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Abstract  

Enceladus, an icy moon of Saturn, is a potentially habitable environment. Its South Polar Region 

hosts active plumes that eject material from the subsurface into space. Plume material was 

analysed by the Cassini spacecraft, which confirmed the presence of a global subsurface ocean, 

active hydrothermal activity, and the presence of bio-essential elements (carbon, nitrogen, and 

hydrogen). Data from the plumes provided a snapshot of the subsurface chemical environment, 

however, could not fully constrain the composition of the silicate interior or specific ocean 

chemistry.  

In this thesis, hypothetical geochemical cycles occurring in the subsurface of Enceladus were 

constrained. This was achieved through the design of a simulant to represent the silicate interior of 

Enceladus, based on the chemical composition of a CI carbonaceous chondrite. A modern-day 

ocean composition was determined by thermochemical modelling using CHIM-XPT, where 

hypothetical starting compositions for the ocean interact with the silicate interior to produce a 

modern-day fluid. This fluid is then both cooled and frozen to study changes in the chemical 

composition as water ascends from the water-rock interface on Enceladus. The fluid composition 

generated through thermochemical modelling was then critically compared to Cassini’s plume data. 

Finally, experimental simulations of the water-rock interface were conducted, using the silicate 

simulant and the modern-day ocean composition previously defined through this work.  

This study found that a CI chondrite and cometary ice composition are suitable analogues for the 

silicate interior and icy exterior of a proto-Enceladus. The results from experimental and modelling 

simulations found the ocean is likely dominated by salts and carbonates, with a pH of 8.5-9.5. 

Geochemical cycles for carbon, silica and sulfur occurring in a modern Enceladus have been defined 

and the availability of different chemical species that could be utilised by life have been assessed, 

which enhanced the prospect of Enceladus as a habitable environment.  
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 Introduction  

1.1 Project Motivation and Aims  

Enceladus, a moon of Saturn, is a potentially habitable environment, consisting of a global 

subsurface ocean and ongoing hydrothermal activity (Hsu et al., 2015; Thomas et al., 2016). There 

are geochemical reactions occurring at the rock-water interface on Enceladus, where the reaction 

products are transported to the ocean surface and subsequently ejected into space. The analyses 

of these plumes and ice grains in the E-ring by the Cassini spacecraft have provided information on 

the internal chemical composition, and the physical conditions of Enceladus, allowing for Enceladus 

to become an important astrobiological target.  

The aims of this PhD are to constrain the geochemical cycles occurring in the subsurface 

environment of Enceladus and use this to assess the potential habitability of Enceladus. This will be 

achieved through the study of the water-rock interface on Enceladus and the different processes 

occurring though the transport of the fluid from the ocean floor to the surface and to space. The 

following sections outline what is currently known about Enceladus, and the rationale for this PhD. 

1.2 Discovery of Enceladus 

Enceladus was discovered in 1789 by William Herschel, an English Astronomer. At the time of its 

discovery, only five moons of Saturn were known. Enceladus is located within Saturn’s E ring (Kempf 

et al., 2008), which is the outermost ring of Saturn. It is Saturn’s sixth largest moon, approximately 

504 km in diameter (Brown, 2006), meaning it is categorized as one of the mid-sized moons; for 

comparison, the largest moon of Saturn is Titan which is 5149 km in diameter (Thomas, 2010).  

1.2.1 Missions to Enceladus 

The distance of Enceladus from Earth means that ground-based telescopes and observations have 

provided only limited information about the moon. Enceladus has, however, been studied by the 

Voyager missions (Spencer et al., 2006) and most recently by the Cassini spacecraft (Spencer et al., 

2006). Most of what we know about Enceladus comes from the data collected from these missions.  

1.2.1.1 Voyager Missions 

The Voyager missions were the first to provide detailed information about Enceladus. Voyager 1 

was launched in 1977 (Stone and Miner, 1981) and encountered the Saturnian system in November 

1980. Approximately 9 months later, Voyager 2 also passed through Saturn’s system (Smith et al., 

1982).  

The images returned from the Voyager 1 mission showed that Enceladus had a relatively smooth 

surface, unlike the surface of the other icy satellites it encountered (Stone and Miner, 1981). It also 
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indicated that Enceladus had a high albedo, proposed to be the consequence of geologically-recent 

surface-forming events (Stone and Miner, 1981). The high albedo of Enceladus led to the 

assumption, at that time, that the satellite was formed entirely of nearly pure water ice (Spencer, 

2013).  

Images returned from Voyager 2 identified Enceladus as the Saturnian satellite with the most 

tectonically active surface, as evidenced by orthogonal patterns of rectilinear faults and ridged 

plains with curvilinear valleys (Stone and Miner, 1982). Stone and Miner (1982) suggested that 

these features may have been caused by internal heating, most likely tidal in origin. The closest 

Voyager flyby was about 90,000 km and neither of the Voyager missions managed to get a view of 

the South Polar Region on Enceladus. There was no reason to consider Enceladus an important 

astrobiological target and no further, in-depth observations were made of Enceladus until the 

Cassini mission.  

1.2.1.2 Cassini Mission 

The Cassini mission made the most notable observations of Enceladus, which greatly enhanced and 

changed the perception of the satellite as an astrobiological target. The Cassini-Huygens mission 

(Huygens was the probe that was delivered to the surface of Titan) was launched on the 15th 

October 1997 (Vandermey and Paczkowski, 2006), and Cassini carried a suite of instruments with 

which to study the Saturnian system (Table 1.1). These instruments will be referred to throughout 

this thesis.  

Table 1.1 The instruments and their functions that were on-board on Cassini (Vandermey and Packowski, 2006) 

Instrument Function 

Composite Infrared Spectrometer (CIRS) Temperature and composition of 
atmospheres, surfaces and the rings Ultraviolet Imaging Spectrograph (UVIS) 

Visible and Infrared Mapping Spectrometer 
(VIMS) 

Imaging Science Subsystem (ISS) Multispectral imaging of the planet, 
satellites and rings 

Cassini Radio Detecting and Ranging (RADAR) Radar imaging, altimetry and passive 
radiometry of Saturn and its satellites 

Cassini Plasma Spectrometer (CAPS) Measure energy and electrical charges 

Cosmic Dust Analyser (CDA) Studied ice and dust grains  

Ion and Neutral Mass Spectrometer (INMS) In-situ composition of neutral and charged 
particles 

Magnetometer (MAG) Measured strength and direction of the 
magnetic field 

Magnetospheric Imagine Instrument (MIMI) In-situ measurements of ions and electrons 

Radio and Plasma Wave Science (RPWS) Detected radiation and plasma wave 
emissions 
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The mission was split into three phases: prime, equinox and extended mission. The original mission 

(‘prime mission’) lasted until 2008, with one of the primary aims being to map the surface geology, 

bulk compositions and the internal structures of the icy satellites (ESA, 2012). During the primary 

mission (in 2005) plumes were detected emerging from the South Polar Region (SPR) (Porco et al., 

2006). Scientists have since identified 101 individual geysers erupting at the SPR (Porco, DiNino and 

Nimmo, 2014). The discovery of these plumes on the SPR led to the hypothesis that the plume 

material may originate from a subsurface ocean under the icy exterior. Another major finding from 

the primary mission was the four fractures observed across the SPR, known as ‘tiger stripes’ 

(Nimmo et al., 2007), the locations from which the plumes originate. The heat flux detected across 

the SPR region indicates that the heat produced internally is approximately 15.8 ± 3.1 GW (Howett 

et al., 2011). 

Upon the completion of the prime mission, spacecraft operations were extended by a further two 

years, known as the ‘Equinox’ mission, which included 7 additional flybys of Enceladus, to ascertain 

whether it could harbour an ocean (Spencer and Nimmo, 2013). The mission was then extended 

again from 2010 until 2017, which included a further 11 flybys, with the aim of obtaining a better 

understanding of the internal structure and the mechanisms of plume formation (ESA, 2012). The 

following sections outline the current state of knowledge about Enceladus in more detail, based on 

these and other previous data.  

1.3 Structure of Enceladus  

To be able to study the interior environment of Enceladus, it is crucial to understand its structure. 

It is also important to understand how the different environments on Enceladus interact and relate 

to one another to be able to comprehend the geochemical cycling that might occur.  

The plumes on Enceladus are likely to originate from an ocean beneath the ice shell; however, 

based on the observation of plumes alone, it was unclear whether this was a global ocean or a 

localised ocean at the SPR. Gravitational field measurements, along with high heat flux 

measurements at the SPR, suggested a regional ocean (Iess et al., 2014). However, the magnitude 

of the moon’s ‘wobble’ when it orbits Saturn indicates a global decoupling of the ice shell from the 

silicate core, which supports the argument for a global ocean (Postberg, Tobie and Dambeck, 2016; 

Deamer and Damer, 2017). Observations of the surface of Enceladus were also used to determine 

the satellites rotation state and found that it had a forced physical libration of 0.120 ± 0.014° (2σ). 

This value implies that the core of Enceladus cannot be rigidly connected to its surface and 

therefore the ocean may be global (Thomas et al., 2016). The latter is the currently most favoured 

model for Enceladus’ ocean (Postberg, Tobie and Dambeck, 2016). 

In addition to an ice shell and a global ocean, Enceladus also has a solid, silicate interior. This is 

evidenced by the presence of silica nanoparticles that have been detected by Cassini (Sekine et al., 
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2015). The solid interior of Enceladus was determined to have an approximate radius of 190 km, 

based on a number of studies that considered the gravitational and topographical measurements 

made by Cassini (Iess et al., 2014; McKinnon, 2015; Beuthe, Rivoldini and Trinh, 2016; Hemingway 

and Mittal, 2019). The mean density of Enceladus was also calculated to be 1.609 g cm-3 

(Hemingway et al., 2018). Based on the assumption that the solid interior of Enceladus is 190 km in 

radius (Hemingway et al., 2018) and that this is surrounded by layers of liquid and ice with a density 

of 1 g cm-3, the density for the silicate interior was thus approximated to be 2.4 g cm-3 (Hemingway 

et al., 2018). Based on these calculations, it is likely the silicate interior is an unconsolidated body 

(Glein, Baross and Waite, 2015; Roberts, 2015) with liquid water present within pore spaces in the 

silicate phase (Hemingway et al., 2018). It has also been estimated, based on the oceans salinity 

(See Section 1.6.3 and 1.7.1.1) and the silicate radius (Iess et al., 2014; McKinnon, 2015; Beuthe, 

Rivoldini and Trinh, 2016; Hemingway and Mittal, 2019), that the total ocean volume is anticipated 

to be approximately 40% (Cadek et al., 2016).  

It is assumed that the depth of both the ice shell and the subsurface ocean varies with latitude, the 

thickest section of the ice shell being located at the equator and the thinnest area situated in the 

SPR (Deamer and Damer, 2017). This is because of the large variation in the heat flux measurements 

taken of the surface of Enceladus, where the southern and northern polar regions recorded a much 

higher temperature, implying that the ocean is closer to the surface at the poles than at the 

equator, where the surface temperatures were much cooler. A net heat flow of 4-7 GW has been 

observed on the SPR (Spencer et al., 2006), which indicates that the heat produced internally is 

approximately 15.8 ± 3.1 GW (Howett et al., 2011), resulting in ice melting and thinning. The origin 

of the thermal anomaly is not well understood, but the leading theory is that it is caused by tidal 

dissipation (Collins and Goodman, 2007). 

Through the interpretation of gravitational and topographical data, it was initially predicted that 

the thickness of the ice shell at the equator could reach a maximum of 60 km, however at the South 

Pole this would reduce to approximately 30-40 km (Iess et al., 2014). In more recent studies (Cadek 

et al., 2016), it was calculated that the average thickness of the ice shell was 18-22 km, with the 

thickest ice at the equator (>40 km) and the thinnest at the southern pole (approx. 5 km). There 

remains no conclusive agreement on the varying depths of the ice and ocean layers as all the 

estimations are based on models that make different assumptions about the density of each of 

Enceladus’ layers. However, there is broad consensus that the ocean is deepest at the poles and 

shallowest at the equator and vice versa for the ice shell. The generalised structure that will be 

assumed for the rest of this work is taken from the most recent study (Cadek et al., 2016), which is 

displayed in Figure 1.1. It is important to note that this example produces the deepest global 

subsurface ocean; therefore, this should be taken into consideration in conclusions drawn 

regarding oceanic processes. However, the total depth of the combined ocean and ice layer remains 
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consistent across all models, meaning the water-rock interface is always at the same depth from 

the ice crust in all models.  

Figure 1.1 Cross section image for the structure of Enceladus based on the estimations of the different layer depths (silicate 
interior, subsurface ocean, and icy exterior) on the SPR by Cadek et al. 2016 

In the following sections, the different regions of Enceladus are discussed in more detail, starting 

with the plumes. The E-ring is then introduced as this was also directly measured and analysed by 

the Cassini spacecraft; the material in the E-ring likely originated from the ocean of Enceladus. 

Following this, the subsurface ocean and the silicate interior are discussed. 

1.4 Plumes on the SPR 

At the SPR of Enceladus, plumes of subsurface ocean material have been observed to be emanating 

from the icy exterior (Porco et al., 2006). The presence of these plumes has vastly improved our 

current understanding of Enceladus and has provided information on the subsurface composition 

of the moon that would otherwise be unobtainable.  
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The plumes were initially discovered by Cassini’s Ion and Neutral Mass Spectrometer (INMS) in 2005 

during flybys (Teolis et al., 2017). These plumes originated from four tectonically active ‘tiger 

stripes’ present on the SPR (Waite et al., 2006), and in total 101 individual ‘geysers’ have been 

located emanating from these fractures (Figure 1.2; Porco, DiNino and Nimmo, 2014). Individual 

plumes, in some cases, turn on and off, and there is no apparent systematic relationship with the 

orbital phase that would be expected if they were controlled by tidal stress alone (Nimmo and 

Porco, 2014). However, the plume brightness peaks when Enceladus is at its apoapsis, implying this 

is when the largest mass is ejected. This is broadly consistent with models that suggest the tiger 

stripes open and close in response to tidal stress (Nimmo, Porco and Mitchell, 2014). The change in 

the plume ejection rate has been measured and has been recorded to vary by a factor of 4 over a 7 

month period (Smith et al., 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

1.4.1 Plume Composition 

Cassini’s INMS and Ultraviolet Imaging Spectrograph (UVIS) are two instruments on-board Cassini 

that have analysed the gas phase of the plumes; INMS analyses of the plumes were in situ and the 

UVIS was a remote sensing instrument. There were three other instruments used to measure the 

icy components of the plumes, the Cosmic Dust Analyzer (CDA), Cassini Plasma Spectrometer 

(CAPS) and the Visible and Infrared Mapping Spectrometer (VIMS). The instruments that have 

Figure 1.2 Image of the SPR on Enceladus, showing the 4 tiger stripes and the location of the 101 geysers. The uncertainty 
of the location of the geysers is represented by the size of the circles. Image Credit: NASA/JPL-Caltech/Space Science 
Institute 
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provided the most compositional information are the INMS and the CDA. The CDA is sensitive to ice 

grains of 0.2-2 μm and limited to 200 amu. The INMS has a mass range of 2-99 amu. 

The Cassini spacecraft analysed the plume composition on eight flybys using INMS. Although, as 

stated, it is assumed that the composition of these plumes reflects the composition of a subsurface 

ocean (Postberg et al., 2011), the composition of these plumes was different depending on the 

flyby. However, each flyby approached the plumes from a different angle and passed through them 

at different heights and speeds (Table 1.2). The closer Cassini was to the plume source, the less 

time the subsurface material had been exposed to the vacuum of space, therefore providing a 

composition more reflective of the ocean. Further, the direction of approach of Cassini determined 

the duration of time that Cassini travelled through the plumes and the amount of data collected; if 

the spacecraft travelled parallel to a stripe, it had a longer observational period than if it travelled 

perpendicular to a tiger stripe. Finally, the speed of approach determined the length of time that 

Cassini was exposed to the plume material, hence the volume of data collected varied, and 

determined which molecules in the plumes could be analysed. For example, in the flyby E5, there 

was an increase in the organics detected above 50 amu because at the faster flyby speeds some 

larger molecules in the plumes were fragmented; this led to the detection of molecules that were 

otherwise outside the detection limit of the INMS (Frank Postberg et al., 2018). 

