using the 

BLAST algorithm showed that three of the isolates had 99 % similarity to previously 

identified or cultured Haloarcula species. However, JPW1’s similarity was only 97 % 

(Table 4.7).  

Table 4.7 - Taxonomical identification of the Haloarcula isolates identified with the sequence length and identity of the 
most closely related cultured and uncultured organisms within the NCBI database 

Strain 
Sequence 

Length (bp) Similarity to cultured organisms Similarity to uncultured organisms 

JPW1 1114 
97% similarity to Haloarcula salaria 
isolate CA_13B5 grown in salterns 

97% similarity to various uncultured 
halophiles from salt-lakes 

JPW2 1015 
99% similarity to Haloarcula salaria 
isolate CA_13B5 grown in salterns 

99% similarity to various uncultured 
halophiles from salt-lakes 

JPW3 1135 
99% similarity to Haloarcula salaria 
isolate CA_13B5 grown in salterns 

99% similarity to various uncultured 
halophiles from salt-lakes 

JPW4 961 
99% similarity to Haloarcula salaria 
isolate CA_13B5 grown in salterns 

99% similarity to various uncultured 
halophiles from salt-lakes 

As with the Halobacterium isolates, the Haloarcula isolates showed the same degree of 

similarity to multiple species within the same genera. In this case, the species were: 

H.salaria, H.amylolitica, H.vallismortis, and H.hispanica. As with the Halobacterium, a 

phylogenetic tree was constructed containing the type strains of all members of the 

Haloarcula as well as the closely related genera Halomicrobium and Halomicroarcula 

(Figure 4.9). The Halobacterium isolates had clustered with one species in particular, 

which allowed identification, but the JPW isolates clustered far more closely with each 

other than any previously identified species. This could imply that these isolates 

represent a species not previously identified; however, as discussed in Section 4.4.6b, 

proving this is beyond the scope of this PhD.  
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Figure 4.9 - Phylogenetic tree showing relationships between four of the isolates (marked with a red box) and the genera 
Halomicrobium, Halomicroarcula and Haloarcula. The percentage of trees in which the associated taxa clustered 
together is shown next to the branches. The tree is drawn to scale, with branch lengths measured in the number of 
substitutions per site. 

 

c) - Characterisation of the isolates 

Cellular appearance and morphology in liquid media 

When initially inoculated into fresh media, the cells were a creamy white colour. During 

mid log phase, however, the cells became a deep pink colour, assumed to be the result of 

the pigment bacterioruberin (Naziri et al., 2014). Possible reasons for this change in the 

expression of pigmentation are discussed in Section 4.4.3d.  
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The cells were examined using both light and UV microscopy. The salinity of the media 

prevented cells from retaining their fluorescence using the Sybr ® Green I dye long 

enough for photos to be taken (see Section 4.2.1c), therefore light photomicroscopy was 

carried out using a different dye: crystal violet. No variation was observed between 

strains from the same genera. The strains of Haloarcula appeared to take up more of the 

crystal violet stain than the Halobacterium noricense strains and thus appeared a darker 

colour. All six isolates appeared as evenly distributed, unicellular coccoids with a 

diameter of ~0.5 µM.  

 

Figure 4.10 - Representative images of a strain of the Halobacterium isolates and a strain of the Haloarcula isolates. 
Images show fixed cells stained with crystal violet grown in 10 % MPM. Large dark coloured rod-shaped objects are 
crystal violet crystals that have been improperly dissolved 

Growth on agar 

The six isolates were grown on different agars, all containing 200 g l-1 NaCl, with the 

exception of ASW, which contained 95 g l-1 (see Section 4.2.2a). They typically formed 

thick biofilms rather than distinct colonies (Figure 4.11). It was anticipated that 

reducing the number of cells added to the plates would cause cells to grow at a lower 

density and thus form individual colonies, but instead this decreased the likelihood of 

growth occurring; when it did occur, it was still in the form of a biofilm.   
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Regardless of which agar the isolates had been initially isolated upon (Section 4.3.2a), 

once purified they all were capable of growth on 100 % MPM agar and the H.chaoviator 

medium agar. In addition, JPW2, JPW4 and JPW3 could grow on 10 % MPM agar, CASO 

agar and ASW agar, respectively (Table 4.8).  

 

Figure 4.11 - The pink biofilm phenotype was the most common result of growth on agar. Image shows Haloarcula Sp. 
strain JPW3 on H.chaoviator agar 

Table 4.8 - Ability of the isolates to grow on each of the agar compositions used in this project. A tick represents an 
isolate-agar combination where growth is possible, while a cross represents a combination where it is not.  

Species Strain 
100 % 
MPM 

10 % 
MPM 

CASO 
agar 

H.chaoviator 
agar 

ASW Phenotype 

Halobacterium 
noricense 

FEM1 ✓   ✓  
Pink biofilm 

FEM2 ✓   ✓  
Pale pink 
biofilm 

Haloarcula sp. 

JPW1 ✓   ✓  
Pink biofilm 

JPW2 ✓ ✓  ✓  
Pink biofilm 

JPW3 ✓   ✓ ✓ 

Pink biofilm 
on 100% 
MPM and 
ASW, orange 
on CASO agar 

JPW4 ✓  ✓ ✓  
Colourless 
biofilm 
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In liquid culture, all of the isolates displayed the same pink pigmentation, but on agar, 

slight differences in the intensity of this pigmentation were observed. JPW4, in 

particular, did not express any pigments when grown on agar. As a general rule, an 

isolate would display the same pigmentation regardless of which agar it was grown on, 

with the exception of JPW3, which produced an orange pigment on CASO agar. As this 

was the only isolate that would grow on this agar, it is undetermined whether this is 

attributable to the agar or of the isolate.  

4.3.3 - Carbon utilisation  

a) Biolog Plates 

96 well Biolog plate were used to investigate the carbon utilisation capability of each of 

the isolates. Due to the uneven evaporation and precipitation of crystals between wells 

within a plate, changes in absorbance could not be quantified. Therefore, each well was 

manually monitored for changes in colour of the tetrazolium dye, which would be 

indicative of metabolic activity (Gryta et al., 2014).  

This experiment did not work as planned. While no colour change was observed in any 

of the wells of the abiotic negative control plate, the colour changes within the biotic 

plates were inconsistent. Often the dye changed colour in only one or two of the 

replicates. The biotic plates also precipitated salts at a much higher rate than the 

abiotic, which is consistent with the speculation of Adamski et al. (2006) that cells can 

act as seeds for crystal formation. The biotic plates, therefore, needed more frequent 

redissolution using Gramain’s buffer. 

It is speculated that the inconsistency in colour change was a result of repeated 

crystallisation, dissolution and recrystallisation within the wells. This is evidenced by 
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the fact that there were repeated occurrences of colour change in the negative control 

wells (without carbon), indicating that the colour change could be induced in the biotic 

wells by an effect other than metabolism. As a result, it is highly uncertain if any 

conclusions can be drawn from this data.  

A table of results from the Biolog experiment can be found in Appendix 5.  

b) Growth in minimal media 

Owing to the inconsistency of results with the Biolog plates, a more simplistic method 

was employed to investigate carbon utilisation. For this, each isolate was grown in 

minimal medium containing 5 g l-1 of a carbon source (listed in Table 4.9). After a month 

of incubation, microbial growth was observed in these cultures using the Sybr ® Green I 

technique outlined in Section 4.2.1c. For each carbon source, either no cells were 

observed (indicating cell death) or a cell density of between 1-2×1010 cells ml-1 was 

measured, which was a 100-fold increase from initial inoculation. Since it was uncertain 

whether these observations of high cell density occurred during the log, death or 

stationary phase, it was not possible to calculate specific growth rates. As a result, this 

data is expressed only in a binary form. The increase in cell number indicates that the 

isolates were capable of utilising a carbon source, while the absence of cells indicates 

either that the carbon source is harmful to cells or that it could not be utilised. 

No variation was observed between the isolates. Each of the isolates were able to utilise 

yeast, ferric citrate, glucose, glycerol, sodium acetate, tri-sodium citrate and glutamic 

acid, as a carbon source. No cells were observed in media containing malic acid, 

ammonium acetate, citric acid, ascorbic acid, ethanol, lactic acid or no carbon source, 

though whether this is a result of starvation brought on by an inability to metabolise 
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this carbon, or a result of a lethal property of a carbon source is uncertain (Table 4.9).  

For example, ethanol can be both a carbon source and a sterilising agent (Dai et al., 

2016).  

Table 4.9 - Growth of three replicates of each isolate in minimal medium containing various carbon sources 

 
Haloarcula Sp. 

Halobacterium 
noricense 

JPW1 JPW2 JPW3 JPW4 FEM1 FEM2 
Positive control (Difco Yeast 
Extract) 

      

Malic acid       

Ammonium acetate       

Citric acid       

Ascorbic acid       

Ethanol       

Ferric citrate       
D-Glucose       
Glycerol       
Lactic acid       

Sodium acetate       
Tri-sodium citrate       
Glutamic Acid       
Negative control (no carbon 
source) 

      

 

4.3.4 - Salt tolerance of the isolates 

 a) Control experiments 

Microbial growth over time was monitored for each isolate in 10 % MPM (3.42 M NaCl) 

using a plate reader, as described in Section 4.2.1c. Growth was then plotted, as shown 

in Figure 4.12, and the specific growth rate determined. The R package Growthcurver 

was used to calculate the mean specific growth of each of the isolates in 10 % MPM. This 

data is presented Table 4.10. 
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Figure 4.12 - Growth curve of all 6 isolates grown in 10 % MPM with no modifications to the salt concentration. Black 
crosses represent data points (n = 4), while the lines show the mean of the data points. Data is not background 
subtracted, so as to allow the logarithmic scale to show data at time zero when the cells did not raise absorbance above 
background levels 

For all isolates other than JPW1, the log phase occurred before day 5 (Figure 4.12), but 

for JPW1 the log phase extended to at least day 10 (and day 12 in one of the replicates).  
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Table 4.10 - Mean specific growth rate and maximum growth of the 6 isolates in 10 % MPM (n = 4) 

 Mean specific growth rate 

Haloarcula Sp. 

JPW1 0.774 

JPW2 0.971 

JPW3 0.870 

JPW4 1.680 

Halobacterium 
noricense 

FEM1 1.091 

FEM2 0.830 

 

b) NaCl tolerance 

In order to investigate salt tolerance, growth was monitored over a range of NaCl 

concentrations. In order to obtain cells that had been acclimatised to these salt 

concentrations (Saros and Fritz, 2000, Aguilera and Amils, 2005) for use in the growth 

curve experiments, cells were initially inoculated in these media and left to grow for a 

month in “acclimatisation cultures” (see Section 4.2.5a).  

After a month, cells were observed to be present for all isolates at 3.42 M and 2.56 M 

NaCl. Furthermore, for all isolates, with the exception of Haloarcula Sp. JPW1, cells were 

observed at 1.71 M NaCl. No cells were observed for any of the isolates at 0.86 M or 0.00 

M NaCl. This indicates that all the isolates were obligate halophiles, as they could not 

grow at low concentrations of NaCl. Haloarcula Sp. JPW1, however, is more of an 

obligate halophile than the other five isolates, as the range of NaCl concentrations it 

could tolerate was smaller.  

After this initial acclimatisation step, new cultures were established and the specific 

growth rates determined using Growthcurver (Table 4.11).  For those combinations of 

isolates and salt concentrations where the acclimatisation cultures did not support cells, 

the specific growth rates were taken to be 0.  
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Table 4.11 - Specific growth rates of the isolates across a range of salinities (n = 4). Shaded cells indicate experiments 
where cells were observed in the acclimatisation cultures, but no growth occurred when these cells were inoculated into 
fresh media 

Species Strain 3.42 M 2.56 M 1.71 M 0.86 M 0.00 M 

Haloarcula Sp. 

JPW1 0.774 0.000 0.000 0.000 0.000 

JPW2 0.971 0.530 0.000 0.000 0.000 

JPW3 0.870 0.461 0.000 0.000 0.000 

JPW4 1.680 0.138 0.000 0.000 0.000 

Halobacterium 
noricense 

FEM1 1.091 7.455 0.954 0.000 0.000 

FEM2 0.830 0.200 0.000 0.000 0.000 

Although the acclimatisation cultures showed that five of the six isolates (all except 

H.noricense JPW1) could survive (i.e., after one month, cells capable of taking up Sybr ® 

Green I dye were still observed) in NaCl concentrations of between 3.42 M to 1.71 M, 

when these cells were transferred to fresh media they were incapable of further growth 

(i.e., there was no change in absorbance and after one week no cells could be seen via 

Sybr ® Green I microscopy) at 1.71 M. The only exception to this was Halobacterium 

noricense FEM1, which had a higher specific growth rate at 2.56 M NaCl than under 

normal conditions (Table 4.11). Haloarcula Sp. JPW1 from the acclimatisation cultures 

also failed to grow in fresh media at a NaCl concentration as high as 2.56 M.  

The harmful effects of NaCl concentrations much lower than the 3.42 M optimum (for 

example, 0.86 M or 0.00 M) appeared to cause relatively rapid cell death, as no cells 

were observed a month after inoculation in the acclimatisation cultures. The harmful 

effects of NaCl concentrations that were only slightly lower than 3.42 M (for example 

2.56 M for JPW1, 1.71 M for the remaining isolates) were much slower acting, with cells 

being able to survive the 30 days of the acclimatisation culture, before cell death 

occurred within a week in the new cultures.  

For the most part, the growth rates decreased with increasing salinity (Table 4.11 and 

Figure 4.13a). Halobacterium noricense FEM1, however, had its highest growth rates in 
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2.56 M NaCl. It was also the only isolate that could grow at 1.71 M NaCl. This implies 

that this isolate, while still an obligate halophile, has a lower optimum salinity than the 

other isolates. 

c) Effects of other salts 

The above growth curve experiments were repeated, but this time, when the medium 

had less than 3.42 M NaCl, the salt was replaced with either Na2SO4, KCl, K2SO4, MgCl2, 

MgSO4 or CaSO4 as described in Section 4.2.5b. The specific growth rates, calculated by 

Growthcurver, for each of the isolates in these salt media can be found in Appendix 6 

and on Figure 4.13.  

In accordance with historic data (Mullakhanbhai and Larsen, 1975, Brown and Gibbons, 

1955, Oren, 1983), no growth was observed when NaCl was entirely replaced by 

another salt.  The results also confirm the prior observation (ibid.) that the NaCl 

requirement of halophiles can, to some extent, be lowered by the presence of other 

salts. No growth was detected for many of the isolates at NaCl concentrations of 1.71 M 

in the absence of other salts, when subbed from the acclimatisation, but the addition of 

1.71 M KCl, 0.01 M CaSO4 or 0.86 M MgSO4, MgCl2 or Na2SO4, to media would allow cells 

of all isolates to grow at 1.71 M NaCl (Figure 4.13). Unlike the other salts, however, 

K2SO4, would not allow growth to occur at 1.71 M NaCl (Figure 4.13f). 
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The figure extends onto the next page. 
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Figure 4.13 - Specific growth rates of the isolates (calculated by Growthcurver) in media containing different salt 
compositions. The secondary (top) x axis in each graph always represents NaCl concentration (M). The primary (bottom) 
X axis represents the corresponding concentration of another salt added to replace the NaCl. Each dataset is based on at 
least three successful growth curves with the error bars representing standard deviation, as calculated by Growthcurver. 
Where growth did not occur, this was tested eight times and the growth rate was defined as 0. The raw data used to 
generate these graphs can be found in Appendix 6 

The 3.42 M NaCl of unaltered 10 % MPM (Norton et al., 1993) was suitable for the 

growth of all six isolates. In these experiments, however, it was found that reducing the 
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NaCl and replacing it with another salt could sometimes result in a higher specific 

growth rate. Instances in which this occurred included: 

• At 2.56 M NaCl and 0.86 M KCl for isolate Haloarcula Sp. JPW4 (Figure 4.13e) 

• At equimolar NaCl and KCl concentrations of 1.71 M for Haloarcula Sp. JPW3 and 

H.noricense FEM 1 (Figure 4.13e) 

• At 2.56 M NaCl and 0.0035 M CaSO4 for all four Haloarcula isolates (Figure 4.13g) 

• At 1.71 M NaCl and 0.007 M CaSO4 for isolates Haloarcula Sp. JPW 1 and 2 (Figure 

4.13g) 

• At 1.71 M NaCl and 0.172 M K2SO4 for both H.noricense isolates and Haloarcula 

Sp. JPW2 (Figure 4.13f) 

The optimum combinations of salts for growth was, therefore, highly variable, even 

between isolates of the same species. 

Water activity 

All of the isolates were obligate halophiles (Sections 4.3.4b). Historically the strong 

osmotic pressure induced by low water activities has been viewed as the reason for the 

lack of growth of obligate halophiles in high NaCl concentrations (Grant et al., 1998b, 

DasSarma and DasSarma, 2006). In order to investigate the effect of water activity, the 

water activity of the different media was determined as described in Section 4.2.5c. The 

individual data points can be found in Appendix 6.  
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Figure 4.14 - Water activity of 10 % MPM (3.42 M NaCl) diluted in 10 % MPM containing other salts and the growth of 
the isolates at these salt combinations.  

The isolates are assumed to be obligate halophiles since growth was not possible in low 

NaCl concentrations (Section 4.3.4b). It was assumed that these isolates would also be 

xerophilies, capable of tolerating low water activities (<0.800, Stevenson et al., 2015a, 

Tapia et al., 2008) induced by NaCl. This is considered to be the ‘normal’ environment 

that halophiles are adapted for (Grant, 2004). The water activities where growth was 

observed, however, fell within the range 0.855 - 0.932 (Figure 4.14), which is above the 

point (0.800) at which only extremely halophilic and xerophilic organisms can survive 

(Stevenson et al., 2015b, Tapia et al., 2008). On the basis of this data, therefore it cannot 

be determined whether these isolates are both halophilic and xerophilic.    

No significant difference in water activity (paired Student’s t-test, p < 0.05) was 

observed between 10 % MPM media diluted in MPM without salt and containing 0.0139 

M CaSO4 (Figure 4.14).  However, the 2:2 dilution in media without salt could only 

support the growth of H.noricense FEM1, whereas dilution in CaSO4 would support 
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Haloarcula Sp. JPW1, 2 & 4 and H.noricense FEM2. This implies that the raised water 

activity (Figure 4.14) caused by dilution in media without salt was not responsible for 

the failure of many of the isolates to grow in 1.71 M NaCl (Section 4.3.4b). This is in 

contrast to conclusions drawn by previous studies of obligate halophiles (Grant, 2004, 

Grant et al., 1998b, DasSarma and DasSarma, 2006) and might, therefore, suggest that 

this past work has been misinterpreted.  

No growth was observed in any mixture of salts where the water activity exceeded 

0.932, and it assumed, in accordance, with prior literature (Grant, 2004, Grant et al., 

1998b, DasSarma and DasSarma, 2006) that this is because of the high water activity of 

the media.  

No growth was observed for any of the isolates when the media contained <1.71 M NaCl 

mixed with KCl or MgCl2. In these cases, the water activity remained within the range 

0.855 - 0.873 (Figure 4.14). As all the isolates had been shown to be capable of surviving 

water activities as low as 0.855 (the unaltered MPM) and as high as 0.932 (in 1.71 M 

NaCl mixed with 0.866 M MgSO4, Figure 4.14) it can be assumed that the activity of this 

media cannot be responsible for the lack of growth. Other explanations for the lack of 

growth are considered in Section 4.4.4b.  

Pigmentation 

As outlined in Section 4.3.2c, when the isolates were grown in liquid media the cells 

were initially cream colour, then transitioned to pink in the middle of log phase. Cells 

grown in the presence of MgCl2 and MgSO4, however remained cream even in the early 

stages of growth (see Section 4.3.2b).  
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4.4 - Discussion 

4.4.1 - Viable cells 

a) Lithologies with viable cells  

Viable microorganisms were grown from all of the lithologies that had been shown to 

contain in excess of 40 % NaCl (Boulby Potash, the Boulby Halite and the interface 

between them, Sections 2.3.1c & e). This is in line with the results of Norton (1993), 

although it is uncertain whether that study had sampled the interface region used in 

this study. Further, these results are comparable with the culture-dependent work 

found in Chapter 3.  Section 3.4.1a discussed the similarities in the mixed culture 

obtained with those of Norton (ibid); the isolates obtained within this Chapter 

(Halobacterium and Haloarcula, Section 4.3.2) do not contradict those results. However, 

Norton did not investigate variations in viability, whereas this Chapter showed a higher 

success rate for producing cultures when inoculating with Boulby Potash than with 

Boulby Halite (24 % compared to 11 %, across all three saline media, Section 4.3.1b).  

This implies that, while the composition of the microbial community does not differ 

between the deposits (Section 3.4.2), the Boulby Potash might contain a greater number 

of cells capable of inoculating saline media than the Boulby Halite. Chapter 2 showed 

differences in composition even within a lithology, with some indication of 

heterogeneity introduced by aqueous alteration. Chapter 3 showed that this alteration 

could be linked to changes in the microbial community (Ca was linked to community 

diversity, Section 3.3.1c & d). In this Chapter, however, no statistically significant effect 

was observed between the abundance of these alteration-linked elements and the 

ability to produce growth when inoculated in saline media (Section 4.3.1b).  
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Statistics cannot be carried out to compare the number of viable mixed cultures 

produced from each lithology, because the samples do not represent true replicates. It is 

therefore possible that the observed difference in the number of mixed cultures 

obtained from the Boulby Potash and the Boulby Halite was a result of natural variation 

in the ability of different samples to produce viable cultures rather than any inherent 

difference between the samples. Section 3.3.2 showed intra-lithological similarities in 

the archaeal sequences present, but these results might suggest that there is intra-

lithological variation in the viability of the organisms that these sequences represent. 

Natural variation in the ability of samples from within the same lithology to produce 

growth could also explain the different numbers of viable cultures produced by samples 

from the top and from the bottom of the interface region (28 % compared to 8 %, 

Section 4.3.1b), despite there being no statistically significant difference in the 

composition of these samples (Section 2.3.1e). If there is, however, a true difference 

between the number of viable cells within the Boulby Potash and the Boulby Halite, 

then the mechanism behind why the Boulby Potash might preserve more viable cells is 

uncertain. Investigating this is part of the study presented in Chapter 5.  

Previous studies have reported the number of viable cells within the “rock salt” of 

Boulby Mine as 2 cells/kg (McGenity et al. 2000, calculations based on data from 

Norton, 1993). The calculation used to determine this remains uncertain, but it is 

assumed to involve dividing the number of cultures produced by the total mass of 

samples investigated, under the assumption that each culture was inoculated by a single 

cell.   

Applying the same calculation to the results of this Chapter shows that, within the NaCl-

containing salts of Boulby Mine (Section 4.3.1a) there was a mean of 285 viable cells/kg.  
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If there is, indeed, a significant difference in the number of viable cells between beds, 

then this number is likely to be much higher in the Boulby Potash. The difference, of two 

orders of magnitude, in the density of viable cells, might indicate that the samples 

investigated in this Thesis differed in an, as yet unidentified, way from those used in the 

prior study (Norton et al., 1993). However, it could also indicate that the ability to 

establish viable cultures is highly variable between samples. It is difficult to determine 

which possibility is the case without further, statistically-rigorous experiments being 

carried out. Section 4.4.6a considers possible methodologies that could investigate this 

further. 

b) Lithologies which failed to produce growth 

Sylvite 

While the composition of sylvite (rock) samples from Site X was not investigated, 

Chapter 2 showed the presence of fluid inclusions within the sylvite mineral of the 

Boulby Potash (see Section 2.3.3). It therefore seemed reasonable to assume that the 

sylvite samples from Site X would also possess fluid inclusions containing cells. When 

these samples were inoculated into media and observed using Sybr ® Green I and light 

microscopy, however, no cells were observed after either three, six or nine months. The 

prevalence of so-called “unculturable” microorganisms in environmental samples 

(Berdy et al., 2017, Pande and Kost, 2017) makes proving the absence of viable cells 

within the sylvite problematic, as it is plausible that inoculation using different 

techniques or media might still be capable of producing growth. At the very least, 

however, this data implies that the six strains of Haloarcula and Halobacterium isolated 

in this Chapter are not present within the high-KCl sylvite samples as they have been 

shown capable of inoculating MPM.  
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It is important to note that the addition of the sylvite salts raised the KCl concentration 

of the medium, but this is unlikely to have prevented growth of these isolates if they 

were present. While the sylvite did contain higher KCl concentrations and lower NaCl 

concentrations than the Boulby Potash, the growth of the isolates from Boulby Potash 

samples demonstrated that they could tolerate the ionic strengths generated by 

dissolution of sylvite samples (Section 4.3.1).  The growth curve experiments (Section 

4.3.4c) indicated that these isolates could grow in MPM under the NaCl:KCl ratios 

generated by dissolution of the sylvite samples.  

Non-chloride salts 

No viable microorganisms were obtained in media inoculated with either polyhalite or 

anhydrite. Anhydrite (Hawthorne and Ferguson, 1975) and polyhalite (Weck et al., 

2014) lack the distinctive cubic, crystalline structures of halite and sylvite (Deer et al., 

1992), which means that they may not be conducive to entombment of microorganisms. 

MgSO4, however, also lacks this structure (Ruiz-Agudo et al., 2007), but has previously 

been shown to be capable of entombing microorganisms within fluid inclusions in much 

the same way as chloride salts (Foster et al., 2010).  

Alternative explanations as to why viable cultures could not be formed from these 

minerals include the fact that they experienced very little dissolution; viable cells might 

not have been exposed to the media in the same way the microorganism within the 

chloride samples were. The lack of growth might also be down to their provenance from 

a different area of the mine to Sites A-X (see Section 2.2.1c), or their geological history; 

these samples were from beds older than those from sites A-E & X and may have been 

subjected to different conditions since their precipitation.  
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c) Growth in the different media compositions 

MPM 

Samples from Boulby Mine produced cultures of viable microorganisms in both nutrient 

strengths of MPM. The 10 % MPM produced more cultures of viable cells than the 100 

% MPM from the same samples, supporting prior findings that high concentrations of 

nutrients are detrimental to the revival of entombed microorganisms (Vreeland and 

Powers, 1999). 

GYP media 

No growth was observed when samples from Boulby Mine were inoculated into non-

saline GYP media. The only microorganism that could be cultured from these samples 

were, therefore, extreme halophiles (growing in 3.42 M NaCl or above, Madigan et al., 

2000). When initially dissolved in GYP, the Boulby samples created a moderately 

halophilic environment (80 g l-1, Madigan et al., 2000, Grant et al., 1998b), but further 

cultures were prepared by diluting the medium to produce cultures that contained  

negligible salinity (3.2 g l-1). As discussed in Section 4.4.1b, however, the large number 

of unculturable microorganisms in any given environment (Berdy et al., 2017, Pande 

and Kost, 2017) makes it difficult to state conclusively that only viable cells within the 

samples were halophilic. It is possible that if a larger variety of growth media were 

used, bacteria (detected using molecular techniques, Section 3.3.1) may have been 

shown to be viable (Section 3.4.1b).  

Saline solution 

Cultures were produced by samples dissolved in salt water with no added nutrients, but 

these cultures would not produce further growth when inoculated in fresh saline media 
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unless nutrients were added. As discussed above, based upon the number of mixed 

cultures which experienced growth, there is evidence to suggest a minimum of 285 

viable cells/kg of Boulby chloride salts (Section 4.4.1a). If all the cells observed within 

the cultures had been entombed within the crystals, however, then the observed cell 

densities of 1×109 - 2×1010 cells ml-1 (Section 4.3.1) would imply that the crystals 

contained a minimum of 5×1011 cells/kg. While 285 cell/kg was an estimate at the 

minimum number of cells, the vast difference between these two values implies that cell 

growth and division had occurred in between release of the entombed cells and 

observation of the cultures three months later. While this was expected in the cultures 

containing nutrients, this also occurred in the flasks of saline solution containing no 

nutrients.  

Cells within saline solution inoculated with samples from Boulby Mine would have had 

access to some of the so-called CHNOPS elements (see Section 1.1.3) essential for life: 

hydrogen and oxygen are present in the water, while sulfur is known to be present in 

samples in the form of CaSO4 (see Chapter 2).  

In order for growth to occur, the cells must have had access to sources of carbon, 

nitrogen and phosphorus. Carbon had proved problematic to detect (Chapter 2), and no 

attempts were made to characterise nitrates or phosphates. These elements might have 

come either from a source external to the cultures (i.e., the atmosphere) or from within 

the samples of Boulby Mine dissolved within the saline solution. These two possibilities 

are explored below, starting with the least likely scenario, that of uptake from the 

atmosphere.  

Nitrogen is found in the terrestrial atmosphere in the form of N2 (Rayner et al., 1999). 

Microorganisms are capable of fixing this nitrogen into more biologically exploitable 
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forms using nitrogenase enzymes (Rees and Howard, 2000). While nitrogenases have 

been detected in salt-rich environments, they appear to be limited to halophilic bacteria 

(Argandoña et al., 2005) yet only archaea were grown in this Chapter. Haloarchaea are 

capable of fixing inorganic nitrogen, but this nitrogen needs to be in the form of nitrate 

(NO3-), rather than molecular N2 found in the atmosphere (Bonete et al., 2008, Esclapez 

et al., 2016). It therefore seems unlikely that the microorganisms isolated from the 

mixed cultures (Section 4.3.2), or present within the community of mixed cultures 

obtained from many of the same samples in the same media (Section 3.3.2b), would 

have been capable of atmospheric nitrogen-fixation. Atmospheric nitrogen is, therefore, 

unlikely to have been the nitrogen source employed by organisms in this nutrient-

limiting media.  This could be tested using the acetylene reaction (Husen, 2016, Tejada-

Jimenez et al., 2017, Hunt and Layzell, 1993), but was beyond the scope of the current 

work.  

Carbon is also found in the terrestrial atmosphere, in the form of CO2 (Rayner et al., 

1999). While there is no mention within the scientific literature of atmospheric carbon 

uptake by either Halobacterium noricense or from the genera Haloarcula, this process is 

known to occur within the haloarchaea. Many haloarchaea contain pigments which act 

as light-driven proton pumps in order to drive a primitive form of photosynthesis (Oren 

and Shilo, 1981, Blankenship, 1992). The colouration of the isolates implied the 

presence of a pigment (Section 4.3.2b), therefore, it is possible that these isolates might 

be capable of fixing abiotic atmospheric carbon. It is uncertain whether halophilic 

pigments are capable of providing enough carbon fixation to support an entire 

community (Oren and Shilo, 1981, Oren, 2016b). It therefore remains possible that the 

microorganisms obtained from the Boulby samples might be capable of obtaining 
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enough atmospheric carbon for growth under different conditions than those 

investigated here. It can, however, be stated that light-driven atmospheric carbon 

uptake did not occur in these nutrient-free cultures, since they were grown in the dark. 

Another common method of carbon-fixation, methanogenesis from atmospheric CO2, 

can also be ruled out. While methanogenic halophilic archaea are known to exist, they 

do not belong to the class Halobacteria and instead form their own class, the 

Methanonatronarchaeia. This class exists, from a phylogenetic perspective, between the 

methanogens and the halophiles (Spang and Ettema, 2017, Sorokin et al., 2017) and is 

not closely related to the microbes found within this study.  

Perhaps more crucially, if primary production was occurring via fixation of carbon or 

nitrogen from a source that was external to the cultures (e.g., atmospheric CO2), it could 

not explain why there was no growth when the cells were inoculated into fresh flasks of 

saline solution containing the same carbon source. Furthermore, while atmospheric 

uptake of carbon and nitrate is theoretically possible, this does not resolve the source of 

phosphate, since phosphates are not found in the terrestrial atmosphere (Vardavas et 

al., 2007). 

The lack of growth in the nutrient-free saline solutions, when transferred to fresh 

medium, implies that an essential element(s) was depleted or diluted out (Pol et al., 

2014). Combined with the above discussion this means that the source of carbon, sulfur 

and phosphorus was likely, but not confirmed, to be the Boulby Mine samples.  

Abiotic carbon is assumed to be present within the samples due to the “silt” or shale 

(Woods, 1979, Edwards, 2015). It is possible to fix abiotic carbon into biologically 

available forms in a process called chemolithoautotrophy (Section 1.3.2a). 
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Chemolithoautotrophy, is known to exist within halophilic environments (Mori and 

Suzuki, 2014, Götz et al., 2018). It is therefore possible that the halophiles in the saline 

solution culture were metabolising this “silt” released from dissolution of the samples. 

However, as with nitrogen fixation, the literature would suggest that halophilic 

chemolithoautotrophy is limited to bacteria (Banciu and Muntyan, 2015, Mori and 

Suzuki, 2008, Sorokin et al., 2013) yet only archaea were detected in these cultures.  

No literature can be found to suggest that abiotic phosphates or nitrates are abundant 

within Zechstein halite or potash deposits. Phosphates and nitrates can sometimes be 

found in low concentrations within potash (Warren, 2010) and, therefore, might be 

present in the Boulby Potash.  However, phosphates are more common in potash 

formed from lake environments than potash from seas (Eckstrand et al., 1995). 

The above discussion suggests that abiotic fixation of CHNOPS elements within either 

the terrestrial atmosphere or the Boulby Mine samples is unlikely to have driven the 

observed growth of halophilic archaea in the saline solutions without nutrients. There 

is, however, a known biotic source of all six CHNOPS element within these samples. 

Chapter 3 showed that many of these samples contained the DNA of 53 families of 

bacteria, potentially at a greater abundance than the archaea (Section 3.4.1c), but none 

of them were successfully cultured to indicate their viability. It has previously been 

speculated that halophilic archaea can undergo long term survival within evaporites by 

metabolising deceased bacteria heterotrophically (Schubert et al., 2009). If so, this 

might also occur in these saline solutions. A decline in the concentration of CHNOPS 

elements as the bacteria were consumed by the viable archaea or as they were diluted 

out across multiple cultures, would also explain the lack of growth in later cultures 

where there was no fresh nutrient source supplied.  
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4.4.2 - Isolation 

a) Growth of Halobacterium and Haloarcula  

The isolation protocols employed in this Chapter (Section 4.2.2) resulted in the 

generation of 48 pure cultures. These represented six strains from two species of 

separate genera. In Chapter 3, illumina MiSeq was carried out on an enrichment that 

had been prepared from pooled samples (including many of the samples investigated in 

this Chapter) that had been grown in the same saline media used in this Chapter 

(Section 3.3.2b). That work focused on archaea, and the molecular analysis 

demonstrated that the enrichment was dominated by Halobacterium noricense 

(identified with 99 % confidence) and a Haloarcula sp. (with sequence identification 

varying in confidence between 95-99 %). This in agreement with the results of this 

Chapter, where only H. noricense (identified with 99 % confidence) and an unknown 

Haloarcula (identified with between 97-99 % confidence) were isolated. This implies 

that members of the Halobacteria and Haloarcula dominate the viable community. 

These isolates were found in enrichment cultures of MPM of varying nutrient strength, 

and nutrient-free saline solution, but it is possible that a greater diversity of viable 

microorganism could be obtained through the use of different growth media. 

Previous studies of Boulby mine using MPM identified the viable microorganisms based 

upon their lipid profiles. Norton (1993) isolated microorganisms and suggested that 

they were members of the Halobacteria and an unidentified Haloarcula.  In contrast to 

this study, Norton’s Halobacteria belonged to the species saccharovorum and 

vallismortis (Norton et al., 1993), rather than noricense. Halobacterium noricense itself is 

a species of halophile that was first identified in Permian, Zechstein deposits (Gruber et 

al., 2004). Section 3.4.1a discussed how changes in the taxonomic structure of the tree 
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of life mean that species-level historic identifications of halophilic microbes do not 

always match modern identifications of the same organism. This is especially relevant 

when, as with Norton’s study, the prior identification has been determined based upon 

lipid analysis and morphology without access to 16s rRNA data.  

b) Comparisons of viable microorganisms between lithologies  

There did not appear to be any difference in the culturable diversity between the 

Boulby Potash and the Boulby Halite; there was no difference in which species could be 

isolated from each bed (Section 4.3.2a). This agrees with the findings in Chapter 3 that 

indicated that there was no statistically significant variation in the communities 

between the various lithologies.  

On the strain level, three of the isolates (H.noricense FEM1 and FEM2, and Haloarcula 

Sp. JPW3) were found in multiple samples of both the Boulby Halite and the Boulby 

Potash, indicating their presence in both lithologies. Two of the isolates (Haloarcula Sp. 

JPW1 and JPW2) were only detected in individual samples so it cannot be ascertained 

whether they were unique to a given lithology. Haloarcula sp. JPW4 was only detected in 

two samples of Boulby Potash but may be present only at relatively low abundances 

rather than being unique to this lithology.  Section 4.4.6a discusses how this could be 

confirmed. 

c) Taxonomy of the isolates 

The class Halobacteria consists of three orders, each of which contains a single family 

(Gupta et al., 2015). All six isolates, however, belong to the same order: Halobacteriales.  
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In this Chapter, two strains (FEM1 and FEM2) were isolated and shown, via the RDP 

Classifier and the NCBI BLAST algorithm (Section 4.3.2.b), to belong to the genus 

Halobacterium. Comparison of the sequences of FEM1 and FEM2 to other members of 

this genus showed that they most closely resembled H.noricense. A further four strains 

were isolated, which were members of the genera Haloarcula.  These Haloarcula strains 

appeared to cluster more with each other than with the other Haloarcula species. This 

suggests that they could belong to a novel species.  Further work is needed to confirm 

this by sequencing the complete genome of one of these JPW strains, characterising its 

response to a range of different environmental conditions and classifying it. 

d) Pigmentation of the isolates 

All of the isolates contained a pink pigment, tentatively identified as bacterioruberin 

(Section 4.3.2c), based on its colouration. Bacterioruberin is typically expressed by 

halophiles as a response to light and/or low oxygen concentrations (Dummer et al., 

2011, Shand and Betlach, 1991). Given that the isolates were grown in the dark and in 

an aerobic environment, it was unexpected that this pigment was expressed. It is 

possible that low oxygen conditions could be induced during growth in the incubators if 

the cells used all the oxygen dissolved in the media. This pigment was, however, also 

seen when cells were grown in a shaking incubator, where oxygen depletion should not 

occur (Duetz et al., 2000), but these cells were exposed to the laboratory’s ambient 

lighting conditions when in the shaking incubator. It also remains possible that this 

pigment has been incorrectly identified.  Alternatively, expression of this pigment might 

be induced as a general stress response to cultivation conditions instead of a specific 

response to light or anaerobicity.  
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It was noted that expression of this pigment appeared to be inhibited in all the isolates 

by Mg salts and was not expressed by Haloarcula Sp. JPW4 when grown on agar. 

Comparison of instances when this pigment was, and was not, expressed could 

potentially be a pathway to further experiments investigating what this pigment is and 

why it appeared in the stationary cultures grown in the dark (see Section 4.4.6b). 

While it might be unexpected that the cells would express a large photosynthetic, UV-

protecting pigment (Oren, 2009, Oren and Shilo, 1981, Blankenship, 1992) when grown 

in the dark, its presence within subsurface microorganisms is not uncommon. Pigments 

have been detected in halophiles from subsurface brines across the world including 

those in Boulby Mine (Vreeland and Huval, 1991, Norton et al., 1993, Thomas et al., 

2014), perhaps indicating an evolutionary cost to losing the pigments, even though they 

are no longer required for their original purpose.  

4.4.3 - Bacteria  

Chapter 3 investigated the total (viable and non-viable) community entombed within 

samples from Boulby Mine. Those results, obtained using culture-independent methods, 

had indicated the presence of a large amount of bacterial DNA that had not been found 

in previous, culture-dependent studies of Boulby Mine (Norton et al., 1993, Beblo-

Vranesevic et al., 2017). Three explanations were proposed in Chapter 3 to explain this 

discrepancy: 

1. The bacteria detected in Chapter 3 were non-viable bacteria that went 

undetected in prior culture-dependent studies. 

2. Downward movement of fluids through the samples had delivered bacteria to 

them that were not found elsewhere in the mine. 
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3. The methods used in past studies were unsuitable for encouraging growth of the 

still-viable bacteria. 

One of the goals of this Chapter was to investigate the validity of these three hypotheses. 

Despite the large number of bacteria identified in Chapter 3 using culture-independent 

techniques, only archaea were isolated using the culture-dependent methods employed 

by Norton et al. (1993). While this does not disprove the hypothesis that bacteria were 

absent from Norton’s samples, replicating Norton’s methods failed to grow bacteria 

even when they were known to be present within a sample. This suggests that Norton’s 

(1993) culture-dependent work would have been incapable of detecting bacteria and 

this suggests hypothesis 1 is true over hypothesis 2.    

In order to investigate hypothesis 3, a number of different of inoculation media were 

used, including moderately saline and low salinity variants, but still bacteria were 

unable to grow. It remains possible that, with different media, a more diverse selection 

of isolates could be obtained. Section 4.4.6a also discusses further experiments that 

could be carried out to investigate the abundance of non-viable cells within Boulby 

samples. 

4.4.4 - Salt tolerances 

a) Halotolerance  

All of the isolates are obligate halophiles; no growth was observed at a concentration of 

0.85 M NaCl or below. All of the isolates were capable of growth at 3.42 M NaCl and are 

therefore classified as “extreme halophiles” (Madigan et al., 2000).  
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Halobacterium noricense FEM1 had its highest growth rate observed at 2.55 M and was 

the only isolate capable of prolonged growth at 1.71 M NaCl (Section 4.3.4b).  This 

would indicate that its optimum growth occurs in conditions that would be considered 

“moderately” halophilic (Madigan et al., 2000) and, while the other isolates were 

obligate extreme halophiles, this was a facultative extreme halophile. Haloarcula Sp. 

JPW1, on the other hand, was incapable of prolonged growth at 2.56 M NaCl, indicating 

that this halophile was less tolerant to low NaCl concentrations than the others, and is, 

therefore, the most extreme halophile cultured in these experiments.  

b) Impact of salt composition 

There is historic data to show that the presence of KCl can lower the minimum NaCl 

requirement for growth of Halobacterium salinarum (Brown and Gibbons, 1955), and 

the presence of MgCl2 can lower the minimum NaCl requirement of Halobacterium 

volcanii (Mullakhanbhai and Larsen, 1975). The work in this Chapter extends these 

findings by showing that these effects are applicable to other Halobacterium species 

(specifically Halobacterium noricense), and members of the Haloarcula.   

This data also shows that the survival of obligate halophiles at low NaCl concentrations 

can be induced by a variety of salts, many of which have not previously been 

investigated. Growth of obligate halophiles in 1.7 M NaCl was possible in the presence of 

some sulfates (e.g., MgSO4, Na2SO4 and CaSO4), but not others (e.g., K2SO4). None of these 

salts, however, could completely replace NaCl and there was never any growth 

observed when NaCl concentration fell below 1.71 M. Possible reasons for this are 

explored in the sections below. 



 

270 
 

Growth in chlorides 

These results still cannot provide an adequate explanation for why obligate halophiles 

were unable to grow in media with a NaCl concentration of 1.71 M or below, when the 

Cl concentration was maintained at 3.42 M through the addition of KCl or MgCl2 (Section 

4.3.4c). Measurements of the water activity in these instances showed that these 

solutions were within the range of water activities where growth was possible (Figure 

4.14). While historic work investigating the tolerance of halophiles to other salts 

focused on a specific tolerance for NaCl (Brown and Gibbons, 1955, Mullakhanbhai and 

Larsen, 1975), more recent work (Grant, 2004, Fox-Powell et al., 2016) has suggested 

halophiles may be optimised to tolerate multiple environmental extremes 

simultaneously, in particular high salinity and low water activity. Non-NaCl salts affect 

these environmental extremes in different ways and can also induce other 

environmental extremes, such as chaotropicity or ionic charge (Fox-Powell et al., 2016, 

Hallsworth et al., 2007b), which are not induced by NaCl.    

This mindset of considering salts in terms of their impact upon environmental extremes 

can help to explain the failure of the isolates to grow when the MgCl2 concentration 

exceeded that of NaCl. MgCl2 contains one cation for every two anions, which means 

that, despite the constant Cl concentration, the cation concentration was variable across 

the various media compositions (Table 4.4). Furthermore, prior work has shown that 

salts which contain unequal amounts of cations and anions appear to be more toxic to 

life than ones with equal concentrations of ions (Fox-Powell et al., 2016). Perhaps most 

importantly, MgCl2 is highly chaotropic (Hallsworth et al., 2007b) and this is likely to 

have severely impacted the habitability of the salt media when MgCl2 concentrations 

exceeded 0.86 M.  
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It is more difficult however to explain why growth of the isolates was not possible when 

KCl exceeded NaCl. These KCl-containing media had a similar kosmotropicity to NaCl 

(Cray et al., 2013), did not induce an extreme water activity (Figure 4.14), and had the 

same ionic charge and ionic strength as the NaCl-based media (Table 4.4).  

While it is possible that the lack of growth in 3.42 M KCl was due to an, as yet 

uncharacterised, environmental stress, it is also possible that it was a result of 

physicochemical effects. Halophilic cells maintain steep ionic concentration gradients 

with their surroundings (Section 1.3.2b). These steep gradients are maintained by 

proteins, known as antiporters, which transport charged ions across the cell membrane 

(Oren, 1999).  Antiporters are typically considered in terms of their ability to transport 

Na+ ions, but the ability to transport other ions and the efficiency at which they do so is 

highly variable between families of antiporters and the ions in question: some families 

will transport only Na (Kakar et al., 1989), others will transport various ions (including 

Na, K, Mg and Ca) at different rates (Cheng et al., 2016a, Swartz et al., 2007), while 

others will transport all alkali ions at the same rate (Kakar et al., 1989). Many antiporter 

families operate by transporting H+ ions in the opposite direction of Na+ (Oren,1999), 

but some use Mg2+ instead (Kakar et al., 1989).  

The environment that terrestrial halophiles are adapted to is one which contains high 

concentrations of NaCl and relatively low concentrations of other salts. It is already 

known that the survival of halophilic cells depends on the maintenance of steep Na+ and 

K+ concentration gradients across the cell membrane: high concentrations of toxic Na+ 

are kept on the outside of the cell, but not on the inside (DasSarma and DasSarma, 

2015). Meanwhile, osmoregulation of the cell depends upon high concentrations of K+ 

on the inside while there is relatively little on the outside (Gunde-Cimerman et al., 
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2018). Without a full genomic or proteomic analysis of these isolates, it is uncertain 

which families of antiporter are present, and thus which ions are preferentially 

transported in which direction across the cell membrane. It seems reasonable, however, 

to conclude that the antiporters that are present are adapted for an environment which 

contains high Na+, which must be removed from the cell, low K+, which must be 

transported into the cell, and that Mg2+ might also be simultaneously transported in an 

uncertain direction by these processes. In the <0.86 M NaCl environments containing 

other chloride salts investigated in this Chapter, it seems likely that the external 

concentrations of Na+, K+ and Mg2+ would differ significantly from the optimum 

conditions the cells’ antiporters are adapted for. As such their activity is likely to 

inhibited to an uncertain extent, which means these important concentration gradients 

are likely to not be maintained as efficiently as they would be in an NaCl environment. 

The importance of these concentration gradients to a halophilic cells’ osmoregulation 

means that this could well lead to cell death and be responsible for the lack of growth 

seen in these experiments.   

Growth in sulfates 

The impact of replacing NaCl with sulfates instead of chlorides was also investigated. 

Na2SO4 and MgSO4 both had similar effects to KCl and MgCl2, with growth no longer 

possible when the NaCl concentration fell below 1.71 M.  

The data obtained using chloride salts indicated that when the Cl concentration was 

kept at 3.42 M, cell growth was impossible if the Na concentration was below 1.71 M. A 

similar result was observed when the Na concentration was kept at 3.42 M and the SO4 

concentration was modified using Na2SO4: growth was not observed when the NaCl 

concentration fell below 1.71 M. While the water activity within the pure Na2SO4 media 
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was higher than for many of the other media, it was still lower than the highest 

measurement at which growth was observed (Figure 4.14), indicating that water 

activity was not responsible for the lack of growth when the NaCl concentration fell 

below 1.71 M but the Na concentration remained constant. While the data presented 

does not directly confirm that NaCl is required for the growth of these halophiles, it 

does suggest that there is a minimum requirement of 1.71 M for both the component 

ions of this molecule. 

Given that the dilution of NaCl media in either MgCl2 and MgSO4, had the same effect on 

the growth of microorganisms, it might be tempting to assume that chlorides and 

sulfates have the same effect on cells. This is not the case, however, as demonstrated by 

the results of the experiments using K2SO4. The impact of this salt varied considerably 

between the isolates, but it was the only salt investigated that did not appear to allow 

growth at 1.71 M NaCl. This is unusual because, as discussed previously, other sulfate 

salts (Na2SO4 and MgSO4) would allow growth to occur. 

Further research is therefore needed to investigate the environmental conditions of the 

K2SO4 based media (for example, chaotropicity, pH, ionic charge, ionic strength) and 

how they differ from NaCl-based media before it can be determined why this salt 

produces a different effect on growth than the others. Alternatively, this could 

strengthen the theory, outlined above, that the presence of high concentrations of K+ 

ions in the extracellular media interferes with the osmoregulation of obligate 

halophiles, and that, obligate halophiles, therefore, possess a specific intolerance to K 

salts. 

It should be noted that the lack of growth in the sulfate media might be a result of the 

organisms investigated, rather than the creation of uninhabitable environments. Some 
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prior investigation has been carried out into the communities of naturally occurring 

terrestrial brines containing MgSO4 in concentrations between 1-3 M (Fox-Powell and 

Cockell, 2018, Lindemann et al., 2013). The NaCl concentration tended to vary between 

these brines, with no correlation with MgSO4 concentration. Investigations of the 

microorganisms present within these brines would suggest that it is the NaCl 

concentration, rather than the total salt concentration, that defines the halotolerance of 

the microorganisms present. In these previous studies, moderate halophiles were found 

in brines with 0.5 - 1.5 M NaCl and 2.0-6.0 M MgSO4 (Fox-Powell and Cockell, 2018), 

while halophiles (moderate or otherwise) were absent from brines with negligible NaCl 

and 0.1-1.5 M MgSO4 (Lindemann et al., 2013). This could imply that tolerance to high 

concentrations of sulfate salts is a separate mechanism to NaCl tolerance.  Therefore, a 

microorganism capable of growth at 0.85 M NaCl might be able to grow in sulfate media 

at the concentrations used in this study. The mechanism that allows halophiles to 

survive in low NaCl-high MgSO4 brines is uncertain but, as observed in this study, the 

isolates appeared to respond to extracellular Na2SO4 and MgCl2 in the same way they 

did to MgSO4 (Fox-Powell and Cockell, 2018), perhaps indicating a similar defence 

mechanism.  

Growth in the presence of CaSO4 

It was initially assumed (Section 4.3.4b) that the failure of most of the isolates to grow 

at 1.71 M NaCl was a result of the relatively high water activity (0.932) creating strong 

osmotic pressure and thus cell lysis (Grant et al., 1998b, DasSarma and DasSarma, 

2006). When 0.007 M CaSO4 was added, but the water activity was kept constant 

(Section 4.3.4c, Figure 4.14), growth was possible for an additional three isolates 

(Section 4.3.4b).This would imply that the isolates are capable of growth in the water 
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activities present within the 1.71 M NaCl without other salts, which casts into doubt the 

interpretation of historical data (Grant et al., 1998b, DasSarma and DasSarma, 2006).  

Further research is therefore needed into why such relatively low concentrations of 

both CaSO4 and NaCl can enable growth of these isolates, and whether this effect can be 

demonstrated in previously studied obligate halophiles.  

The above discussion adds credence to the theory that, while the lack of growth in low 

NaCl concentrations was a response to the changing environmental factors within the 

media, the ability to grow in other salts might be a physiological response that improves 

organisms’ survival mechanisms, rather than it being a result of the other salts restoring 

more habitable environmental conditions. This is a topic that requires further research 

(Section 4.4.6c). No physiological mechanism can be proposed that induces such similar 

reactions to such a wide range of salts of such a wide range of concentrations, but it is 

important to bear in mind that the data presented in this Chapter is relatively low 

resolution; each salt was only investigated at four different concentrations, and it is 

possible that, across a wider range of concentrations, different trends may emerge. 

While this data generally shows that, at 1.71 M NaCl and above, obligate halophiles can 

survive in the presence of other salts, more data points would reveal differences 

between the salts and potentially indicate that the response of the isolates to different 

salts invokes different mechanisms.  

4.4.5 - Implications for martian astrobiology 

a) Halophilic survival in martian brines 

As outlined in Chapter 1, the present-day martian surface does not contain any large- 

scale bodies of water. There is, however, abundant evidence that lakes existed in the 
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distant past (Moore and Wilhelms, 2001, Frydenvang et al., 2017, Parker et al., 1993, 

Rodriguez et al., 2016a). In the final stages of evaporation of these bodies of water, the 

fluids were likely to have been highly saline brines (Catling, 2014, Massé et al., 2016, 

Stillman and Grimm, 2018). The results presented in Section 4.3.4c suggest that the salts 

abundant on the martian surface (MgSO4, MgCl2 and CaSO4, Clark and Van Hart, 1981, 

Ojha et al., 2015), and thus presumably within the martian brines, could have allowed 

obligate halophiles to grow at lower NaCl concentrations than if NaCl was the sole salt. 

The exact concentrations of salts in modelled martian brines varies heavily across 

martian geography and geological history (Rampe et al., 2017, Phillips-Lander et al., 

2017, Peretyazhko et al., 2016, Tosca et al., 2011). Previous studies have tried, but 

failed, to successfully grow microorganisms, halophilic or otherwise, in modelled 

martian brines containing combinations of non-NaCl salts (Fox-Powell et al., 2016, Fox-

Powell, 2017, Stevenson et al., 2015a).  However, these studies were unable to 

determine which aspect of the brines were responsible for the lack of growth. The work 

within this Chapter therefore provides the first steps to approaching this problem from 

another angle. By determining which factors affect and drive the habitability of non-

NaCl brines, the large array of possible brine compositions can be narrowed down to 

the ones most conducive to growth of halophiles. 

These experiments also reveal that much is still unknown about the factors affecting 

habitability of brines. It remains uncertain why the isolates were unable to grow in KCl-

rich media with clement water activity, ionic strength and kosmotropicty. It also 

remains uncertain why comparatively small concentrations of CaSO4 increased the 

range of water activities that these isolates could tolerate. This work also cannot 

provide an overarching theory to explain why KCl, MgCl2, MgSO4 and Na2SO4 can 
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improve survival in low NaCl concentrations while K2SO4 cannot. This, therefore, 

identifies areas where further research is required, as without a more detailed 

understanding of factors affecting habitability of brines (to halophiles or otherwise, 

Section 4.3.4b), it cannot be stated whether the martian surface is, or ever was, 

potentially habitable.  

b) Potential entombment within the Southern Highland chloride deposits 

It is unclear whether the vast chloride deposits located in the Southern Highlands of 

Mars (Hynek et al., 2015, Osterloo et al., 2008) could contain entombed evidence of 

ancient microorganisms, because there is uncertainty surrounding the composition of 

these deposits (See Section 1.4.2) and a lack of knowledge as to the entombment 

capabilities of non-NaCl salts. Chapter 3, therefore, presented the first study to show 

that variations in the compositions of evaporites, when all other environmental 

conditions were maintained, had no impact on the relative abundance of DNA 

sequences entombed within them (Section 3.4.1). The results presented in this Chapter 

go further and suggest that the compositional differences between Boulby Potash 

(approximately 40 % NaCl, 60 % KCl) and Boulby Halite (approximately 100 % NaCl) 

contain the same viable microorganisms.  Conversely, if the martian chloride deposits 

contain less than 40 % NaCl, it now appears uncertain whether they would be capable of 

entombing viable microorganisms (Section 4.4.1b). 

These chloride deposits are assumed to have formed from evaporation of the last large-

scale bodies of water on the martian surface (Osterloo and Hynek, 2015). The 

composition of these bodies remains uncertain, but it can perhaps be assumed, based 

upon the deposits that formed, that they too were dominated by chlorides. The results 

presented in Section 4.3.3, indicate that chloride brines where only half the salinity is 
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provided by NaCl can still be habitable. While the composition of the deposits still 

remains uncertain, an NaCl concentration of 50 % or higher would suggest that they 

formed from evaporation of a brine with habitable chemistry. It remains uncertain 

whether factors such as temperature and radiation would have otherwise rendered the 

brine uninhabitable.  

Even if terrestrial halophiles could survive in martian chloride deposits of variable 

compositions, their age (3.65 Ga, Osterloo and Hynek, 2015) compared to the oldest 

terrestrial equivalents from which life has been revived (250 Ma, Satterfield et al., 

2005), suggests a low probability of reviving viable cells at least from primary 

inclusions. Aqueous alteration of the martian chloride deposits might be detrimental to 

entombed microorganisms as it would reduce diversity (Section 3.4.3a). It is also 

possible that aqueous alteration could introduce younger cells to the ancient deposits 

(Section 3.4.3b).  It should be noted, however, that as the formation of these deposits 

marked the last large-scale presence of water on the martian surface (Osterloo and 

Hynek, 2015), these deposits are likely to have experienced significantly less aqueous 

alteration than any terrestrial equivalent.  

c) Brines formed by small globally abundant crystals 

The large Southern Highland chloride deposits are not the only salts found on the 

martian surface. As discussed in Section 1.2.1d, hydrated Na and Mg sulfates, chlorides 

and perchlorates have also been detected at the sites of RSL (Ojha et al., 2015). These 

salts, as well as Fe and K salts, appear to be found in regolith across the planet (Massé et 

al., 2014, Clark and Van Hart, 1981, Kounaves et al., 2010, Hecht et al., 2009). These 

represent potentially younger crystals than the vast chloride deposits, as they could 

have been precipitated by brines formed by deliquescence (Nikolakakos and Whiteway, 
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2015) or impact-induced heating events (Clark and Van Hart, 1981) rather than 

evaporation of large lakes and seas (Hynek et al., 2015, Osterloo et al., 2008). 

These salts could, therefore, potentially represent evidence of more recent habitable 

environments. As mentioned above (Section 4.4.4a), the composition of salts varies 

across the martian surface. These results indicate that addition of water by one or more 

of the above processes to an area of the martian surface containing a high concentration 

of non-NaCl salts could still create a habitable chemical environment, provided NaCl is 

the dominant salt. In the modern day, any such environment is likely to still be exposed 

to the martian temperature and radiation regime, which is likely to render any surface 

brine uninhabitable (Section 1.2.3).   

Deliquescence is believed to occur daily in the near subsurface of Gale Crater (Martín-

Torres et al., 2015), which would be protected from the UV (Ertem et al., 2017), but the 

brines would be short-lived (Martín-Torres et al., 2015, Dundas et al., 2017). The ability 

to become entombed within the precipitating salts could, however, improve the survival 

of potential microorganisms. Unfortunately, the compositions of the salts found in 

Boulby Mine are less analogous to these martian salts than the large chloride deposits. 