Table 1.2 Data from the Cassini flybys of Enceladus where INMS analysis was taken of the plume material, including the 
height from the surface Cassini travelled, the direction of travel and its speed 

Flyby 
number 

Date of flyby Direction Closest 
approach 
(km) 

Speed of 
approach 
(km/s) 

References 

E2 14th July 2005 North-to-south on 
a steep incline 

168.2 8.2 Waite et 
al., 2006 

E3 12th March 2008 North-to-south on 
a steep incline 

50 14.4 Teolis et 
al., 2017 

E5 9th October 2008 North-to-south on 
a steep incline 

28 17.7 Teolis et 
al., 2017 

E7 2nd November 
2009 

Perpendicular to 
stripes 

91 7.74 Teolis et 
al., 2017 

E14 1st October 2011 
 

Parallel to stripes 90 7.43 Teolis et 
al., 2017 

E17 27th March 2012 Parallel to stripes 66 7.5 Teolis et 
al., 2017 

E18 14th April 2012 Parallel to stripes 66 7.5 Teolis et 
al., 2017 

E21 28th October 2015 Perpendicular to 
tiger stripes 

49 8.5 Waite et 
al., 2017 
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In addition to these variations in data recorded, there are also other factors to consider with regards 

to whether the composition of the plumes truly reflects that of the proposed ocean. Firstly, 

fractional distillation could occur: liquid/gaseous water may condense/sublimate as it moves up the 

fractures within the ice, lowering the concentration of water measured within the plume and 

increasing the concentration of non-water constituents measured (Glein, Baross and Waite, 2015). 

It is plausible, although unlikely, that this could also occur for carbon dioxide and ammonia owing 

to their lower freezing temperatures compared with water (Glein, Baross and Waite, 2015). 

Secondly, consideration needs to be given as to whether some molecules may undergo reactions 

during the changes in pressure and temperature as they ascend through the ice and exit into the 

vacuum of space (Glein, Baross and Waite, 2015).  

Despite these limitations, since this is the only data available for use, and no evidence of these 

processes has been conclusively detected, the Cassini INMS and UVIS data is the best information 

to use to determine the composition of the subsurface ocean.  

1.4.1.1 Gas Phase  

The final mixing ratios of the dominant neutral gas molecules that have been detected in the plumes 

of Enceladus are displayed in Table 1.3 (Waite et al., 2017). These values are based upon the INMS 

measurements from the various flybys. Water is the dominant species, accompanied by carbon 

dioxide, ammonia and hydrogen gas and a small quantity of methane. 

Table 1.3 Composition of the neutral gas molecules that have been detected in the plumes of Enceladus (Waite et al., 
2017) 

H2O CO2 CH4 NH3 H2 

96-99% 0.3-0.8% 0.1-0.3% 0.4-1.3% 0.4-1.3% 

 

Whilst those are the dominant chemical species to have been detected in the plumes, there is a 

wide range of chemical species that have been detected at much lower levels; however the 

reliability of those data is not as good (Frank Postberg et al., 2018): the spectra for those data are 

noisy and the molecular masses could refer to multiple species. These data limitations can only be 

fully resolved through higher resolution mass spectrometry analysis of the plumes in future 

missions (Frank Postberg et al., 2018). However, the minor plume gas constituents and their 

possible concentrations from the deconvolution of the INMS spectra for the slow flybys of 

E14,17,18 and 21 are shown in Table 1.4. It should be noted that in some of the fast flybys, such as 

E5, the organic content was much higher and much more varied; the faster speeds allowed for the 

fractionation of larger organic molecules into smaller fragments that were then detected by the 

CDA and INMS (Frank Postberg et al., 2018). 
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Table 1.4 The ambiguous plume gas constituents from the slow flybys of E14, E17, E18 and E21 (Postberg et al., 2018) 

Minor Species, 
Moderate 

Ambiguity (> 
100 ppm < 

0.2%) 

Minor Species, High Ambiguity < 100 ppm 

Hydrocarbo
ns 

N-Bearing O-bearing NO-bearing Others 

C2H2 C3H4 CH5N O2 C2H7NO H2S 

HCN C3H6 C2H3N CH3OH C2H5NO2 PH3 

C2H4 C3H8 C2H7N C2H2O C3H7NO2 Ar 

CO C4H8 C2H6N2 C2H4O  C3H5Cl 

N2 C4H10 C4H9N C2H6O   

C2H6 C5H10 C4H8N2 C3H6O   

CH2O C5H12 C6H12N4 C3H8O   

NO C8H18  C2H4O2   

   C2H6O2   

   C4H10O   

   C4H6O2   

 

1.4.1.2 Solid Phase 

The plumes emerging from the SPR of Enceladus are predominantly composed of ice rich grains, 

which contain traces of salt (Martin and McMinn, 2017). Different types of ice grains were detected 

and defined in the E-ring, which are also found in the plumes: type 1 were salt poor (60-70% of 

grains detected), type 2 were organic/silica rich (20-30%), and type 3 were salt rich (10%) (Postberg 

et al., 2011). A dynamical stratification to the ice grains was identified in the plumes, which in turn 

creates a compositional stratification (Postberg et al., 2011; Frank Postberg et al., 2018). The type 

1 grains were most prominent in the furthest part of the plumes from Enceladus, and they 

decreased in concentration before the closest approach (Postberg et al., 2011); these are also the 

most prominent type of ice grains in the E-ring. Type 2 ice grains increased in concentration after 

the closest approach and were the most prominent closest to the surface of Enceladus. This is 

because they are the heaviest ice grains and are more likely to fall back to the surface of Enceladus 

(Postberg et al., 2011). The largest concentration of type 3 ice grains were detected just before 

Cassini’s closest approach (approximately 40%) (Postberg et al., 2011); these grains were detected 

between the large organic particles and the salt-poor ice grains. Type 2 and 3 ice grains are also less 

abundant in the E-ring.  

The most plausible explanation for this particle distribution is that salt-poor grains can form by 

homogeneous nucleation from the gas phase (Schmidt et al., 2008; Postberg et al., 2009, 2011), 

whereas the salt-rich particles form from salt-ice condensation cores as larger grains and, hence, 

have a lower average ejection rate (Schmidt et al., 2008; Postberg et al., 2009, 2011). This would 

result in salt-rich particles dominating at lower altitudes, and lighter type 1 particles enriched at 
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higher altitudes. This theory also supports the reasoning for why fewer salt-rich grains were present 

in the E-ring: the slower ejection rate means they have less momentum to escape the gravity field 

of Enceladus to reach the E ring (Postberg et al., 2011). 

1.4.2 Plumes/Jets Formation 

Based on the plume observations and compositional analysis, inferences can be made about the 

formation of the plumes on the SPR, these different theories are outlined in this section.  

It is generally accepted that the ice grains are formed by flash freezing as water droplets 

(presumably from the subsurface ocean) reach the vacuum of space (Spencer, 2013). The basic 

principles for the plume formation are that if the total pressure drops below the vapour pressure 

of the ice particles, they sublimate to yield water vapour. Whether this occurs at depth in the 

fracture or at the surface of the plume will depend on the pressure distribution; this has not been 

specified thus far (Kieffer et al., 2006). However, there are several mechanisms proposed for both 

the plume formation and the thermal anomaly observed. The first suggests that the heat is 

produced by tidal dissipation, whereby tidal forces acting on the ice shell would cause frictional 

heating between opposing walls of the tiger stripes. In this model, the vapour escapes to space 

through the cracks reopened by the tidal stress (Nimmo et al., 2007). One of the problems with this 

theory is that these thermal anomalies occur within a very limited area (Figure 1.3), restricted to 

the fractures and inconsistent with tidal heating. If the thermal anomalies were to have occurred 

from tidal heating, the heat flux would be detected in a much larger area which would be 

distributed over kilometres or the whole SPR (Nimmo et al., 2007).  

  

 

 

 

 

 

 

 

 

A second suggested mechanism is that the heat flux detected is previously generated heat that has 

been stored over time (Porco, DiNino and Nimmo, 2014) and is carried to the surface by warm 

Figure 1.3 Image of the CIRS map focused on the SPR. Image demonstrating the high heat flux at the 
tiger stripes. Image Credit: NASA/JPL/GSFC/SWRI/SSI 
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water ascending through the ice cracks from a subsurface ocean (Nimmo and Porco, 2014). In this 

theory, the ice grains emitted in the plumes would have originated from the subsurface ocean and 

be a true record of the composition of the ocean’s composition. The heat flux in this model is 

produced from the condensation of vapour near the surface of the ice (Nimmo and Porco, 2014). 

The mechanism for this works on the basis that when a crack in the ice opens, this exposes the 

water and vapour to the vacuum of space, resulting in instantaneous boiling and freezing, 

generating a geyser (plume). A large proportion of the vapour will recondense near the surface on 

the side of the walls of the ice cracks, which will release latent heat and generate the observed 

thermal anomaly observed. This process of condensation also blocks the ice crack and will gradually 

cause that individual geyser to fail. However, in this model, the fractures can also open and close in 

response to tidally driven forces (Porco, DiNino and Nimmo, 2014).  

A further model is hypothesized in which the plumes could originate from a chamber of liquid/gases 

located within the ice crust. This model is referred to as the ‘cold faithful’ model (Kieffer et al., 

2006). This model was proposed because relatively insoluble gases, such as carbon dioxide and 

molecular nitrogen, have been detected within the plumes; their low solubility implies they would 

not likely originate from a subsurface ocean. Instead, it is proposed they have been stored in 

clathrates (Kieffer et al., 2006), cage-like structures within the ice layer, which trap volatile 

compounds. The subsequent decomposition of these clathrates leads to the formation of the 

plumes. The detection of carbon dioxide ice on the satellite’s surface (Kieffer et al., 2006) has led 

to the suggestion that the crust is formed from water-carbon dioxide ice caps, which seal the 

clathrate reservoirs. Such seals confine the gas molecules within the clathrate, and even a small 

leak will allow the clathrate to remain stable since water or carbon dioxide vapour will condense 

within gaps to reform the seal. However, if the seal was to break (e.g., though over-pressurisation), 

the pressure is released, and the clathrate becomes exposed to near-vacuum conditions and 

decomposes as the materials are ejected into space. With time, the ice cap will self-seal, as 

described, and the clathrate system will return (Kieffer et al., 2006). This model implies that the 

vents on the surface of Enceladus could be opening and closing continually, producing variable 

fluxes and plumes (Kieffer et al., 2006). 

Regardless of the model invoked, even though Enceladus currently has an active plume system, 

throughout its history it has most likely experienced periods of being both active and dormant 

(Nimmo and Porco, 2014). Understanding the origin of the plumes, and how the plume material is 

processed before and after it reaches space will provide an insight into the extent to which the 

plume composition reflects that of a subsurface ocean. This is not the focus of this project, and 

therefore, until further data become available, INMS plume data gathered by Cassini are used to 

infer the composition of a plausible subsurface ocean composition.  
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1.5 Ice shell  

The ice shell on Enceladus has also been analysed using the instrument suit onboard Cassini. This 

section outlines the current state of knowledge about the ice shell based on those analyses.  

Enceladus has the highest albedo of any natural satellite since the ice crust is nearly 100% water ice 

(Spencer and Nimmo, 2013). However, there is a greater diversity in composition over the SPR 

because of deposition of material from the plumes (Brown, 2006); a large proportion of plume 

ejected micrometre-sized and submicrometre-sized ice grains fall back onto the surface of the 

moon (Porco et al., 2006; Kempf et al., 2008). There is a small concentration of carbon dioxide ice 

globally; however, this also increases closer to the South Pole (Brown, 2006).  

The surface of Enceladus differs from other mid-sized Saturnian moons (Stone and Miner, 1981) in 

that is it characterised by regions of both high and low impact crater frequency distributions. On 

most Saturnian moons, and part of Enceladus, this represents an ancient surface that has 

accumulated impact craters since the initial stabilisation of the surface. Additionally, on the ancient 

terrain there is evidence of viscous relaxation in large more degraded craters, which suggests high 

heat flow in the past (Bland et al., 2012).  

In the smoother regions of Enceladus, there are fewer impact crater (Squyres et al., 1983), which 

means that the moon has been resurfaced more recently in its geological history. This smoother 

terrain accounts for over 50% of the surface, which includes two extensive quasi-circular regions, 

which have most likely been tectonically active (Bland et al., 2012), centred on both the leading and 

trailing hemisphere of the moon (Bland et al., 2012). These smooth tectonically active regions also 

include the tiger stripes on the SPR.  

The dominant features on the icy exterior of Enceladus are the parallel tiger stripes at the SPR. 

These tiger stripes are approximately 0.3 km in depth, 135 km long and 2 km wide (Nimmo and 

Porco, 2014). Each of the tiger stripes are separated by roughly 35 km (Nimmo and Porco, 2014). 

These fractures are the location of the thermal anomaly detected on the surface of Enceladus, with 

a high heat flux detected by mid-infrared observations (Figure 1.3; Nimmo and Porco, 2014). These 

show spatially varying temperature anomalies with the temperature being a few Kelvin above the 

background (Nimmo et al., 2007), where the average temperature at the surface is 70 K (Bland et 

al., 2012).  

1.6 E-Ring 

Enceladus sits within the diffuse E-ring of Saturn. The E-ring is composed of ice grains that are 

ejected from the plumes of Enceladus and have the momentum to escape Enceladus’ gravitational 
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domain. In situ analysis of the E-ring grains by Cassini’s CDA has provided information about the 

composition of the plume material and hence the composition of the subsurface ocean.  

The initial analysis of the E-ring showed that approximately 99% of the particles in the E-ring are 

dominated by water ice and within the E-ring, 0.5-2% of the mass of the ring comes from salts 

(Postberg et al., 2009). However, with more flybys it was determined that there were significant 

differences in the composition of the E-ring ice grains and 95% of all of the E-ring grains can be 

categorized into the three major groups observed in the plumes (type 1: salt poor, type 2: 

organic/silicate bearing and type 3: salt rich) (Postberg et al., 2011). Both type 1 and 3 are 

homogenous, but type 2 is quite compositionally diverse.  

1.6.1 Type 1 Grains 

Type 1 grains account for 65% of the ice grains in the E-ring (Postberg et al., 2011). These grains are 

composed of nearly pure water ice and their spectrum is dominated by water cluster cations. They 

contain very low concentrations of alkali salts (NaCl/KCl/NaHCO3/Na2CO3) in the order of 10-7 

(Postberg et al., 2009).  

1.6.2 Type 2 Grains 

Type 2 ice grains contain organic and/or silicates and they make up 25% of the ring material 

(Postberg et al., 2011). Most of the data collected by Cassini’s CDA for type 2 ice grains showed 

peaks in the spectrum between 26 and 31 amu and 39 and 45 au; these lines were indicative of C2 

and C3 hydrocarbons, in agreement with the INMS data of volatile organics in the plumes. A small 

fraction of the type 2 grains showed a strong signal in the CDA spectrum at masses greater than 70 

au, representing high-mass organic cations (HMOC) with aromatic and aliphatic constituents and 

functional groups likely to contain oxygen and nitrogen (Frank Postberg et al., 2018).  