The results presented in this Chapter cannot shed light on the viability of halophiles 

entombed by evaporation of these potentially habitable brines, but this is investigated 

further in Chapter 5. 

d) Use of halophiles as an analogue for martian life 

While the martian surface is unlikely to be habitable today (Section 1.2.1), the final 

aqueous surface environments were likely to have been brines (Section 1.4.1). For this 

reason, halophiles are often used as analogues for potential martian organisms (Payler 
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et al., 2016, Fendrihan et al., 2009a, Orwig, 2014, Barbieri and Stivaletta, 2011, 

Fernández-Remolar et al., 2013, Srivastava, 2014, Rolfe et al., 2017, Matsubara et al., 

2017). One of the primary goals of this Thesis is to investigate the validity of this 

practice, given that terrestrial halophiles live in NaCl-rich environments, whereas most 

modelled martian brines are not dominated by NaCl (Ojha et al., 2015, Tosca et al., 2011, 

Clark and Van Hart, 1981).  

While Section 4.4.5a & b hypothesise that many of the salts present on the martian 

surface might allow survival of organisms so long as the NaCl concentration remains 50 

% or higher, this conclusion is limited to halophiles. While brines that were dominated 

by Mars relevant salts showed no growth in these experiments, it was speculated 

(Section 4.4.4b) that some of these brines would have been habitable to organisms that 

were less extreme obligate halophiles. These results suggest that, while halophiles can, 

to some extent, survive low NaCl concentrations in the presence of these other salts, a 

tolerance to high concentrations of NaCl is not necessarily correlated to tolerance of 

other salts. It might, therefore, be worthwhile to consider non-halophilic organisms as 

analogues to potential life in martian brines, especially as many DNA sequences that did 

not belong to viable halophiles remained preserved within ancient salt deposits 

(Section 3.4.1b).   

4.4.6 - Further work 

a) Investigating differences in microbiology between lithologies 

The data presented in this Chapter suggests that the Boulby Potash contained more 

viable microorganisms than the Boulby Halite (Section 4.3.1 and 4.4.2a), but this could 

not be tested statistically. A future experiment could repeat the work in this Chapter 
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and investigate growth from each individual sample, multiple times within the same 

medium. Replicates of the same sample in the same medium would then allow 

statistically valid analysis to be carried out to determine whether some samples are 

more likely to successfully inoculate cultures, and whether this is linked to a particular 

lithology.  

This experiment would generate a larger number of mixed cultures from the various 

lithologies, which would provide an opportunity to investigate whether JPW4 was 

indeed unique to the Boulby Potash (Section 4.3.2). If a large number of mixed cultures 

were generated from both the Boulby Potash and the Boulby Halite, then community 

analysis (as used in Chapter 3) could ascertain whether there were differences in the 

viable microbial community between the two lithologies. This would allow a more 

detailed investigation of the complete composition of the mixed cultures, instead of 

merely identifying one or two specific cells from each of them. Since it has been 

established in this Chapter that the community does not vary at the species level 

between the two lithologies, this would need to be carried out via MiSeq rather than t-

RFLP, in order to obtain data at a suitable resolution. 

The question of whether the bacterial cells detected in Chapter 3 were viable or not 

remains unanswered. It was hypothesised in Section 3.4.1b that, unlike the haloarchaea, 

viable bacteria in ancient salt deposits survive by becoming dormant. It would be 

possible to use flow cytometry to count cells within a sample and, in doing-so, 

distinguish between deceased or dormant cells (Caron, 1998). Future research could, 

therefore, optimise this technique for samples of dissolved Boulby Halite and Boulby 

Potash in order to determine whether the bacterial DNA, known to be in the samples 

(Chapter 3), but uncultured in this Chapter, is contained within viable cells. This 
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approach could also be used to investigate the number of cells, both viable or otherwise, 

within these different deposits, and thus confirm the results in this Chapter that suggest 

there are more viable cells within the Boulby Potash than the Boulby Halite (Section 

4.4.2a) 

The work in the next chapter (Chapter 5), will present an investigation into how many 

viable cells remain, from a known initial number, following entombment in laboratory-

grown crystals that are analogous to the Boulby Halite and the Boulby Potash.  This will 

shed light onto which salt (if any) is better at preserving entombed cells. This, in turn, 

would allow astrobiologists to target martian salts that are most likely to contain 

evidence of potential ancient life. 

b) Characterisation of the isolates 

Further research could also be carried out to characterise the isolate Haloarcula Sp. 

JPW1 in more detail. Sequencing of a region of 1,114 bases, across hypervariable 

regions of the 16S rRNA gene, showed only 97 % similarity to previously cultured 

microorganisms (Section 4.3.2b). Construction of phylogenetic trees showed that the 

Haloarcula isolates grown in this study were more similar to each other than any 

currently known species. This suggests that these Haloarcula isolates are 

representatives of a hitherto undescribed species. In order to determine whether this is 

the case, further sequencing should be carried out, ideally of the whole genome. 

Furthermore the major polar lipids of the JPW isolates need to be determined (Sorokin 

et al., 2016, Naghoni et al., 2017) as these could reveal similarities to a previously 

described species that genetic data could not. If both the DNA across a larger region and 

the lipid content shows dissimilarity to previously described Haloarcula, then this 

would imply that the JPW isolates belong to a novel species.  
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The utilisable carbon sources and variable morphology (Section 4.3.2b) would also need 

to be characterised and described (Kämpfer et al., 2003) in greater detail than is 

presented in this thesis. Initial experiments were carried out to show that strains of this 

potential novel species were obligately halophilic (Section 4.4.4), but further research 

would be needed to determine the optimum salinity for growth. Such investigation 

could consist of a repeat of the experiment presented in Section 4.3.4b but across a 

smaller range with higher resolution than was investigated in this thesis (Naghoni et al., 

2017). The optimum growth temperature should also be determined using a similar 

experiment (Naghoni et al., 2017).  

All the isolates obtained in this Chapter appeared to possess a pink pigment. This 

pigment was tentatively identified as bacterioruberin based upon its colouration 

(Section 4.3.1c), but the expression of this pigment in the dark conditions of the 

incubator calls this identification into question (Section 4.4.3d). There are a variety of 

ways the hypothesis that this pigment is bacterioruberin could be tested, for example 

investigating the expression of the bacterioruberin mRNA sequence at the point of the 

growth curve where this pigment first appears (Section 4.3.1c). The fact that this 

pigment doesn’t occur during growth in the presence of Mg salts (Section 4.3.4c) could 

provide a negative control for comparison. The composition of the pigment could also 

be investigated using high-pressured liquid chromatography (Dummer et al., 2011, 

Ronnekleiv and Liaaen-Jensen, 1992, Fiksdahl et al., 1978) and thus allow identification 

of the pigment.  

c) Survival in low-NaCl brines 

This Chapter presents a preliminary investigation into the ability of halophiles to 

survive when NaCl is substituted for salts of other compositions.  While salts similar to 
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the sulfate salts that allowed growth in these experiments are found on the martian 

surface, Mars is also rich in perchlorate salts (Clark and Van Hart, 1981, Ojha et al., 

2015), which were not tested. An obvious follow up experiment is, therefore, to extend 

this study to include perchlorate salts, particularly those with cations that have had 

their chloride and sulfates investigated in this Thesis.  

Given the unusual growth effects induced by K2SO4 and CaSO4 (Section 4.4.4), these salts 

should also be investigated further in order to establish if the results presented in this 

Chapter were a result of them being non-chloride salts or because they were sulfates. In 

order to investigate this, the environmental conditions (chaotropicity, ionic strength, 

ionic charge, pH) induced by the salts within these growth media should be monitored.  

It was observed that relatively small concentrations of CaSO4 were capable of inducing 

growth at water activities where growth had previously not been recorded (Section 

4.4.4b). As discussed above, this suggests that high water activity is not necessarily the 

cause of the inhibition of growth in low NaCl solutions. To investigate whether this 

applies to other, better characterised haloarchaea, transcriptomic techniques (Kliemt 

and Soppa, 2017, Kurt-Kızıldoğan et al., 2017) could be employed. This would allow 

comparison of stress-response gene expression at low water activity. This could be 

undertaken in the presence and absence of CaSO4 and using varying concentrations of 

the various salts. 

4.5 - Conclusions 

Two strains of Halobacterium noricense and four strains of an unidentified species of 

Haloarcula were isolated from the Boulby Potash, the Boulby Halite and the interface 

between them. Microorganisms were obtained from across the range of Na and K 
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concentrations investigated in Chapter 3, and there appeared to be no difference in the 

viable microorganisms contained in samples across this range. Samples from outside 

this range, however (obtained exclusively on the first sampling trip), showed no viable 

microorganisms. This might, therefore, be evidence of a minimum NaCl requirement 

before halophiles can be entombed. Only obligate halophilic archaea could be grown 

and there was no evidence that the bacterial DNA extracted in Chapter 3 belonged to 

viable cells.  

The tolerance of these six haloarchaea to a variety of different salts in solutions with 

low NaCl concentrations was investigated. In accordance with historic data, many of 

these salts were found to allow growth of obligate halophiles at lower NaCl 

concentrations than was otherwise observed, but this study presents a larger variety of 

salts and microorganisms than have previously been tested. The addition of K2SO4 did 

not increase the range of tolerable NaCl concentrations but CaSO4 did, even at 

concentrations that were three orders of magnitude below that of the NaCl. All six 

isolates required at least 1.71 M NaCl to grow in all experiments, even though it was 

expected that KCl should provide the same environmental conditions as NaCl, therefore 

the fact that growth was not possible in this salt remains unexplained. Having 

characterised the growth of obligate halophiles within brines containing these salts, 

Chapter 5 will investigate the survival of cells entombed by evaporation of these brines.  
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Chapter 5: Survival of UV exposed Halobacterium noricense FEM1 

entombed in non-NaCl salts  

5.1 - Introduction 

The aims of this Chapter are as follows: 

• To devise a methodology for comparing survivability of microorganisms 

entombed within salts of different compositions 

• To determine how salt composition affects the UV-resistance of entombed cells. 

Despite NaCl-tolerant halophiles frequently being proposed as organisms analogous to 

potential martian life (Payler et al., 2016, Fendrihan et al., 2009a, Orwig, 2014, Barbieri 

and Stivaletta, 2011, Fernández-Remolar et al., 2013, Srivastava, 2014, Rolfe et al., 2017, 

Matsubara et al., 2017), NaCl is not the most common salt on the martian surface.  

Indeed, when brines on the martian surface, in the present day or the distant past, are 

modelled, the NaCl concentrations tend to be relatively low in comparison to terrestrial 

halophilic environments (Ojha et al., 2015, Massé et al., 2014). To this end, Chapter 4 

investigated the impact of various salts (Na2SO4, KCl, K2SO4, MgCl2, MgSO4 and CaSO4) 

on halophiles, when in combination with low concentrations of NaCl (Section 4.3.4d). If 

life was present within surface or sub-surface martian brines with low NaCl 

concentrations but high concentrations (either in hypothesised modern transient brines 

or ancient, more stable brines, Chapter 1), then the ability to withstand entombment 

might allow life, or evidence of its existence, to survive the desiccating conditions 

abundant on the present-day martian surface.  
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Few previous studies have investigated the entombment of organisms within Mars-

relevant salts (i.e.,  Mg salts, sulfates and perchlorates common on the martian surface, 

(Ojha et al., 2015, Davila et al., 2013b, Kerr, 2013)) either in terms of surviving the 

entombment process, or in terms of the surviving the martian environment. Although 

there is evidence to suggest that entombment of microorganisms within halite provides 

protection from comparable amounts of UV to that found on the present-day martian 

surface (Leuko et al., 2015, Fendrihan et al., 2009a, Fernández-Remolar et al., 2013), it is 

uncertain whether this shielding could be provided by other salts.  

This Chapter, therefore, features an investigation into the viability of Halobacterium 

noricense FEM1 following entombment in salts crystallised from brines containing NaCl 

in combination with other salts. Subsequently, the UV-shielding effects of these salts are 

compared to the shielding received when entombed in halite. FEM1 was selected 

because it was able to tolerate Na2SO4, KCl, K2SO4, MgCl2, MgSO4 and CaSO4 in aqueous 

brines (Section 4.3.4c).   

Although there is prior evidence (Foster et al., 2010) to suggest that microorganisms 

can survive entombment within MgSO4 crystals, this is the first study to quantitatively 

determine the effect of salt chemistry on microbial viability following entombment. This 

work is important for determining whether Mars-relevant salts (Massé et al., 2014; Ojha 

et al., 2015; Kerr, 2013) would support, or inhibit, the survival of potential martian 

organisms, particularly when exposed to a simulated martian UV-environment. The 

outcomes could guide the selection of sites on Mars for future life-detection missions. 
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5.2 - Materials and Methods 

The protocol used in this Chapter was consistent across a variety of different 

experiments: 300 µl of brine of known composition, containing 2.8×109 cells of 

H.noricense FEM1, was evaporated to form salt crystals. These crystals were then 

washed and the number of cells removed from the crystal surfaces ascertained. In some 

experiments, the crystals were then exposed to UV radiation (of varying intensity, 

Section 5.2.4). Finally, the crystals were re-dissolved and the number of remaining 

viable cells calculated.   

5.2.1 - Cell culture 

a) Culture conditions 

H.noricense FEM1 was grown in 250 ml of 10 % MPM (as described in Section 4.2.1b), in 

sterilised 1 l bottles incubated at 38 ℃, and shaken at 280 rpm. Previous studies 

investigating the viability of entombed microorganisms used cells that were harvested 

during the log phase (Fendrihan et al., 2009a, Peeters et al., 2008, Adamski et al., 2006, 

Kottemann et al., 2005, Lopez‐Cortes et al., 1994), with the exception of the work by 

Leuko et al., (2015) which used stationary phase cells.  Hence preliminary experiments 

(displayed in Appendix 9b) used log phase cells. As described in Section 5.3.2, this 

approach was reviewed and the final experiments used stationary phase cells instead. 

Therefore, the experiments presented in this Chapter use stationary phase cells, with 

the exception of the experiment investigating the effect of different growth phases. 
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b) Assessing culture density  

In Chapter 4, microscopy with Sybr ® Green I dye was used for cell enumeration. In this 

Chapter, Live/Dead staining was employed to investigate the number of cells following 

entombment, as it allows differentiation of viable and non-viable cells. In order to 

enable comparison between all aspects of the experiments presented in this Chapter, 

this protocol was employed for all cell counts, including the ones used to monitor 

growth in the cell cultures.  

Live/Dead staining uses a combination of dyes: green SYTO®9 and red propidium 

iodide (Boulos et al., 1999). Like Sybr ® Green I (Section 4.2.1c), SYTO®9 binds to DNA 

within cells, which results in the cells appearing green under UV light. However, the red 

propidium iodide dye inhibits the binding of SYTO®9 to DNA and can only enter cells 

with a damaged membrane. Viable cells, therefore, appear green while dead cells appear 

red (Boulos et al., 1999).   

As per the manufacturer’s instructions, the two dyes were mixed together in equal 

volumes and 0.3 µl of the dye mixture was added to 100 µl of the sample in a sterile 

Eppendorf tube. The sample was mixed via inversion and incubated at room 

temperature in the dark for 10 min.  Following incubation, a 104 dilution was prepared 

in 100 % MPM (Section 4.2.1c). For enumeration, 10 µl of sample was placed on a 

microscope slide and the cells were counted using an epifluorescent Leica DMRP 

microscope at 100× magnification at excitation wavelengths of 450 - 490 nm and a long 

band cut off filter of >515 nm, as described in Section 4.2.1c.  
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5.2.2 - Laboratory growth of salt crystals 

a) Stock solutions and evaporation media 

The salts investigated in Chapter 4 (NaCl, Na2SO4, KCl, K2SO4, MgCl2, MgSO4 and CaSO4) 

were the focus of the entombment experiments. Crystals were prepared by creating 

suspensions of cells within “evaporation media” and allowing them to precipitate 

overnight.  Solutions containing either single salts or a mixture of salts were used as the 

evaporation media.   

Single salts 

Initial attempts were made to entomb H.noricense FEM1 in crystals containing only one 

salt (inclusive of NaCl) under investigation; entombment has previously been observed 

in crystals of MgSO4 (Cojoc et al., 2009) implying that entombment in non-NaCl crystals 

is possible. For this work, the stock media, described in detailed in Section 4.2.5b (and 

summarised below in Table 5.1) was used as the evaporation media.   

Mixtures of salts 

In Chapter 4 it was shown that cells of H.noricense FEM1 were capable of surviving, for 

at least the 30 days following inoculation, within solutions created by mixing 10 % MPM 

in an equal volume with a stock media containing a non-NaCl salt (the compositions of 

which are listed in Table 5.1). Therefore these solutions were used for the entombment 

of cells.  The water activities of these solutions were calculated at 38 ℃ in a Novasina 

LabMaster AW instrument as previously described (Section 4.2.5c). 
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Table 5.1 - Concentration of the stock solution and evaporation media 

Salt Concentration of stock media 
Concentration of salt in 
mixed media 

NaCl 3.42 M 3.42 M 
KCl 3.42 M 1.71 M (+1.71 M NaCl) 
MgCl2 1.71 M 0.86 M (+1.71 M NaCl) 
Na2SO4 1.71 M  0.86 M (+1.71 M NaCl) 
K2SO4 Saturated (0.69 M, Coordinators, 2018) 0.35 M (+1.71 M NaCl) 
CaSO4 Saturated (0.0139 M, Coordinators, 2018) 0.00695 M (+1.71 M NaCl) 
MgSO4 1.71 M 0.86 M (+1.71 M NaCl) 

 

b) Preliminary tests 

Preliminary tests to establish suitable techniques to visualise cells within salt crystals 

required the production and evaporation of salt crystals upon transparent microscope 

slides.  This work built on that of Fendrihan et al., (2009).  

Cells of Halobacterium noricense FEM1 were centrifuged at 4,000 × g for 8 min at room 

temperature (approximately 22 ℃), washed in 200 g l-1 NaCl and then resuspended in 

an evaporation media (Section 5.2.2.a) to a final cell density of 9.33x109 cell ml-1. 100 µl 

of cell suspension was then added to a microscope slide and 0.3 µl of mixed Live/Dead 

dye (Section 5.2.1b) was added using a pipette. The pipette was used to spread the 

saline mix across a wide surface area in order to encourage the formation of a layer of 

crystals thin enough to observe entombed cells inside the semi-transparent crystals. 

The crystals were then allowed to form by leaving the solution to evaporate overnight 

in the laminar flow hood. The next morning, the slide was observed using a Leica DMRP 

microscope at 5× and 10× magnifications, using light with an excitation wavelength of 

450 - 490 nm and a long band cut off filter of >515 nm.  

It was found that, despite a consistent volume of solution being added to the microscope 

slides, the surface area of both the brine and resulting crystals was highly variable. 
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Attempts were made to spread the solution thinly across the microscope slide but, with 

the exception of the NaCl-only evaporation media, the crystals that formed were 

overlapping. The relative thickness of overlapping crystals, as well as the high opacity of 

the crystal edges, meant that entombed cells could not be visualised within them. The 

process was repeated with solutions of different salinities, different volumes of solution 

and different surface areas covered by the solution, but this did not resolve the problem. 

As a result, the decision was made to investigate entombed cells by means of re-

dissolving the crystals into solution and applying Live/Dead staining (Section 5.2.3). 

Even with the NaCl crystals, it was difficult to standardise the surface area of the 

evaporating brine upon the microscope slide. This led to the precipitating crystals also 

having highly variable surface areas, sometimes consisting of few large crystals and 

other times consisting of many small crystals. It was suspected that the variable surface 

area of the crystals would be problematic for the experiments that compared the 

number of viable cells within samples, as this variable surface area impacted the size of 

the individual crystals. This would introduce additional variables that might impact on 

the number of entombed cells. As a result, the decision was made to modify the protocol 

to decrease the variability of the brines’ surface areas, as is described below.  

c) Crystal growth in discs 

In an attempt to control the crystal sizes (Section 5.2.3b) the media were dispensed into 

containers so as to create a consistent surface area for each evaporating brine.  For this, 

0.5 cm diameter × 0.5 cm high, titanium “discs” that had been originally designed as 

caps for transistors, were used (Figure 5.1). These had previously been used as sample 

holders in Mars simulation experiments because of their highly non-reactive properties 
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(pers comm, Dr Manish Patel). Between experiments, the discs were washed in distilled 

water, sterilised via an autoclave and dried at 40 ℃. 

Table 5.2 - Disc used to grow crystals. a) Empty disc prior to use, b) disc after crystal formation 

 

Figure 5.1 - Disc used to grow crystals. a) Empty disc prior to use, b) disc after crystal formation  

The mass of each empty disc was measured (to four decimal places) prior to each 

experiment. Following this, cells of H.noricense FEM1 were resuspended (as in Section 

5.2.2b) in an evaporation media (Section 5.2.2a) to a final cell density of 9.33x109 cell 

ml-1. In a laminar flow hood, 300 µl of cell suspension was transferred via pipette to 

each disc, with the final number of cells at 2.8 x109 per disc.  The discs were left 

overnight in the laminar flow hood in order to: a) prohibit microbial contamination 

during evaporation and b) provide a constant airflow to encourage evaporation and 

crystal formation.  

In all instances, the discs were dry the following morning. The mass of salts formed was 

calculated by comparing the mass of the disc prior to addition of solution to the mass of 

the discs containing crystals.   
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5.2.3 - Determining the viability of cells 

a) Surface cells 

After crystal formation, it was important to determine whether there were any viable 

cells on the outside of the crystals, and whether this varied between the different salts. 

It was also important to remove any viable cells from the outside of the crystals, since 

these would interfere with the analysis of the entombed cells.  The crystals were 

therefore washed in saturated evaporation media to minimise the loss of salt crystals 

(Cojoc et al., 2009).  

The saturated media were prepared by allowing 50 ml volumes of the evaporation 

media to evaporate (in the laminar flow-hood) until salts began to precipitate. These 

were then mixed thoroughly and left in sealed bottles for a further 24 hours to ensure 

that the crystals did not re-dissolve. A pipette was then used to transfer the saturated 

media to fresh, sterile bottles while leaving the precipitated salts behind.  

400 µl of the relevant saturated media were added to the discs and the discs contents 

were mixed via gentle pipetting. In order to ensure that cells did not remain on the 

underside of crystals, care was taken to ensure that the mixing mobilised all crystals. 

Excess saturated media was then removed from the discs, again via pipette, and the 

number of viable cells established using Live/Dead staining (as described in Section 

5.2.1b). The water activity of each solution removed was calculated using a Novasina 

LabMaster AW at 38 ℃ (Section 4.2.5c) and compared with that calculated for each 

initial evaporation media (Section 5.2.2a) in order to monitor how the environmental 

condition within the brine changed during the entombment process. 
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The damp crystals were air dried for 15 min in the laminar flow hood.  It was impossible 

to remove all excess liquid using a pipette, it is therefore presumed that some new salt 

crystals may have formed, and potentially some cells may have remained on the surface 

of the salt crystals. Given the low volume of this remaining liquid, relative to the volume 

of evaporation media that was initially added, and the volume of saturated solution 

used to wash the cells, it is assumed that the impact of this remaining volume upon the 

results is negligible.  

b) Entombed cells  

Determining the number of entombed viable cells required the dissolution of the 

crystals, since attempting to analyse the cells in situ within non-NaCl crystals had 

proved problematic (Section 5.2.2b). Assessing the viability of entombed cells by 

dissolving salt crystals is a methodology that is well established within the literature 

(Rolfe, 2017, Fendrihan et al., 2009a, Leuko et al., 2015, Stan-Lotter et al., 2002b, 

Kottemann et al., 2005).     

Since it is possible that cell death occurred during this process, for example by osmotic 

shock, the number of ‘viable cells’ was considered to be those that remained viable after 

they were released in this way. Although this might be an underestimate of the number 

that were entombed, the purpose of the Chapter is to establish whether entombment 

can retain and release viable cells into an aqueous environment; if cells could not 

survive redissolution they were not considered truly viable.  

In order to minimise cell-death by osmotic shock when the cells were released from the 

crystals, the salt crystals were dissolved in 500µl of a saline buffer. The buffer used for 

this process consisted of 100 g l-1 NaCl, 10 g l-1 MgSO4.7H2O (Gramain et al. 2011) and 
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has been previously been used elsewhere in this Thesis (Sections 3.2.5b and 4.2.4a). For 

ease of explanation, this buffer is designated the gentle dissolution buffer (GDB). Once 

GDB had been dispensed to each disc, the discs were incubated for 30 mins at 38 ℃ to 

ensure compete dissolution of the crystals. The solution was then mixed via gentle 

pipetting.  Cell counts were carried out using Live/Dead staining (Section 5.2.1b) on a 

diluted 100 µl aliquot of the sample dissolved in GDB (Section 5.2.3.b).  

Initial tests with Live/Dead staining 

Although Live/Dead staining has previously been used to investigate the viability of 

halophilic cells following entombment (Fendrihan et al., 2012, Fendrihan et al., 2009a), 

initial attempts in this study found that the number of green (live) cells was significantly 

lower (p < 0.05 in Student’s t-tests) than the number initially added, but no red (dead) 

cells were observed. In order to investigate whether the red dye was capable of staining 

cells under the saline conditions being investigated, a known source of cell death to 

H.noricense FEM1, osmotic shock (Section 4.3.4a),  For this, cells were resuspended 

(Section 5.2.1) in pure water with no salt. The number of live cells did reduce, as 

expected, but still no dead cells were observed using the Live/Dead staining method. 

This suggested that, while the green dye was successful in for visualising viable cells, the 

non-viable cells were not visible.  

To test this further, the entombment and dissolution procedures were repeated but the 

solutions were not diluted to bring the green cells to a density where they could be 

counted (Sections 4.2.1c & 5.2.1a). Live/dead staining in this instance revealed more 

red (dead) cells than could be counted, but a repeat using a 10 % dilution resulted in no 

red cells being observed.  Furthermore, dead cells were not observed if the dyes were 

added to the cells after dilution instead of before it. These resulted implied that the 
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dilution process may have either destroyed cells or rendered them incapable of being 

stained.  

Dilution was necessary in order to obtain accurate cell counts (as with Sybr ® Green I, 

Section 4.2.1c) but the fluorescence faded within 15-20 seconds preventing accurate 

counts of more than 15 cells per field of view. This meant it was impossible to count the 

dead cells when they were released from entombment; the Live/Dead technique was 

still used to determine the number of viable cells.  Cell survival was instead assessed by 

comparing the number of viable cells before and after crystal formation.  

Investigating variation between replicates  

Preliminary experiments (Appendix 9b) using the above methodologies showed 

significant variation (p < 0.05) in the number of viable cells remaining following 

entombment from discs prepared on different days from different aliquots of cultures, 

compared with discs prepared at the same time from the same aliquot. It was 

speculated that this may be because of differences in cell density and growth phase of 

the culture used to inoculate the discs. In order to investigate whether this was the case, 

an experiment comparing the growth phase of the cells and survival during 

entombment was carried out.   

For this experiment, 18 × 250 ml cultures were established, using the methods 

described previously (Section 5.2.1a). The initial density at “Day 0” was 1×108 cells ml-1. 

Every day, cells were enumerated in two cultures using the Live/Dead stain (as 

described in Section 5.2.1). Six discs of entombed samples were prepared from these 

two cultures (therefore 12 discs were generated per day). These discs each contained 

2.8×109 cells in NaCl-based 10 % MPM (Section 5.2.2a). Removing the number of cells 
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required for these experiments had a significant impact on the remaining volume and 

headspace of the culture (especially at the early stages of the culture where cell density 

was low). As a result, each culture could only be used to prepare a single set of discs 

and, therefore, only provide growth data for a single time point. 

After 24 hrs, the number of viable cells remaining within the discs were ascertained 

using the methodologies outlined above, and a further two cultures were enumerated 

and used to generate crystals. This continued until data had been obtained for nine 

days, inclusive of “Day 0”. On “Day 0”, cells were counted and harvested 6 hrs after 

inoculation, this allowed cells to acclimatise to their new environment and adjust their 

growth phase accordingly. Following completion of this experiment, more cultures were 

set up in order to create a third data point for time points where it was felt that the 

shape of the growth curve as a whole could be better clarified.  

Taking into account the variation between replicates 

In order to investigate variation in the number of viable cells entombed in the presence 

of the salts of various compositions, discs were prepared on four separate occasions 

from stationary phase cells. These four occasions are referred to in this text as four 

“repeats.” As discussed above, it was likely that there would be significant variation 

between these repeats. In order to minimise the impact of this variation, the following 

measures were taken. 

In each repeat, three discs were prepared of each salt, with the exception of NaCl, for 

which six discs were prepared. As it was uncertain what was responsible for the inter-

repeat variation, and at what stage of the preparation of crystals it was introduced, the 

decision was made to keep all cells in the same solution for as long as possible. In order 
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to do this during the investigation into evaporation of solutions containing NaCl and 

another salt, the cells were washed and resuspended in 200 g l-1 NaCl to a final cell 

density, which was double that required for the preparation of discs. This suspension 

was then split into separate aliquots and the stock media added in equal volumes to 

create suspensions with the composition of the evaporation media outlined in Table 5.1 

(the same density as the other experiments in this Chapter).  

In order to take into account and investigate the variation between repeats of the same 

experiment, and the triplicates used, two-way ANOVA tests were employed. Where the 

two-way ANOVA tests showed only one significant source of variation in an experiment, 

Students’ t-tests could be used to confirm and investigate this. Where the two-way 

ANOVA tests showed two significant sources of variation, post-hoc Tukey tests were 

used to further investigate this. 

While the number of viable cells inside a crystal appeared to be variable between 

repeats, UV-radiation should kill the same percentage of cells regardless of how many 

cells are present (assuming that this variation does not influence the UV-shielding 

received by individual cells). With this in mind, in the radiation experiments this 

variation was minimised by considering results in terms of the percentage of cells killed, 

rather than the actual numbers of cells. When discs of crystals were exposed to UV, at 

least three discs from the same repeat were kept at the laboratory’s ambient UV-

conditions. Cell counts were then used to determine the mean number of viable cells 

within unexposed discs from that repeat (defined as N0). Cell counts from discs exposed 

to this UV were then expressed as a percentage of N0 (defined as N/N0). 
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5.2.4 - Survival of entombed H.noricense FEM1 under UV light  

In order to simulate the high-energy UV conditions on the martian surface, the discs 

containing entombed cells were exposed to UV, provided by a xenon lamp (LOT-Oriel 

150 W). This lamp has been used previously to simulate martian UV conditions for 

entombed halophiles (Rolfe, 2017), but the conditions for use in these experiments 

needed to be optimised to take into account the fact the cells were encased within 

crystals inside discs rather than on a microscope slide, and because it was uncertain 

how tolerant H.noricense FEM1 would be to UV radiation.  

a) Characterising output of the UV lamp 

In order to determine the energy received by the cells, the lamp was placed in a dark 

box.  A 10×10 grid of 1cm2 squares was drawn on a sheet of cellulose acetate and this 

grid was positioned 5 cm below the lamp. An optical cable was clamped in placed below 

the cellulose acetate grid at its top right corner. The grid was then removed, the box 

closed, and the lamp turned on.   The spectrum of the incident UV at the location of the 

cable was recorded and analysed by an Avabench 75-ULS2048XL-U2 spectrometer. The 

lamp was then turned off, the grid replaced, and the optical cable moved to the corner of 

the next square on the grid. This process was repeated until the UV spectrum received 

at each point of the grid was measured.   

The area under the xenon lamp was divided into four regions (A-D, Figure 5.2), based 

upon the energy received in the corner of each grid square. The differences between 

these regions were apparent both by eye and by the spectrometer measurements.  
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Figure 5.2 - Heatmap of the beam output showing total irradiance measured by the spectrometer in µJcm-²s-1 at each 
location on the grid. When observed by eye, patterns in the distribution of light were also observed, which match those 
measured those measured by the spectrometer. A is the brightest spot in the centre of the area under the beam. B is a 
bright circular area. C is a dimly lit area roughly circular in shape, but with more rigidly defined edges at the bottom left 
than the top right. D is the area not illuminated by the light 

Region A (Figure 5.2) was a bright spot, approximately 1 cm in diameter, in the centre of 

the beam. This spot was visibly brighter than anywhere else under the lamp and had the 

highest irradiance reading: 8,988 µJcm-²s-1. Region A was in the centre of a larger 3 cm 

diameter circle, designated Region B.  Where one of the grid squares of Region C 

overlapped the edges of Region B, the irradiance readings were noticeably lower, so 

those data points were discounted from the calculation of the mean irradiance within 
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Region B, which was 6,209 µJcm-²s-1. Unlike Region B, Region C had a well-defined edge 

at the bottom left, but at the top right the irradiance faded gradually over a larger area. 

Within Region C the mean irradiance was 2,260 µJcm-²s-1.  By eye it did not appear as if 

the lamp illuminated the area outside of Region C (Region D), but some irradiance was 

measured (Figure 5.2, <100 µJcm-²s-1) around the edges of Region C. As seen within 

Region C, in Region D there was a sharp drop off in irradiance in the bottom left, and a 

gradual decrease over a wider area in the top right. 

The site chosen to position the discs for the experiments was Region B, as it could be 

shown that three discs could fit easily within this region, ensuring consistent irradiance. 

In each of the measured spectra, the majority of the irradiance was UV-A, though all 

three types of UV were represented (Figure 5.3). 

 

Figure 5.3 - Representative spectra of the xenon lamp. This dataset is from the reading with the highest overall 
irradiance. Other spectra show the same pattern of peaks in relation to each other, but with a different overall height 
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b) Survivability of NaCl entombed cells 

In order to investigate the ability of entombed H.noricense FEM1 to survive under UV 

radiation, a sample stage was placed under the lamp at a distance of 5 cm, the same 

distance as the optical cable had been placed at (Section 5.2.4a), and thus the energy 

received by discs upon this sample stage would be the same as the energy measured at a 

comparable position on the grid in Section 5.2.4a. 

A total of 50 discs were available for use, therefore batches of crystals were prepared 

from NaCl-based 10 % MPM with cells from the same culture at the same stage of 

growth, in batches of 24 discs. This number of discs was chosen so as to: a) be a number 

divisible by three (for the sake of using triplicates for each dosage in each batch), and b) 

to allow the discs from the previous repeat to undergo washing and sterilisation while 

the repeat next was on-going. Three discs at a time were placed within Region B (as 

defined above, Section 5.2.4a, where the mean irradiance was 6,209 µJcm-²s-1) and 

exposed to one of the following dosages of UV radiation: UV (0, 19, 37, 56, 63, 75, 82, 93, 

101, 112, 119 and 130 kJ m-2). 

Following exposure, the number of surviving cells within each disc was then established 

via dissolution and cell counts (Section 5.2.3b). In each batch, six discs were retained as 

negative controls (i.e., were not exposed to UV) in order to calculate the N0 (Section 

5.2.3b). N/N0 (Section 5.2.3b) for each data point was calculated and plotted on a scatter 

graph to create a kill curve. This was used to determine: a) the UV-dosages that the 

entombed cells could withstand without significant cell death occurring, and b) the D37 

value (how much radiation would leave only 37 % of the cells alive (the D37 dosage, 

Safari et al., 2014)).  
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The D37 is used in studies of radiation resistance (Stock and Achey, 2018, Kato, 2016, 

Yoshino et al., 2018), because statistics show that 63 % cell death corresponds to the 

point at which there have been the same number of lethal cell-killing events as there 

were cells to begin with, under the assumption that, once killed, dead cells continue to 

absorb lethal radiation events that do not impact the number of remaining live cells 

(Safari et al., 2014). 

For each batch of 24 discs prepared, three discs were exposed to each UV dosage (as 

outlined above). However, the exact dosages investigated between each batch of discs 

were not identical for two reasons.  Firstly, within a batch of 24 discs, 18 samples could 

be irradiated in groups of triplicates, i.e., 6 different dosages. Secondly, because it was 

uncertain how this particular strain of H.noricense would respond to the UV, initial 

attempts focused on gathering data from a large range of dosages in order to determine 

the general shape of the kill curve. Later tests focused on establishing the point at which 

cell death started occurring and the D37. The results for each dosage represent cell 

counts from the triplicates of each irradiance, repeated a minimum of three times, i.e., a 

minimum of 9 individual cell counts.  

c) Effect of non-NaCl salts on survival  

Having investigated the survival of H.noricense FEM1 under UV light when entombed in 

NaCl crystals, the influence of other salts was investigated. The large variation between 

repeats (Section 5.2.3b) meant that it was impractical to compare kill curves for each of 

the evaporation media. As a result, the decision was made to expose cells entombed 

within these salts to the D37 dosage calculated for NaCl, and investigate whether the 

number of cells killed under this dosage varied significantly between the salts.  
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Six discs were prepared for each non-NaCl evaporation media, with the exception of the 

medium which contained NaCl-based media but no other salts, for which nine discs 

were prepared. Three discs of each were exposed to the D37 dosage, while three were 

left in ambient conditions as negative controls. The tests were repeated four times for 

each evaporation media.   

5.3 - Results 

The following sections describe the results of the investigation into how growth phase 

and salt composition influence the number of viable cells that survive the entombment 

process, both under ambient terrestrial lighting and under the D37 dosage of UV for cells 

entombed in halite.  

5.3.1 - Cell distribution following crystal precipitation  

a) Cells on the exterior of the crystals 

 The focus of this work was the entombed microorganisms; therefore, the laboratory-

grown crystals were washed in saturated salt solutions to remove cells from the 

exterior surface (Section 5.2.3a). Cell counts were carried out on the saturated salt 

solution after the wash step and no cells were ever detected.  

b) Distribution of entombed cells 

Before entombment, cells were pre-stained with the Live/Dead stains (Section 5.2.2b). 

After precipitation of the salt crystals, the shapes of the fluid inclusions could be 

distinguished at 5× magnification by the high concentration of green SYTO®9 dye (live 

cells) within the inclusions (Figure 5.4a & c). At 10× magnification, the circular shapes 

of the dyed cells (as observed in Sections 4.3.2c & e) could be observed. No green cells 
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were observed on the exterior of the crystals, confirming that all surviving cells 

detected were entombed. 

 

Figure 5.4 - Distribution of the green and red dye in crystals formed from 10% MPM, cells and dye. Fluid inclusions can be 
visualised by the presence of the green dye, whereas the red dye is localised outside the crystal (a, c & e at 5× 
magnification). At higher magnifications (10×) of these fluid inclusions, the individual cells can be seen (b, d & f) 
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There was no evidence of red propidium iodide dye (dead cells) within fluid inclusions 

or embedded within the crystal interior. While the green dye could be seen to bound to 

coccoid cellular shapes, the red dye seemed to be attached to the crystal edges rather 

than cells (Figure 5.4), suggesting either the dye had not bound to dead cells or there 

were no dead cells present in the crystals.   

5.3.2 - Effect of growth phase on survivability  

Preliminary experiments (Appendix 9b) indicated significant variation in the number of 

viable cells that survived entombment from the same initial number of viable cells 

during “repeats” of the same experiment. Those experiments used the same protocol, 

and the same cell culture was used to prepare the crystals. It was speculated that the 

increasing age of the culture was responsible for this variation.  

In order to investigate this hypothesis, growth of H.noricense FEM1 was monitored 

under the conditions stated in Sections 5.2.1 and 5.2.3b. Immediately after counting, six 

discs were prepared of NaCl crystals and 2.8 x109 cells, which in many cases used most 

of the cells in a culture. This change to the volume and headspace of the flask would 

have altered the culture conditions and influenced cell density at later time points 

(Section 5.2.3b). It should, therefore, be remembered that the growth curve displayed in 

Figure 5.5 has been compiled by taking a single cell count from 27 different cultures of 

different ages, rather than the usual method of monitoring the same, much smaller 

number of, cultures on a daily basis.  

The mass of the crystals that formed was higher than the mass of salt that was present 

within the brines (0.06 g). These results and their implications are discussed in greater 

detail below (Sections 5.3.2c & 5.4.2) but in order to display this on Figure 5.5, the 
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masses of crystals are displayed as a percentage of the mass of salt within the brine. For 

ease of comparing the three variables that were monitored over the nine days of the 

experiment, the number of cells that survived the entombment process are also 

displayed as a percentage of the number that were initially added to the brines. The raw 

data used to make these calculations can be found in Appendix 7. 

 

Figure 5.5 - Cell density of cultures of H.noricense FEM1 in the 8 days following inoculation, compared with the 
percentage of cells that would survive the entombment process and the mass of crystals formed relative to the NaCl 
present in the disc (0.06 g). Prior to stationary phase there were three measurement of cell density at each incubation 
period (in stationary phase there was at least two measurements of cell density at each incubation period). Following 
each measurement of cell density, 6 discs of crystals containing cells were generated incubation period, each of which 
were used to generate 6 discs. 

a) Growth curve 

Under these growth conditions, the cells were still in lag phase when measured on day 1 

(Figure 5.5). The log phase started at day 2 and late log was reached at day 3 (mean cell 

density at the peaks of log phase was 2.82×1010 cells ml-1). Stationary phase was 

reached by day 4 and displayed a lower cell density than at day 3 (stationary phase cells 

had a density of approximately 1x1010 cells ml-1). As observed in Chapter 4 (Section 
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4.3.2c), the colour of the cells transitioned from cream to deep pink on day 3, again 

indicating that log phase was associated with pigmentation changes.  

b)  Cells surviving entombment 

ANOVA tests showed a statistically significant difference in the number of viable cells 

from crystals prepared from cells of the same growth phase, taken on different days 

from different cultures, compared to crystals containing cells that were prepared 

simultaneously from the same culture (p < 0.00001).  

ANOVA tests also identified further variation between discs containing cells of different 

growth phases (p < 0.001), and post-hoc Tukey tests suggested that this could be 

because of cells’ low survival rates (8.9 % and 15.6 % respectively, Figure 5.5) when 

entombed on day 0 or day 3. These time points potentially measured cells transitioning 

between growth phases: on day 0 the cells were entering lag phase after inoculation 

into the new culture. The relatively large variation in cell densities on day 3 (between 

5×109 to 6×1010 cells ml-1), and the fact that death phase occurred too rapidly to be 

observed in these time points, makes determining which growth phase day 3 cells were 

in difficult. At the very least, it can be assumed that day 3 cells, where low numbers of 

cells survived entombment, were either approaching or had just completed the 

transition from log phase to death phase. In summary, of these results, although 

statistical tests proved that variation was always present, greater variation was seen if 

cells of different growth phases were compared.  

The relative shortness of the log phase, and the fact that cells taken from either the 

beginning or end of it suffered reduced survival during entombment, led to the decision 

to use cells from five-day old cultures, which were in the stationary phase, for all later 



 

310 
 

experiments (Sections 5.3.3 and 5.3.4). This would guarantee that all cells in different 

repeats of the same experiment had come from the same (stationary) growth phase. 

Although this could not remove the variation in survival rates, it could, at least, remove 

growth phase-related variation.  

c) Crystal mass variation   

The mass of the crystals precipitated was in excess of the amount of salt present in the 

media (0.06 g/disc). Possible sources of this extra mass include the water used in the 

media and biomolecules within the cells. These are discussed further in Section 5.4.2.   

ANOVA tests showed significant variation in the mass of crystals produced from cells in 

the different growth phases (p < 0.001, Figure 5.5) and Student’s t-tests showed that 

crystals generated with cells from the stationary phase (days 4-8 inclusive) weighed 

significantly more (1.1136 g compared to 0.0897 g) than crystals generated with cells 

from younger cultures (p < 0.0001). Further ANOVA tests, however, showed there were 

no differences in the masses of crystals produced by stationary phase cells from 

different cultures or by pre-stationary phase cells from different cultures.   

5.3.3 - Effect of salt composition on survivability  

The effect of salt composition on survivability of entombed H.noricense FEM1 was 

determined. Initially, solutions of single salts (Na2SO4, KCl, K2SO4, MgCl2, MgSO4 or 

CaSO4) were used as the evaporation media (Section 5.2.2a), in order to investigate 

entombment in the absence of NaCl. When these crystals were dissolved the following 

day, no cells were observed. The experiment was repeated but this time they were 

observed after an hour, instead of leaving them to evaporate overnight. Again, no green 

cells were observed, but undiluted samples showed more cells stained red (dead, 
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Section 5.2.1a) than could be counted. The experiments in Chapter 4 had indicated that 

no growth occurred in these solutions in the absence of NaCl (Section 4.3.4c). This 

experiment supported this, but also indicated that cell death occurred rapidly over the 

course of an hour.   

As a result of the inability of this strain to survive brines without NaCl, the decision was 

made to use mixtures of salts.  This was achieved by mixing the NaCl-based MPM in 

equal volumes with either the Na2SO4, KCl, K2SO4, MgCl2, MgSO4 or CaSO4-based MPM 

stock solutions used in Chapter 4 (Section 5.2.3a), or additional NaCl-based MPM. In 

order to minimise the effect of variation between crystals prepared from different 

cultures (Appendix 9b and Section 5.3.2), for each of the four repeats, cells from the 

same stationary phase culture grown in NaCl-based 10 % MPM were used for 

entombment in all of the various salt compositions. Each repeat featured three discs of 

each salt composition (with the exception of NaCl alone, for which six discs were 

prepared). In all cases, all discs were prepared containing 2.8×109 cells. 

These data were used to generate a mean and standard error of a) the mass of crystals 

and b) the number of viable entombed cells for each salt combination from each repeat. 

Variation between repeats (Section 5.3.2) meant that they needed to be considered 

independently.  

The following sections discuss the appearance of each salt combination as well as the 

mean and standard error of the mass of crystals and number of viable cells within each 

salt for each replicate, while the raw data for each individual disc in each replicate can 

be found in Appendix 8.  
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a) Morphology of the crystals 

In Section 4.3.4d, entombed cells were shown to have a pink pigmentation and, as a 

result, crystals possessed a faint pink tint (Figure 5.6); the faintness of this tint meant 

that it did not show up well in digital photographs.  The majority of the crystals were 

transparent to visible light, except in the presence of KCl, K2SO4 or Na2SO4, where the 

crystals were more opaque (Figure 5.6). At this stage it is uncertain whether this opacity 

extends to light in the UV-spectrum. The opaqueness of the crystals correlated 

negatively with the intensity of the pink colour.  

The crystals formed from either NaCl solutions or solutions of NaCl mixed with Na2SO4, 

K2SO4 or KCl tended to form thick crystals around the rim of the discs, usually clustered 

together (Figure 5.6). Brines containing NaCl mixed with CaSO4, however, formed 

narrow concentric rings of crystals within the discs. Those crystals were thinner and 

shorter than the crystals formed by other salt combinations. Solutions containing NaCl 

mixed with MgSO4 or MgCl2 formed irregular, solitary crystals with a diameter of 

approximately 3 mm, precipitated around the rim of the disc in lower densities than 

observed for KCl, K2SO4 or Na2SO4 crystals. 

During the washing stage, the more opaque crystals (containing KCl, K2SO4 or Na2SO4), 

were less brittle than the more transparent crystals (containing MgCl2, MgSO4, CaSO4 or 

no salt other than NaCl). These transparent crystals adhered more strongly to the base 

of the discs, i.e., they required more vigorous movement of the solution and, in some 

cases, physical force, to detach them from the surface of the disc and ensure the entire 

surface area was washed. 
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Figure 5.6 - Morphology of the crystals formed by brines containing 2.8 x109 cells and NaCl mixed with another salt 
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Although mixed salt solutions were used, this study did not investigate the distribution 

of the individual salt crystals (as seen, for example, in the Boulby Potash where halite 

and sylvite formed distinct crystals, Section 2.3.1e). However, there were no differences 

in crystal morphology within a given disc (Figure 5.6), implying that the salts did not 

form distinct, separate crystals or there was a compositional homogeneity as a result of 

the precipitation of a mixed solution. 

b) Water activity variation during crystal formation 

It was speculated that a variable decrease in water activity during evaporation and 

saturation of the salt solutions might influence cell survival by creating a xerophilic 

environment within the evaporating media (Stevenson et al., 2015b). As a result, the 

water activity of the initial salt solutions, and of their saturated versions (Section 

5.2.3a), were measured and are presented in Table 5.3.  Evaporation to saturation and 

precipitation resulted in a decrease in water activity in all cases (Table 5.3). 

Table 5.3 - Water activity of the NaCl and other salt combinations upon inoculation of cells and water activity of a 
saturated solution 

 Water activity 

Salt mixed with 
NaCl 

Initial solution Saturated solution 

CaSO4 0.933 0.752 

K2SO4 0.903 0.737 

KCl 0.862 0.759 

MgCl2 0.855 0.732 

MgSO4 0.903 0.738 

Na2SO4 0.894 0.831 

NaCl 0.855 0.754 
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c) Crystal mass 

As was undertaken for the NaCl crystals, the crystal masses were measured and are 

shown in Figure 5.7.  The ANOVA tests showed significant variation in the masses of 

crystals between the four repeats (p > 0.005).  

  

Figure 5.7 - Mass of crystals formed by each of the combinations of NaCl and another salt. The different colours represent 
four different repeats of this experiment 

As expected, the masses varied between the different salt compositions (p < 0.005). The 

largest mass was produced by the solution containing only NaCl (3.42 M), despite the 

fact that this solution contained the lowest mass of dissolved salt (0.6 g, Table 5.4). The 

lowest mass was produced by the solution of 1.71 M NaCl mixed with 0.069 M K2SO4 

(Table 5.4). These results might, therefore, indicate that differences in the crystal mass 

are a result of them containing different amounts of adsorbed water.  
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Table 5.4 - Mass of salts present within the 300 µl brines and mean (n = 6 for no other salts, 3 for all other salts) mass of 
the crystals that formed across the four repeats of the experiment 

Salt mixed 
with NaCl 

Mass of 
dissolved 

salt 

Mean mass of crystals obtained 

Experiment 1 Experiment 2 Experiment 3 Experiment 4 

NaCl 0.0600 0.1150 0.1206 0.1166 0.1173 

KCl 0.0682 0.0877 0.0795 0.0937 0.0734 

K2SO4 0.0661 0.0500 0.0499 0.0496 0.0457 

Na2SO4 0.1028 0.0880 0.0893 0.0893 0.0881 

MgCl2 0.0788 0.1015 0.0951 0.0913 0.0837 

MgSO4 0.0917 0.0535 0.0526 0.0630 0.0560 

 

d) Cells on the exterior of crystals 

After the crystals had been weighed, they were washed in saturated brine. No green 

(live) cells were detected in the discarded saturated solutions, suggesting they were not 

present on the exterior of the crystals. 

e) Viable cells following dissolution of the crystals 

The number of viable cells were determined via cell counts as described in Section 

5.2.1a and displayed in Figure 5.8. As seen elsewhere (Section 5.3.2), the number of 

viable cells per disc was highly variable between the four different repeats (two-way 

ANOVA, p < 0.05).  

Two-way ANOVA tests found significant differences between cells entombed from 

different salt solutions (p < 0.00001). Post-hoc Tukey tests showed that this variation 

was specifically related to MgCl2 crystals, which contained significantly fewer cells than 

the other salts (p < 0.00001 for all salts in Student’s t-Tests).  
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Figure 5.8 - Number of surviving cells following entombment and release from crystals containing NaCl and another salt. 
The different colours represent four different experiments. Error bars represent standard errors of the mean. In each 
experiment for NaCl n =6, all other salts n = 3.  

While the number of viable cells entombed within non-NaCl salts varied between 

repeats in the same way as NaCl, the two-way ANOVA test indicated that this variation 

was consistent between the salts: there was no significant difference in this variation 

between different repeats with the different salts (p > 0.05).  Fewer cells were observed 

in the first repeat of the CaSO4 solution compared to the other three repeats 

(Experiment 1;Figure 5.8). Despite this, the post-hoc Tukey tests showed this data point 

was not significant and it was retained within this dataset. These results, therefore, 

suggest that only MgCl2 caused a significant change in the number of entombed viable 

cells. 

5.3.4 - Survival of entombed cells under UV  

a) Determining the D37 within NaCl 

Stationary phase cells of H.noricense FEM1 were entombed within crystals of NaCl as 

described in Section 5.2.3b.  These were then exposed to varying intensities of UV-
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radiation and the number of viable cells remaining (following dissolution of the 

crystals) was calculated.  This was then normalised to the mean number of viable cells 

calculated for unexposed crystals of the same repeat.  

The normalised data points were used to generate a kill curve (Figure 5.9). This showed 

that UV exposure between 0-40 kJ m-2 had a negligible effect on the survival of NaCl-

entombed FEM1 (Student’s t-test at either 20 or 40 kJ m-2 compared to the negative 

control, unexposed cells, p > 0.05, Figure 5.9). Values of 56 kJ m-2 and above, however, 

had a detrimental effect on survival (Student’s t-tests showed p < 0.05 when N/N0 

values were compared between crystals that received the same > 40 kJ m-2 dosage and 

negative control unexposed cells that received 0 kJm-2). 

When comparing the number of cells that survived different dosages to each other, 

rather than to the negative controls, the general trend was a decrease in N/N0 values 

with increasing intensity of UV radiation. The exception to this was at 63 kJ m-2 where 

the mean N/N0 was 72 %, compared to 63 % at 56 kJ m-2 (Figure 5.9). There was, 

however, no statistically significant difference between values of N/N0 when data from 

two successive dosages (Student’s t-tests, p > 0.05). It is, therefore, assumed that, while 

there is an overall trend in falling N/N0, the large variation in the number of viable 

entombed cells between discs (Section 5.3.2) and the relatively shallow slope of the kill 

curve makes comparing kill rates for samples that received similar amounts of radiation 

infeasible. Trends in cell death are only apparent when comparing exposure amounts 

over a relatively large range.  
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Figure 5.9 - Kill curve of cells of Halobacterium noricense FEM1 under increasing UV when entombed within NaCl crystals. Individual data points are shown, as is the mean at each 
exposure time. Data points are expressed as a percentage of the mean number of cells that survived in the negative control (exposure of 0 kJ m-2), such that an N/N0 of 100% is the mean 
number of cells present in an unexposed crystal (Section 5.2.4b) Representative of data from seven repeats. Each exposure amount is investigated in at least three repeats with three 
replicates per exposure in each repeat. Dotted straight lines represent the D37 value, while the dotted grey line represents the line of best fit for exposures capable of inducing cell death.



 

320 
 

The variability in the number of viable cells per disc made judging the D37 accurately 

difficult. The line of best fit for these data points (Figure 5.9) could be calculated to fit 

the formula y = 163.93e-0.015x, which would indicate a D37 of 99 kJ m-2. This value is 

therefore used in the remainder of this Chapter. 

b) Comparing UV-shielding of different salts  

Direct cell counts 

The effect of chemical composition upon the UV shielding effect of salt crystals (Leuko 

et al., 2015, Fendrihan et al., 2009a, Fernández-Remolar et al., 2013) was investigated. 

Crystals of the varying compositions, prepared at the same time as the four repeats in 

Section 5.3.3, were placed under the UV lamp and exposed to 99 kJ m-2 of UV radiation 

(the D37, as determined in Section 5.3.4a). The crystals were then dissolved in GDB and 

the number of viable cells per disc was determined. 

 

Figure 5.10 - Number of surviving cells following entombment, exposure to 99 kJ m-2 of UV radiation and release from 
crystals containing NaCl and another salt (e.g. NaCl + KCl). The different colours represent four different repeats for each 
mixed solution. Error bars represent standard errors of the mean. In each experiment n = 3. 
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Two-way ANOVA tests were used to investigate the variation in the number of viable 

cells between the different salt combinations and their repeats.  Significant difference 

was observed between the repeats (p < 0.01) and between the different salts (p < 

0.00001), but the same was seen for the unexposed discs. The post-hoc Tukey tests 

suggested that variation between the different repeats was the result of differences 

across all four experiments (i.e., no single outlier).  

As with the unexposed crystals (Section 5.3.3e), the post-hoc Tukey tests showed that 

the majority of the difference in the number of viable cells extracted from each crystal 

was a result of the low numbers of cells extracted from the exposed crystals of NaCl 

combined with MgCl2 (p < 0.001 compared to any of the other salt combinations).  

Significantly more viable cells could also be extracted from the exposed crystals of NaCl 

combined with Na2SO4 or MgSO4 compared to from the exposed crystals containing only 

NaCl or NaCl combined with K2SO4 (p < 0.05).  

As with the unexposed salts, no significant combined effect on variation was observed 

between the different salt compositions and the repeats (p > 0.05). 

Comparison between exposed and unexposed crystals  

The number of viable cells extracted from the crystals containing different salts (Section 

5.3.3), and from crystals of the same repeat but exposed to 99 kJ m-2 of UV radiation 

(Section 5.2.3b) was measured. By comparing these two values, the relative survival of 

cells exposed to this radiation could be calculated compared to unexposed cells 

entombed within the same salt composition and entombed in the same repeat. 

ANOVA tests on this data showed statistically significant variation in this relative 

survival rate between the salts (p < 0.005), but not between the repeats (p > 0.05).  This 
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means that the data for each salt composition could be expressed as a mean across all 

four repeats and the repeats did not need to be considered independently. These values 

of relative survival are displayed in Figure 5.11. Furthermore, this means that while the 

number of cells that survived the entombment process varied between repeats, the UV 

killed the same percentage in each one, varying only according to crystal composition.   

 

Figure 5.11 - Relative survival of cells in crystals of mixture of NaCl and another salt exposed to 99 kJm-2 of UV radiation 
compared to cells in the same salt prepared at the same time who had not been exposed. 

It was found that exposure to 99 kJ m-2 of UV radiation only killed 52 % of the cells 

within NaCl crystals as opposed to the 63 % expected since this was the D37 dosage. The 

value of 48 % survival, obtained using NaCl crystals in the experiment exposing multiple 

salt compositions to a consistent dosage of radiation (Figure 5.11), was within the range 

of N/N0 values observed at the same dosage in the kill curve experiment (Section 

5.3.4a). While 48 % survival is higher than might have been expected, this does not 

contradict the previous findings.  
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Since normalising the cell survival percentages under UV had removed the inter-repeat 

variation, the values from each salt could be directly compared to each other using 

Student’s t-tests. The p values for these t-tests are displayed in Table 5.5. 

Table 5.5 - p values from Student’s t-Tests comparing relative survival in discs containing salts of NaCl mixed with 
another salt under 99 kJ m-2 UV-radiation (n = 12 for all salts). Black cells represent comparisons where statistically 
significant difference (p < 0.05) was observed 

 NaCl KCl K2SO4 Na2SO4 MgCl2 MgSO4 CaSO4 

NaCl 1.000 0.021 0.041 0.010 0.000 0.004 0.091 

KCl 0.021 1.000 0.973 0.634 0.013 0.307 0.736 

K2SO4 0.041 0.973 1.000 0.704 0.019 0.389 0.754 

Na2SO4 0.010 0.634 0.704 1.000 0.027 0.582 0.474 

MgCl2 0.000 0.013 0.019 0.027 1.000 0.062 0.023 

MgSO4 0.004 0.307 0.389 0.582 0.062 1.000 0.249 

CaSO4 0.091 0.736 0.754 0.474 0.023 0.249 1.000 

H.noricense FEM1 had significantly better survival (p < 0.05, Table 5.5) when entombed 

in NaCl combined with KCl, K2SO4, Na2SO4, MgCl2 or MgSO4 (71 %, 71 %, 74 %, 107 % 

and 80 % respectively, Figure 5.11) compared with only NaCl (48 %, Figure 5.11). In 

fact, entombment in CaSO4 was the only instance that did not improve cell survival rates 

compared to entombment in NaCl (p > 0.05, Table 5.5). 