Prior to the start of the HMOC series there was a peak for benzene in its cationic forms, phenyl+ 

and benzenium+, 77 and 79 amu respectively. The relative abundance of these cations and the 

suppression of the tropylium ion, suggests that most of the aromatic constituents are connected to 

non-carbon functional groups or to dehydrogenated carbons (Frank Postberg et al., 2018).  

The average mass difference between each molecule within the HMOC series was 12.5, indicating 

a predominantly unsaturated chain. The consistent mass decrease in HMOC series without a 

distinct intensity difference from 77 to 191 amu suggests that the fragments detected were from a 

larger polymerised macromolecular organic species, rather than several molecules with masses 

below 200 amu (Frank Postberg et al., 2018). This theory is supported by the observations from the 

INMS plume data that detected these high mass organics during high flyby speeds, increasing the 

energy available for fragmentation and ionization of larger molecules to smaller fragments within 

the detection range of the instrument.  
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1.6.3 Type 3 grains 

Type 3 grains account for approximately 10% of the ice grains in the E-ring. These are rich in sodium 

salts (Postberg et al., 2011), with minor abundances of potassium (Table 1.5).  

Table 1.5 Composition of the type 3 ice grains (Postberg et al., 2011) 

Constituent Concentration (mol kg-1) 

NaCl 0.05-0.2 

NaHCO3 + Na2CO3 0.01-0.1 

KCl (0.5-2) x 10-3 

 

1.6.4 Stream Particles  

Another type of particle that has been detected by the CDA is ‘stream particles’. These particles are 

high-speed, nanometre-sized silica particles that are not gravitationally bound in the Saturnian 

system and have the necessary kinetic energy to be thrown out of orbit and into interplanetary 

space (Hsu et al., 2011). Numerical modelling of the trajectories of these particles suggests that 

they were once part of the E-ring before being ejected into these streams (Hsu et al., 2011), and 

therefore are most likely to have originated initially from the subsurface ocean of Enceladus (Hsu 

et al., 2015).  

These particles have silicon as the main constituent and are depleted in water and are almost metal-

free. These observations allow for the conclusion they are pure silica particles rather than typical 

rock-forming silicates such as olivine or pyroxenes, which contain metal ions and some of them also 

water (Hsu et al., 2015).  

The size range of the silica stream particles has been estimated to be between 2-8 nm (Sekine et 

al., 2015). Owing to the size of these particles, the leading theory is that they formed through the 

cooling of hydrothermal fluid, which could have facilitated colloidal growth (Hsu et al., 2015). This, 

coupled with compositional observation of these particles being pure silica, implies that these 

particles are likely formed when dissolved silica reaches super saturation in the subsurface ocean 

fluid. The primary size of silica forming in an alkaline solution (see Section 1.7.3.2) is a few 

nanometres (Hsu et al., 2015), and these colloids will then increase in size as more silica precipitates 

onto their surfaces.  

Hsu et al., (2015) determined that the time required for particles to grow to the size detected by 

Cassini would be months/years based on the alkalinity and salinity of the ocean. Once precipitated, 

the silica colloids are likely to be transported in the water column to the surface near a plume 

ejection site, where they will eventually become grain inclusions in frozen droplets. It is these frozen 

droplets that end up in the E-ring, and once there they are exposed to Saturn’s magnetosphere 
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where the silica is separated from the ice grains by differential plasma sputtering erosion (Hsu et 

al., 2015). The now free silica nanoparticles are then ejected into interplanetary space where they 

were detected by the Cassini spacecraft as ‘stream’ particles.  

The identification of these silica particles was an important step in determining the likelihood of 

ongoing hydrothermal activity on Enceladus, as it presented evidence for the liberation of silica 

from the reactions of water with the silicate interior. These water-rock interactions are investigated 

in this thesis, along with the geochemical cycling likely today on Enceladus. This work will look 

further into the theory of the formation of the amorphous silica through the cooling of 

hydrothermal fluids (Chapter 5).  

1.7 Subsurface Ocean 

Whilst the subsurface ocean has not been directly measured, the plume and E-ring material are 

likely to have originated from the ocean. Therefore, the information in this section is based upon 

inferences made from the Cassini data. Understanding both the physical processes occurring in the 

subsurface ocean and the chemical composition are crucial in determining the geochemical cycling 

that is potentially occurring in the subsurface ocean of Enceladus. Furthermore, being able to 

constrain both the physical and chemical parameters of the ocean is critical for ascertaining the 

potential habitability of the subsurface environment of Enceladus, as it is most likely that any 

potential life exists in the ocean.  

1.7.1 Chemical Conditions  

1.7.1.1 Composition of the Ocean  

The composition of the ocean is not well understood; only species that have been detected in the 

plumes or the ice grains can be used to piece together the composition of the ocean. It has been 

determined that the plumes are predominantly composed of water ice/vapour and the largest non-

water constituents are salt grains (NaCl and NaHCO3/Na2CO3) (Postberg et al., 2009; Glein, Baross 

and Waite, 2015). It was these initial observations that allowed scientists to deduce the presence 

of a salt water subsurface ocean under the ice layer. The high concentration of these salts present 

in the ice grains, also suggests that these will be the largest non-water species present in the 

subsurface ocean (Postberg et al., 2009).  

From the plume analyses, other inferences can be made with regards the minor species in the 

subsurface ocean. Ammonia has been detected in the plumes (Waite et al., 2017), and nitrogen, 

which can result from ammonia’s breakdown (Matson et al., 2007), so it could be assumed that 

ammonia is in the ocean. The detection of ethane, propane and other hydrocarbons in the plumes 

suggests that catalytic reactions may be occurring in the subsurface environment, which generate 

these short-chained hydrocarbons in the subsurface ocean (Matson et al., 2007). Coupled with the 
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detection of larger organics in the ice grains (and fragments of larger species), this suggests that 

larger macromolecular organics may be present in the subsurface ocean (Frank Postberg et al., 

2018).  

Dissolved gases such as nitrogen, hydrogen, carbon dioxide and carbon monoxide may also be 

present, since these have been detected in the plumes of Enceladus (Waite et al., 2017). Hydrogen, 

also detected, is likely to be present in the ocean produced through hydrothermal reactions on the 

ocean floor (Waite et al., 2017).  

Carbon dioxide and carbon monoxide may be present in the ocean from reactions with the 

hydrocarbons, or as NaHCO3 and Na2CO3; these species are expected to be relatively abundant in 

the ocean based on the ice grain measurements (Postberg et al., 2008); their dissolution into the 

ocean may result in gas release and also influence the pH of the ocean (Glein and Waite, 2020). This 

is discussed in more detail in the next section.  

There are likely to be other chemical species that are too low in concentration to be detected by 

the Cassini instruments. It is critical to understand the chemical composition of the ocean to assess 

its habitability, therefore it is a key aim of this PhD to better constrain the chemical composition of 

the subsurface ocean. This thesis will try to define a modern-day ocean composition for Enceladus 

and the geochemical reactions occurring in the subsurface ocean to understand the availability of 

the different chemical species in the ocean that could be utilised by life.  

1.7.1.2 pH of the Subsurface Ocean 

The chemical data collected from the plumes by Cassini has allowed for an indirect calculation of 

the pH, but it is possible that a direct measurement of the pH may be made in the future. The 

chemistry of the plumes indicates an alkaline subsurface ocean with current estimates ranging from 

pH 8.5-13 (Postberg et al., 2009; Glein, Baross and Waite, 2015; Hsu et al., 2015, Waite and Glein ., 

2020). The different results for the calculated pH values are displayed in Table 1.6, along with the 

main considerations factored into the results. All the pH estimations are based on different 

modelling approaches, each with different limitations and assumptions made; however, this is 

currently the best method that can be used for the estimation of the pH of the ocean.  

Some studies have calculated the pH based on modelling equilibrium reactions between the water 

and silicate core (Zolotov, 2007, Table 1.6), others have based their calculations on the 

concentrations of salt particles detected within the plume (Postberg et al., 2009, Table 1.6). Both 

of these approaches produced alkaline conditions, pH’s of 10.9 and 8.5-9 respectively. The carbon 

dioxide concentrations have also been considered to give an indication of pH (Marion et al., 2012; 

Glein, Baross and Waite, 2015). This is a key determining factor when calculating the pH, particularly 

because when carbon dioxide dissolves in water it forms carbonic acid. Even though the 
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concentration of carbon dioxide has been measured within the plumes, this may not be a true 

representation of its concentration within the subsurface ocean. Further, Glein et al. (2015) reports 

the partial pressure of carbon dioxide to be 10-10.1 to 10-6.6 bar (Glein, Baross and Waite, 2015), 

whereas the calculations carried out by Marion et al. (2012) use a higher partial pressure of 0.349 

bar (Marion et al., 2012). Glein et al. attribute the acidic pH obtained by Marion et al. (2012) to the 

relatively high pressure of carbon dioxide used (Glein, Baross and Waite, 2015). Hence, there may 

be discrepancies in the calculation of the pH based on existing data that would not be resolved 

without an understanding of these limitations or direct sampling of the oceans. The most recent 

assessment of pH for the subsurface ocean was carried out by Glein and Waite (2020), and this 

concluded that the pH was likely to vary between 8.5 and 9, which agrees with many of the previous 

estimations. This work assessed the carbonate geochemistry, and a range was derived for the 

activity of CO2 based on all the Cassini datasets. The CO2 activity in the ocean was calculated to be 

10−4.6 to 10−3.2. From this, the pH was calculated as equal to the negative log of CO2 activity, which 

produced a pH range of 8.5-9. This value is in exact agreement with the predicted pH from Postberg 

et al. (2009).  

pH can also be influenced by temperature. It is expected that the temperature at the ocean floor 

will be higher than at the ocean/ice interface and that the higher the temperature of the ocean, the 

lower the pH. At lower temperatures, ammonium ions are stable, whereas at higher temperatures 

they will dissociate into ammonia and H+, resulting in a higher concentration of protons and, as a 

consequence, a lower pH (Glein, Baross and Waite, 2015). Furthermore, the dissociation constant 

of water has a maximum limit of 473-573 K. Therefore the pH will vary from strongly/moderately 

alkaline at the water-ice interface to mildly alkaline at the water-silicate boundary (Sekine et al., 

2015). However, this pH gradient will be dependent upon any vertical mixing within the ocean.  

Table 1.6 The different pH values calculated for the subsurface ocean of Enceladus 

  

pH can be an important indication of the chemistry of the ocean but also its potential habitability. 

The pH of the ocean can dictate geochemical reactions and the dissolution rates of minerals. 

pH Value Key factor in calculation Reference 

5.7-6.8 Speciation model based on CO2 Marion et al., 2012 

8.5-9 Salt and carbonate particles in 

plumes 

Postberg et al., 2009 

8.5-10.5 Silica nanoparticles Hsu et al., 2015 

10.9 Water-rock chemical equilibria Zolotov, 2007 

10.8-13.5 Activity of CO2 and carbonates  Glein, Baross and Waite, 2015 

8.5-9 Carbonate geochemistry Glein and Postberg, 2020 
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Through this thesis, the pH of the subsurface environment is investigated with an aim to constrain 

the pH value better.  

1.7.2 Physical Conditions 

1.7.2.1 Temperature of the Subsurface Ocean 

Temperature can dictate which geochemical reactions are more likely to occur in a system. For 

example, higher temperatures on the ocean floor will increase the rate of mineral dissolution, and 

the presence of antifreeze species in the ocean will affect the freezing processes of the ocean 

material and the ice grains that have been detected by Cassini. Therefore, to be able to understand 

the overall geochemical cycling on Enceladus, temperature plays a key role in this and it is important 

to understand how it varies throughout the ocean.  

The estimated temperature at the ocean-ice interface is approximately 273 K (Glein, Baross and 

Waite, 2015), as this is the temperature value for a stable equilibrium between ice and liquid water. 

Any variation on this temperature will be owing to antifreeze species present in the water. It is 

assumed that the concentration of salts and ammonia present within the subsurface ocean (as 

detected by Cassini INMS; Matson et al., 2007; Waite et al., 2011) is too low to have an effect on 

the freezing point of water (Postberg et al., 2009). Specifically, ammonia has a higher specific heat 

capacity than water and a lower thermal conductivity, therefore the presence of ammonia means 

that more energy will be required to heat up the same volume relative to pure water. However, the 

eutectic temperature of a binary ammonia-water system at 1 bar is 176 K, which occurs when the 

composition is 32.1% ammonia by mass (Kargel, 1992; Roberts, 2015), but the percentage of 

ammonia detected in the plumes is less than 1% (Bouquet et al., 2015). Therefore, the effect that 

ammonia will have on the freezing point of water is minimal.  

Salts also act as antifreeze by disrupting the equilibrium of liquid and solid water at the phase 

changing interface. This reduces the rate at which liquid water changes to solid water. However, 

the same principle applies as did to ammonia - the percentage of salts present within Enceladus’ 

plume suggests that there is insufficient salt concentration to have a significant effect on the rate 

at which the water freezes.  

The presence of SiO2 nanoparticles within the plume suggests a minimal formation temperature of 

363 K at the water-rock interface (Hsu et al., 2015) where exothermic water-rock interactions, such 

as serpentinisation, may take place (Malamud and Prialnik, 2013). Therefore, this places a lower 

boundary on the temperature on the ocean floor of 363 K, meaning that the temperature at the 

subsurface ocean will range from ~273 K at the ocean surface to >363 K on the ocean floor, where 

the temperature will increase with depth. Understanding the temperature on the ocean floor is of 

relevance for the water-rock interaction work carried out in Chapters 4 and 6, whereas 
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understanding the temperature at the ocean surface and on the pathway into space are relevant 

for Chapter 5. The rationale for the temperatures used for the work in thesis is presented in each 

of the relevant chapters. 

1.7.2.2 Pressure within the Subsurface Ocean  

The pressure within Enceladus, and how it changes with depth in the subsurface ocean, is not well 

understood. Table 1.7 shows current estimates for the pressure at different interfaces and there 

are clearly large disparities within the data.  

Glein et al., (2015) suggested a nominal pressure of 1 bar within the pH calculations, since they 

believed the impact of pressure would be negligible and most numerical standards are calculated 

for a pressure of 1 bar. Taubner et al. (2016) calculated the radial distribution of pressure and the 

gravitational acceleration in order to obtain values for how the pressure would change with depth. 

The data for these calculations were based upon an ocean thickness of 10 km and considered a 

range of densities for the ocean and ice shell. This led to a conservative range of 28-45 bar for the 

pressure at the water-rock interface. Bouquet et al. (2015) calculated the pressures in a very similar 

method to Taubner, however used different thickness for the ice layer and subsurface ocean. Hsu 

et al. (2015) provide a very conservative range stating that the pressures within the subsurface 

ocean are 10-80 bar, based upon the work carried out by Iess et al. (2014) with an ice crust of 30-

40 km and an ocean depth of approximately 10 km (Iess et al., 2014). Other studies have produced 

results that also fall within this range (Bouquet et al., 2015; Taubner et al., 2016).  

One of most the significant differences between the pressure calculations are the varying 

thicknesses of the ice and liquid water layers (Bouquet et al., 2015; Taubner et al., 2016), the 

certainty of which is limited. Determining the pressure at the water-rock interface is of relevance 

for the work studying the water-rock reactions in Chapters 4 and 6, whereas the changes in the 

pressure from ocean floor to ocean surface and then into space are more relevant for Chapter 5. 

The rationale for the pressures used for the work in thesis is presented in each of the relevant 

chapters.  
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Table 1.7 The different pressures either used in models or determined through experiments/calculations at different 
interfaces/areas on Enceladus 

 

1.7.3 Hydrothermal Regions and Vents  

It is proposed that there might be hydrothermal vents present on the subsurface ocean floor on 

Enceladus (Hsu et al., 2015; Sekine et al., 2015; Waite et al., 2017). Hydrothermal vents are gaps 

within the ocean floor where concentrated, hot mineral-rich water flows out. Hydrothermal vent 

systems result from water percolating down through a rock at the bottom of the ocean floor. This 

water is then slowly heated and undergoes chemical changes as the fluid reacts with hot rock. The 

buoyant fluid ascends out of the rocky interior back into the ocean. Hydrothermal vents are present 

deep within the oceans on Earth and support unique ecosystems, giving their presence on 

Enceladus an important astrobiological significance.  