No statistically significant difference was shown in the survival rates between cells 

entombed in crystals containing KCl, K2SO4, MgSO4 or Na2SO4 (71%, 71% and 74% 

respectively, Figure 5.11; p > 0.05 in all pairwise comparisons, Table 5.5). 

While entombment in crystals containing MgCl2 resulted in significantly fewer viable 

cells than in any of the other salts (Section 5.3.3e), survival in crystals containing MgCl2 

was higher (p < 0.05, Table 5.5). These crystals were, in fact, the only ones where no 

statistically significant difference was observed between the number of cells in 

unexposed crystals and exposed crystals (Student’s t-test, p > 0.05). This implies that 99 
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kJ m-2 of UV radiation was incapable of inducing cell death within MgCl2-containing 

crystals (Figure 5.11).  

5.4 - Discussion 

5.4.1 - Variation of viable cells after entombment  

In this Chapter, the number of viable cells following entombment was highly variable 

between crystals prepared as part of different repeats of the same experiment (Section 

5.3.2b). Investigation showed that the variation could be linked to the growth phase of 

the culture and, potentially, to the transition between phases. Cells that were entering 

lag phase, or were harvested at the transition between log phase and stationary phase, 

had the lowest survival rates (Section 5.2.2b). 

Regardless of the growth phase of the cells, entombment always resulted in a significant 

decrease (Student’s t-test, p < 0.05) in the number of viable cells. The highest number of 

viable cells observed in these experiments was 57% of the initial amount. It is assumed 

that this loss of viable cells is a result of environmental stresses induced during the 

evaporation process, e.g., decrease in  water activity (Section 5.3.3b) or the increase in 

kosmotropicity, salinity, and ionic charge (Cray et al., 2013, Grant, 2004, Fox-Powell et 

al., 2016).   

Past research indicates that stationary phase cells are more resistant to environmental 

stresses than phases of growth (Van Rensburg et al., 2004, Jenkins et al., 1991), which 

explains why cells that were known to be in the stationary phase remained more viable 

than those believed to be in lag phase or in the transition from lag to stationary phase. It 

remains uncertain, however, why this relatively high cell survival was also observed in 

cells that were believed to be in the log phase.  
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However, even when stationary phase cells of the same age were entombed within 

crystals, significant variation was observed between repeats of the same experiment. It 

is plausible that this variation was induced by the experimental protocol: relatively 

large volumes of cells were placed in the centrifuge to be pelleted and resuspended at 

much smaller volumes, and it is, therefore, possible that variation in the number of 

pelleted cells between repeats of the experiments led to slightly different initial 

numbers of cells were added to the discs in the different repeats. Alternatively, there is 

evidence in previous literature to suggest high natural variation in the number of viable 

cells entombed within crystals. Adamski et al., (2006) investigated the number of viable 

cells within individual fluid inclusions of similar size. They found that the cell density 

within fluid inclusions of a single crystal can vary by an order of magnitude, and that the 

number of cells within fluid inclusions of separate crystals grown simultaneously can 

vary by a further order of magnitude (Adamski et al., 2006). Large, natural variation in 

the number of viable cells within fluid inclusions might therefore explain the large 

variation in the number of viable cells within a crystal as a whole.    

5.4.2 - Crystal mass 

Crystals (Section 5.3.2c) produced from stationary phase cells were significantly heavier 

(a mean of 0.1136 g) than those formed from earlier growth phases (a mean of 0.0897 

g), and yet there was only 0.06 g of salt present within the solutions. There are two 

potential sources of this excess mass: water and biological components. These are 

discussed below. 
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a) Contribution from water towards crystal mass 

NaCl is hygroscopic and, as such, readily adsorbs water from the atmosphere (Wise et 

al., 2007), hence it is expected that the crystals will weigh more than the mass of salts 

present within the evaporating brine. Indeed, it was this property that prohibited the 

determination of accurate dry masses of the samples from Boulby Mine (Section 2.3.2) 

as it was shown that the amount of atmospheric water a sample could absorb was 

highly variable. This hygroscopic water is unlikely, however, to be responsible for the 

variation in mass of crystals grown from different growth phases, as no hypothesis can 

be proposed to explain how cells would influence the ability of a crystal to adsorb water. 

Not all water in a salt crystal is absorbed hygroscopically from the atmosphere, 

however, as water is also found within fluid inclusions.  

Prior research has shown that the presence of cells will increase the size and abundance 

of fluid inclusions within a salt crystal as it forms (Norton and Grant, 1988). This excess 

fluid would presumably increase the mass of the crystal. One hypothesis to explain why 

stationary phase cells produced heavier crystals, is that these cells resulted in larger 

and more abundant fluid inclusions than cells from earlier growth phases. This could 

not be investigated in this Thesis, because of the variation in crystal growth upon 

microscope slides (Section 5.3.1b), but as discussed in Section 5.4.8a, this is an avenue 

for further research. 

b) Contribution from biological components towards crystal mass 

It seems reasonable to suggest that cells in stationary phase would have a greater mass 

than cells from earlier growth phases, since the older cells have had more time to 

assemble and accumulate biomolecules. For example, it was observed that the 
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expression of a pigment (possibly bacterioruberin), an example of a large carotenoid 

(Yoshimura and Kouyama, 2008), increased during late log phase (Section 4.3.2c). 

Increased production of heavy biomolecules, such as this large carotenoid, could 

contribute to the greater mass of crystals formed from older cells.  

The washing step during crystal preparation (Section 5.2.2c) would remove any free-

floating biomolecules secreted into the media, therefore this mass would need to be 

contained within, or be anchored to, the cell membrane. The increase in mass between 

crystals formed from pre- and during stationary phase cells was on average 0.0239 g. If 

this gain in mass was a result of the presence of heavier biomolecules, then this would 

correspond to an increase in mass of approximately 0.01 ng per cell. Values for the 

average mass of a cell vary within the literature, but tend to fall between 0.1-10 ng (Milo 

et al., 2009), therefore an increase of 0.01 ng between pre-stationary and stationary 

phase cells is not an infeasible amount of mass for a single cell to accumulate 

throughout its lifetime. This hypothesis is in contrast to prior studies (Norton and 

Grant, 1988, Lopez‐Cortes et al., 1994) which have doubted the significant contribution 

of biomass to the overall mass of a crystal. Furthermore, if accumulation of 

biosynthesised mass was responsible for this increase, then it would be expected that 

the mass would gradually increase with the age of the culture. Instead the ANOVA tests 

showed no statistically significant variation over time in the mass of crystals formed by 

pre-stationary phase cells or in the mass of crystals formed by stationary phase cells.  

c) Biomolecules impacting the mass of water present 

The actual explanation could be a combination of the above two hypotheses. It has been 

shown that the increase in abundance and size of fluid inclusions can be induced by 

organic nanoparticles (Pasteris et al., 2006), not just intact cells. While cells from all 
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phases of the growth were resuspended to the same density prior to crystal formation, 

the lag phase of these cells lasted two days, indicating that FEM1 takes time to adjust to 

changes in the extracellular environment (Section 5.3.2a). Cells taken from the 

stationary phase might therefore have continued to produce and condition the 

environment within the disc with stationary phase-specific extracellular molecules that 

would not be produced by cells in earlier phases. These stationary-phase molecules 

might trigger the formation of more, or larger, fluid inclusions, trapping more water, 

and thus resulting in the increase in mass. Investigation into variation into fluid 

inclusion size and abundance is, therefore, a priority for further research (Section 

5.4.8a). 

5.4.3 - UV-resistance within NaCl crystals 

This study did not compare the survival under UV-light of entombed H.noricense FEM1 

with FEM1 in liquid media (not entombed), although prior literature suggests that the 

cells entombed in NaCl may have greater UV resistance than free cells (Leuko et al., 

2015, Fendrihan et al., 2009a, Fernández-Remolar et al., 2013, Stan-Lotter et al., 2002b).  

It is also not appropriate to compare the values within the kill curve presented in this 

Chapter (Figure 5.9) with those in the literature because of differences in the 

entombment, cell counting and data presentation methods used. Independent of the 

values, however, the shape of the kill curve is similar to published examples (Fendrihan 

et al., 2009a, Rolfe, 2017, Kottemann et al., 2005, Leuko et al., 2015), with small doses of 

radiation having little effect and the lack of significant cell death at <40 kJ m-2 was also 

observed in separate experiments where Halococcus dombrowskii or various strains of 

Halobacterium were entombed (Fendrihan et al., 2011 and Rolfe, 2017 respectively).  
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5.4.4 - Effect of salt composition on microbial survival 

a) Entombment in non-NaCl salts  

Entombment in the absence of NaCl 

One of the primary goals of this Chapter, and indeed this Thesis, was to determine 

whether entombment would be possible within crystals of non-NaCl salts. Investigation 

into which salts can entomb cells, and which cannot, would allow martian salt deposits 

to be targeted for future life detection missions. Unfortunately, in this Chapter, viable 

cells could not be successfully entombed following evaporation of brines without NaCl 

(Section 5.3.3). This does not mean, however, that only NaCl crystals can entomb cells, 

but that it is likely that H.noricense FEM1 is unable to survive in NaCl-free brines (see 

Section 4.3.4). This is based upon prior evidence that indicates that entombment of non-

halophilic microorganisms is possible in MgSO4 crystals that precipitate from a low NaCl 

environment (Cojoc et al., 2009). The future work section (Section 5.3.3b), therefore, 

considers the possible mechanisms by which entombment in non-halite crystals could 

be investigated.  

Entombment in the presence of NaCl 

Successful entombment of viable cells required the addition of at least 1.71 M NaCl to 

the evaporation media. The variation in viable cells prepared from different cultures 

(Section 5.4.1) meant that, in each repeat, all the cells (Section 5.3.3) were from the 

same culture. This meant that, regardless of the composition of the evaporating brines, 

all cells had been grown in NaCl-based 10% MPM. Addition of these cells to the 

evaporation brines without an equivalent to the acclimatisation cultures (Section 

4.2.5a) might have driven changes in the viability of the cells that would be 
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indistinguishable from changes to viability induced by the entombment in different 

salts. This does not appear, however, to have occurred, since there was no statistically 

significant difference in the number of viable cells that could be extracted from crystals 

formed from salt solutions containing 3.42 M NaCl compared to those containing 1.71 M 

NaCl when in combination with 1.71 M KCl, 0.87 M MgSO4 or Na2SO4, or half saturated 

CaSO4 or K2SO4. This consistency in the viability of cells in the presence of these salts 

was seemingly unaffected by the significant differences in the masses of these crystals 

(Section 5.3.3c). The low concentration (0.007 M) of CaSO4 in the evaporating brine 

meant that it contributed only 1.02 % of the mass of the crystals that precipitated, and 

yet these crystals contained the same number of viable cells as the ones formed from an 

evaporation brine containing twice as much NaCl. This could, therefore, imply that the 

number of cells which survived the entombment process was not governed by the 

composition or salinity of the brine.  

While the number of cells that survived the entombment process could be impacted by 

the growth phase of the culture they were harvested from (Section 5.4.1), there was no 

significant variation in the number of viable cells that could be extracted from crystals 

formed from solutions of the same volume, cell density and pre-evaporation surface 

area, across a range of salt chemistries and salinities. The only exception was with salt 

solutions containing MgCl2.  

c) Viable cells in MgCl2 

MgCl2 was the only salt investigated that displayed a statistically significant difference 

in the number of viable cells present following the entombment and dissolution process. 

Allowing for variations between repeats, the mean number of viable cells that could be 
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extracted from the crystals formed from solutions containing 0.86 M MgCl2 was roughly 

11 % of those in crystals that contained only NaCl. 

The saturated MgCl2 solution had the lowest water activity of all the solutions 

investigated in this Chapter (0.732, Table 5.3), outside the range presented in Section 

4.3.4d, so it is plausible that exposure to this low water activity during the evaporation 

process is responsible for the cell death. There is, however, conflicting evidence. Firstly, 

this low water activity was similar to that reported for the MgSO4 solution (0.735, Table 

5.3), where no loss of cells was observed. While not impossible, it seems unlikely that 

the cells would be able to tolerate a water activity of 0.735 and would experience 88 % 

cell death at a water activity of 0.732. Finally, while it is the lowest water activity 

detected in this Thesis, 0.732 is still a higher water activity than the range 0.71 - 0.73 

previously stated to be typically tolerable by members of the Halobacterium genus 

(Stevenson et al., 2015b). 

Hence, while the low water activity of the evaporating brines containing MgCl2 brines 

cannot be ruled out as an explanation for the low numbers of viable cells within the 

resulting crystals, chaotropicity seems a more likely explanation. MgCl2 is considerably 

more chaotropic than any of the other salts investigated in this chapter (Cray et al., 

2013) and evaporation of the brine would have increased the concentration of this salt. 

Furthermore, precipitation of the NaCl salts would have removed the kosmotropic 

effects from the solution, which, as discussed in Section 1.2.4d, can act to cancel out 

chaotropic effects.  
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5.4.5 - Effect of salt composition on UV survival 

a) Differences between salts 

As discussed in Section 5.4.3, entombment in NaCl crystals could increase the ability of 

FEM1 to withstand UV radiation compared to free cells. While the work presented in 

this Chapter could not prove that H.noricense FEM1 entombed within halite crystals had 

greater UV resistance than non-entombed cells (Section 5.4.3), it has demonstrated that 

it survival under UV is improved in crystals formed from brines containing NaCl and 

KCl, K2SO4, Na2SO4, MgCl2 or MgSO4 (Section 5.3.5a). Variations in the mass of crystals 

available to absorb the radiation was initially considered as a possible hypothesis to 

explain this result.  However, the heaviest crystals were formed by the brines that 

contained only NaCl (Section 5.3.3.c) and the resulting NaCl crystals had the lowest 

relative survival rates when exposed to UV. As discussed in Section 5.4.2, it is believed 

that the majority of the non-salt mass within a crystal is provided by water, although as 

these were stationary phase cultures, it is possible that some biomass may have also 

contributed. Water is capable of absorbing and attenuating UV-radiation (Córdoba-

Jabonero et al., 2005, Najita and Carr, 2015), but those crystals believed to possess the 

most excess water provided the least effective UV protection. This, therefore, suggests 

that KCl, K2SO4, MgCl2 and MgSO4 protect cells from UV in a more effective way than is 

possible with water.  

Including KCl, K2SO4 and Na2SO4 within the evaporated solutions produced crystals that 

were more opaque and less fragile than other compositions (Section 5.3.3a). While they 

produced crystals that provided significantly greater UV protection than crystals of just 

NaCl (Table 5.5), no significant variation was observed in the relative UV-shielding 

abilities of these three opaque salts at 99 kJ m-2 (Table 5.5), with a mean survival rate of 
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71.8 % of that of unexposed crystals (Figure 5.11). It is possible that the increased 

opacity of these crystals to visible light also inhibited penetration of UV (Cockell and 

Stokes, 2006). However, the presence of MgCl2 or MgSO4 did not alter the opacity or 

hardness of the resultant crystals and so these factors cannot account for survival rates; 

the highest relative survival rates were observed for crystals containing these salts 

(Table 5.5).  

While no significant difference was observed for the UV survival rates when cells were 

entombed in salts containing MgSO4 compared to when entombed in salts containing 

KCl, K2SO4 or Na2SO4, MgSO4 was also the only salt that did not induce significant 

difference in survival (Figure 5.11) compared to MgCl2. This could imply that, 

independent of the specific effects of MgCl2 (which will be discussed in Section 5.4.5b), 

Mg salts themselves might have a greater influence on UV protection than opacity 

through an as-yet undetermined mechanism. Given that the presence of 0.007 M CaSO4 

did not have a meaningful impact on the composition of the crystals that formed, it is 

not unexpected that the crystals formed from brines containing this salt provided the 

same amount of UV protection as crystals containing only NaCl.  

b) MgCl2 

Comparing entombment within crystals containing MgSO4 or MgCl2 with crystals 

containing other salts might imply that that Mg salts provide better UV protection for 

cells than other compositions (Section 5.4.5a). This effect alone, however, cannot 

explain the high relative survival of cells entombed in the presence of MgCl2 when 

subjected to UV. MgCl2 was the only salt investigated that showed no change in the 

number of viable cells between crystals exposed to 99 kJ m-2 of UV radiation and those 

that were not (Section 5.3.4b). This is unlikely to be a result of a loss of accuracy when 
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counting low numbers, as the cells had been diluted prior to counting (Section 5.2.1b); 

in order to count the cells from MgCl2 samples they had to be diluted one less time than 

the other samples and thus large numbers of cells were still counted. This salt also was 

the only one where no significant difference was observed in the number of viable cells 

in crystals exposed to 99 kJ m-2 compared with unexposed crystals. It is possible that 

these two observations are linked.  

As discussed above (Section 5.4.4b), it is likely that this low number of viable cells is a 

result of exposure to highly chaotropic conditions during crystal evaporation. It has also 

previously been discussed (Section 1.3.4) that many extremophilic defence mechanisms 

provide protection from more than one environmental extreme, for example cold 

tolerance and low pressure tolerance appear to be linked (Schuerger and Nicholson, 

2016), as does desiccation resistance and radiation resistance (Musilova et al., 2015). It 

is, therefore, possible that chaotropicity resistance and UV resistance are similarly 

linked, and that those FEM1 cells most capable of surviving the MgCl2-rich brine were 

more resistant to the UV radiation.  

The lack of knowledge as to how chaotropicity operates (Fox-Powell et al., 2016, Ball 

and Hallsworth, 2015), and how it might result in resistance to UV, makes proposing a 

chaotropicity-UV defence mechanism or pathway difficult. It has, however, been 

postulated that proposed “chaophiles” have extremely rigid plasma membranes 

containing highly saturated fatty acids, which compensate for the destabilising effects of 

chaotropes in their natural environments (Leong et al., 2015). If this is the case, then it 

possible that these saturated fatty acids might also provide UV protection in some way.  

This chaotropicity defence mechanism still remains unproven, but one experiment to 

investigate biological mechanisms that may provide protection from chaotropicity is 
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proposed in Section 5.4.8e, along with a suggested means of investigating a potential 

correlation between chaotropicity resistance and UV-resistance.  

5.4.6 - Implications for natural salts 

Experiments from Chapter 2-4 investigated naturally occurring samples of Boulby 

Potash and Boulby Halite. In the experiments presented in this Chapter, the laboratory-

grown crystals of NaCl could be considered analogous to the Boulby Halite samples, 

while the crystals of NaCl-KCl could be considered analogous to the Boulby Potash (both 

featured equimolar concentrations of KCl and NaCl).  Although the salts are laboratory 

produced, the results from the experiments (with the exception of those involving UV) 

can help to shed light on some of the questions raised by earlier chapters. Importantly, 

the laboratory-grown crystals allowed control of the compositions and number of cells 

that could be used that natural samples could not provide. 

a) Investigating entombment in sylvite crystals  

Previous chapters raised the question of whether microorganisms could be entombed 

within sylvite crystals instead of halite. Chapter 3 had shown no difference in the 

community composition of samples that were predominantly halite and samples that 

were a mixture of halite and sylvite. Section 3.4.2 discussed the uncertainties over 

whether this was because the microorganisms were heterogeneously distributed 

exclusively within the halite of the Boulby Potash, or whether the same microbial 

community could be found in crystals of both compositions. In Chapter 4 this was 

further complicated: more viable microorganisms could be extracted from the sylvite-

containing Boulby Potash samples than from the Boulby Halite, but could not be 

obtained from samples of pure sylvite from Boulby Mine.  It was hoped that 
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investigating the numbers of viable cells within the laboratory-grown crystals could 

reveal the reasons behind these observations.  

For example, if the samples analogous to Boulby Potash contained significantly fewer 

cells than those analogous to Boulby Halite, it could imply that the cells could only be 

entombed within the NaCl and not within the KCl. Alternatively, equal numbers of cells 

within the salts would imply that the cells could be homogenously distributed 

throughout the crystals regardless of their composition and thus they could be 

entombed within both sylvite and halite.  

The results in this Chapter (Section 5.3.3e) showed equal numbers of cells within 

crystals analogous to the sylvite and the halite, but the number of viable cells that 

survived the entombment process was governed by a factor other than composition and 

brine salinity (Section 5.4.4a). It therefore remains uncertain whether the sylvite 

crystals investigated in previous chapters were capable of entombing microorganisms. 

Further means of investigating this are therefore discussed in Sections 5.4.8a & b.   

b) Investigating numbers of cells between the Boulby lithologies 

As discussed in Chapter 4, the samples of Boulby Potash appeared to contain more 

viable cells than those of Boulby Halite, although this could not be proven statistically 

(Section 4.4.1a). In this Chapter, however, when samples analogous to the Boulby Halite 

and the Boulby Potash were prepared containing the same initial number of cells, the 

number of viable cells recovered after dissolution was also the same. This raises the 

possibility that the differences in the number of cells between lithologies from Boulby 

Mine was either down to chance or a result of the increased secondary alteration to the 

Boulby Potash, rather than a result of any inherent differences between the primary 
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lithologies; Section 4.4.7a included discussion of various methods that could be 

employed to prove this.   

5.4.7 - Implications for martian astrobiology 

One of the primary goals of this Chapter was to investigate how entombment in Mars-

relevant salts would affect the survivability of potential life- on the surface of present-

day Mars. This is considered below in two sections, firstly in terms of the salt 

composition itself, and secondly in terms of protection from the martian environment.  

a) Entombment in Mars-relevant salts  

This Chapter limited itself to investigation of the crystals formed by evaporation of 

solutions that contained a minimum of 1.71 M NaCl, as brines with less than this could 

not be shown to support cell growth (Section 5.4.4a and Chapter 4). It is unclear 

whether the salts (and cells) were heterogeneously distributed throughout the crystals 

of mixed compositions (Section 5.4.6), therefore it cannot be determined whether Mars-

relevant salts can entomb microorganisms in the absence of NaCl; past research 

indicates that MgSO4 can (Foster et al., 2010).  

What these results do show, however, is that the presence of large concentrations of 

many of the salts that dominate potential martian brines (MgSO4, CaSO4 and Na2SO4, 

Massé et al., 2014, Ojha et al., 2015, Davila et al., 2013, Kerr, 2013) would not inhibit the 

survival of entombed halophiles (Section 5.3.3e). Sections 5.4.8a & b propose further 

research to investigate whether entombment is possible within these additional Mars-

relevant salts, or whether microorganisms required the presence of NaCl for 

entombment to take place.  
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Of the investigated salts, those containing MgCl2 were the only ones from which fewer 

viable cells were obtained compared with NaCl alone (Section 5.3.3e). It is uncertain 

what accounts for this, but it is speculated (Section 5.4.4.c) that this is a result of the 

physicochemistry of the evaporating brine (specifically its chaotropicity), rather than 

the chemistry of the crystals. Previous research has indicated that the viability of 

entombed microorganisms decreases over time (Adamski et al., 2006, Schubert et al., 

2009, Kottemann et al., 2005). It remains uncertain whether the presence of different 

salts would increase or decrease the rate that this occurs, but if the reduced cell viability 

in the MgCl2 crystals is indeed a result of the chaotropicity of the brine, then there is no 

evidence to suggest that, once entombed, the viability within these crystals would fall at 

a greater rate than cells entombed in NaCl. Section 5.4.8c discusses methods that could 

be used to investigate this further, but if this hypothesis is correct then the data in this 

Chapter would suggest that the martian MgCl2 and MgSO4 salts might allow 

entombment of hypothetical martian organisms. 

b) Protection from the martian environment 

It has been proposed that halite on Mars would be capable of shielding entombed 

microorganisms from the extreme UV environment (Leuko et al., 2015, Fendrihan et al., 

2009a, Fernández-Remolar et al., 2013, Stan-Lotter et al., 2002b). This Chapter shows 

that non-NaCl salts, including ones present on the martian surface (MgSO4, CaSO4 and 

Na2SO4, Massé et al., 2014, Ojha et al., 2015, Davila et al., 2013, Kerr, 2013), are capable 

of improving survivability when compared to NaCl.  

MgCl2 was unusual in that, while its presence resulted in fewer viable cells being 

extracted from the crystals, the microorganisms entombed within those crystals did not 

experience any cell death under 99 kJ m-2 of UV radiation. It is uncertain whether this 
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was a result of MgCl2 providing greater shielding from the UV (Section 4.4.5a) or 

because the cells most resistant to the presence of MgCl2 were also more UV-resistant 

(Section 5.4.5b). The former might imply that, while MgCl2 in an aqueous martian 

environment would be hazardous to potential martian life, once the brine evaporated 

and crystals precipitated, they could protect cells.  The latter hypothesis, however, 

would suggest that traits that allow microorganisms to survive one extreme of the 

martian environment also help them to survive another, and thus raises the possibility 

that a polyextremophilic microorganism might be able to survive in MgCl2 salts.  

These results show that many other salts are better at providing UV-protection for 

microorganisms than the halite they are typically studied in (Section 5.4.3), but this 

Chapter has investigated only relatively thin layers of crystals. In the large martian 

chloride deposits (Section 1.4.2), greater thicknesses of the salts - and potentially larger 

crystals - would presumably increase UV attenuation.  

c) Other forms of radiation 

The impact of cosmic radiation was not assessed in this Chapter because UV induces the 

same biological harm and occurs at much higher intensities (Pavlov et al., 2012). 

Ionising radiation provides negligible energy on the martian surface compared to UV, 

although more than is delivered to the terrestrial surface (Sato et al., 2017) and it is able 

to penetrate much deeper than UV (Pavlov et al., 2012, Musilova et al., 2015). If salt 

crystals such as those on the martian surface do provide protection from UV, then 

ionising radiation may play a role in cell survival since there is evidence to suggest that 

halite is unable to protect cells from ionising radiation (Kminek et al., 2003).  Further 

research is required to determine whether any of these more Mars-relevant salts would 

impart protection against ionising radiation (Section 5.4.8g).  
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5.4.8 - Further work 

This Chapter devised a methodology for investigating the potential of different salts to 

entomb cells and compared the relative UV-shielding effects of these salts. The results 

raised a number of questions and possibilities for future work.  

a) Investigating fluid inclusions 

In this Chapter, crystals were formed within discs. While this allowed greater 

consistency in cell counts between experiments, it caused the formation of relatively 

thick crystals on an opaque background, which rendered microscopy difficult. Further 

research would involve the growth of larger masses of non-overlapping crystals on 

glass microscope slides (as attempted in Section 5.3.1a, where this was only successful 

with NaCl crystals) in order to create samples more suitable for light microscopy. These 

could be used to determine whether the cells taken from different stages of growth 

altered the size and abundance of fluid inclusions within a given area (as hypothesised 

in Section 5.4.2) and thus investigate the causes of the greater mass of crystals formed 

from stationary phase cells.  

If the cells were also dyed prior to crystallisation (as in Section 5.3.1b), then light 

microscopy could be used to determine the distribution of viable cells in the crystals. 

Following observation of the short-lived dye, the same microscope slide could be 

examined using EMPA (as in Section 2.3.1d) in order to examine the distribution of the 

different salts within the crystals. Comparison of these results could then determine 

whether the microorganisms were homogenously distributed through the crystals or 

just located within NaCl.  
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b) Entombment in the absence of NaCl 

The experiments in this Chapter focused on the isolate H.noricense FEM1 in order to 

allow comparison with the results obtained from the samples of Boulby Mine (Chapters 

3 and 4). This obligate halophile did not survive brines that did not contain NaCl 

(Section 4.3.4.e and 5.2.6a) and, as such, could not be used to investigate whether 

crystals of these salts alone (not in combination) were capable of entombing cells. As an 

alternative, bacterial spores could be used, which are not obligate halophiles and have 

been revived from fluid inclusions in halite. If a microorganism can be found that can 

survive the non-NaCl brines (at least for the approximately 0.5 day periods required for 

evaporation), then it could be determined whether entombment in those salts is 

possible. 

c) Time scales 

The experiments in this Chapter only investigated survival over an entombment period 

of one day. It would be beneficial to repeat these experiments, with a larger number of 

discs being prepared on the same day but washed and weighed the day after. Unlike the 

experiments carried out in this Chapter, the dissolution of crystals and the counting of 

viable cells could be staggered over longer time periods, with some crystals investigated 

weeks, months or even years later. In this way, it could be determined whether the 

viability of cells within crystals decreased over time (as suggested by the work of 

Kotteman et al., 2005) and varied between salts (as discussed in Section 5.4.7a).  

Given that this Chapter has identified MgCl2 as the salt that could provide the best 

protection from the martian UV environment (Section 5.4.5), it should be determined 

whether the significantly lower number of viable cells entombed within these crystals is 
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the result of an environmental stress during crystal formation or whether long-term 

entombment alongside MgCl2 would eventually kill cells even if they were protected 

from the UV.  

d) Further salts 

The salts investigated in this Chapter were chosen primarily because Chapter 4 had 

demonstrated the ability of H.noricense FEM1 to survive the brines that formed the 

crystals (Section 4.3.4e).  Significantly, this study has not investigated perchlorate salts, 

which are abundant on the martian surface. Future work could therefore repeat the 

experiments of Chapters 4 and 5, investigating the tolerance of H.noricense FEM1 to 

perchlorate brines and crystals of different cationic compositions. If perchlorates could 

also be shown to be able to entomb microorganisms then this would significantly 

increase the number of locations on the martian surface where evidence of life (both 

past or present) could be found.  

e) Investigating a link between chaotropicity resistance and UV resistance 

In these experiments, the presence of MgCl2 within an evaporating brine caused 

significant cell death, but when those cells that survived to become entombed were 

exposed to 99 KJ m-2 of UV-radiation, no further cell death was observed. It is 

hypothesised (Section 5.4.5b) that this might be indicative of a link between 

chaotropicity resistance and UV-resistance, although the lack of information about the 

mechanisms that underpin chaotropicity makes this difficult to determine (Fox-Powell 

et al., 2016, Ball and Hallsworth, 2015).  

In order to determine whether this link exists, cells could be exposed to a strain-

improvement program. Cultures could be established of a well-characterised strain of 
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microorganism, and grown in successively more chaotropic environments. This would 

apply selection pressure to encourage adaptation to this chaotropicity. Once several 

chaotropicity resistant strains of this organism had been developed, it would then be 

tested whether their survival under UV-light differs significantly from cultures of the 

initial microorganism that had not been exposed to chaotropic environments for 

generations. 

Once chaotropic strains of a well-characterised organism had been developed, the 

genome of these strains could be compared with the wildtype strain, in order to 

investigate the methods that these mutants used to develop chaotropicity resistance 

and thus shed light on the relatively unknown biological defences to this environmental 

extreme.  

Many strain-improvement programs pair growth in environments that induce a 

selection pressure with a mutagenesis protocol (Upendra and Khandelwal, 2016, Cheng 

et al., 2016b, Rowlands, 1984) to speed up the rate of mutation and adaptation, but that 

would not be possible in this proposed experiment; mutagenesis would also induce a 

selection pressure against UV-resistance. This would interfere with attempts to 

determine whether cells naturally gain UV-resistance as a side effect of chaotropicity 

resistance. This would, therefore, mean that the strain improvement program would be 

a slower process than normal and a suitably fast-growing microorganism should be 

chosen for it.   

f) Other environmental factors on Mars 

The results presented in this Chapter show that the presence of some Mars-relevant 

salts (with the exception of MgCl2) do not inhibit the survival of entombed 
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microorganisms and that many of these salts (including MgCl2) improve the survival of 

microorganisms under UV radiation.  UV is not, however, the only aspect of the martian 

environment that is hostile to terrestrial life (Section 1.2.1) and the comparative 

abilities of these salts to protect cells from these other environmental factors should be 

investigated.  

For example, these experiments could be repeated, but instead of exposing half the discs 

to UV radiation, they could be exposed to -60 ℃, the mean martian temperature (McKay, 

1999, Ferguson and Lucchitta, 1984), for several days and the survival of viable cells 

determined. It has already been shown that air pressures as low as 10-6 Pa do not affect 

the survival of Halobacterium in NaCl crystals, nor its ability to withstand UV radiation 

(Kottemann et al., 2005), but it should be determined whether this remains the case for 

the other salts.  

While the intensity of the martian UV environment means that it is the form of radiation 

most considered, the surface and near sub-surface are exposed to other forms of 

radiation including cosmic rays and heavy ions (Pavlov et al., 2012, Musilova et al., 

2015). These other forms of radiation become more relevant if the Mars-relevant salts 

are capable of shielding cells from UV (Section 5.4.7c); there is already evidence to 

indicate that entombment in halite provides no protection from the martian cosmic 

radiation environment (Kminek et al., 2003), so it should be determined whether this is 

the case for all of the salts on the martian surface.  

Once these factors have been examined individually, the combined environmental 

pressures should be investigated in a Mars simulation chamber. Ideally, these 

experiments would work towards the goal of determining which salts on the martian 
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surface may be the most effective at supporting viable cells under martian conditions 

and, thus, which could have the greatest astrobiological potential. 

5.5 - Conclusions 

This Chapter investigated the survival of cells entombed from the salts precipitated 

from a variety of salt solutions. The same number of viable cells were obtained from 

crystals of a wide range of salt compositions and salinities, implying the number of 

viable cells following the entombment process appears to be linked to an, as yet 

unknown, factor.  It was not related to concentration of the salts within the brine. 

Significantly, fewer viable cells were obtained when NaCl was combined with MgCl2, but 

this may be because of a loss of cells in the highly chaotropic conditions formed by 

increasing concentrations of MgCl2 within the brine during salt precipitation.  

It was shown that the entombment of microorganisms within salts (with the exception 

of CaSO4, which had a very low mass) was capable of increasing the survival of cells 

when exposed to UV radiation. In particular, while the presence of MgCl2 significantly 

decreased the number of viable entombed cells, no further cell death was observed 

when these crystals were exposed to the D37 dosage of UV. It remains uncertain whether 

this was a result of increased protection from the cells from the UV environment, or 

whether the cell death during the initial entombment process had inadvertently 

selected for polyextremophilic representatives of the cells. These results indicate that 

the presence of non-NaCl salts within an evaporating brine, as would occur in a martian 

environment, would increase the amount of protection received by entombed cells from 

the harsh martian UV.  
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Chapter 6: Summary and conclusions 

This Thesis investigated the microbial community of the ancient evaporite (salt) 

deposits of Boulby Mine. Initially a culture-independent study of these deposits was 

carried out, which showed that variation in Na and K composition of the evaporites had 

no impact on the composition or diversity of the entombed microbial community 

(Chapter 3).  Obligate halophiles were then isolated from these deposits (Chapter 4). 

Investigations were carried out to determine the ability of these isolates to survive in 

brines that were not dominated by NaCl, because high salinity but low-NaCl conditions 

are hypothesised to exist on the martian surface in both the present day and distant 

past (Chapter 4).  

Finally, this Thesis investigated the ability of halophiles to survive entombment during 

the evaporation of high salinity, low NaCl brines and precipitation of salts of different 

compositions (Chapter 5). The impact of salt composition on the potential for organisms 

to be protected from the martian UV environment by entombment (Leuko et al., 2015, 

Fendrihan et al., 2009a, Fernández-Remolar et al., 2013) was also investigated.  

This Chapter, therefore, summarises the key findings, conclusions and implications of 

this Thesis, both in terms of terrestrial salts and brines, but also hypothesised salts and 

brines on the martian surface or near subsurface. The limitations of this work, as well as 

the unanswered questions raised by it, are considered and identified as potential 

avenues for further research. 
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6.1 - Characterisation of Boulby Mine 

Boulby Mine was initially chosen as a sample site, as it represents a naturally occurring 

environment featuring a transition from near pure NaCl (Boulby Halite) to NaCl and KCl 

in roughly equal ratios (Boulby Potash), while all other environmental factors (such as 

humidity, temperature and human influence) are kept constant. Both these lithologies  

have previously been shown to contain entombed microorganisms (Norton et al., 1993), 

but by investigating the communities entombed across the transition between these 

two lithologies it could be determined whether changes in the (presumably entombed) 

microbial community composition were driven by changes in the salt composition. This 

was the first step towards determining whether martian deposits of non-NaCl salts 

could entomb life, and if so whether commonly used terrestrial halophiles were a 

suitable analogue for potential martian life.  

6.1.1 - Composition of the Boulby evaporites 

Samples from Boulby Mine were collected and characterised (Chapter 2). The majority 

of the samples came from four sites: A, B, D & E. All of these sites featured the Boulby 

Halite (NaCl), the Boulby Potash (NaCl + KCl) and the interface region between them. A 

fifth site, Site X, also featured veins of sylvite (KCl) running through it. Sites A-E had 

their geochemistry and mineralogy characterised in detail. 

Investigation of the samples showed that, as expected, the Boulby Halite and the Boulby 

Potash differed significantly in the concentration of Na+ and K+ ions, though not in the 

concentration of Cl- ions. There was evidence to suggest that many of the minor 

elements (Ca, Fe, Mg, Mn and Al) detected within the samples had been delivered to 

them via downwards movement of water through the stratigraphic column.  
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6.1.2 - Microorganisms entombed within the samples 

Initially, the microbial communities entombed within samples from Sites A-E were 

investigated using culture-independent techniques (Chapter 3). These techniques 

investigated the relative abundances of the terminal restriction fragment lengths 

formed when the various copies of the highly variable 16s rRNA genes extracted from 

the samples were digested with a restriction enzyme. This was the first culture-

independent study of the community within the deposits of Boulby Mine, as all prior 

studies have been culture-dependent (Norton et al., 1993). These experiments were 

then followed up with attempts to culture microorganisms from the same samples, as 

well as ones from an additional site (Site X). 

a) Variations in community composition 

The culture-independent study carried out within this Thesis indicated there was no 

variation in the abundances of the microbial genera between samples of Boulby Halite 

and Boulby Potash; no samples of sylvite were analysed because of limited availability. 

Large variations in the Na (100 - 40 %) or K (0 - 60 %) concentration of the samples had 

no effect on the composition of the entombed microbial communities (Section 3.4.2). It 

could be shown, however, that the diversity of genera was significantly lower in the 

samples that had undergone the most aqueous alteration, as evidenced by the presence 

of Ca and other minor elements (Section 3.4.3).  

Attempts were made to culture microorganisms from the Boulby Potash, Boulby Halite, 

and the sylvite. Viable cells could be obtained from all lithologies using the culture-

independent techniques (Section 4.3.1b), and the same two genera were isolated. There 

was again no variation between the lithologies (Section 4.4.2b). Culture-dependent 
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techniques, however, failed to produce viable cells from sylvite, suggesting that viable 

cells of the genera found within the Boulby Potash and the Boulby Halite were not 

present within the sylvite.  It remains possible that viable cells of other genera could be 

obtained from the sylvite using a wider variety of media than were investigated in this 

Project (see Section 4.4.1b for a full discussion of this). The lack of culture-independent 

DNA data from the sylvite, means that it remains uncertain whether the sylvite would 

contain the same non-viable cells that were detected in the other lithologies, or whether 

the sylvite contained cells at all (Section 4.4.5b).  

b) Overall community composition 

The results of the culture-independent study suggested that the majority of the DNA 

within the samples belonged to bacteria rather than archaea (Section 3.4.1). This was 

contrary to the results from previous studies of Boulby Mine’s deposits (Norton et al., 

1993) that had only detected archaea. The presence of CaSO4 within many of the 

samples is indicative that the deposits had undergone secondary aqueous alteration 

(Section 2.4.3), which may have introduced bacteria to the beds at the sites sampled in 

this study; while Norton’s samples were unaltered (Section 3.4.3b). An alternative 

hypothesis is that ancient halite deposits like those from Boulby typically contain large 

numbers of unculturable bacteria which can only be detected via culture-independent 

techniques. This hypothesis is suggested by the work of Fish et al., (2002), who used 

culture-independent techniques to detect many of the same bacteria as were found in 

this study within ancient salt deposits that had previously only yielded archaea via 

culture-dependent techniques.  

To test these theories, Norton’s culture-based techniques were replicated (Chapter 4) 

using the samples in which bacteria had been detected (Chapter 3), and only archaea 
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could be grown. Therefore, it is proposed that Norton’s samples also contained large 

numbers of bacteria, but the media used by Norton to isolate organisms did not support 

their growth. This would, in turn, imply that the microbial community that initially 

entered the precipitating salts 250 Ma was highly diverse, but only the haloarchaea 

could withstand long-term entombment and remain viable to the present day (Section 

3.4.1).  

There was evidence to suggest that when the viable haloarchaea within the samples 

were released from entombment, they were capable of metabolising the deceased 

bacteria (Section 4.4.1c). These could, therefore, act a source of utilisable CHNOPS 

elements which might explain the proposal that haloarchaea can withstand 

entombment for geological time periods (Schubert et al., 2009). It remains uncertain, 

however, whether these entombed haloarchaea were capable of utilising these CHNOPS 

elements or had experienced a process similar to dormancy (Section 1.3.3). Section 

6.4.2 considers potential methodologies for investigating the metabolism or dormancy 

of entombed haloarchaea.  

6. 2 - Obligate halophiles from Boulby Mine  

6.2.1 - Isolation 

Six isolates were obtained from the samples of Boulby Mine (Section 4.4.2). Four of 

these (named FEM1 and FEM2) could be identified as strains of Halobacterium 

noricense, while the remaining four (named JPW1-4) potentially represent a novel 

species in the genus Haloarcula (Section 4.3.2b). All six of these strains were obligate 

halophiles, although there is evidence to suggest that H.noricense FEM1, while still an 
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obligate halophile (it was incapable of growth at 0.86 M NaCl), grew at a lower optimum 

NaCl concentration than the others (2.56 M compared to 3.42 M, Section 4.3.4b).  

All six of the isolates were characterised by a pink pigment when grown in liquid 

culture, expressed from mid-log phase onwards. This pink pigment was tentatively 

identified as bacterioruberin based upon its colouration, although bacterioruberin is 

typically only expressed by halophiles under conditions of intense light or anaerobic 

stress (Dummer et al., 2011, Shand and Betlach, 1991), neither of which were present in 

these cultures (Section 4.4.2d). Experiments to investigate this pigment, and what 

regulates its expression, were suggested in Section 4.4.6b. 

6.2.2 - Survival in brines of different compositions 

As mentioned above, all six of these isolates were obligate halophiles: H.noricense FEM1 

was incapable of successfully inoculating successive cell cultures at NaCl concentrations 

below 1.71 M (water activities greater than 0.932), while the remaining five could not 

do so at NaCl concentrations below 2.56 M (water activities greater than 0.898). Prior 

literature suggests that the inability of halophiles to grow at relatively low NaCl 

concentrations is a result of an intolerance to the osmotic pressures induced by high 

water activities (Grant, 2004, Grant et al., 1998b, DasSarma and DasSarma, 2006). This 

Thesis, however, suggests otherwise: the addition of 0.01 M CaSO4 allowed a further 

four isolates to grow at 1.71 M NaCl (Section 4.3.4c), but had no significant impact on 

water activity. The high water activity of the solution is, therefore, unlikely to be the 

reason why growth was impossible at 1.71 M NaCl in the absence of CaSO4.   

The minimum NaCl requirement of the obligate halophiles isolated from Boulby Mine 

could be lowered by the addition of other salts (including Na2SO4, KCl, MgCl2, MgSO4 or 
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CaSO4). Based upon comparisons with previous studies (Brown and Gibbons, 1955, 

Mullakhanbhai and Larsen, 1975), it is assumed that this would be the case for all 

members of the family Halobacteriaceae and, potentially, obligate halophiles as a whole. 

Despite the fact that the minimum NaCl requirement of the isolates could be lowered by 

other salts, none of the isolates grew at an NaCl concentration below 1.71 M, even when 

the Na concentration was kept at a constant 3.42 M by addition of Na2SO4, or the Cl 

concentration was kept at a constant 3.42 M by addition of KCl or MgCl2. This might 

suggest that the isolates have a specific requirement for NaCl, a hypothesis which can be 

found in historic literature, but is often neglected in the modern day in favour of the 

idea that different salts exert different environmental stresses (for example: water 

activity, chaotropicity and ionic charge) such that halophiles are less adapted to the 

conditions induced by other salts (Grant, 2004, Fox-Powell et al., 2016, Hallsworth et al., 

2007b). The relatively low resolution of this dataset means that it is, as of yet, infeasible 

to conclude whether the lack of growth at NaCl concentrations below 1.71 M was 

because of the same stresses in all tested brines, or if they differed depending upon 

which salt was added (Section 4.4.4b).  

Dilution of 3.42 M NaCl in 3.42 M KCl, or 1.71 M MgCl2, Na2SO4, or MgSO4 kept the water 

activity below 0.932, which was the highest water activity at which growth was 

observed, but it can be suggested that the lack of growth when MgCl2 exceeded 0.86 M 

was owing to the high chaotropicity of the brine (Cray et al., 2013). No such 

environmental explanation can be proposed for the lack of growth in the instances 

when KCl concentration exceeded the NaCl concentration, as NaCl and KCl have highly 

similar chemical properties (including water activity, ionic charge and kosmotropicty). 

Given that K2SO4 was the only sulfate investigated that could not improve the growth of 
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obligate halophiles in low NaCl solutions, it is, therefore, possible that there is a specific 

intolerance to external K+ ions, and it is speculated that these might interfere with cells’ 

passive osmoregulation mechanisms (Section 4.4.4b).  

6.2.3 - Viability of microorganisms entombed in laboratory grown 

crystals  

No difference was observed in the microbial communities entombed within the 

environmental samples of the Boulby Potash and or Boulby Halite, but more cultures 

inoculated from the Boulby Potash produced growth than did from the Boulby Halite. In 

Section 4.4.1a it was suggested that this might indicate a larger number of viable cells 

within the Boulby Potash compared to the Boulby Halite (although the relative 

abundances of the genera represented were likely to be the same in both lithologies, 

Section 6.1.2). In order to investigate this, entombment in salts with compositions 

analogous to the Boulby Potash and the Boulby Halite was investigated (Chapter 5). The 

aim was to determine whether the physicochemical properties of the salt crystals would 

affect the entombment process and hence the number of viable cells.   

Interpretation of the results of that investigation was complicated by the fact that there 

was no significant variation in the number of viable cells that survived the entombment 

process regardless of salt concentrations, compositions or salinity of the source brine 

(Section 5.4.4b). By extension, this implies that, regardless of the changing salt 

composition of the Zechstein Sea when the Boulby salts were precipitated, a similar 

number of viable microorganisms may have been entombed. If so, the Boulby Potash 

may have been better at keeping entombed cells viable over geological timescales than 

the Boulby Halite (Section 5.4.7a), or the differences in the numbers of viable cells 
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between the two lithologies was a result of random chance. An experiment was 

proposed in Section 4.4.6a that would allow statistical investigation of these 

possibilities. 

These results also indicate that the presence of KCl, CaSO4, MgSO4, Na2SO4 or K2SO4 has 

no impact on the number of viable cells that can survive the entombment process. The 

presence of MgCl2, however, resulted in an 89 % reduction in the number of viable cells 

measured, following precipitation and re-dissolution over the course of approximately 1 

day. It is assumed that this is a result of this salt’s high chaotropicity (Hallsworth et al., 

2007a), but is unclear whether this reduction occurs during the aqueous phase, when 

the brines are evaporating, or increases with the length of time the cells have been 

entombed (Section 5.4.8c). 

6.3 - Implications for Mars 

6.3.1 - Halophiles and aqueous martian environments 

Saline environments of indeterminate composition have been identified in a variety of 

extraterrestrial locations including in the subsurfaces of icy moons (Loudon, 2017, 

Brown et al., 2017), the martian Southern Highlands (Ojha et al., 2015) and underneath 

the martian ice caps (Eigenbrode et al., 2018). Prior attempts have been made to culture 

halophilic organisms in brines modelled to exist on the martian surface (i.e., low NaCl), 

but failed to produce growth (Fox-Powell et al., 2016). This Thesis, therefore, attempted 

to investigate the factors that determine habitability in low-NaCl brines.  

These results indicate that extraterrestrial brine environments do not need to contain 

as much NaCl as terrestrial brines to be habitable for halophiles, provided that a) there 

are other salts present that raise the salinity to those of terrestrial halophilic 
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environments and b) these non-NaCl salts do not induce environmental extremes such 

as chaotropicity (Section 6.2.2). This widens the range of martian brine compositions 

that could potentially support halophilic life.  

A limitation of this study is that it only investigated habitability when NaCl is replaced 

by another salt, and this was carried out with only one non-NaCl salt at a time. Modelled 

martian brines, however, contain a wide variety of salts at different concentrations 

(Tosca et al., 2011). While this work suggests that NaCl is needed within a brine for 

halophilic growth (Section 6.2.2), NaCl as a molecule does not exist in saline 

environments; it dissociates into aqueous Na+ and Cl- ions. It is therefore possible that a 

martian brine containing ions from the dissociation of non-NaCl salts (for example a 

brine containing high concentrations of MgCl2 and NaClO4), might still contain Na+ and 

Cl- ions at concentrations high enough to allow growth of obligate halophiles. This is 

dependent, however, upon these chaotropic and toxic salts not otherwise rendering the 

brine uninhabitable.  

6.3.2 - Entombment following evaporation  

The presence of brines on the martian surface is believed to have been more common in 

the distant past (Osterloo and Hynek, 2015) and that there was once large fluvial 

systems (Section 1.2.2). However, as the surface evolved into the arid, hostile 

environment found in the present day (Section 1.2.1), the large fluvial systems 

evaporated, as evidenced by the presence of evaporite deposits (Hynek et al., 2015). If 

life had ever evolved on early Mars, evidence of this life (Westall et al., 2015) or perhaps 

even intact or viable cells (Leuko et al., 2015, Fendrihan et al., 2009a, Fernández-

Remolar et al., 2013), could be entombed within the evaporite deposits and hence be 
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protected from the extreme environments associated with the surface of present-day 

Mars.  

The work within this Thesis shows that the presence of some non-NaCl salts within an 

aqueous environment, including MgSO4 and CaSO4 found on the martian surface (Massé 

et al., 2014, Clark and Van Hart, 1981, Kounaves et al., 2010, Hecht et al., 2009), do not 

inhibit microbial survival once the brines evaporate and salt crystals form. This is not 

the case for all salts however, as MgCl2, which is also abundant on the martian surface 

(ibid.), did cause a decrease in the number of viable cells (Section 5.3.3e). It is 

speculated that this might not indicate an inability to survive entombment in the 

presence of this salt, but rather a result of the environmental conditions within the 

evaporating brine. It is possible that a more chaotropicity-resistant organism (Section 

5.4.4c) might have survived in MgCl2-rich brines and become entombed with minimal 

loss of cell viability.  

These results indicate that entombment is possible in the presence of non-NaCl salts, 

and low-NaCl, high salinity martian brines may be habitable to halophiles. Therefore, 

future life-detection missions, searching for evidence of life within martian salt crystals, 

do not need to limit their search to the vast chloride deposits detected in the Southern 

Highlands (Hynek et al., 2015, Osterloo and Hynek, 2015, Osterloo et al., 2010, Osterloo 

et al., 2008). Since small salt crystals of a variety of compositions are found across the 

martian surface (Massé et al., 2014, Clark and Van Hart, 1981, Kounaves et al., 2010, 

Hecht et al., 2009), these could be targeted as they might be capable of entombing life.  
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6.3.3 - Environmental extremes  

In the present day, the martian surface is exposed to a variety of environmental 

extremes including cold, desiccating conditions, low atmospheric pressure and harsh 

radiation (Section 1.2.1). Of these, the biggest obstacle to the survival of life is the 

radiation environment (Section 1.2.3), which is considerably more extreme than that 

found on the terrestrial surface. The majority of the radiation received on the martian 

surface comes in the form of UV (Schuerger et al., 2006), but heavy ionising radiation 

and cosmic rays are also present at higher intensities than on the terrestrial surface 

(Matthiä et al., 2016, Pavlov et al., 2012). Entombment within NaCl crystals has been 

previously demonstrated to provide protection from this UV-radiation (Leuko et al., 

2015, Fendrihan et al., 2009a, Fernández-Remolar et al., 2013). This Thesis investigated 

whether the presence of non-NaCl salts would improve the ability of the entombed 

microorganisms to survive UV.  

In all but one instance (CaSO4), non-NaCl salt crystals led to a higher survival rate of 

cells when exposed to 99 kJ m-2 of UV radiation. The contrary effect with CaSO4 is 

believed to be the result of its relatively low abundance within the precipitated crystals 

compared to the other investigated salts (Section 5.4.4a).  

While many of the salts tested (KCl, MgCl2, MgSO4, CaSO4 and Na2SO4) have been 

previously detected on the martian surface, MgSO4 and MgCl2 are of particular interest, 

as they are found in high abundance (Massé et al., 2014, Clark and Van Hart, 1981, 

Kounaves et al., 2010, Hecht et al., 2009) and are, therefore, likely to be found in high 

concentrations in any potential evaporating martian brine.  Although, significantly 

fewer cells survived the entombment process in the presence of MgCl2 (presumably due 
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to chaotropicity, Section 6.3.2), no further loss in viability was observed when these 

entombed cells were exposed to 99 KJ m-2 UV. It remains uncertain whether this was 

because the MgCl2 provided significantly better UV shielding, or whether those cells that 

survived the MgCl2 were more suited for UV-survival (these possibilities were 

considered in greater detail in Section 5.4.5b).  

These results indicate that ancient microorganisms, entombed prior to the development 

of the current radiation environment, might have been better protected from UV in non-

NaCl salt crystals. It still remains uncertain, however, what effect, if any, these salts have 

on protection from the other elements of the modern day martian surface environment 

(Sections 5.4.7c & 5.4.8f). 

6.3.4 - Halophiles compared to non-halophiles as analogues for 

martian life 

Halophiles are often used as analogues for potential martian life (Payler et al., 2016, 

Fendrihan et al., 2009a, Orwig, 2014, Barbieri and Stivaletta, 2011, Fernández-Remolar 

et al., 2013, Srivastava, 2014, Rolfe et al., 2017, Matsubara et al., 2017) and, as a result, 

this Thesis focused primarily on investigating the tolerance of halophiles to non-NaCl 

salts akin to those found on the martian surface. As discussed above (Section 6.3.1), 

these results have shown how the NaCl requirements for the growth of obligate 

halophiles can be reduced by the presence of other, Mars-relevant salts. This has shed 

valuable light on martian environments that might be habitable to organisms analogous 

to terrestrial halophiles (Section 6.3.1), but these conclusions are limited purely to 

halophiles.  
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The observation that halophiles could not grow in high salinity brines with an NaCl 

concentration below 1.71 M (Section 4.4.4b) suggests that halophiles are not the best-

suited analogue organisms for potential life in low-NaCl martian brines. This suggestion 

is strengthened by the fact that it remains plausible that terrestrial non-halophilic 

organisms might undergo entombment following evaporation of low-NaCl brines (or 

brines where NaCl is absent) but the halophilic organisms investigated in this Thesis 

could not (Section 5.4.4a). If non-halophilic organisms can survive a wider range of 

potential martian brine and crystal compositions then halophilic ones, then the use of 

halophiles as analogues for potential martial life is called into question.   

Considering the martian environment as a whole, however, is key. Halophiles are often 

polyextremophilic (Section 1.3.4), which make them well suited for studies 

investigating the martian temperature and atmospheric conditions. It is, however, the 

desiccation-resistance and UV-resistance of halophiles that makes them still relevant to 

Mars. The current radiation environment is unlikely to allow life to persist on the 

modern martian surface (Musilova et al., 2015). It could, therefore, be suggested that 

microorganisms that were entombed prior to the development of the harsh radiation 

environment might be better protected from the UV than organisms that remained free-

living (Section 6.3.3). This, in turn, suggests that life detection missions should prioritise 

the search for evidence of life in salt crystals that formed before Mars’ internal dynamo 

failed and the radiation environment deteriorated (Arkani‐Hamed and Olson, 2010, 

Weiss et al., 2008).  

The results demonstrated in Chapters 3 and 4 suggest that haloarchaea are the 

terrestrial organisms best adapted for surviving entombment over geological periods of 

time (Section 6.1.2b). Even if non-halophilic organisms are capable of undergoing 
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entombment in crystals on the martian surface, this Thesis suggests that organisms 

analogous to terrestrial halophiles would be more likely to survive the unknown lengths 

of time required for evidence of them to persist into the present day. Future space 

missions should prioritise investigations into martian salt crystals of a chemistry which 

could be tolerated by halophiles which can withstand long-term entombment: ones with 

NaCl concentrations that exceed 50 %. 

6.4 - Further work 

The following section considers methods by which the results of this Thesis could be 

further investigated. The first part of this section, therefore, considers experiments that 

could be carried out using the protocols designed and optimised already within this 

Project. Following this, novel experiments are proposed that could attempt to elucidate 

the underlying biological processes governing entombment in haloarchaea. 

6.4.1 - Furthering the experiments presented in this Thesis 

a) Further investigation of Boulby Mine 

No difference in community composition was observed within samples of Boulby Mine 

from the Boulby Potash and the Boulby Halite in the culture-independent study. The 

culture-dependent study, however, could not detect any of the viable haloarchaea found 

within the Boulby Potash and Boulby Halite within samples of sylvite. Variation in the 

culturable microorganisms between the Boulby Halite and sylvite suggests that over a 

larger range of Na and K concentrations than those investigated in the culture-

independent study, the community composition might vary. In order to investigate this, 

another culture-dependent study would need to be carried out comparing samples of 
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the Boulby Potash and Boulby Halite to samples of sylvite from the same sites at 

multiple locations throughout Boulby Mine. 

b) Protection from other elements of the martian environment 

Chapter 5 showed that non-NaCl salts could improve survival of entombed cells under 

the martian UV-environment. It is, therefore, of vital importance to investigate whether 

they can also influence survival under other extreme elements of the martian 

environment. It was proposed (Section 5.4.8e) that the entombment experiments be 

repeated, but that the crystals containing entombed cells are exposed to other 

environmental extremes such as low pressure, cold temperatures and ionising radiation 

c) Other salts 

This Thesis investigated chlorides and sulfates of Na, K and Mg and, in doing so, 

increased our understanding of environments that can support and entomb halophilic 

life. These results showed that many non-NaCl salts can lower the NaCl requirement of 

obligate halophiles (Section 4.4.4b). However, many martian brines are believed to be 

dominated by perchlorates (Ojha et al., 2015, Massé et al., 2014, Martín-Torres et al., 

2015), which were not investigated in this study.  It is not known whether perchlorates 

would also lower the NaCl requirement of halophiles; the results obtained when K2SO4 

was added to the media indicate that not all salts do so. Even if perchlorates did lower 

the NaCl requirement of halophiles, it is possible that the cells would not have survived 

brines containing perchlorate salts. It has already been noted (Sections 4.4.4b and 6.2.2) 

that non-NaCl salts change the environmental conditions (e.g., ionic charge, water 

activity and chaotropicity) of a brine in ways that NaCl does not. Perchlorates, in 

particular, are likely to induce a less habitable environment than many other salts since 
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they are highly toxic (Davila et al., 2013b) and have a much larger impact on water 

activity than chloride salts of the equivalent cations (Toner and Catling, 2016). 