One of the key pieces of evidence for hydrothermal activity on Enceladus is the detection of silica 

nanoparticles (see section 1.6.4). The limited size range (2-8 nm) and the composition of these 

stream particles (predominantly silica) support the theory for current high temperature 

hydrothermal reactions (minimum temperature of 90 °C) (Sekine et al., 2015). These reactions may 

be occurring at hydrothermal vents on Enceladus; however, their existence is unclear, the reactions 

may just be occurring in areas of hot water on the ocean floor.  

Molecular hydrogen has also been detected in the plumes of Enceladus. Hydrogen is too volatile to 

be stored in the ice shell and the concentration of hydrogen gas is too low to be from clathrates of 

gas. Work carried out by Waite et al. (2017) determined that the hydrogen gas most likely 

originated from the silicate interior of the moon. It was also determined that the hydrogen was 

likely to be formed through reactions of the silicate with water on the ocean floor. This theory 

comes from terrestrial examples of hydrogen being generated in hydrothermal systems such as the 

hydrogen observed on the ocean floor in hydrothermal vents such as those in the Lost City 

(Proskurowski et al., 2006; Martin et al., 2008).  

Area/Interface Pressure (bar) Reference 

Ocean/rock interface 53 Bouquet et al., 2015 

28-45 Taubner et al., 2016 

100 Zolotov, 2007 

Ocean 1 Glein, Baross and Waite, 2015 

1-10 Marion et al., 2012 

10-80 Hsu et al., 2015 

Ocean/ice interface 36-42 Bouquet et al., 2015 

Ocean/vapour interface 6.11x10-3 Glein, Baross and Waite, 2015 
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Hydrothermal regions on Enceladus are anticipated to be the site of a variety of on-going chemical 

reactions and be rich in different chemical species. Hydrothermal regions on Earth not only host 

ecosystems and support the growth of microbial communities but are debated to be one of sites 

for the origin of life on Earth (Martin et al., 2008). These regions on Enceladus are particularly 

interesting and therefore a focus area for this project.  

1.7.4 Ocean Circulation Models 

For this project, where the geochemical cycling in the subsurface of Enceladus is the focus, the 

circulation of the subsurface ocean is a fundamental process that can influence the overall 

chemistry of the ocean, e.g., whether it is a homogenous ocean or an ocean with localised 

chemistries. Below are some of the different hypotheses for the ocean circulation on Enceladus, 

although these are still subject to debate. This section is of particular relevance to Chapter 5, where 

the transport of the fluid species from the ocean floor to the ocean surface is modelled.  

One of the leading suggestions, which has good agreement between models, is that there is rapid 

movement of water from the ocean floor of the SPR to the ocean surface (Hsu et al., 2015; 

Soderlund, 2019; Lobo et al., 2021). This is predominately through rapid diffusive processes, with 

minimal mixing (Hsu et al., 2015). The ocean floor of Enceladus is not only likely to be hotter than 

the surrounding ocean, based on the hydrothermal activity, but it is also more likely to be 

concentrated in different chemical species relative to the bulk ocean owing to the water-rock 

interactions occurring. This will lead to the warmer and more concentrated ocean material diffusing 

away from this location. This is supported through the work conducted by Soderlund (2019), which 

suggested that, because of the temperature difference between the hot ocean floor in areas of 

hydrothermal activity and the cold ocean-ice interface, warm water on the southern and northern 

poles would rise and the water at the equators would sink, resulting in ocean circulation.  

The most recent study carried out by Lobo et al., (2021), has concluded there could be global 

circulation in the subsurface ocean of Enceladus. Through studying the freeze-melt cycles at the 

ocean-ice interface on Enceladus, they studied the effect on the salinity and freshwater fluxes of 

the ocean, which could influence the density of the ocean. Their work found that where the ice was 

thin (the poles) there is a low-density ocean, based on the low salinity. At the equators, there is 

much higher salinity owing to the thicker ice crust; as the ocean material freezes, the salts are likely 

to remain in the ocean, which makes it denser. Therefore, the density differences between the 

poles and equators are sufficient to sustain both vertical and horizontal stratification of the ocean. 

This change in density of the ocean, coupled with diabatic diffusive upwelling from the 

hydrothermal regions in the SPR, would result in a global circulation, with upwelling of water in the 

polar regions and then a downwelling from the ocean surface at the equator (Lobo et al., 2021). 

This study also found it likelier that the ocean may be saltier than the predictions based on the 
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Cassini data (Postberg et al., 2011), as the ocean at the surface of the poles, where the plumes are 

ejected from, is one of the least salty regions (Lobo et al., 2021). The findings of Soderund (2019) 

also suggests that to have a rapid upwelling of water at the SPR, which would lead to the formation 

of silica nanoparticles detected by Cassini, the ocean needed to be saltier to generate a greater the 

diffusive gradient.  

This project will investigate the salinity of the ocean, as well as investigating the changes in the 

chemistry of the ocean as the fluid is to move from the ocean floor to the ocean surface. Therefore, 

this work may be able to further constrain some of the unknowns on the ocean circulation patterns 

and the extent of the ocean salinity.  

1.8 Silicate Interior  

The silicate interior of Enceladus has not been measured directly, therefore all the information 

about it is based on assumptions made from plume and ice grain data collected by the Cassini 

spacecraft. The chemical composition and the physical properties of the silicate interior are key 

when investigating the geochemical cycles occurring on Enceladus, as it is likely that many of the 

chemical species in the solid phase are liberated into the ocean through water-rock interactions. It 

is thought that there is on-going hydrothermal activity on the ocean floor (Hsu et al., 2015; Waite 

et al., 2017), therefore being able understand the chemical composition of the silicate interior of 

Enceladus is critical in understanding what chemical reactions could be occurring within the 

subsurface and to be able to assess the potential habitability of Enceladus.  

The detection of SiO2 nanoparticles within the plumes implies a silicate interior (Sekine et al., 2015). 

Cassini CDA analysis of particles within the E-ring suggests that the silicate core contains Mg rich-Al 

poor minerals and organic compounds (Postberg et al., 2008; Waite Jr et al., 2009; Bouquet et al., 

2015). Furthermore, through the detection of methane and short chained hydrocarbons, it is also 

believed that the interior could be carbonaceous (Sekine et al., 2015), potentially equivalent to 

carbonaceous chondrite-type meteorites (Sekine et al., 2015). This will be explored further in 

Chapter 3. 

The measured density of the core is lower than anticipated, approximately 2.4 g cm-3, and this has 

led to the suggestion that the silicate interior may have a porous, or a ‘rubble pile’, structure rather 

than being a fully consolidated body (Glein, Baross and Waite, 2015; Roberts, 2015). A porous 

structure would increase the relative surface area exposed to the subsurface ocean, and thus 

increase water-rock reaction rates. A high porosity would also imply that the core may not have 

experienced silicate melting, therefore no silicate differentiation, which impacts the mineralogy of 

the interior, meaning that there has not been any recrystallization of the minerals, and the silicate 

interior remains rich in volatiles (Sekine et al., 2015).  
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Given Enceladus’ size, if water-rock reactions have been operating since the formation of the moon, 

the core should now be fully hydrated and the primary minerals will be aqueously modified (Glein, 

Baross and Waite, 2015). However, the recent detection of the SiO2 nanoparticles and hydrogen 

gas suggests there must be on-going hydrothermal activity and reactions between the rock and 

water are still taking place (Hsu et al., 2015). These reactions are likely to involve serpentinisation. 

This converts Fe-Mg silicates, such as olivine and pyroxene (potentially present in the Enceladus 

silicate), into serpentine minerals, and results in structural changes to the rocks, including changes 

in volume, density and composition (Malamud and Prialnik, 2013). It also commonly produces both 

methane and hydrogen as by products (Malamud and Prialnik, 2013); both of these molecules have 

been detected in Enceladus’ plumes (J. H. Waite et al., 2011). 

1.9 Origin and Evolution of Enceladus 

It is important to understand how Enceladus formed to be able to fully comprehend its modern-

day chemical composition. To understand its formative processes, Cassini data has been used to 

make inferences about how the ice:water:silicate structure of Enceladus has evolved.  

1.9.1 Accretion Processes 

Although there are many conflicting theories for the origin of Enceladus, there is agreement that it 

must have ‘accreted in a dissipative, prograde rotating, coplanar disk about Saturn’ (Mckinnon et 

al., 2018). The current leading theory of the formation of the mid-sized Saturnian moons is linked 

to the formation of Saturn’s rings. The ring system is thought to have formed between 2.5 Ga and 

4.5 Ga, contemporaneously with the formation of Saturn, or as a result of the Late Heavy 

Bombardment (LHB) ~3.8 Gyr ago (Charnoz et al., 2011). It is postulated that Enceladus formed 

from primitive material with protosolar-type abundances (Mckinnon et al., 2018), which accreted 

to form the moon. It has also been suggested that Enceladus could have a common origin with 

comets and carbonaceous asteroids. 

Generally speaking, the larger the mass of a mid-sized Saturnian satellite, the further the distance 

from Saturn it is found (Neveu and Rhoden, 2019). This has potentially occurred because tidal forces 

drive outward migration at a rate that is proportional to the satellites mass. All of Saturn’s mid-

sized moons (Enceladus, Mimas, Rhea and Tethys) have high albedos, implying that any silicate 

present near the icy surface has been methodically buried or removed (Anne et al., 2007; 

Czechowski, 2014). Hence, each of the mid-sized moons are expected to have an icy exterior and a 

silicate core. Enceladus, Mimas, Rhea and Tethys contain varying silicate fractions: 57%, 26%, 50%, 

and 6%, respectively (Matson et al., 2009). These values were derived based on the assumption 

that the silicate density is 3000 kg m-3, the solid ice density is 930 kg m-3
, and the moons have no 

porosity (Matson et al., 2009). The porosity of the silicate interiors and how they differ between 
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these moons is unknown; there is no unified theory that can explain the differences in silicate 

proportions by an equivalent formation process for each moon.  

As most theories for the accretion of the mid-sized satellites suggest that they originated from the 

rings (Canup, 2010; Charnoz, Salmon and Crida, 2010; Charnoz et al., 2011), the composition of the 

rings may therefore indicate the composition of the silicate and the initial structure of Enceladus. 

While there is no conclusive theory to represent how the moons would have formed from the rings 

(and, by extension, what their original composition was), there are a number of theories:  

1- The rings were formed from tidal disruption of a small moon (radius ~100 km) that was torn 

apart by planetary tidal forces (Canup, 2010). The remnants of this moon would then have 

formed the ring system. However, this would have produced a much smaller ring system 

than is currently observed (Canup, 2010).  

2- The rings could be formed from the unaccreted leftover material from proto-disks that 

never coagulated into a satellite (Pollack and Graboske, 1976). 

3- A larger moon (approx. radius of 300 km) drifted inwards to an orbit interior to its Roche 

limit but exterior to Saturn’s synchronous radius, and was subsequently collisionally 

disrupted by a comet (radius ~10-20 km) (Charnoz et al., 2009). This is most likely to have 

occurred during the LHB, where these types of collisions would have been likely. The mass 

of the moon proposed to orbit within the Roche limit is approx. 1023
 kg (Charnoz et al., 

2009), and as the moon and the comet are destroyed upon impact, the remains of these 

would compose the rings.  

4- A heliocentrically-orbiting comet (approx. radius of 300 km) passed within Saturn’s Roche 

limit causing tidal disruption (Dones, 1991). The tidal disruption of the comet is 

hypothesised to have removed its icy exterior, which would have formed the rings (Dones, 

1991).  

5- A Titan-sized satellite migrated inwards towards Saturn, lost its icy exterior through 

planetary tidal forces, which would have formed the ring systems. Subsequently, the rocky 

core was lost through a collision with Saturn (Canup, 2010).  

Despite the differences between these competing theories, they all require the presence of silicate 

materials in the rings. Today, Saturn’s rings are approximately 90-95% water ice (Canup, 2010) with 

an estimated mass of 1019 kg (Hyodo et al., 2017). Therefore, if Enceladus and other mid-sized 

moons formed from Saturn’s rings, it would have been necessary for large silicate fragments of 

approximately 10-100 km diameter to be present in the rings (Charnoz et al., 2011), and for the 

rings to have a greater mass than their current state; it is estimated they would have to have been 

100-1000 times greater in mass (Charnoz et al., 2011). 



25 
 

Compositional data collected by Cassini supports the aforementioned theories that Enceladus 

formed with cometary ice. With comets, as with Enceladus, water ice is the dominant volatile. 

Cometary ice contains both CO2 and CO (Heritier et al., 2017; Neveu, Desch and Castillo-Rogez, 

2017); CO2 has been detected on the icy surface of Enceladus, and CO is thought to be present 

(Neveu, Desch and Castillo-Rogez, 2017). Further to this, reduced carbon and nitrogen – present in 

comets as methane and ammonia (Heritier et al., 2017; Neveu, Desch and Castillo-Rogez, 2017), 

respectively – have both been detected by Cassini in the plumes of Enceladus (Neveu, Desch and 

Castillo-Rogez, 2017; Waite et al., 2017). In fact, most of the key volatile species within cometary 

ice are also present in the water of Enceladus (see Chapter 4 Section 4.2.1.2). The detection of these 

volatiles at Enceladus (Waite et al., 2017), coupled with the detection of a range of organics in the 

plumes and E-rings (Frank Postberg et al., 2018), which also align with those in comets (Heritier et 

al., 2017; Neveu, Desch and Castillo-Rogez, 2017), provide the supporting evidence for cometary 

origin. 

Understanding how Enceladus formed provides insight into the likely current chemistry of the moon 

and the processes that have been occurring since its formation. Despite the formation processes of 

Saturn’s mid-sized moons not being well understood, there are some assumptions/conclusions that 

can be made to help move the science forward with respect to determining Enceladus’ current 

chemistry. First, it is likely that Enceladus formed from Saturn’s rings, which could have occurred 

anytime between 2.5 Gyr to 4.5 Gyr ago (Charnoz et al., 2011). Second, the accretion processes of 

the various mid-sized satellites have removed the silicate from the current day rings (Charnoz et al., 

2011). Third, the ice present in Saturn’s rings most likely originated from tidal disruption of a comet, 

which removed the icy exterior and would then have coagulated onto the mid-sized moons upon 

their formation. Hence, the icy exterior of the moons may have a cometary origin (Dones, 1991), 

which is supported through compositional evidence from Cassini. These theories require Enceladus 

to have initially been an ice/rock mixture, which would have differentiated over time to form the 

layered structure of ice:fluid:silicate that is observed today. The evolution of these changes is 

discussed below.  