Perchlorates are also highly oxidising (Kerr, 2013) and this effect is worsened by UV 

radiation, such as that experienced by the martian surface (Wadsworth and Cockell, 

2017). However, terrestrial halophiles are amongst the most perchlorate-resistant 

organisms (Laye and DasSarma, 2018, Oren et al., 2014), and so may exist in 

perchlorate-rich martian environments even though other organisms could not.  

It is also uncertain what impact, if any, the presence of perchlorate salts within a saline 

martian environment would have upon the entombment of hypothetical martian 

organisms. It seems likely, however, that, like when MgCl2 was present in the brines, the 

rising concentrations caused by evaporation of the water would lead to increased 

toxicity and thus fewer viable cells surviving the process. Once crystals had formed, the 

presence of any tested (relatively high abundance) non-NaCl salt in the brine improved 

the ability of entombed cells to survive under UV light, even chaotropic MgCl2 (Section 

5.4.5). This might suggest that the presence of perchlorate salts would do the same. 

However, the fact that perchlorate salts have been shown to become more toxic under 

UV light (Wadsworth and Cockell, 2017) might mean that cells entombed within 

perchlorate crystals under martian UV conditions would suffer higher cell death than 

cells entombed without this salt.  

In order to determine which of the above scenarios featuring perchlorate in both saline 

and evaporite environments are correct, the experiments outlined in Chapters 4 and 5 

should be repeated using perchlorate salts of the cations previously investigated. 

Adding information about how perchlorate salts impact halophilic growth, entombment 

and UV shielding within crystals, to the data already obtained for chloride and sulfates, 
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could further expand the range of potential halophilic environments on the martian 

surface.  

6.4.2 - Investigating entombment  

There is still much uncertainty as to what the entombment process entails. It is 

suggested (Section 6.1.2) that the reason haloarchaea are capable of surviving 

entombment for geological periods of time is that, instead of entering a state akin to 

dormancy, they remain capable of metabolising deceased bacteria and undergoing DNA 

repair (Schubert et al., 2009). Two experiments are, therefore proposed in order to 

further investigate the hypothesis that entombed cells remain active. 

a) Entombed cells and metabolism 

It is proposed that the ability of entombed cells to carry out metabolic processes could 

be assessed by means of measuring carbon uptake. This would be done by entombing 

the cells alongside a radioactive carbon isotope, such as C14. Cells would be removed 

from crystals at pre-defined time points and the radioactive media washed off. They 

would then be burst and a scintillation counter used to assess how much C14 was 

incorporated within the cells. If this increased with the age of the crystals, this would be 

indicative that the cells were continuing metabolic activity during entombment. If the 

rate of this increase slowed over time, it would indicate that the cells’ metabolism was 

slowing and that they might be gradually entering a state akin to dormancy.  

b) Gene regulation during entombment 

In order to investigate whether halophilic cells undergo a process similar to dormancy 

during entombment, mRNA analysis could be employed. Section 4.4.6c, proposed the 
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use of transcriptomic techniques to investigate halophilic responses to low salt 

concentrations. Once optimised, however, the same technique could be used to 

investigate gene regulation during the entombment process. While haloarchaea lack 

genes responsible for dormancy (Fendrihan et al., 2012, Grant et al., 1998a, Section 

1.3.3a), the expression of genes linked to dormancy in other organisms might suggest a 

similar process occurs during entombment.  

Prior work has used miniature drills to extract DNA directly from specific fluid 

inclusions without damaging the crystal (Vreeland et al., 2000). The same techniques 

could be used to extract nucleic acids from laboratory grown crystals without dissolving 

the salt. DNAase could then be used to remove the DNA leaving only the RNA. A 

transcriptomic analysis of the genes, if any, expressed by entombed cells could shed 

light on what cellular processes govern entombment and whether cells remain active or 

not. This could, in turn, help to clarify how long halophiles are capable of surviving 

entombment, and whether they are capable of surviving the timescales since Mars was a 

wetter, more habitable world.  

6.3 - Conclusions 

In this Thesis, microorganisms were detected and grown from the evaporites of Boulby 

Mine. This revealed there were no significant differences between the microbial 

communities present within the different lithologies. Furthermore, this Thesis showed 

that the presence of a variety of non-NaCl salts in an aqueous environment, such as the 

ones hypothesised to exist on Mars (in both the distant past and the present day), would 

not inhibit the entombment of life provided that the aqueous environment itself was 

habitable. It could also be shown that high concentrations of non-NaCl salts within an 
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evaporating aqueous environment improves the ability of the entombed cells survive to 

survive UV radiation. As martian salts are likely to contain high concentrations of non-

NaCl salts, it could be suggested that they could protect entombed cells from the 

martian UV environment.   
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Appendix 1 - Electron microprobe data. Percentage weight compositions of element oxides 

Site Sample Type 
Description of the area 

measured 
Cl Na2O K2O MgO CaO MnO FeO Al2O3 SiO2 SO4 Total 

A CPH Colourless crystal 61.97 56.33 0.15 0.00 0.02 0.00 0.00 0.00 0.01 0.00 118.48 

A CPH Colourless crystal 62.23 56.75 0.10 0.00 0.02 0.00 0.00 0.00 0.00 0.03 119.13 

A CPH Colourless crystal 58.73 52.58 0.15 0.00 0.02 0.00 0.01 0.00 0.02 0.00 111.51 

D Primary Potash Birefringent crystal 0.35 0.57 0.20 0.10 38.86 0.00 0.04 0.02 0.24 54.49 94.87 

D Primary Potash Birefringent crystal 39.20 43.36 0.96 0.84 9.86 0.00 0.16 3.47 4.74 14.19 116.78 

D Primary Potash Birefringent crystal 61.37 55.54 0.19 0.00 0.00 0.01 0.00 0.00 0.01 0.00 117.12 

D Primary Potash Birefringent crystal 48.79 0.40 59.84 0.00 0.00 0.00 0.03 0.00 0.00 0.00 109.06 

D Primary Potash Birefringent crystal 59.14 47.93 9.08 0.00 0.01 0.00 0.01 0.00 0.02 0.03 116.22 

D Primary Potash Birefringent crystal 47.92 0.38 60.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 108.32 

D Primary Potash Birefringent crystal 48.41 0.31 59.95 0.00 0.00 0.00 0.01 0.00 0.00 0.00 108.68 

D Primary Potash Birefringent crystal 61.40 56.02 0.53 0.01 0.02 0.00 0.04 0.00 0.02 0.03 118.07 

D Primary Potash Birefringent crystal 60.05 56.77 0.25 0.06 0.47 0.00 0.02 0.00 0.01 0.62 118.25 

D Primary Potash Fluid Inclusion 55.14 48.58 16.16 0.00 0.03 0.00 0.01 0.00 0.02 0.00 119.94 

D Primary Potash Fluid Inclusion 57.55 47.55 5.07 0.00 0.02 0.00 0.00 0.00 0.02 0.11 110.32 

D Primary Potash Fluid Inclusion 53.45 54.72 3.78 0.01 0.05 0.02 0.01 0.00 0.05 0.00 112.09 

D Primary Potash Fluid Inclusion 50.92 25.17 43.39 0.01 0.00 0.00 0.00 0.00 0.02 0.02 119.53 

D Primary Potash Fluid Inclusion 56.80 34.76 17.07 0.02 0.02 0.00 0.02 0.00 0.02 0.10 108.81 

D Primary Potash Fluid Inclusion 52.23 25.32 27.94 0.10 1.08 0.00 0.00 0.00 0.06 1.61 108.34 

D Primary Potash Large birefringent crystal 8.07 0.15 0.01 10.82 0.04 2.65 27.05 0.07 0.08 0.07 49.01 

D Primary Potash Opaque area 0.26 0.31 0.71 0.84 35.50 0.01 0.43 1.61 5.96 39.33 84.96 

D Primary Potash Red crystal 45.88 0.47 57.31 0.04 0.39 0.00 0.47 0.00 0.18 0.12 104.86 

D Primary Potash Red crystal 48.23 0.51 59.00 0.00 0.12 0.01 0.22 0.00 0.09 0.08 108.26 

D Primary Potash Red crystal 47.96 0.42 60.13 0.00 0.01 0.01 0.01 0.00 0.02 0.00 108.56 

D Primary Potash Red crystal 47.79 0.36 59.83 0.02 0.00 0.00 0.63 0.00 0.03 0.01 108.67 

D Primary Potash Red crystal 47.37 1.55 58.89 0.00 0.01 0.00 0.31 0.00 0.03 0.05 108.21 
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Site Sample Type 
Description of the area 

measured 
Cl Na2O K2O MgO CaO MnO FeO Al2O3 SiO2 SO4 Total 

D Primary Potash Red crystal 48.35 0.24 60.08 0.00 0.00 0.01 0.34 0.00 0.01 0.00 109.03 

D Primary Potash Red crystal 48.61 2.09 59.01 0.00 0.00 0.01 0.38 0.00 0.02 0.00 110.12 

E Silty Halite Birefringent crystal 0.35 0.16 0.08 0.48 38.24 0.00 0.02 0.02 0.32 44.14 83.81 

E Silty Halite Birefringent crystal 54.64 47.76 0.10 0.01 5.90 0.00 0.00 0.00 0.03 8.75 117.19 

E Silty Halite Birefringent crystal 60.78 56.11 0.09 0.01 0.01 0.00 0.02 0.00 0.01 0.00 117.03 

E Primary Potash Colourless crystal 48.22 0.17 60.32 0.00 0.00 0.00 0.00 0.00 0.01 0.00 108.72 

E Primary Potash Colourless crystal 48.03 0.37 59.46 0.00 0.03 0.00 0.00 0.00 0.02 0.11 108.02 

E Primary Potash Colourless crystal 60.33 56.61 0.07 0.00 0.00 0.00 0.01 0.00 0.01 0.00 117.03 

E Primary Potash Colourless crystal 48.57 0.13 59.99 0.00 0.01 0.01 0.02 0.01 0.01 0.07 108.82 

E Primary Potash Colourless crystal 48.13 38.84 25.79 0.00 0.14 0.00 0.10 0.00 0.08 0.07 113.15 

E Silty Halite Colourless crystal 60.20 55.96 0.12 0.03 0.03 0.00 0.00 0.00 0.02 0.00 116.36 

E Silty Halite Colourless crystal 61.50 53.36 0.10 0.12 0.12 0.00 0.01 0.00 0.05 0.00 115.26 

E Silty Halite Colourless crystal 59.69 54.94 0.13 0.28 0.02 0.00 0.01 0.00 0.05 0.03 115.15 

E Silty Halite Colourless crystal 60.50 56.19 0.08 0.01 0.01 0.01 0.01 0.00 0.01 0.00 116.82 

E Silty Halite Colourless crystal 1.49 0.20 2.93 8.49 0.44 0.00 2.25 10.67 37.25 0.23 63.95 

E Silty Halite Colourless crystal 0.88 0.18 1.25 20.10 2.05 0.03 3.10 10.61 31.76 3.52 73.48 

E Silty Halite Colourless crystal 23.27 24.91 0.97 4.47 2.96 0.00 1.09 1.42 30.28 3.66 93.03 

E Silty Halite Colourless crystal 0.70 0.19 0.79 10.89 0.20 0.00 2.07 6.83 50.40 0.09 72.16 

E Primary Potash Red crystal 42.89 0.18 57.30 0.00 0.01 0.00 0.11 0.00 0.03 0.00 100.52 

E Primary Potash Red crystal 47.90 0.39 59.76 0.00 0.00 0.00 0.08 0.00 0.01 0.00 108.14 

E Primary Potash Red crystal 48.40 1.06 59.44 0.00 0.00 0.00 0.01 0.00 0.00 0.00 108.91 
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Appendix 2 - Concentration factors applied to samples for LOI analysis, as well as the LOI measurement for 

each replicate 

Site Bed 
Concentration 

factor 
LOI for 

Replicate 1 % 
LOI for 

Replicate 2 % 
LOI for 

Replicate 3 % 

Mean LOI of 
concentrated 

samples 

Predicted mean 
LOI from 

unconcentrated 
samples 

St.Dev of LOI 

A 
Secondary 
Potash 

14.590 23.822 13.125 15.405 17.451 2.546 0.822 

A Primary Potash 10.086 24.447 23.887 13.100 20.478 2.065 0.645 

A Interface top 16.612 19.194 14.553 9.700 14.483 2.406 0.789 

A Interface bottom 18.586 -4.981 7.324 3.020 1.788 0.332 1.161 

A Halite 24.167 3.392 5.633 -3.652 1.791 0.433 1.171 

B Primary Potash 20.236 13.751 -3.541 2.062 4.090 0.828 1.785 

B Interface top 34.160 18.657 20.123 2.479 13.753 4.698 3.345 

B Interface bottom 36.452 24.940 11.627 6.899 14.489 5.281 3.410 

D Primary Potash 23.636 2.449 4.038 1.413 2.633 0.622 0.312 

D Interface top 32.211 1.655 38.401 64.938 34.998 11.273 10.236 

D Interface bottom 23.784 -12.372 72.424 0.618 20.223 4.810 10.863 

D Halite 19.879 33.928 7.664 -5.324 12.089 2.403 3.975 

E Primary Potash 22.849 0.861 0.790 1.199 0.950 0.217 0.050 

E Interface top 40.936 1.467 2.051 0.697 1.405 0.575 0.278 

E Interface bottom 37.104 1.126 0.920 2.381 1.475 0.547 0.293 

E Halite 25.378 -2.169 -106.134 -0.513 -36.272 -9.205 15.356 
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Appendix 3 - Attempted methods to extract archaeal DNA from Boulby 

salts 

The concentration of archaeal DNA within the DNA extracts sent to RTL Genomics was 

not high enough for MiSeq analysis. As a result, a variety of other techniques were 

trialled in order to produce a DNA extract with a high concentration of archaeal DNA. As 

discussed in Section 3.2.5a, none of them could produce a successful DNA extract from 

the environmental samples but would produce successful DNA extracts from a culture 

of one of the six isolates ran alongside the environmental sample as a positive control. 

The methods used are as follows: 

A3a - Modifications to the existing protocol 

It had been discovered that precipitation of DNA from pooled samples created using the 

Amicon filters caused precipitation of CaSO4 at the same time. This CaSO4 was 

interfering with re-dissolution of the DNA. The phenol protocol used to concentrate the 

pooled DNA was, therefore, modified in a variety of ways in an attempt to separate the 

DNA from the CaSO4. These modifications involved carrying out the precipitation at 

different temperatures (-80 ℃, -4 ℃ and 4 ℃) and using different precipitants (ethanol, 

PEG and a variety of different ratios of ethanol:isopropanol). Other modifications 

attempted were intended to increase the yield of DNA extracted by further encouraging 

the breakdown of cells. These modifications involved addition of Proteinase K to the 40 

°C dissolution stage, and addition of a bead beating step following washing of the cells. 

Further, more complex methods are described below. 
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A3b - New methodologies 

Cetyl Trimethyl Ammonium Bromide (CTAB) 

A CTAB-based DNA Extraction protocol (Leuko et al., 2008) was modified to suit the low 

biomass samples obtained from Boulby Mine. 100 g salt samples were concentrated in 

Amicon filters as described above (Section 3.2.2). Following the washing step, however, 

the samples (both pelleted debris and supernatant) were resuspended in 576 µl TE 

buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA). To this was added 30 µl of 10 % SDS and 9 

µl of proteinase K (10 mg ml-1). The samples were then incubated for 3 hours at 40 °C 

and mixed at 150 rpm. After this, 100µl of 5M NaCl was added along with 80 µl of CTAB 

solution (41 g l-1 NaCl and 100 l-1 CTAB), and it was incubated at 65 °C for 20 minutes. 

The DNA was then purified using phenol:chloroform as described above. 

Bead beating 

Another protocol (Leuko et al., 2008) was also modified to suit the Boulby Mine 

samples. This time the concentrated 100 g samples were resuspended in 500 µl of a 

different TE-based buffer (100 mM Tris-HCl pH 8.0, 10 mM EDTA, 1 % SDS) in a MP 

Biomedicals Lysing Matrix E 2 mL bead beating tube. They were vortexed for two 

minutes and 25 µl of proteinase K (10 mg ml-1) was added. The sample was then 

incubated for one hour at 37 °C and then boiled for 10 minutes. Following this the 

sample was vortexed for another two minutes and 500 µl lysis buffer (4 % SDS, 50 mM 

Tris-HCl, 100 mM EDTA) was added. Following another round of vortexing, samples 

were incubated at 56 °C for one hour. Finally, samples were freeze/thawed five times at 

-80 °C and 70 °C. The DNA was then purified using phenol:chloroform as described 

above. 
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Commercially available extraction kit 

Archaeal DNA has previously been detected in de-salted samples from an evaporite 

environment using commercially available kits for extracting DNA from soils (Gramain 

et al., 2011). 0.2 g subsamples were dissolved in GDB (Section 5.2.3b), in order to 

minimise cells bursting from osmotic shock. The samples were then centrifuged at 

10,000 x g for 20 minutes at 4 °C before being resuspended in 0.25 ml dd H2O to burst 

them. Samples were then processed using a MP Biomedicals FastDNA™ SPIN Kit for Soil, 

following the manufacturer’s instructions.  

Zymo 

As the bacterial results suggested that DNA was being extracted from the environmental 

samples, but that it could not be separated from the CaSO4 using the phenol:chloroform 

method, a Zymo Genomic DNA Clean & Concentrator kit was used to purify 100 g of 

sample that had undergone concentrating and desalting in the Amicon spin columns.  
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Appendix 4: FASTA sequences of the isolates obtained in this study 

>Haloarcula sp. Strain JPW1 
CTGGAGTGCCTAGAGTTAGAAACGTTCCGGCGCTGTAGGATGTGGCTGCGGCCGATTAAGTAGATGGTGGGGTAACGGCCCACCATGCCGATTA
TCGGTACAGGTTGTGAGAGCAAGAACCTGGAGACGGTATCTGAGACAAGATACCGGGCCCTACCGGGCGCAACAGGCGCGAAACCTTTACACTG
CACGACAGTGCGATAGGGGGACTCCCAATGTGAGGGCATATAACCCTCGCTTTTCTGAACCGTAAGGTGGTTCAAGAACAAGGACTGGGCAAGA
CCGGTGCCCGCCGCCGCGGTAATACCGGCAGTCCAAGTGATGGCCGATATTATTGGGCCTAAAGCGTCCGTAACTTGCTGTGTAAGTCCATTGG
GAAATCGACCAGCTCAACTGGTCGGCGTCCGGTGGAAACTACACAGCTTGGGGCCCAGAGACTCAACGGGTACCTCCGGGGTAAGAATGAAATC
CTGTAATCCTGGACGGACCACCAATGGGGAAACCACCTTGAGAGACCGGACCCGACAGTGAGGGACGAAAGCCAGGGTCTCGAACCGGATTAKA
TACCCGGGTAGTCCTGGCTGTAAACAATGCTCGTTAGGTATGTCACGCGCCATGAGCATGTGATGTGCCGTAGTGAAGCCGATAAGCGAGCCGC
TTGGGAAGTACGTCCGCAAGGATGAAATTTAAAGGAATCGGCGGGGGAGCACCACAACCGGAGGAGCTTGCGGTTTAATTGGATTCAACGCCG
GAAATTTCACCGGTCCCGACAGTAGTAATGACAGTCAGGTTGACGACTTTACTGGACGCTACTGAGAGGAGGTGCATGGCCGCCGTCAGCTCGT
ACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCGCACTTCTAGTTGCCAGCAATACCCTTGAGGTAGTTGGGTACACTAGGAGGAC
TGCCGTTGCTAAAGCGGAGGAAGGAACGGGCAACGGTAGGTCAGTATGCCCCGAATGGACCGGGCAACACGCGGGCTACAATGGCTCTGACAGT
GGGATGCAACGCCGAGAGGCGAAGCTAATCTCCAAACGGAGTCGTAGTTCGGATTGCGGGCTGAAACCCGCCCGCATAAGC 
 
>Haloarcula sp. Strain JPW2 
GCTGGAGTGCCGAGAGTTAGAAACGTTCCGGCGCTGTAGGATGTGGCTGCGGCCGATTAGGTAGATGGTGGGGTAACGGCCCACCATGCCGATA
ATCGGTACAGGTTGTGAGAGCAAGAGCCTGGAGACGGTATCTGAGACAAGATACCGGGCCCTACGGGGCGCAGCAGGCGCGAAACCTTTACACT
GCACGACAGTGCGATAGGGGGACTCCGAGTGTGAGGGCATATAGCCCTCGCTTTTCTGAACCGTAAGGTGGTTCAGGAACAAGGACTGGGCAAG
ACCGGTGCCAGCCGCCGCGGTAATACCGGCAGTCCAAGTGATGGCCGATATTATTGGGCCTAAAGCGTCCGTAGCTTGCTGTGTAAGTCCATTG
GGAAATCGACCAGCTCAACTGGTCGGCGTCCGGTGGAAACTACACAGCTTGGGGCCGAGAGACTCAACGGGTACGTCCGGGGTAGGAGTGAAAT
CCTGTAATCCTGGACGGACCACCAATGGGGAAACCACGTTGAGAGACCGGACCCGACAGTGAGGGACGAAAGCCAGGGTCTCGAACCGGATTAG
ATACCCGGGTAGTCCTGGCTGTAAACAATGCTCGCTAGGTATGTCACGCGCCATGAGCACGTGATGTGCCGTAGTGAAGACGATAAGCGAGCCG
CCTGGGAAGTACGTCCGCAAGGATGAAATTTAAAGGAATTGGCGGGGGAGCACCACAACCGGAGGAGCCTGCGGTTTAATTGGACTCAACGCC
GGAAATCTCACCGGTCCCGACAGTAGTAATGACAGTCAGGTTGACGACTTTACTCGACGCTACTGAGAGGAGGTGCATGGCCGCCGTCAGCTCG
TACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCGCACTTCTAGTTGCCAGCAATACCCTTGAGGTAGTTGGGTACACTAGGAGGA
CTGCCGCTGCTAAAGCGGAGGAAGGAACGGGCAACGGTAGGTCAGTATGCCCCGAATGGACCGGGCAACACGCGGG 
 
>Haloarcula sp. Strain JPW3 
TAGCGGATATAACTCTCAGGCTGGAGTGCCGAGAGTTAGAAACGTTCCGGCGCTGTAGGATGTGGCTGCGGCCGATTAGGTAGATGGTGGGGT
AACGGCCCACCATGCCGATAATCGGTACAGGTTGTGAGAGCAAGAGCCTGGAGACGGTATCTGAGACAAGATACCGGGCCCTACGGGGCGCAGC
AGGCGCGAAACCTTTACACTGCACGACAGTGCGATAGGGGGACTCCGAGTGTGAGGGCATATAGCCCTCGCTTTTCTGTACCGTAAGGTGGTTC
AGGAACAAGGACTGGGCAAGACCGGTGCCAGCCGCCGCGGTAATACCGGCAGTCCAAGTGATGGCCGATATTATTGGGCCTAAAGCGTCCGTAG
CTTGCTGTGTAAGTCCATTGGGAAATCGACCAGCTCAACTGGTCGGCGTCCGGTGGAAACTACACAGCTTGGGGCCGAGAGACTCAACGGGTAC
GTCCGGGGTAGGAGTGAAATCCTGTAATCCTGGACGGACCACCAATGGGGAAACCACGTTGAGAGACCGGACCCGACAGTGAGGGACGAAAGC
CAGGGTCTCGAACCGGATTAGATACCCGGGTAGTCCTGGCTGTAAACAATGCTCGCTAGGTATGTCACGCGCCATGAGCACGTGATGTGCCGTA
GTGAAGACGATAAGCGAGCCGCCTGGGAAGTACGTCCGCAAGGATGAAACTTAAAGGAATTGGCGGGGGAGCACCACAACCGGAGGAGCCTGC
GGTTTAATTGGACTCAACGCCGGAAATCTCACCGGTCCCGACAGTAGTAATGACAGTCAGGTTGACGACTTTACTCGACGCTACTGAGAGGAGG
TGCATGGCCGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCGCACTTCTAGTTGCCAGCAATACCCTGGAAA
TAGTTGGGTACAGTTGGAGGACTTACGGTGCTAAATCGGATGAAGGAACGGGTATCGGTAGTTCAGTTTTCCCAGAATGTACCGGGCATCACG
AGGGTTACAAGGTATCTCACAGTGGGATGCATCGCCGAGAGGCGAATCTAATCTCCAAAGGGAGTTGTAGTTCGGATTGCGGGCTGAAACCCG
ACCGCATGAAGC 
 
> Haloarcula sp. Strain JPW4 
TCTCAGGCTGGAGTGCCGAGAGTTAGAAACGTTCCGGCGCTGTAGGATGTGGCTGCGGCCGATTAGGTAGATGGTGGGGTAACGGCCCACCATG
CCGATAATCGGTACAGGTTGTGAGAGCAAGAGCCTGGAGACGGTATCTGAGACAAGATACCGGGCCCTACGGGGCGCAGCAGGCGCGAAACCTT
TACACTGCACGACAGTGCGATAGGGGGACTCCGAGTGTGAGGGCATATAGCCCTCGCTTTTCTGAACCGTAAGGTGGTTCAGGAACAAGGACTG
GGCAAGACCGGTGCCAGCCGCCGCGGTAATACCGGCAGTCCAAGTGATGGCCGATATTATTGGGCCTAAAGCGTCCGTAGCTTGCTGTGTAAGT
CCATTGGGAAATCGACCAGCTCAACTGGTCGGCGTCCGGTGGAAACTACACAGCTTGGGGCCGAGAGACTCAACGGGTACGTCCGGGGTAGGAG
TGAAATCCTGTAATCCTGGACGGACCACCAATGGGGAAACCACGTTGAGAGACCGGACCCGACAGTGAGGGACGAAAGCCAGGGTCTCGAACCG
GATTAGATACCCGGGTAGTCCTGGCTGTAAACAATGCTCGCTAGGTATGTCACGCGCCATGAGCACGTGATGTGCCGTAGTGAAGACGATAAGC
GAGCCGCCTGGGAAGTACGTCCGCAAGGATGAAACTTAAAGGAATTGGCGGGGGAGCACCACAACCGGAGGAACCCTGCGGTTTAATTGGGAC
TCAACGCCGGAAATCTCACCGGTCCCGACAGTAGTAATGACAGTCAGGTTGACGACTTTACTCGACGCTACTGAGAGGAGGTGCATGGCCGCCG
TCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCGCACTTCTAGTTGCCAGCAATACCCTTGAGGTAGTTGGGTACAC
TAGGAGGACTGCCGCTGCTAAA 

 
>Halobacterium noricense Strain FEM1 
AACGCTCCACCCCTGGAACGGGCGGAGCTGGAAACGCTACGGCGCCACAGGATGTGGCTGCGGTCGATTAGGTAGACGGTGGGGTAACGGCCCA
CCGTGCCAATAATCGGTACGGGTTGTGAGAGCAAGAGCCCGGAGACGGAATCTGAGACAAGATTCCGGGCCCTACGGGGCGCAGCAGGCGCGAA
ACCTTTACACTGTACGCAAGTGCGATAAGGGGACTCCGAGTGTGAAGGCATAGAGCCTTCACTTTTGTACACCGTAAGGTGGTGTACGAATAAG
GGCTGGGCAAGACCGGTGCCAGCCGCCGCGGTAATACCGGCAGCCCGAGTGATGGCCGATATTATTGGGCCTAAAGCGTCCGTAGCTGGCCGGA
CAAGTCCGTTGGGAAATCTGTTCGCTTAACGAGCAGGCGTCCAGCGGAAACTGTTCGGCTTGGGACCGGAAGACCTGAGGGGTACGTCCGGGGT
AGGAGTGAAATCCTGTAATCCTGGACGGACCACCGGTGGCGAAAGCGCCTCAGGAGGACGGATCCGACAGTGAGGGACGAAAGCTAGGGTCTC
GAACCGGATTAGATACCCGGGTAGTCCTAGCTGTAAACGATGCCGCTAGGTGTGGCGCTGGCTACGAGCTTGCGCTGTGCCGTAGGGAAGCCGA
GAAGCGGGCCGCCTGGGAAGTATGTCTGCAAGGATGAAACTTAAAGGAATGGGCGGGGGAGCACTACAACCGGAGGAGCCTGCGGTTTAATTG
GACTCAACGCCGGACATCTCACCAGCTCCGACAGTAGTAATGACGGTCAGGTTGATGACCTTACCCGATGCTACTGAGAGGAGGTGCATGGCCG
CCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCGCACTCCTAATTGCCAGCAGTACCCTTTGGGTAGCTGGGTA
CATTAGGTGGACTGCCGCTGCTAAAGCGGAGGAAGGAACGGGCAACGGTAGGTCAGTATGCCCCGAATGAGCTGGGCAACACGCGGGCTACAAT
GGTCGAGACAATGGGATGCAACTCCGAGAGGAGGCGCTAATCTCCTAAACTCGATCGTAGTTCGGATTGAGGG 
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>Halobacterium noricense Strain FEM2 
AACGCTCCACCCCTGGAACGGGCGGAGCTGGAAACGCTACGGCGCCACAGGATGTGGCTGCGGTCGATTAGGTAGACGGTGGGGTAACGGCCCA
CCGTGCCAATAATCGGTACGGGTTGTGAGAGCAAGAGCCCGGAGACGGAATCTGAGACAAGATTCCGGGCCCTACGGGGCGCAGCAGGCGCGAA
ACCTTTACACTGTACGCAAGTGCGATAAGGGGACTCCGAGTGTGAAGGCATAGAGCCTTCACTTTTGTACACCGTAAGGTGGTGTACGAATAAG
GGCTGGGCAAGACCGGTGCCAGCCGCCGCGGTAATACCGGCAGCCCGAGTGATGGCCGATATTATTGGGCCTAAAGCGTCCGTAGCTGGCCGGA
CAAGTCCGTTGGGAAATCTGTTCGCTTAACGAGCAGGCGTCCAGCGGAAACTGTTCGGCTTGGGACCGGAAGACCTGAGGGGTACGTCCGGGGT
AGGAGTGAAATCCTGTAATCCTGGACGGACCACCGGTGGCGAAAGCGCCTCARGAGGACGGATCCGACAGTGAGGGACGAAAGCTAGGGTCTC
GAACCGGATTAGATACCCGGGTAGTCCTAGCTGTAAACGATGCCCGCTAGGTGTGGCGCTGGCTACGAGCCTGCGCTGTGCCGTAGGGAAGCCG
AGAAGCGGGCCGCCTGGGAAGTATGTCTGCAAGGATGAAACTTAAAGGAATTGGCGGGGGAGCACTACAACCGGAGGAGCCTGCGGTTTAATT
GGACTCAACGCCGGACATCTCACCAGTTCCGACAGTAGTAATGACGGTCAGGTTGATGACCTTACCCGATGGTACTGAGAGGAGGTGCATGGCC
GCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCGCACTCCTAATTGCCAGCAGTACCCTTTGGGTAGCTGGGT
ACATTAGGTGGACTGCCGCTGCTAAAGCGGAGGAAGGAACGGGCAACGGTAGGTCAGTATGCCCCGAATGAGCTGGGCAACACGCGGGCTACA
ATGGTCGAGACAATGGGATGCAA 
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Appendix 5: Results of the BIOLOG plates.  