1.9.2 Formation of the Subsurface Ocean  

Each of the theorized formation processes for Enceladus imply an icy/rock mixture which would 

have differentiated over time to reach the structure on present-day Enceladus. Each of these 

processes could potentially allow for aqueous alteration of the silicate phase. It is unclear, however, 

whether the material originally accreted to form Enceladus was initially anhydrous or if it had 

already undergone some processing (for example, in the presence of ices) and thus contained 

hydrated minerals before accretion (Mckinnon and Zolensky, 2003). 
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If the initial accretion of Enceladus incorporated ice and silicate, a heating process must have 

occurred that would have led to the melting of some of the ice to create the subsurface ocean 

(Schubert et al., 2007). Modelling carried out by Schubert et al., (2007) suggests that it is likely that 

Enceladus experienced differentiation from a rock-ice homogenous mixture early in its evolution, 

to produce an ice-ocean-silicate structure. This was caused by the melting of ice induced by 

radiogenic heating. Upon formation, the silicate proportion of Enceladus would have likely included 

radionuclides such as 26 Al, 235U, 238U, 232Th, 40K, and 60Fe, which have varying half-lives (Schubert et 

al., 2007). If Enceladus accreted with a silicate mass fraction of 50% (modern-day silicate mass 

fraction is 57%, (Matson et al., 2009), then long-term radiogenic heating (e.g., 238U) could be 

responsible for the complete melting of ice in a homogenous Enceladus about 500 Myr after its 

accretion (Schubert et al., 2007). Alternatively, short-lived radioactivity, for example, the decay of 

26Al, would have melted all the ice and differentiated a homogenous Enceladus into the ice-water-

silicate structure within a few million years of accretion, assuming formation of Enceladus at a 

propitious time prior to the decay of 26Al (Schubert et al., 2007). Even if short-lived radioactivity 

was responsible for initial heating, long-lived radioactivity facilitates tidal heating as a source of 

energy for differentiation by warming the ice in Enceladus so that tidal deformation can become 

effective at melting ice further and maintaining an ocean layer (Schubert et al., 2007).  

The subsurface ocean on Enceladus is likely maintained through internal energy generation which 

is equivalent to approximately 15.8 GW (Howett et al., 2011). The exact mechanism of these 

heating processes is not fully understood but it is thought the source of this heating most likely 

comes from dissipation of tidal energy, produced through the friction of the subsurface ocean and 

the silicate interior (Roberts, 2015; Choblet et al., 2017). There have been numerous calculations 

for these energies, where a key factor is the porosity of the core and its consolidation (Howett et 

al., 2011; Choblet et al., 2017). The current hypothesis for a global ocean increases the tidal energy 

over that of an ocean only present at the SPR (Howett et al., 2011). Other heat sources could come 

from water-rock interactions and resultant exothermic reactions, such as serpentinisation 

(Malamud and Prialnik, 2013), however this is likely to be a minor contributor to the internal heat 

generated in comparison to tidal energy.  

The origin of Enceladus’ silicate and icy material is key in determining the modern-day composition 

of the moon. The origin of the silicate of Enceladus and the extent of the thermal and aqueous 

processing it has undergone is of relevance for Chapter 3, the simulant design, and the origin of the 

icy exterior of Enceladus is of relevance for Chapter 4, modelling the water-rock interactions.  

1.10 Astrobiological Importance of Enceladus  

Enceladus has become an important target for astrologists owing to its potential habitability. Key 

requirements for life include water, a source of energy and bio-essential elements. Enceladus meets 
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these requirements with the presence of a global subsurface ocean, ongoing hydrothermal activity 

and the detection of carbon, hydrogen, and nitrogen in plumes, which are all critical for life (Hsu et 

al., 2015; Thomas et al., 2016; Waite et al., 2017). Further to this, the physical conditions of the 

subsurface environment, including the temperature (~273-363 K) and pressures for the subsurface 

ocean (~10-80 bar) are potentially supportive of life.  

Throughout this project, the internal chemical conditions of Enceladus will be further constrained 

and other bioessential elements such as sulfur and phosphorous will be studied. The carbon cycle, 

which is the basis for life on Earth, will also be investigated and a theoretical carbon cycle will be 

defined for the subsurface environment. Along with this, the pH, salinity, and the physical 

parameters of the subsurface ocean will be investigated in more detail, thereby allowing for a more 

in-depth assessment of the habitability potential of Enceladus.  

1.11 PhD Project and Scientific Rationale 

1.11.1 Project Objectives  

This project looks at the geochemical cycling occurring in the subsurface environment of Enceladus. 

This is a key factor in determining whether Enceladus could harbour life. This work specifically 

investigates the reactions between the silicate and fluid phases at the ocean floor of Enceladus.  

This research will address the following questions: 

1. What is the likely composition of the silicate interior and subsurface ocean in both a 

modern day and historic Enceladus? 

2. What reaction pathways are occurring in the contemporary subsurface environment? 

3. Do the chemical and physical conditions in the subsurface environment of Enceladus 

support the theory that Enceladus has the potential to host life? 

To approach this, the following tasks will be completed: 

1. Design a simulant to represent the silicate interior of Enceladus. 

2. Conduct thermochemical modelling to define and recreate the ocean chemistry of the 

subsurface ocean of Enceladus and compare this composition with the data collected by 

the Cassini spacecraft. 

3. Experimentally simulate the environment at the rock-water interface within Enceladus.  

1.11.2 Overall Approach  

This work combines experimental simulations and thermochemical modelling approaches to 

determine the geochemical cycling occurring on Enceladus. For this project, a silicate simulant was 

designed and manufactured to represent the silicate interior of Enceladus. The chemical 
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composition of this simulant was used for subsequent thermochemical modelling work to 

determine a modern-day ocean composition, which included both water-rock modelling work and 

investigating the cooling freezing pathways of the fluid. Subsequent experimental work was then 

carried out to investigate the water-rock interactions between the simulant and the modern-day 

ocean composition. The thesis is laid out in the following format: 

Chapter 2 presents the methodological approaches undertaken in both the thermochemical 

modelling and the experimental work. The modelling software’s used (CHIM-XPT and FREZCHEM) 

are discussed and the criteria for their selection are presented. Following this, each of the analytical 

techniques used in the manufacturing of the silicate simulant and experimental simulations are 

discussed, including their fundamental principles and the instrument set-up that was employed 

throughout this work. Finally, the basic principles of the experimental design (Chapter 6), are laid 

out in this chapter.  

Chapter 3 presents the design and manufacturing of the simulant. This is comprised of a detailed 

comparison between the silicate interior of Enceladus and carbonaceous chondrites to determine 

the required simulant composition, followed by the step-by-step manufacturing process and final 

bulk analysis of the simulant.  

Chapters 4 and 5 summarises the thermochemical modelling undertaken for this project. Chapter 

4 investigates the water-rock modelling work focused on the ocean floor of Enceladus. Chapter 5 

studies the movement of the fluid from the ocean floor to the ocean surface and the subsequent 

freezing of the water. A comparison of the hypothesised fluid chemistry to the Cassini data is used 

to discuss the validity of this work.  

Chapter 6 presents the experimental work for this project. This section expands on the novel 

experimental set-up designed for this project and investigates the premilitary results of 

experimental water-rock simulations at the appropriate physical conditions for the ocean floor of 

Enceladus. This section has a critical comparison back to the Cassini data and the modelling work 

carried out in previous chapters.  

Finally, Chapter 7 concludes this work by proposing hypothetical geochemical cycles for the interior 

of Enceladus based on the modelling and experimental work conducted through this thesis. This 

chapter finishes with a review on the astrobiological implications of the work carried out and the 

impact this has for the habitability of Enceladus.  

1.11.3 Impact of COVID Pandemic  

This PhD was initially planned to be predominantly focused on experimental studies of the water-

rock reactions on Enceladus, specifically looking at inorganic and organic cycling. Experimental 

studies of silica nanoparticle formation in the cooling of hydrothermal fluids were also initially 
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planned. Owing to the global pandemic and subsequent shutdown of laboratory facilities, the focus 

of this project was rescoped predominately focusing on inorganic cycling and thermochemical 

modelling of the water-rock interactions on Enceladus. The decision was made to incorporate fluid 

transport modelling into this project (Chapter 5) to add to the narrative regarding the movement 

of material in the subsurface.  

The experimental simulations for Chapter 6 began in earnest in March 2021, with some preparation 

work undertaken before the pandemic. Some of the simulations and the analyses presented in this 

thesis were carried out by laboratory technicians, since student access and occupancy levels of 

laboratories at The OU were heavily restricted until summer 2021.  
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 Methods  

This chapter describes the methods used throughout this project. Firstly, thermochemical 

modelling approaches are outlined, which were used to investigate the water-rock interaction on 

Enceladus (Chapter 4) and the subsequent cooling and freezing of the hydrothermal fluid produced 

from the initial modelling work (Chapter 5). Secondly, the analytical techniques used in the simulant 

and experimental chapters (Chapters 3 and 6 respectively) are described. Finally, the unique 

reactors used for the simulations of the Enceladus ocean floor are introduced, with further details 

regarding experimental details provided in Chapter 6.  

2.1 Thermochemical Modelling 

Thermochemical modelling was used widely in this project to study the internal environment of 

Enceladus. Modelling different chemical environments provided a number of advantages over 

laboratory-based experiments. Firstly, modelling allowed the user to change the physical and 

chemical conditions of the desired environment, therefore allowing a range of parameters to be 

tested in quick succession. Secondly, modelling experiments can be carried out for environments 

that cannot be physically accessed by spacecraft (e.g., Enceladus), or that might change before they 

can be studied (e.g., fluids in alteration minerals that may be lost over geological time). Running a 

model to reach equilibrium is also relatively fast compared to the same processes that occur in 

nature or even within a laboratory experiment. It is also less resource intensive than laboratory 

experiments, which require specialist equipment or analytical facilities, and, significant for this 

thesis, modelling could be undertaken within the restrictions imposed by the 2020/21 global 

pandemic.  

On Enceladus, the physical conditions were calculated approximations based on Cassini 

observations (Chapter 1, Section 1.7.2), therefore the modelling work enabled a rapid exploration 

of the uncertainties in these values, and a more expansive exploration of the subsurface, including 

different depths and locations on the ocean floor. This helped to constrain the physical and 

chemical parameters to be explored in the experiments.  

2.1.1 Choice of Modelling Software  

There is a wide range of geochemical software available but many are tailored to specific 

geological/chemical environments; there is no single software that can explore all temperatures 

and pressures. Furthermore, all models have limitations within their database or in the equations 

they use. Therefore, it was crucial to find the most suitable software for this thesis from the 

programmes available.  
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The modelling work conducted in this project primarily fell under two different scenarios with 

distinct physical conditions: 1) water-rock interactions and 2) ice-water interactions. The water-

rock interaction modelling invoked the subsurface ocean environment and the top of the silicate 

interior. The outputs of this interaction were used for further modelling to investigate cooling of 

the ocean at the ice-ocean interface. The range of physical parameters used in this modelling work 

is highlighted and labelled ‘1’ in Figure 2.1. The ice-water interaction modelling explored the fluid 

as it moves out of the subsurface ocean and into the ice crust and/or is ejected into space, and the 

physical parameters requires for this are also highlighted on Figure 2.1, labelled ‘2’. Figure 2.1 also 

plots the physical parameters available for the software considered for this project, and these are 

described here to support justification of the software selected.  

 

Figure 2.1 Parameters of different geochemical modelling software (Reed et al., 2010, Ghiorso and Sack, 1995, Marion et 
al., 2008) 

MELTs is a programme that has been designed to carry out thermodynamic modelling of phase 

equilibria in magmatic systems (Ghiorso and Sack, 1995), and the temperature range (>500 °C) of 

this model was not adequate for any aspect of this project (Ghiorso and Sack, 1995). Perple_X was 

created to model metamorphic processes and, whilst its true temperature range is 0-1500 °C, which 

covers the range required for some of the modelling in this project, the solid solution models for 

several clay minerals and other low-temperature mineral phases are not complete (Connolly, 2021). 

1 

2 
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This results in its calculations below 150 °C being less accurate than other programmes (Connolly, 

2021) and it is better applied to studies of reactions at depth, e.g., deep within the silicate interior 

of Enceladus, rather than at the silicate-ocean interface that was being explored for this thesis.  

PHREEQC, CHIM-XPT, CHEMEX and The Geochemist’s Workbench were all adequate in terms of the 

physical parameters required for the water-rock modelling in this project. However, PHREEQC’s 

upper temperature limit is lower than the highest temperatures that was required for this work and 

The Geochemist’s Workbench is commercial closed source software and would have required the 

purchase a software licence. CHIM-XPT and CHEMEX were the most suitable in terms of the physical 

parameters they can model, and they are open-source software. CHIM-XPT was chosen based on 

its specificity for computing reaction processes in aqueous-mineral-gas systems (Reed et al., 2010) 

and its previous application to both terrestrial (Palandri & Reed, 2004, Soule et al., 2006) and 

martian (Kite & Daswani, 2019, Bridges et al., 2015) surface and subsurface aqueous alteration 

modelling experiments.  

Finally, FREZCHEM is a unique programme that specialises in the freezing of fluids and allows for 

simulations only under 25 °C (Marion et al., 2008). Whilst FREZCHEM does not compute reactions 

for silicate systems (Marion et al., 2008), this software was the only one suitable for exploring the 

freezing of ocean fluids. Weighing the parameters of each code, CHIM-XPT and FREZCHEM have 

been used in this project and are discussed in more detail in the next section.  

2.2 CHIM-XPT 

CHIM-XPT, a thermochemical modelling programme that specialises in computing reaction 

processes in aqueous-mineral-gas systems, was selected for this study based upon its specificity for 

studying fluid-solid interactions at a range of physical parameters comparable to those anticipated 

for the ocean floor of Enceladus. It can specifically compute the reactions of fluids with rock that 

result in hydrothermal alteration, and also model the cooling of hydrothermal fluids.  

2.2.1 Capabilities of CHIM-XPT 

CHIM-XPT runs in FORTRAN 77 and models multicomponent heterogeneous chemical equilibria 

reactions. It models the interaction between solid, aqueous and gaseous phases (Reed et al., 2010) 

and accommodates changes in the composition (X), pressure (P) and temperature (T) of the system.  

CHIM-XPT applies a Newton-Raphson numerical method to solve mass-balance and mass-action 

equations, with heat balance equations, if required (Reed et al., 2010). It has been designed to 

model complex process such as fluid-rock interactions, fluid-fluid mixing and the cooling of 

hydrothermal fluids (Reed et al., 2010) at given conditions of X, P and T. It can also calculate the 
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composition of aqueous, solid and gas phases at equilibrium. CHIM-XPT is a specific aqueous system 

model; therefore, the phase equilibria must always include an aqueous phase. A range of physical 

parameters can be run: temperatures between 0.01-600 °C and pressures of 1-5000 bar (Reed et 

al., 2010). CHIM-XPT permits stepwise incremental changes in temperature, pressure, enthalpy and 

composition with recalculation of the equilibrium phase assemblage, mineral and fluid composition 

after each step (Reed et al., 2010).  

CHIM-XPT also allows for reactions to be represented as rock titrations into a fluid, where the 

defined rock is added in specified increments. This allows a range of water/rock (w/r) ratios to be 

modelled for natural systems including either open systems (where the gas, liquids or solids are 

fractionated out after each step) or closed systems (where the gases, liquids and solids are kept in 

the system and used in the future steps). This allowed the investigation of the microenvironment 

at the Enceladus subsurface ocean floor operating as a ‘closed system’ and then the cooling of the 

fluid operating as an ‘open’ system.  

The model calculates a composition at equilibrium for a given system at a defined temperature and 

pressure. The first phase of this process is to compute the activities for each of the aqueous species 

with these calculations being often exclusive to the aqueous phase. Once the solution has reached 

equilibrium, CHIM-XPT then determines which of the solid phases will be saturated, undersaturated 

or oversaturated and whether the fluid will boil (Reed et al., 2010).  

If any supersaturated or undersaturated phases are predicted, CHIM-XPT will recalculate the 

chemical equilibrium, either including the supersaturated phase or excluding the undersaturated 

phase. This process is repeated until each of the phases has been correctly assigned and no new 

phases reach supersaturation limit. Upon reaching this state, the composition of the fluid 

represents the state of equilibrium and the minimum Gibbs energy in the system. CHIM will then 

proceed to the next step, which could involve titrating in more of the solid phase or 

reducing/increasing the temperature or pressure of the system. Further detail on the step-by-step 

running of this model can be found in Appendix 1.  

The chemical species used in the modelling are part of the SOLTHERM database. The fluid 

chemistries within the CHIM database are split into components (starting composition) and derived 

species. A full list of component species can be found in Table 2.1, but they can include H+, H2O, Cl-

, Na+, SO4
2-, HS- and HCO3

- (Reed et al., 2010). The number associated with each component species 

in Table 2.1 is used to identify the species in the input and output files (e.g., Cl- is number 3).  
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Table 2.1 The component chemical species available to insert as the starting fluid composition which is present in the 
Soltherm database. The numbers associated with each of the component species are used to identify the species in the 
input and output files 

1 H+ 11 Fe2+ 21 Sr2+ 31 O2, aq 41 HTe- 

2 H2O 12 K+ 22 Ba2+ 32 NH4
+ 42 Sn2+ 

3 Cl- 13 Na+ 23 F- 33 H3BO3 43 HSe- 

4 SO4
2- 14 Mn2+ 24 Sb(OH)3 34 Ti(OH)4 44 WO4

2- 

5 HCO3
- 15 Zn2+ 25 H2AsO3

- 35 Ac- 45 CH4, aq 

6 HS- 16 Cu+ 26 Ni2+ 36 Oxal2- 46 H2, aq 

7 SiO2(aq) 17 Pb2+ 27 HPO4
2- 37 Suc- 47 N2, aq 

8 Al3+ 18 Ag+ 28 Co2+ 38 Mal2-   

9 Ca2+ 19 Au+ 29 MoO4
2- 39 Pd2+   

10 Mg2+ 20 Hg2+ 30 UO2
2+ 40 Pt2+   

 

The derived species are those that can be expressed in terms of multiple component species, for 

example: HCl, NaCl, H2S, H2CO3 and HSO4. The output files express the chemistry of the fluid in both 

composition of the component species and the composition of the corresponding derived species. 

The output files express the total molar chemical composition of the system in terms of the 

component species. This is calculated from the different derived gas/solid and gas phases, for 

example HCO3
- as a component species includes HCO3

-, H2CO3, CO3
2-, calcite, CO2 gas etc. (Reed et 

al., 2010). The results can also be expressed in terms of the total aqueous molalities, again 

expressed in terms of the component species calculated from the different derived species in the 

aqueous phase only. Minerals and gas compositions are also expressed in terms of the component 

species. 

Upon completion of the CHIM-XPT run, the outputs are not presented in easily readable formats 

that can be imported into data processing software, so Mintab-XPT is used. This is a simple 

programme that extracts the desired data from the CHIM-XPT data files and converts it into a 

readable, tabulated format; the specifics on how to run this programme are described in Appendix 

1.  

2.2.2 Limitations of CHIM-XPT 

Whilst CHIM-XPT is appropriate for the modelling work conducted in this project, it is important to 

note and acknowledge that it does have limitations. Firstly, Ti-bearing minerals are not present in 

the SOLTHERM database. Therefore, if it were to be present in the chemical system or to be titrated 

into the fluid, it would remain in the fluid for the duration of the experiment. Therefore, Ti must be 

omitted from any input compositions to avoid distorting the chemical balance in the fluid.  

Secondly, CHIM-XPT does not consider chemical kinetic effects. This means that the programme 

favours the production of stable minerals, even if metastable minerals might be formed in the 

natural system being simulated. Similarly, the programme has thermodynamic data for a large 
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number of solid species, and often the programme will determine that multiple solid species could 

exist within the same mineral group; the user must identify which of these minerals are most likely 

to form in solid solution. This results in the user needing to exclude certain minerals from forming 

based on the chemical and physical parameters for each run; this is explained more in Chapters 4 

and 5.  

Finally, transition metals that can take on multiple oxidation states in their component species are 

only presented in the most common form rather than all possible oxidation states. This makes the 

tracking of changes in the oxidation state of the environment as the reaction progresses difficult. 

These limitations are considered further in the context of the modelling results in Chapter 4. 

2.3 FREZCHEM 

FREZCHEM (FREezing CHEMistry) is an equilibrium chemical thermodynamic model that uses the 

Pitzer approach (Marion et al., 2008). FREZCHEM also runs in Fortran 77. This software was chosen 

for the freezing modelling carried out in this thesis because of its unique ability to model below 0 

°C.  

2.3.1 Capabilities of FREZCHEM  

For this project, FREZCHEM version 15.1 was used, which has a temperature range of -100 to 25 °C 

and a pressure range of 1-5000 bar (Marion et al., 2010). The database for this programme contains 

108 solid species and 55 aqueous and atmospheric species (Table 2.2). These include chlorides, 

bromide, perchlorate, nitrate, sulfate, and bicarbonate-carbonate salts. It also includes strong acid 

chemistry, ferrous and ferric iron chemistry, aluminium and silicon chemistries, ammonia and 

ammonium chemistries, and gas hydrate chemistry (Marion et al., 2010). FREZCHEM models consist 

predominantly of an aqueous phase and solid phases that are in a closed system with respect to 

matter (Marion et al., 2008).  

FREZCHEM has multiple reaction pathways. These include: (1) temperature changes; (2) 

evaporation; (3) pressure changes; (4) equilibrium or fractional crystallisation, including gas 

hydrates; (5) open or closed carbon systems, and (6) pure or mixed gas hydrates (Marion et al., 

2008). This programme was selected for this project for its specific ability to run temperature 

change models. For this, the user defines an upper and lower temperature limit and a decremental 

temperature interval at which equilibrium at a fixed pressure is calculated. When FREZCHEM 

reaches sub-zero temperatures, this starts the freezing of the solution to the system eutectic point. 

Below this value, only solid phases are thermodynamically favourable.  
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2.3.2 Limitations of FREZCHEM  

As with all modelling programmes, FREZCHEM has limitations that need to be acknowledged to 

understand the effect they may have on the results presented in the subsequent chapters. Firstly, 

the FREZCHEM model characterises aqueous electrolyte solutions; therefore, there must always be 

ions present in the solution and thus FREZCHEM can never simulate pure water. This means that, 

in this study, the freezing of the Enceladus subsurface ocean fluid could not be compared to pure 

water as a control. These ion concentrations can be at such a low concentration that they should 

have minimal effect on the thermodynamic property of the solution. Secondly, a crucial limitation 

relevant to the temperature changing function of the model is that the model always requires some 

residual water for calculation purposes. This means that the eutectic point (and complete dryness) 

are only approximations since the model cannot run to being 100% frozen or dry (Marion et al., 

2008). Finally, it is critical when setting up a FREZCHEM run that the initial model has a perfect 

charge balance in order to allow pH to be calculated; if the initial system is not charge balanced (a 

higher concentration of either negative or positive ions), the model will force a balance by adjusting 

the pH and the ion concentrations in solution. This risks a change in pH, making the calculated pH 

at the end of the model a poor estimate.  
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Table 2.2 The chemical species in the FREZCHEM model (Version 15.1). The number associated with each of the chemical species can be used to identify the species in the input and output 

files.  

Solution and Atmospheric Species 

1 Na+(aq) 16 Cl-(aq) 201 CO2(aq) 213 H2(g) 225 Al(OH)4-(aq)   

2 K+(aq) 17 SO42-(aq) 202 FeCO3°(aq) 214 CH4(g) 226 Si(OH)40(aq)   

3 Ca2+(aq) 18 OH-(aq) 203 HCl(g) 215 CH4(aq) 227 SiO(OH)3-(aq)   

4 Mg2+(aq) 19 HCO3-(aq) 204 CaCO3°(aq) 216 Fe(OH)20(aq) 228 SrCO30 (aq)   

5 H+(aq) 20 CO32-(aq) 205 MgCO3°(aq) 217 Fe(OH)3-(aq) 229 B(OH)30(aq)   

6 MgOH+(aq) 21 HSO4-(aq) 206 HNO3(g) 218 FeOH2+(aq) 230 F-(aq)   

7 Fe2+(aq) 22 NO3-(aq) 207 H2SO4(g) 219 Fe(OH)2+(aq) 231 HF0(aq)   

8 FeOH+(aq) 23 Br-(aq) 208 H2O(g) 220 Fe(OH)30(aq) 232 Sr2+(aq)   

9 Fe3+(aq) 24 ClO4-(aq) 209 CO2(g) 221 Fe(OH)4-(aq) 233 NH30(g)   

10 Al3+(aq) 25 B(OH)4-(aq) 210 H2O(l) 222 Al(OH)2+(aq) 234 NH30(aq)   

11 NH4+(aq)   211 O2(g) 223 Al(OH)2+(aq)     

    212 O2(aq) 224 Al(OH)30(aq)     

Solid Phase Species (crystalline solid phases) 

31 H2O 51 Na2SO4•3K2SO4 71 H2SO4•4H2O 91 FeCl3•2KCl•H2O 111 K2Fe(II)5Fe(III)4(SO4)12•18H2O 131 NaClO4•2H2O 

32 NaCl•2H2O 52 CaCO3(calcite) 72 HCl•6H2O 92 Fe2(SO4)3 112 AlCl3•6H2O 132 NH4Cl 

33 NaCl 53 MgCO3 73 NaNO3•Na2SO4•2H2O 93 Fe2(SO4)3•2K2SO4•14H2O 113 Al2(SO4)3•17H2O 133 (NH4)2SO4 

34 KCl 54 MgCO3•3H2O 74 Na3H(SO4)2 94 K2SO4•FeSO4•6H2O 114 NaBr 134 NH3•H2O 

35 CaCl2•6H2O 55 MgCO3•5H2O 75 NaHSO4•H2O 95 Na2SO4•FeSO4•4H2O 115 MgBr2 135 NH4NO3 

36 MgCl2•6H2O 56 CaCO3•6H2O 76 K3H(SO4)2 96 Fe2(SO4)3•9H2O 116 Al(OH)3 136 NH4HCO3 

37 MgCl2•8H2O 57 NaHCO3 77 K5H3(SO4)4 97 Fe2(SO4)3•H2SO4•8H2O 117 SiO2 (quartz) 137 NH4ClO4 

38 MgCl2•12H2O 58 Na2CO3•10H2O 78 K8H6(SO4)7•H2O 98 KFe3(SO4)2(OH)6 118 SiO2 (amorphous) 138 NH3•2H2O 

39 KMgCl3•6H2O 59 NaHCO3•Na2CO3•2H2O 79 KHSO4 99 NaFe3(SO4)2(OH)6 119 KAl3(SO4)2(OH)6   

40 CaCl2•2MgCl2•12H2O 60 3MgCO3•Mg(OH)2•3H2O 80 MgSO4•H2O 100 H3OFe3(SO4)2(OH)6 120 NaAl3(SO4)2(OH)6   

41 Na2SO4•10H2O 61 CaMg(CO3)2 81 FeSO4•7H2O 101 Fe2O3 121 KAl2(SO4)2•12H2O   

42 Na2SO4 62 Na2CO3•7H2O 82 FeSO4•H2O 102 a-FeO(OH) 122 NaAl(SO4)2•12H2O   

43 MgSO4•6H2O 63 KHCO3 83 FeCl2•6H2O 103 g-FeO(OH) 123 FeSO4•Al2(SO4)3•22H2O   

44 MgSO4•7H2O 64 CaCO3(aragonite) 84 FeCl2•4H2O 104 FeO(OH)0.75(SO4)0.125 124 Al2Si2O5(OH)4   

45 K2SO4 65 CaCO3(vaterite) 85 FeCO3 105 FeSO4•4H2O 125 MgSO4•Al2(SO4)3•22H2O   

46 MgSO4•K2SO4•6H2O 66 HNO3•3H2O 86 Fe(OH)3 106 Fe2(SO4)3•7H2O 126 NaClO4•H2O   

47 Na2SO4•MgSO4•4H2O 67 KNO3 87 CO2•6H2O 107 Fe(II)Fe(III)4(SO4)6(OH)2•20H2O 127 Mg(ClO4)2•8H2O   

48 CaSO4•2H2O 68 NaNO3 88 CH4•6H2O 108 Fe5(SO4)6O(OH) •20H2O 128 Ca(ClO4)2•6H2O   

49 CaSO4 69 HCl•3H2O 89 FeCl3•10H2O 109 Fe(II)Fe(III)2(SO4)4•22H2O 129 KClO4   

50 MgSO4•12H2O 70 H2SO4•6.5H2O 90 FeCl3•6H2O 110 Fe(II)Fe(III)2(SO4)4•14H2O 130 Mg(ClO4)2•6H2O   
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2.4 Analytical Methods  

Whilst carrying out thermochemical modelling work was valuable and quickly provided large data 

sets, this work was coupled with laboratory simulations to provide a more realistic interpretation 

of kinetics versus thermodynamics in the environments of interest. The following section outlines 

the analytical techniques used to support the simulations, specifically to characterise the simulant 

(Chapter 3) pre- and post-experimentation (Chapter 6). Both the fundamental principles of the 

techniques and the instruments/sample preparation for analyses have been described.  

2.4.1 Scanning Electron Microscopy (SEM) 

2.4.1.1 Fundamental Principles 

SEM was principally used in the characterisation of the simulant, in its manufacture, and in its 

characterisation pre- and post-simulation. SEM is a high-resolution technique, allowing for 

magnification from 20 to 30,000 times. SEM gives qualitative and quantitative data on topography, 

morphology, composition, and crystallographic structure (Akhtar et al., 2018).  

The SEM technique uses primary electrons released from an electron gun with an energy of 

between 0.1 to 30 keV. It is carried out under vacuum, to avoid the interaction of any electron with 

gas molecules, therefore resulting in imaging and analysis at the microscale. When this electron 

beam hits the specimen target, it interacts with the near-surface area of the sample (down to 1 

micron in depth). This can result in some electrons re-emerging from the surface as they are 

deflected, known as backscattered electrons (BSE) (Figure 2.2) (Reed, 2005). The scattering of the 

electrons and their interaction volume depends on the atomic number and concentration of atoms 

within the sample. The heavier elements backscatter electrons more strongly than those with lower 

atomic numbers (Reed et al., 2005).  

These backscattered electrons (dark blue dot in Figure 2.2) are then collected by a detector and can 

be used to form images of the sample, where different phases can be identified. These BSE images 

can be monitored in real-time on a computer screen. BSE images can identify different mineral 

phases within a sample, with lighter elements producing darker shades of grey and heavier 

elements producing lighter shades. This is because the number of electrons backscattered increases 

with higher atomic mass, resulting in more electrons reaching the detector and a brighter spot on 

the image.  
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Figure 2.2 A schematic of an electron being backscattered from an atom. The N in the centre represent the nucleus 
(based on Luyk, 2019) 

A sample’s bulk chemistry can be ascertained through EDS (electron dispersive X-ray spectroscopy) 

in which X-rays, emitted from the sample as the electron beam comes into contact with the sample, 

are detected. These X-rays are generated if the incident electron beam has sufficient energy to 

excite an electron within the target sample from its ground state to a higher energy state. This 

results in a vacancy at a lower energy state. To compensate for this, there is movement of an 

electron from an outer shell to an inner shell (Figure 2.3). The de-excitation energy of this electron 

transition is converted into an X-ray photon with an energy equal to the energy difference between 

the two electrons. The X-rays are then analysed with EDS. The wavelengths of the X-rays are 

characteristic to the atomic weight of the element and so this technique can provide quantitative 

compositional information. After the completion of the analysis, the signal intensities for each 

element in a sample are compared to those of standards in a database with known concentration, 

and hence the chemical composition of each sample can be calculated. EDS can be conducted using 

individual spot analysis, or X-rays can be collected over the sample area to produce an average 

composition. Both of these approaches are used in this project, and it is indicated in the appropriate 

chapters which method was used.  
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Figure 2.3 Schematic of X-ray production during EDS. The primary electron beam hits sample removes the inner electron 
(1), an outer electron (2), moved to fill the gap created by electron 1, releasing a characteristic X-ray due to the energy 
difference between orbits. N in the centre represents the nucleus. (Made based on image by Nanakoudis, 2019) 

The BSE and EDS results can be combined to produce a grey scale-map of the target area. 