Each carbon source is included in triplicate, and the number of wells where a colour 

change occurred for each isolate in carbon source is listed. 

 Haloarcula Sp. 
Halobacterium 

noricense Abiotic 
Carbon Source JPW1 JPW2 JPW3 PW4 FEM1 FEM2 

D-Xylose 3 3 3 2 2 3 0 

α-D-Lactose 1 2 2 1 3 3 0 

D-Galacturonic Acid 1 1 1 1 2 2 0 

α-Ketobutyric Acid 1 1 1 1 3 1 0 

D,L-α-Glycerol Phosphate 0 2 0 2 3 0 0 

D-Cellobiose 1 1 0 0 3 0 0 

D-Malic Acid 0 2 0 0 3 0 0 

Gylcyl-L-Glutamic Acid 0 1 1 0 3 0 0 

L-Serine 0 1 0 1 3 0 0 

No carbon 0 1 0 1 3 0 0 

Phenylethylamine 1 1 0 0 3 0 0 

α-Cyclodextrin 0 2 0 0 3 0 0 

β-Methyl D-Glucoside 0 1 0 1 2 1 0 

4-Hydroxy Benzoic Acid 1 2 0 0 1 0 0 

D-Galactonic Acid γ-
Lactone 

0 0 1 0 3 0 0 

D-Mannitol 0 1 0 0 3 0 0 

Glucose-1-Phosphate 0 1 0 0 3 0 0 

Glycogen 0 1 0 0 3 0 0 

L-Arginine 0 0 0 1 3 0 0 

L-Asparagine 0 1 0 0 3 0 0 

Putrescine 0 1 0 0 3 0 0 

D-Glucosaminic Acid 0 0 0 0 3 0 0 

i_Erythritol 0 0 0 0 3 0 0 

L-Phenylalanine 0 0 0 0 3 0 0 

L-Threonione 0 0 0 0 3 0 0 

2-Hydroxy Benzoic Acid 1 0 0 0 1 0 0 

N-Acetyl-D-Glucosamine 0 0 0 0 2 0 0 

Pyruvic Acid Methyl Ester 0 0 1 0 0 1 0 

γ-Hydroxybutyric Acid 0 0 0 0 2 0 0 

Tween 40 0 0 0 0 1 0 0 

Tween 80 0 0 0 0 1 0 0 

Itaconic Acid 0 0 0 0 0 0 0 
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Appendix 6: Growth of each of the isolates in media of different salt composition.  

Data shows mean specific growth rate (n=4) and standard error, alongside the ion concentration and measured water activity of each 

media 

Dilution ratio and salt 
mixed with NaCl-based 

media 

Haloarcula sp. 
Strain JPW1 

Haloarcula sp. 
Strain JPW2 

Haloarcula sp. 
Strain JPW3 

Haloarcula sp. 
Strain JPW4 

Halobacterium 
noricense FEM1 

Halobacterium 
noricense FEM2 

Total Ion 
Concentration (M) 

Water 
Activity 

4:0 diluted in no salt 0.7740 ± 0.1769 0.9706 ± 0.4839 0.8700 ± 0.4425 0.6678 ± 0.0328 1.0913 ± 0.1523 0.8303 ± 0.4752 6.840 0.855 

3:1 diluted in no Salt 0.0000 ± 0.0000 0.5629 ± 0.0713 0.4612 ± 0.0000 0.1375 ± 0.0000 7.4549 ± 3.1088 0.2040 ± 0.0598 5.130 0.898 

3:1 diluted in Na2SO4 0.3940 ± 0.1022 0.7634 ± 0.0489 0.9412 ± 0.4266 1.0939 ± 0.2072 0.8966 ± 0.0823 0.8019 ± 0.0576 6.840 0.881 

3:1 diluted in MgSO4 0.7763 ± 0.0642 1.1065 ± 0.1724 1.6082 ± 0.0770 1.0311 ± 0.1185 0.8227 ± 0.0698 0.9137 ± 0.0268 5.985 0.855 

3:1 diluted in MgCl2 0.4252 ± 0.0525 1.2561 ± 0.2767 2.3568 ± 0.4280 1.9192 ± 0.8461 0.8268 ± 0.0821 1.0048 ± 0.1361 6.413 0.855 

3:1 diluted in KCl 0.6651 ± 0.2615 0.9989 ± 0.1582 5.3339 ± 3.7891 1.3489 ± 0.8716 0.9095 ± 0.1282 0.9848 ± 0.7688 6.840 0.856 

3:1 diluted in K2SO4 0.6578 ± 0.3664 3.1719 ± 0.7215 0.5059 ± 1.8794 0.1215 ± 0.0510 3.6111 ± 1.2573 1.1500 ± 0.0150 5.648 0.860 

3:1 diluted in CaSO4 0.9403 ± 0.1237 1.3198 ± 0.2652 1.3703 ± 0.4356 2.3191 ± 0.7741 0.7816 ± 0.0635 0.6257 ± 0.1338 5.137 0.896 

2:2 diluted in No Salt 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.9537 ± 0.5863 0.0000 ± 0.0000 3.420 0.932 

2:2 diluted in Na2SO4 0.000 ± 0.000 0.3356 ± 0.0389 0.7519 ± 1.7152 0.5674 ± 0.0476 0.3639 ± 0.0266 0.7851 ± 0.1736 6.840 0.894 

2:2 diluted in MgSO4 0.7750 ± 0.0971 0.8939 ± 0.0816 1.1442 ± 0.4264 1.7468 ± 0.8360 0.6261 ± 0.1116 0.8601 ± 0.0674 5.130 0.903 

2:2 diluted in MgCl2 0.4469 ± 0.0602 1.1059 ± 0.1815 0.7519 ± 0.5438 1.1328 ± 0.1152 0.6135 ± 0.1581 0.6004 ± 0.1284 5.985 0.855 

2:2 diluted in KCl 0.3499 ± 0.0206 0.8231 ± 0.1121 0.8143 ± 5.3613 3.6679 ± 1.4761 0.6411 ± 0.0000 2.6434 ± 1.3879 6.840 0.862 

2:2 diluted in K2SO4 0.0000 ± 0.000 0.0000 ± 0.0000 1.2460 ± 0.0000 0.000 ± 0.000 0.0000 ± 0.0000 0.0000 ± 0.0000 4.455 0.903 

2:2 diluted in CaSO4 1.8233 ± 0.4752 1.7923 ± 0.1460 0.0000 ± 0.0000 0.3169 ± 0.0969 0.0000 ± 0.0000 0.4228 ± 0.0639 3.434 0.933 
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Dilution ratio and salt 
mixed with NaCl-based 

media 

Haloarcula sp. 
Strain JPW1 

Haloarcula sp. 
Strain JPW2 

Haloarcula sp. 
Strain JPW3 

Haloarcula sp. 
Strain JPW4 

Halobacterium 
noricense FEM1 

Halobacterium 
noricense FEM2 

Total Ion 
Concentration (M) 

Water 
Activity 

1:3 diluted in No Salt 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 1.710 0.968 

1:3 diluted in Na2SO4 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 6.840 0.914 

1:3 diluted in MgSO4 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 4.275 0.932 

1:3 diluted in MgCl2 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 5.558 0.863 

1:3 diluted in KCl 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 6.840 0.865 

1:3 diluted in K2SO4 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 3.263 0.932 

1:3 diluted in CaSO4 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 1.731 0.969 

0:4 diluted in No Salt 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 0.989 

0:4 diluted in Na2SO4 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 6.840 0.933 

0:4 diluted in MgSO4 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 3.420 0.975 

0:4 diluted in MgCl2 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 5.130 0.873 

0:4 diluted in KCl 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 6.840 0.871 

0:4 diluted in  K2SO4 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 2.070 0.975 

0:4 diluted in  CaSO4 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.028 0.984 
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Appendix 7:  Cell density of various cultures of H.noricense FEM1 of 

different ages, alongside the mass of crystals formed and number of 

viable cells remaining following entombment of 2x109 cells 

 

Age of culture 
(days) 

Density of culture (cells 
ml-1) 

Mass of crystals (g) 
Viable cells per disc following 

entombment 

0 1.00E+08 

0.0747 1.97E+08 
0.0778 3.21E+08 
0.0886 3.08E+08 
0.0825 3.82E+08 
0.0775 2.96E+08 
0.0796 2.03E+08 

0 1.00E+08 

0.0730 1.71E+08 
0.0725 1.90E+08 
0.0718 2.13E+08 
0.0840 1.57E+08 
0.0722 1.66E+08 
0.0901 1.71E+08 

0 1.00E+08 

0.1391 4.95E+08 
0.1328 3.93E+08 
0.1348 2.22E+08 
0.1400 3.10E+08 
0.1159 2.22E+08 
0.0720 4.16E+07 

1 3.55E+08 

0.0775 3.51E+09 
0.0956 2.16E+09 
0.0819 1.05E+09 
0.0795 5.30E+09 
0.0789 3.51E+09 
0.0891 5.61E+09 

1 3.70E+08 

0.0502 1.43E+08 
0.0599 4.90E+08 
0.0583 2.73E+08 
0.0523 2.08E+08 
0.0520 4.16E+08 
0.0542 4.72E+08 

1 1.54E+08 

0.0900 3.47E+09 
0.1137 3.61E+09 
0.0932 2.36E+09 
0.1018 5.55E+08 
0.1034 2.87E+09 
0.1100 2.36E+09 

1 3.05E+08 

0.1067 6.94E+08 
0.0906 1.25E+09 
0.0913 2.59E+09 
0.0935 9.25E+08 
0.0947 2.22E+09 
0.1059 2.50E+09 
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Age of culture 
(days) 

Density of culture (cells 
ml-1) 

Mass of crystals (g) 
Viable cells per disc following 

entombment 

2 1.80E+09 

0.0904 3.27E+09 
0.0975 2.96E+09 
0.0947 2.90E+09 
0.0831 3.39E+09 
0.0990 2.34E+09 
0.0966 3.33E+09 

2 1.22E+09 

0.0791 1.11E+09 
0.0827 1.62E+09 
0.0632 7.40E+08 
0.0838 4.16E+08 
0.0692 1.06E+09 
0.0618 6.01E+08 

2 2.77E+09 

0.0842 2.22E+09 
0.0942 2.22E+09 
0.1123 1.25E+09 
0.0890 2.50E+09 
0.0942 5.09E+08 
0.1002 1.29E+09 

3 1.16E+10 

0.1069 3.70E+08 
0.1196 5.55E+08 
0.1574 2.59E+08 
0.1101 2.17E+08 
0.1127 1.48E+08 
0.1216 1.43E+08 

3 5.09E+09 

0.0669 2.54E+08 
0.0683 9.25E+07 
0.0757 2.64E+08 
0.0695 1.53E+08 
0.0588 7.86E+06 
0.0613 2.50E+07 

3 6.78E+10 

0.0911 3.70E+07 
0.0550 0.00E+00 
0.1150 4.62E+07 
0.0703 1.62E+08 
0.0590 0.00E+00 
0.0949 7.86E+06 

3 5.20E+09 

0.1210 1.39E+09 
0.1214 1.66E+09 
0.0846 0.00E+00 
0.0878 1.66E+09 
0.1114 1.53E+09 
0.1173 1.48E+09 

4 6.78E+09 

0.1238 1.25E+09 
0.1273 1.11E+09 
0.1180 5.09E+08 
0.1191 3.05E+09 
0.0911 3.70E+07 

4 1.31E+10 

0.1287 1.25E+09 
0.0917 2.91E+08 
0.1163 3.70E+08 
0.0971 5.09E+08 
0.1257 1.02E+09 
0.1161 7.40E+08 
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Age of culture 
(days) 

Density of culture (cells 
ml-1) 

Mass of crystals (g) 
Viable cells per disc following 

entombment 

5 1.10E+10 

0.1172 5.09E+08 
0.0994 6.94E+08 
0.1132 6.01E+08 
0.1072 1.90E+09 
0.1375 1.25E+09 
0.1352 1.39E+09 

5 1.31E+10 

0.1062 2.08E+09 
0.1281 2.77E+09 
0.1016 1.06E+09 
0.1084 9.25E+08 
0.0915 1.48E+09 
0.1123 3.70E+08 

6 7.55E+09 

0.0896 2.59E+08 
0.0796 3.79E+08 
0.0820 2.77E+08 
0.0812 4.86E+08 
0.0707 3.65E+08 

6 9.09E+09 

0.1403 1.34E+09 
0.1311 1.80E+09 
0.1200 7.86E+08 
0.1178 1.11E+09 
0.1400 1.90E+09 
0.1462 1.02E+09 

7 1.85E+09 

0.1291 1.43E+09 
0.1129 9.25E+08 
0.1250 1.85E+09 
0.1247 1.71E+09 
0.1157 2.82E+09 

7 8.90E+09 

0.1031 8.32E+08 
0.1198 6.47E+08 
0.0900 1.66E+09 
0.1166 2.03E+09 
0.0878 1.16E+09 
0.0981 9.71E+08 

7 8.79E+09 

0.1349 1.25E+09 
0.1227 2.77E+09 
0.1092 2.45E+09 
0.1085 1.53E+09 
0.1117 1.29E+09 
0.1054 1.94E+09 

8 1.26E+10 

0.1127 1.48E+09 
0.1375 5.09E+08 
0.1164 1.06E+09 
0.1088 7.40E+08 
0.1084 9.25E+08 

8 7.24E+09 

0.1621 1.34E+09 
0.0792 1.43E+09 
0.1170 5.09E+08 
0.1129 8.79E+08 
0.1269 1.16E+09 
0.1099 1.29E+09 
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Appendix 8: Mass of crystals and number of viable cells obtained from 

crystals of various compositions initially containing 2.8×109 cells.  

Crystals were prepared in four separate “repeats,” and half the crystals in each repeat 

were exposed to 99 kJ m-2 of UV radiation 

 

Salt 
Repeat 

number 
Exposed 

to UV? 
Mass of 

salt 
Viable 

cells/disc 
NaCl 1 No 0.0957 8.32E+07 

NaCl 1 No 0.1075 9.25E+07 

NaCl 1 No 0.1105 6.01E+08 

NaCl 1 No 0.1172 1.34E+09 

NaCl 1 No 0.1199 1.71E+08 

NaCl 1 No 0.1232 1.80E+08 

NaCl 2 No 0.0958 2.68E+08 

NaCl 2 No 0.1120 3.38E+08 

NaCl 2 No 0.1143 3.01E+08 

NaCl 2 No 0.1184 2.59E+08 

NaCl 2 No 0.1315 3.33E+08 

NaCl 2 No 0.1522 3.38E+08 

NaCl 3 No 0.1211 4.95E+08 

NaCl 3 No 0.1290 3.33E+08 

NaCl 3 No 0.1317 2.82E+08 

NaCl 3 No 0.1345 3.01E+08 

NaCl 3 No 0.1352 4.58E+08 

NaCl 4 No 0.0881 3.05E+08 

NaCl 4 No 0.1090 6.10E+08 

NaCl 4 No 0.1138 5.36E+08 

NaCl 4 No 0.1229 4.86E+08 

NaCl 4 No 0.1254 5.09E+08 

NaCl 4 No 0.1303 3.14E+08 

NaCl 1 Yes 0.1127 2.96E+08 

NaCl 1 Yes 0.1167 1.76E+08 

NaCl 1 Yes 0.1315 1.34E+07 

NaCl 2 Yes 0.1145 2.08E+08 

NaCl 2 Yes 0.1176 7.86E+07 

NaCl 2 Yes 0.1293 9.71E+07 

NaCl 3 Yes 0.1275 3.70E+08 
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Salt 
Repeat 

number 
Exposed 

to UV? 
Mass of 

salt 
Viable 

cells/disc 
NaCl 3 Yes 0.1398 2.13E+08 
NaCl 3 Yes 0.1497 6.20E+07 
NaCl 4 Yes 0.1069 2.40E+08 
NaCl 4 Yes 0.1256 2.68E+08 
NaCl 4 Yes 0.1335 2.59E+08 

NaCl + Na2SO4 1 No 0.0880 3.56E+08 
NaCl + Na2SO4 1 No 0.0937 7.26E+08 
NaCl + Na2SO4 1 No 0.0973 1.48E+08 
NaCl + Na2SO4 2 No 0.0810 4.25E+08 
NaCl + Na2SO4 2 No 0.0839 3.33E+08 
NaCl + Na2SO4 2 No 0.0900 2.64E+08 
NaCl + Na2SO4 3 No 0.0891 5.32E+08 
NaCl + Na2SO4 3 No 0.0969 5.23E+08 
NaCl + Na2SO4 3 No 0.0989 4.53E+08 
NaCl + Na2SO4 4 No 0.0882 5.83E+08 
NaCl + Na2SO4 4 No 0.0916 3.33E+08 
NaCl + Na2SO4 4 No 0.0934 3.61E+08 
NaCl + Na2SO4 1 Yes 0.0792 2.17E+08 
NaCl + Na2SO4 1 Yes 0.0835 2.68E+08 
NaCl + Na2SO4 1 Yes 0.0863 1.99E+08 
NaCl + Na2SO4 2 Yes 0.0823 3.42E+08 
NaCl + Na2SO4 2 Yes 0.0988 2.40E+08 
NaCl + Na2SO4 2 Yes 0.0997 2.64E+08 
NaCl + Na2SO4 3 Yes 0.0819 4.62E+08 
NaCl + Na2SO4 3 Yes 0.0844 6.20E+08 
NaCl + Na2SO4 3 Yes 0.0847 3.19E+08 
NaCl + Na2SO4 4 Yes 0.0803 2.27E+08 
NaCl + Na2SO4 4 Yes 0.0842 3.05E+08 
NaCl + Na2SO4 4 Yes 0.0909 4.76E+08 

NaCl + MgSO4 1 No 0.0510 3.65E+08 
NaCl + MgSO4 1 No 0.0526 2.08E+08 
NaCl + MgSO4 2 No 0.0503 5.55E+08 
NaCl + MgSO4 2 No 0.0546 3.14E+08 
NaCl + MgSO4 2 No 0.0556 4.99E+08 
NaCl + MgSO4 3 No 0.0487 4.76E+08 
NaCl + MgSO4 3 No 0.0526 7.17E+08 
NaCl + MgSO4 3 No 0.0565 6.43E+08 
NaCl + MgSO4 4 No 0.0488 5.46E+08 
NaCl + MgSO4 4 No 0.0553 5.78E+08 
NaCl + MgSO4 4 No 0.0653 5.41E+08 
NaCl + MgSO4 1 Yes 0.0535 1.76E+08 
NaCl + MgSO4 1 Yes 0.0539 3.24E+08 
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Salt 
Experiment 

repeat 
Exposed 

to UV? 
Mass of 

salt 
Viable 

cells/disc 
NaCl + MgSO4 1 Yes 0.0553 4.35E+08 
NaCl + MgSO4 2 Yes 0.0501 4.44E+08 
NaCl + MgSO4 2 Yes 0.0506 4.02E+08 
NaCl + MgSO4 2 Yes 0.0544 4.25E+08 
NaCl + MgSO4 3 Yes 0.0482 3.33E+08 
NaCl + MgSO4 3 Yes 0.0560 4.99E+08 
NaCl + MgSO4 3 Yes 0.1157 2.45E+08 
NaCl + MgSO4 4 Yes 0.0497 4.90E+08 
NaCl + MgSO4 4 Yes 0.0569 3.84E+08 
NaCl + MgSO4 4 Yes 0.0597 2.40E+08 
NaCl + MgCl2 1 No 0.1015 2.64E+07 
NaCl + MgCl2 1 No 0.1016 1.11E+07 
NaCl + MgCl2 1 No 0.1031 1.11E+07 
NaCl + MgCl2 2 No 0.0950 3.42E+07 
NaCl + MgCl2 2 No 0.0966 2.96E+07 
NaCl + MgCl2 2 No 0.0968 5.13E+07 
NaCl + MgCl2 3 No 0.0922 3.51E+07 
NaCl + MgCl2 3 No 0.0948 4.95E+07 
NaCl + MgCl2 3 No 0.0949 4.02E+07 
NaCl + MgCl2 4 No 0.0823 1.29E+08 
NaCl + MgCl2 4 No 0.0824 4.62E+07 
NaCl + MgCl2 4 No 0.0857 6.94E+07 
NaCl + MgCl2 1 Yes 0.0975 2.08E+07 
NaCl + MgCl2 1 Yes 0.1026 3.61E+07 
NaCl + MgCl2 1 Yes 0.1028 1.99E+07 
NaCl + MgCl2 2 Yes 0.0930 3.93E+07 
NaCl + MgCl2 2 Yes 0.0933 4.39E+07 
NaCl + MgCl2 2 Yes 0.0960 1.57E+07 
NaCl + MgCl2 3 Yes 0.0859 2.50E+07 
NaCl + MgCl2 3 Yes 0.0888 3.38E+07 
NaCl + MgCl2 3 Yes 0.0909 3.70E+07 
NaCl + MgCl2 4 Yes 0.0823 5.09E+07 
NaCl + MgCl2 4 Yes 0.0841 5.55E+07 
NaCl + MgCl2 4 Yes 0.0852 1.34E+08 

NaCl + KCl 1 No 0.0846 3.47E+08 
NaCl + KCl 1 No 0.0889 2.77E+08 
NaCl + KCl 1 No 0.1027 2.50E+08 
NaCl + KCl 2 No 0.0821 3.84E+08 
NaCl + KCl 2 No 0.0854 3.28E+08 
NaCl + KCl 2 No 0.1063 4.12E+08 
NaCl + KCl 3 No 0.0841 3.98E+08 
NaCl + KCl 3 No 0.0934 6.15E+08 
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Salt 
Experiment 

repeat 
Exposed 

to UV? 
Mass of 

salt 
Viable 

cells/disc 
NaCl + KCl 1 No 0.0846 3.47E+08 
NaCl + KCl 4 No 0.0651 3.70E+08 
NaCl + KCl 4 No 0.0722 4.95E+08 
NaCl + KCl 4 No 0.0875 4.90E+08 
NaCl + KCl 1 Yes 0.0807 2.77E+08 
NaCl + KCl 1 Yes 0.0828 2.13E+08 
NaCl + KCl 1 Yes 0.0867 4.07E+08 
NaCl + KCl 2 Yes 0.0380 1.90E+08 
NaCl + KCl 2 Yes 0.0810 1.11E+08 
NaCl + KCl 2 Yes 0.0841 3.38E+08 
NaCl + KCl 3 Yes 0.0836 3.10E+08 
NaCl + KCl 3 Yes 0.0975 2.82E+08 
NaCl + KCl 3 Yes 0.1001 2.40E+08 
NaCl + KCl 4 Yes 0.0694 2.50E+08 
NaCl + KCl 4 Yes 0.0694 3.70E+08 
NaCl + KCl 4 Yes 0.0769 3.70E+08 

NaCl + K2SO4 1 No 0.0499 2.87E+08 
NaCl + K2SO4 1 No 0.0503 2.40E+08 
NaCl + K2SO4 1 No 0.0529 2.87E+08 
NaCl + K2SO4 2 No 0.0436 2.17E+08 
NaCl + K2SO4 2 No 0.0493 3.38E+08 
NaCl + K2SO4 2 No 0.0548 2.77E+08 
NaCl + K2SO4 3 No 0.0472 2.27E+08 
NaCl + K2SO4 3 No 0.0492 2.73E+08 
NaCl + K2SO4 3 No 0.0511 3.10E+08 
NaCl + K2SO4 4 No 0.0374 5.46E+08 
NaCl + K2SO4 4 No 0.0491 3.65E+08 
NaCl + K2SO4 4 No 0.0498 3.65E+08 
NaCl + K2SO4 1 Yes 0.0473 1.16E+08 
NaCl + K2SO4 1 Yes 0.0491 8.32E+07 
NaCl + K2SO4 1 Yes 0.0504 1.53E+08 
NaCl + K2SO4 2 Yes 0.0455 1.94E+08 
NaCl + K2SO4 2 Yes 0.0503 9.71E+07 
NaCl + K2SO4 2 Yes 0.0557 2.91E+08 
NaCl + K2SO4 3 Yes 0.0485 1.66E+08 
NaCl + K2SO4 3 Yes 0.0505 2.91E+08 
NaCl + K2SO4 3 Yes 0.0513 2.68E+08 
NaCl + K2SO4 4 Yes 0.0414 2.31E+08 
NaCl + K2SO4 4 Yes 0.0457 2.64E+08 

NaCl + K2SO4 4 Yes 0.0510 2.77E+08 

NaCl + CaSO4 1 No 0.0523 5.04E+07 

NaCl + CaSO4 1 No 0.0651 5.87E+07 
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Salt 
Experiment 

repeat 
Exposed 

to UV? 
Mass of 

salt 
Viable 

cells/disc 
NaCl + CaSO4 2 No 0.0453 2.73E+08 
NaCl + CaSO4 2 No 0.0528 1.20E+08 
NaCl + CaSO4 2 No 0.0562 2.82E+08 
NaCl + CaSO4 3 No 0.0481 5.46E+08 
NaCl + CaSO4 3 No 0.0552 5.13E+08 
NaCl + CaSO4 3 No 0.0594 4.35E+08 
NaCl + CaSO4 4 No 0.0490 4.12E+08 
NaCl + CaSO4 4 No 0.0577 5.23E+08 
NaCl + CaSO4 4 No 0.0609 5.23E+08 
NaCl + CaSO4 1 Yes 0.0577 1.26E+08 
NaCl + CaSO4 1 Yes 0.0601 2.50E+08 
NaCl + CaSO4 1 Yes 0.0656 8.88E+07 
NaCl + CaSO4 2 Yes 0.0468 2.50E+08 
NaCl + CaSO4 2 Yes 0.0510 1.25E+08 
NaCl + CaSO4 2 Yes 0.0534 6.47E+07 
NaCl + CaSO4 3 Yes 0.0472 4.86E+08 
NaCl + CaSO4 3 Yes 0.0554 2.59E+08 
NaCl + CaSO4 3 Yes 0.0620 4.16E+08 
NaCl + CaSO4 4 Yes 0.0534 2.87E+08 
NaCl + CaSO4 4 Yes 0.0617 4.16E+08 
NaCl + CaSO4 4 Yes 0.0624 3.93E+08 
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Appendix 9 - Preliminary experiments 

This section describes the methodology employed and data obtained from preliminary 

experiments. These used different methodologies and featured fewer data points than 

the actual data sets presented within this thesis, but the results presented below could 

be used to guide and optimise the actual experiments. 

A9a - Pilot growth curve experiments 

 

Figure A9.6.1 - Growth of three isolates and a positive control over a period of a month when transferred from 100 % 
MPM in stationary conical flasks to rotated 10% MPM  

These experiments in 10 % MPM containing 3.42 M NaCl were carried out using the 

methodology outlined in Section 4.2.5, with the following exceptions: Cells were washed 

and transferred directly from stationary conical flasks of 100 % MPM (as described in 

Section 4.2.1) to the aerated falcon tubes without an “acclimatisation culture.” Only 

three isolates had been obtained when these experiments were carried out, so growth 

curves were only drawn of Haloarcula Sp. JPW1 and H.noricense FEM1 & FEM2. Growth 

curves of Halobacterium Sp. NRC-1, a very well characterised halophile (Bishop et al., 
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1959, Kennedy et al., 2001, Ng et al., 2000), were used as a positive control to confirm 

that growth was possible under these conditions.  

A9b - Pilot entombment experiments 

Chapter 5 featured entombment of H.noricense FEM1 within salt crystals. Initial 

experiments featuring entombment in crystals containing NaCl did not consider which 

growth phase cells were in prior to entombment. Nine discs containing crystals with 

entombed cells were prepared on four separate occasions.  

 

Figure A9.6.2 - Mean number of viable cells remaining per disc (n = 9) when 2.8 ×109 cells of H.noricense FEM1 were 
entombed in NaCl crystals on four separate occasions without regard to growth phase of the source culture. Errors bars 
represent standard error of the mean 

There was extreme variability between the number of viable cells observed between 

discs prepared from the same culture on different days, compared to discs prepared 

simultaneously (ANOVA, p < 0.05). This led to the investigation into possible sources of 

this variation, as outlined in Section 5.2.3c. 
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