Alternatively, using spot analysis X-ray spectra at different points across the BSE image can be 

identified with X-ray spectrum across the different phases. Throughout this project, both of these 

methods were used: EDS maps to produced bulk chemistries of the Enceladus simulant and mineral 

components and EDS spots to analyse the post experimental minerals in details.  

Using the INCA software (a measurement, calibration, and diagnostic software for studying real 

time emission data), images of each small target area can be montaged together to create 

elemental maps for the entire specimen. Further to this, using the INCA software, false colours can 

be applied to different elements identified by EDS, to produce coloured maps highlighting different 

combinations of elements that can assist in identifying the presence of specific minerals.  

2.4.1.2 Sample Preparation and Instrument Set up 

For SEM analysis, all samples (both whole minerals and powdered samples, details in Chapter 3 and 

6) were set into epoxy blocks. These were subsequently polished to ensure that the surfaces of the 

samples were smooth for the analysis. These epoxy blocks were made by the laboratory thin section 

team, Kay Knight and Michelle Higgins.  

The samples were carbon coated (approximately 20 nm layer) using the EMIETCH K950X Turbo 

Evaporator. Carbon coating the samples dissipates any excess charge created by the SEM electron 
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beam that may inhibit analyses. Each sample was then fastened using aluminium tape to a 

specimen stub, which was then placed on the SEM sample stage.  

The FEI Quanta 2003D Scanning Electron Microscope (SEM) fitted with Oxford instruments X-ray 

detector at The Open University was used for most of the SEM analyses. The vacuum was held at 

approximately 10-5 mbar throughout the analysis and the electron beam had an accelerating 

voltage of 20.05 keV and a current of approximately 0.6 nA. A working distance of 15 mm and a 

resolution of 1024 x 896 pixels was used for creating maps of each of the target samples. Beam 

calibration was carried out using pure copper, as per manufacturers recommendations. Since only 

semi-qualitative EDS analysis was required, calibration using minerals or elements that were 

abundant in the simulant such as silicates or iron oxides etc. was not undertaken and the results 

are presented as normalised data. 

The INCA software was used post-analyses to stitch each of the SEM BSE/EDS maps together to 

create one image of the whole sample. Using the INCA software, different elements of interest were 

then selected to produce false coloured maps; this was limited to three different elements on each 

image. From this, a bulk composition from the EDS data across the entire sample could be obtained 

and a composition for each spot analysis made in order to identify the specific mineral grains within 

a mixed sample.  

During the course of my PhD, a second SEM at The Open University became available, with updated 

software with respect to the FEI quanta SEM. It will be indicated within the chapters which 

instrument was used for which analysis. This second SEM was a Zeiss Supra 55VP Field Emission 

Gun Scanning Electron with an Oxford Instruments X-Max 50mm2 EDS detector. As with the 

previous SEM, the vacuum was held at approximately 10-5 mbar throughout the analysis and the 

electron beam had an accelerating voltage of 20 keV. A working distance of 8-9 mm was used and 

a 30 μm aperture. The analysis was carried out using Oxford Instruments Aztec Software. Similar to 

INCA, this can produce false colour EDS images; however, these can be produced with no limit to 

the number of elements that can be combined. The Aztec software also allowed for spot EDS 

analysis to be carried out on the EDS map after the completion of the analysis.  

During the course of this project, owing to Covid restrictions some of these analyses were carried 

out by laboratory technicians. In the following chapters, it will be clearly identified which analysis 

was carried out by the SEM technicians.  

2.4.2 Electron Microprobe Analysis (EPMA) 

2.4.2.1 Fundamental Principles 

Electron microprobe analysis (EPMA) is a technique used for chemically analysing small areas of a 

sample (Reed et al., 2005). EPMA is similar to SEM-EDS in that a focused electron beam hits a target 
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sample and X-rays are emitted. The X-rays are detected and identified by a wavelength dispersive 

spectrometer (WDS). The X-ray spectrum is composed of lines representing different wavelength 

that are characteristic of the elements present within the target area. This is an easy approach to 

qualitatively identify the different elements present in a sample. Using standards and comparing 

the intensity of the X-rays emitted from the standards, it is possible to determine the concentration 

of each of the elements making this also a quantitative approach, down to ppm accuracy. The 

outputs are compositional data, presented as elemental, atomic and oxide weight percentages, and 

the number of ions is also provided. The oxide weight percentages assume that all elements are 

present in oxide form; however, this can produce a total bulk composition greater or less than 

100%, if either the elements are not present in the samples as oxides (such as sulfides), or if the 

mineral is a carbonate, and the carbon component is not measured. This is discussed further in the 

results section of Chapter 3.  

The main differences between the SEM-EDS approach and EPMA, is that EPMA is based upon WDS 

and has a fixed working distance. WDS has improved precision compared to EDS, as EDS has a higher 

limit of detection (Reed, 2005). For WDS, the X-rays are dispersed according to their wavelength, 

by a process of Bragg reflection/refraction. The wavelength of the different X-rays are then 

detected, and the wavelength value can then be applied to Braggs law which can identify the 

elements that the X-ray was emitted. In contrast, for EDS, the X-rays are dispersed according to 

their energy, which is the de-excitation energy of the electron transition from an outer to an inner 

shell.  

2.4.2.2 Sample Preparation and Instrument Set up 

All samples were set in epoxy blocks, polished and then carbon coated according to the same 

methods described in Section 2.4.1.2. Analysis was undertaken on a Cameca SX100 Electron 

Microprobe at The Open University. This has five WDS multi-crystal spectrometers, each of which 

uses different analytical crystals that have a certain lattice plane spacings that diffract specific X-

rays generated from within a sample. The electron beam had an accelerating voltage of 20.05 keV 

and a current of approximately 20 nA. Further to this, the beam size used for all the analysis was 10 

μm. The EPMA was calibrated for K, Al, Fe, Mn, Ca, Si, P, Na, Ti, Cr and S using a range of minerals 

including feldspars, haematite, bustamite, chromite, pyrite and yttrium phosphate. These were 

selected as they were the elements of interest within the simulant. This technique was used to 

analyse the pre- and post-experimental simulant. 
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2.4.3 Raman Spectroscopy 

2.4.3.1 Fundamental Principles 

Raman spectroscopy can provide details about a sample’s chemical structure, phase, polmorphy, 

crystallinity and molecular interactions, by analysing its interaction with light (Pavan et al., 2021). 

Raman spectroscopy works by exciting molecules and analysing the different vibrational modes that 

result. This allows for identification of chemical bonds within the molecules. Molecules in the 

sample are excited by a laser, which is fired at the target sample. This scatters light via Rayleigh 

scattering, Stokes scattering and anti-Stokes scattering (Figure 2.4) (Raja and Barron, 2021). 

Rayleigh scattering (the most common transition) is elastic scattering that occurs when a molecule 

is excited into any virtual state and then relaxes back to its original state; the light is scattered with 

its original energy. A virtual state is a short-lived unobservable quantum state. Stokes scattering is 

where a molecule is excited to any virtual state and then the molecule relaxes back to a higher 

vibration state than it had originally; therefore the light is scattered inelastically with an energy of 

ℎν-ΔE (h= plancks constant, ν=frequency of absorbed energy, ΔE=energy difference). Anti-stokes 

scattering is where a molecule in a vibrationally excited state is excited to any virtual state, and 

then relaxes back to a lower vibrational state than it originally had; therefore the light is scattered 

superelastically with an energy ℎν+ΔE. The vibrational frequencies of chemical bonds and 

symmetries are specific to a certain wavenumber. 

 

Figure 2.4 Schematic of the three different scatterings by a molecule during Raman Spectroscopy and their associated 
energy of the photon emitted (Image based on Raja, P. M. V., & Barron, A. R. (2021, March 21) 

The light of different wavelengths is detected, and this is characteristic to a specific chemical bond. 

This generates a spectrum that is a structural fingerprint of the sample with each of the different 

peaks corresponding to different bonds such as C-C, C=C, Si-O etc and groups of bonds. The 

spectrum formed after an analysis can be compared to the Raman database to provide a positive 

identification of the target material of specific chemical bonds. 
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2.4.3.2 Sample Preparation and Instrument Set up 

All samples were set in epoxy blocks according to the method described in Section 2.4.1.2. This 

technique was used to analyse the pre- and post-experimental simulant. Unlike SEM and EPMA, 

samples for Raman spectroscopy are not carbon coated, as this can cause interference and result 

in a broad peak in the final spectra at approximately 1500 cm-1. The Raman was calibrated before 

each analysis using a silicon chip, which was the major element of the simulant.  

The Raman spectrometer used for all analysis was the Horiba Jobin-Yvon HR800 microprobe at The 

Open University, coupled to the LabSpec 6 Horiba Scientific computer software. Every analysis was 

carried out using the green argon laser, with a wavelength of 514 nm with a spot size of 2 μm. The 

software was calibrated before the analysis of every sample using a silicon thin section. To compare 

the spectra obtained to a Raman database, the CrystalSleuth database was used.  

2.4.4 X-ray Diffraction (XRD) 

2.4.4.1 Fundamental Principles 

X-ray Diffraction (XRD) is used to assess the structure of a material, particularly at the atomic or 

molecular level. This method is used for crystalline or partially crystalline materials. An X-ray beam 

interacts with the target sample, becoming scattered according to the structure of the sample. The 

outgoing direction of the X-rays is measured, and the difference in angle between the incoming and 

outgoing X-ray beam is called 2Θ. Using this, Braggs law can be satisfied and the material can be 

identified because the resultant scattering produces a characteristic X-ray diffraction pattern that 

is used for crystal structure determination.  

2.4.4.2 Sample Preparation and Instrument Set-up  

Powdered samples were pressed into the sample holders, which were plastic discs with a recess in 

the centre to hold the material.  

The XRD analysis was carried out using the Siemens D5000 XRD at The Open University. All analyses 

with the XRD was carried out by Mr Matthew Kershaw using standard powder diffraction (Bragg-

Brentano) geometry and a copper long- fine-focus X-ray tube energised at 40kV and 40mA. The 

wavelength of copper k-alpha X-rays is 1.5406 Å.  

2.4.5 X-ray Fluorescence (XRF) 

2.4.5.1 Fundamental Principles 

X-ray Fluorescence (XRF) uses an electron beam which interacts with the target sample and 

generates X-rays that are analysed by WDS. As the incident x-ray beam hits the target sample, it 

can eject an electron from a low orbital shell in the target material. To compensate, the electron is 
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replaced by one from a higher energy orbital shell, releasing energy because of the decrease in 

binding energy of the inner electron orbital compared to the outer orbital. This energy is released 

as an X-ray, the wavelength of which is correspondent to the element or molecule it was released 

from (Figure 2.5).  

The major elements that can be analysed by XRF in rocks or sediment are: Si, Ti, Al, Fe, Mn, Mg, Ca, 

Na, K and P. The trace elements (>1 ppm) that can be analysed are: Ba, Ce, Co, Cr, Cu, Ga, La, Nb, 

Ni, Rb, Sc, Sr, Rh, U, V, Y, Zr and Zn.  

 

Figure 2.5 Schematic for X-ray production through XRF analysis, where the incident X-ray removes an electron from the 
inner shell and the movement of an outer electron to the inner shell produces a characteristic X-ray. N in the centre 
represents the nucleus (Image made based on 911 Metallurgist) 

2.4.5.2 Sample Preparation and Instrument Set-up 

Prior to analysis, samples were crushed using a ball mill and sieved to a grain size of <60 μm. For 

the major elemental analysis, fused glass beads were prepared from ignited powders with a sample 

material and 80% Li metaborate: 20% Li tetraborate flux in a ratio of 1:7:5. The trace elements were 

analysed on 32 mm diameter presser powder briquettes composed of 7.5 g sample mixed with 15-

20 drops of 7 % PVA solution (as a binding agent), pressed at 10 tons per square inch.  

All XRF analysis was carried out at the University of Leicester in the Department of Geology by Lin 

Marvin. The XRF used was a PANalytical Axios Advances XRF Spectrometer. A 4 kW rhodium anode 

end window ceramic technology X-ray tube was used. This technique was used to analyse the pre-

experimental simulant.  
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2.4.6 Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) 

2.4.6.1 Fundamental Principles 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was used to determine the 

concentration of elements within a sample. This technique works through an argon plasma source 

producing energy at 10,000 KeV. This energy excites an electron in a ground state, and when it 

relaxes back to a lower energy level, light is released at a specific wavelength specific to the element 

(Figure 2.6). The amount of light produced is proportional to the number of atoms or ions making 

the transition. The Beer-Lambert law can be used to convert the light intensity into concentration 

of that element.  

 

Figure 2.6 Schematic of the movement of electrons during ICP-OES, as an electron moves from a higher energy orbit into 
a lower one, this releases light with a wavelength characteristic to the type of atom/ion. (Made based on figure from 
Agilent) 

2.4.6.2 Sample Preparation and Instrument Set-up 

The ICP-OES used was an Agilent 5110 at The Open University. For this analysis, 2 mL aliquots of 

fluid were analysed of each sample after the correct dilution factor was applied to the sample. All 

of the analysis using the ICP-OES was carried out by Tim Barton. The accuracy of results was 

estimated using a 28 component multi-element standard solution for ICP (Fisher Chemical 

MS102050). To ensure quality and relatability of data, check standards for ppm (0.5, 1, 2.5) and ppb 

(10, 100, 250, 500), blanks and drift checks were run for every analysis carried out. This technique 

was used to study the pre- and post-experimental fluid.  
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2.4.7 Carbon Analysis  

For this work total organic carbon (TOC) and total inorganic carbon (TIC) were measured for fluid 

samples. Total Carbon (TC) was measured for the solid samples. TOC/TIC/TC analyses were carried 

out by Tim Barton.  

2.4.7.1 Fundamental Principles  

For TOC analysis, the samples were heated to 720 °C, which converted any organic carbon to CO2 

through catalytic oxidation combustion. The resultant CO2 was then measured to quantify the 

concentration of organic carbon that was initially present in the sample.  

For the TIC analysis, the instrument added a small amount of acid to each sample. The acid reacted 

with any inorganic carbon present in the solution, releasing CO2 gas. The CO2 gas that was released 

was proportional to the concentration of inorganic carbon within the sample.  

Similar to TOC, the solid TC analysis relied on catalytic combustion techniques. The solid samples 

were heated and the CO2 gas collected, which corresponded to the total carbon concentration in 

the sample.  

2.4.7.2 Sample Preparation and Instrument Set-up 

For both the TOC and TIC analysis, a Shimadzu TOC ASI-V at The Open University was used. For the 

TOC analysis, the samples were treated with 2M of hydrochloric acid, added at a 5% ratio to the 

sample volume. Both sets of samples were diluted to an appropriate concentration to ensure they 

fit within the detection window (0-100 ppm).  

For both TOC and TIC, standards were made in-house following the Shimadzu textbook procedure 

(by Tim Barton) and used to calibrate the machine. Potassium hydrogen phthalate was used for TOC 

and sodium hydrogen carbonate for TIC. The standard solutions were run to calibrate from 0-100 

ppm. The instrument took triplicate aliquots of the sample for both the TOC and TIC analysis. 

Solid TC analysis was carried out on the Elementar Vario EL Cube machine at The Open University, 

this instrument has a furnace temperature up to 1200 °C. No further sample preparation was 

required for the solid samples. Each of the samples were run in triplicate with calibration checks. 

The instrument setup is cross checking daily factors with known error variance.  
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2.5 Water-Rock Simulation Chambers  

2.5.1 Introduction 

To carry out the experimental simulation experiments (Chapter 6), unique chambers were 

assembled. These chambers were set-up to experimentally investigate the water-rock interactions 

on the ocean floor of modern-day Enceladus. 

Parr pressured vessels were used which have been previously used extensively for the liberation of 

organic materials from terrestrial and extra-terrestrial samples (Watson et al., 2005; Tan and 

Sephton, 2020). These chambers were selected based on the high temperature and pressure limits 

of the vessels, which are compatible with predicted Enceladus conditions (See Chapter 1, Section 

1.7.2). The following sections outline the different Parr vessels selected and the system set-up.  

2.5.2 System Set-up  

Two different system set ups were used. The first was a static non-sampling reaction vessel and the 

second was a static sampling vessel (Table 2.3). This allowed for reactions to occur undisturbed 

throughout in the non-sampling vessel, but with the sampling vessel, the rate of reactions 

throughout the experiment could be monitored.  

Table 2.3 The different specification for the two different reactor set-ups for the water-rock simulation experiments 

 Non-Sampling vessel Sampling Vessel 

Specification of the reactor model Parr 4740 Parr 4793 

Reactor Volume 75 mL 100 mL 

Reactor Material 316 Stainless Steel 316 Stainless Steel 

Gasket material  PTFE PTFE 

Temperature Range Ambient to 350 °C Ambient to 350 °C 

Pressure Range 345 bar 200 bar 

Head openings 1 4 

Purge Line Tygon Tubing/ Stainless 

steel 1/16” Tube 

Tygon Tubing/ Stainless 

steel 1/16” Tube 

Sampling Volume N/A 5 mL  

Thermocouple Yes Yes  

Safety system Rupture disks Rupture disks  
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2.5.2.1 75 mL Non-sampling Vessel Set up 

The first experimental set up was a non-sampling system (Figure 2.7). This experiment involved 

using a 75 mL Parr reactor composed of stainless steel (unlined), which was connected to a PTFE 

head gasket. Graphite was normally used for the head gasket, which allowed the reactions to run 

to a higher temperature; however, this could have led to carbon contamination in the system, so it 

was replaced with PTFE to reduce the risk of contamination as it is resistant to high temperatures, 

exceptionally chemically inert, highly hydrophobic, and insoluble. The higher end of the 

temperature range of the Parr (350 °C) was still above the highest temperature planned (pre-covid) 

to be used for the experiments of 250 °C. Connected to the head gasket was an inlet line with a 

pressure gauge. The maximum pressure capacity of the 75 mL vessel was 345 bar. The reactor was 

surrounded by a heating jacket to maintain a constant temperature throughout the experiments. 

This was connected to a thermocouple, which was dipped into the experimental fluid, and this 

monitored the temperature of the system and varied the temperature of the heating jacket to 

ensure the chamber was kept constant at the desired temperature. 

To assess any potential contamination from the stainless-steel reactors, blank runs of MillQ were 

run for every T/P combination used monitor any metal contamination. The results from these 

showed minimal change in composition throughout the blank experiments, these results are 

displayed in Chapter 4 alongside the experimental results for a direct comparison.  

 

Figure 2.7 Schematic for the setup for the non-sampling Parr 4740 75 mL chamber  
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2.5.2.2 100 mL Sampling Vessel Set-up  

The second experimental set up used a sampling system (Figure 2.8) with a 100 mL Parr reactor 

(4793) composed of stainless steel (unlined). This was again connected to a PTFE head gasket, but 

in this experiment, the head gasket had four openings, which allowed for the subsampling system 

(4351 Parr Sample Collection Vessel) to be attacted to the reactor. The sampling system could 

remove 5 mL aliquots of liquid throughout the experiments and transfer it to the collection vessel, 

and could safely opperate with pressures up to 200 bar. To assess any potential contamination from 

the stainless-steel reactors and the sampling system, blank runs of MillQ were run for every T/P 

combination used monitor any metal contamination. The results from these showed minimal 

change in composition throughout the blank experiments, these results are displayed in Chapter 4 

alongside the experimental results for a direct comparison. 

As with the 75 mL non-sampling experiment, the head gasket had a gas inlet to keep the system 

under pressure using an inert gas. The reactor also had a heating jacket to maintain a constant 

temperature and was coupled to a thermocouple to monitor the temperature inside the Parr 

reactor. The thermocouple was connected to the heating jacket, so it could be adjusted to maintain 

a constant internal reactor temperature.  

 

Figure 2.8 Schematic of the sampling 4793 Parr chamber for the simulation experiments 
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The sampling system, like the Parr Chamber, was made from 316 Stainless Steel. The collection 

vesssel includes a cooling sleeve, isolation and vent valves. The isolation valve was used to seal the 

vessel once the sample was transferred from the Parr chamber to the collection vessel. The vent 

valve is used to remove any residual pressure in the line between the Parr chamber and the 

collection vessel. The samples were taken for analysis by opening the collection vessel and pouring 

it out into a clean glass beaker. Following sample removal, to ensure the line was clear of sample 

and all of the fluid was returned to the Parr chamber, a N2 gas line was connected to the sampling 

line. This was pushed through the sampling line at a higher pressure than the Parr chamber; once 

the Parr chamber reached this higher pressure, it was assumed that all the fluid would have been 

pushed out of the line and back into the Parr Chamber.  

2.5.2.3 Cleaning Procedure  

Before and after each experiment, all the equipment was cleaned. For the 4740/4790 models, 35 

mL of milli Q 18.2Ω water was added to the reactor and the system closed. The reactor was then 

heated to 200 °C for 24 hours, to clean the internal surfaces of the vessel. The reactors and head 

gasket were then sterilised in a fume hood with IPA and methanol. The detailed procedure for the 

water-rock experimental set-up is discussed in Chapter 6.  

  



 52 

 The composition of the silicate 

interior of Enceladus and the design of 

a novel silicate simulant  
 

3.1 Introduction 

The silicate interior of Enceladus is currently inaccessible and therefore cannot be directly studied. 

Designing and manufacturing a simulant that can represent the silicate interior of Enceladus allows 

for experimental studies of the water-rock environment to be carried out under controlled 

laboratory conditions. This is important, since the subsurface environment of Enceladus cannot be 

physically observed, and to understand it requires it to be recreated under laboratory conditions.  

It is inherently difficult to produce a simulant that combines both ideal chemical and physical 

properties. Currently, there are no simulants that represent the interior of Enceladus and previous 

studies have used a simplified chemistry and mineralogy to represent the interior of Enceladus. For 

example, olivine has been used in experiments to replicate the process of serpentinisation and to 

study water-rock interactions in Enceladus-like hydrothermal settings (Hsu et al., 2015; Sekine et 

al., 2015). Although olivine is thought to be present in the interior of Enceladus, analysis of the 

plumes indicate that a much wider range of chemical species could have been liberated from the 

silicate interior or be formed through aqueous interactions (Postberg et al., 2008; Waite et al., 

2017). Therefore, a robust simulant, allowing for a more in-depth study of the water-rock 

interactions likely to occur at the ocean floor of Enceladus is required. 

This chapter presents an investigation into the composition of the silicate interior of Enceladus, and 

the design and development of a novel simulant to chemically recreate it. Subsequently, the 

chemical composition of the simulant is used as the representative solid phase input for the water-

rock modelling presented in Chapter 4, and the manufactured simulant is used experimentally in 

Chapter 6 to study the water-rock interactions on Enceladus. 

The objectives of this chapter are to establish a potential analogue for the silicate interior of 

Enceladus based on data collected by the Cassini spacecraft. Given the focus of this thesis is on 

chemical processes of the water-rock interface on Enceladus, a simulant that best represents the 

chemical properties of the silicate interior, including the mineralogical composition, is preferred. 

This chapter presents the design, development and manufacture of a representative Enceladus 

simulant that can then be used to answer the following questions in subsequent chapters:  



 53 

1.  What is the likely composition of the silicate interior in a modern day and historic 

Enceladus?  

2.  What reaction pathways are occurring in the subsurface environment? 

3.1.1 Key Cassini Observations 

Chapter 1 Section 1.8 outlines our current understanding of the silicate interior of Enceladus, based 

predominantly on Cassini data (e.g., (Postberg et al., 2008, 2009, 2011, 2018; Waite et al., 2009; 

Waite et al., 2017). The Cassini data, gathered from sampling the plume material of Enceladus and 

Saturn’s E-ring, also provides an insight into the chemistry of the subsurface ocean. It is likely that 

some of the chemical species in the subsurface ocean will have originated from the silicate interior, 

liberated through water-rock interactions. Therefore, plume and E-ring analyses may also provide 

information about the silicate itself. 

As outlined in Chapter 1, the interior of Enceladus is likely to be dominated by silicates since SiO2 

particles were detected in the ‘stream’ particles (Sekine et al., 2015). Additionally, hydrogen gas 

was detected in the plumes (Waite et al., 2017), most likely generated from water-rock interactions 

in the subsurface environment in a serpentinisation-type reaction (Sekine et al., 2015). The 

detection of SiO2 nanoparticles and hydrogen gas suggests that there must be on-going 

hydrothermal activity, suggesting reactions between the rock and water are currently active (Hsu 

et al., 2015). 

Other key species detected in the plumes/E-ring by Cassini include methane, carbon dioxide, short 

chain hydrocarbons, large macromolecular organics, ammonia, and molecular nitrogen (Waite et 

al., 2009; Waite et al., 2017; Postberg et al., 2018). This suggests that the interior is carbonaceous 

(Waite et al., 2009; Postberg et al., 2018) and it has therefore previously been likened to 

carbonaceous chondrite meteorites (Sekine et al., 2015). In the next section, a comparison is drawn 

between carbonaceous chondrites and our current understanding of the composition and physical 

properties of the silicate interior of Enceladus.  

3.1.2 Carbonaceous Chondrites as a Potential Analogue for Enceladus Silicate 

Interior 

To ascertain if a carbonaceous chondrite is a suitable analogue for Enceladus, it is important to 

consider Enceladus’ formational processes. Theories regarding the formation and evolution of 

Enceladus are discussed in detail in Chapter 1, Section 1.9.  

Although there are many conflicting theories for the origin of Enceladus, there is agreement that it 

must have ‘accreted in a dissipative, prograde rotating, coplanar disk about Saturn’ (Mckinnon et 

al., 2018) and formed from protosolar material (Mckinnon et al., 2018). It has also been suggested 

that Enceladus could have a common origin with comets and carbonaceous chondrites. 
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Carbonaceous chondrites are some of the most primitive meteorites and the most representative 

bodies of the early Solar System, providing support for the choice of carbonaceous chondrites as 

an analogue for the silicate interior of Enceladus. Carbonaceous chondrites are often associated 

with the formation of the outer planets based on their chemical and isotopic composition (Shock 

and Mckinnon, 1993; Zolotov, 2012). Therefore, if Enceladus did form from the ring material around 

Saturn, it is likely that carbonaceous chondrite material would have been present.  

Each of the theorized formation processes for Enceladus (Chapter 1, Section 1.9) imply either a 

rocky mass that accreted an icy exterior, or an icy/rock mixture which differentiated over time. Each 

of these processes could potentially allow for aqueous alteration of the silicate phase. It is unclear 

whether the material accreted to form Enceladus was initially anhydrous or if it had already 

undergone some processing (for example, in the presence of ices) and already contained hydrated 

minerals before accretion (Mckinnon and Zolensky, 2003). Different types of carbonaceous 

chondrites (CI, CM, CV etc.) represent different levels of aqueous alteration and/or thermal 

alteration. Therefore, throughout the lifetime of Enceladus the interior may be best represented 

by different carbonaceous chondrite types depending on the degree of aqueous alteration.  

Modelling carried out by Schubert et al., (2007) indicates it is likely that Enceladus experienced 

differentiation from a rock-ice homogenous mixture early in its evolution, to produce an ice-ocean-

silicate structure. The melting of ice was caused by radiogenic decay of radionuclides present in the 

accreted silicate material (see Chapter 1, Section 1.9.2). This provides support to suggestions that 

water-rock interactions have occurred continuously on Enceladus over long periods of time, 

potentially since a few million years after its formation (Schubert et al., 2007). Therefore, depending 

what point in time within Enceladus’ history is of interest, different carbonaceous chondrites would 

be applicable based on the varying degree of aqueous alteration. 

Carbonaceous chondrites are a group of primitive silicate meteorites that contain up to 3% carbon 

(Kerridge, 1985; Pearson et al., 2006). They are predominantly composed of olivine and pyroxene, 

set within a fine-grained matrix containing sulfates, sulfides, carbonates and phyllosilicate minerals 

(Zolensky et al., 1993; King et al., 2015), where serpentine can make up 60-80 wt.% of the chondrite 

content (King et al., 2015). This predominance of phyllosilicates is attributable to the aqueous 

processing of anhydrous minerals (e.g., olivine) by serpentinization on the parent body asteroids 

(McSween, 1979a; Tomeoka and Buseck, 1985). Enceladus is likely to also be dominated by silicate-

based minerals, based on the detections of SiO2 by Cassini (Hsu et al., 2015). Owing to the detection 

of hydrogen gas in the plumes of Enceladus (Waite et al., 2017) and the likely on-going 

hydrothermal activity (Hsu et al., 2015), it is postulated that serpentinisation reactions are occurring 

today (Sekine et al., 2015). This suggests that both olivine and serpentine are present in the silicate 

interior of Enceladus. Furthermore, carbonates are likely to be present in the interior of Enceladus 
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based on the detection of NaHCO3 and/or Na2CO3 by Cassini (Postberg et al., 2008), which are also 

found in carbonaceous chondrites (Zolensky et al., 1993; King et al., 2015).  

Carbonaceous chondrites also contain organic species, including short chain volatile hydrocarbons 

(e.g., methane, propane and ethane), longer chain alkanes (< n-C26), carboxylic acids (e.g., propionic 

acid, valeric acid) and amino acids (e.g., glycine, glutamic acid, aspartic acid) (Yueo et al., 1984; 

Ehrenfreund et al., 2001; Sephton, 2002; Martins, 2011). However, the organic fraction is 

dominated (up to 75%) by high molecular weight macromolecular material (Hayes, 1967; Sephton, 

2002). Some of these organic species, including longer chain alkanes (up to ~C14) (Frank Postberg 

et al., 2018), volatile hydrocarbons (e.g., methane) (Waite Jr et al., 2009) and complex 

macromolecular organics (with an atomic mass greater than 200 amu) (Frank Postberg et al., 2018), 

have been detected in the plumes of Enceladus, likely having originated from the silicate interior 

when liberated from silicate or produced through aqueous reactions on the ocean floor. The 

detection of molecular nitrogen and ammonia in the plumes (Waite Jr et al., 2009) could also be 

attributed to the liberation or production of these molecules during aqueous reactions involving 

amines/amino acids from a carbonaceous chondrite-like silicate (Cronin, Cooper and Pizzarello, 

1995; Sephton et al., 2003).  

Carbonaceous chondrites have a wide range of densities, from 2.4 to 5.6 g cm-3 (Macke, 

Consolmagno and Britt, 2011), with hydrated chondrites typically having a density of less than 3.0 

g cm-3 (Flynn, Moore and Klöck, 1999). The mean density of Enceladus was calculated to be 1.609 g 

cm-3 (Hemingway et al., 2018). Based on the assumption that the solid interior of Enceladus is 190 

km in radius (Hemingway et al., 2018) and is surrounded by layers of liquid and solid water with a 

density of 1 g cm-3, the density for the silicate interior of Enceladus was thus approximated to be 

2.4 g cm-3 (Hemingway et al., 2018). Based on these measurements it is likely the silicate interior is 

an unconsolidated body (Glein, Baross and Waite, 2015; Roberts, 2015), which could contain water 

within the silicate phase (Hemingway et al., 2018), again supporting a hydrated carbonaceous 

chondrite-like silicate interior.  

Based on the factors described above, carbonaceous chondrites may be a suitable analogue for the 

Enceladus silicate interior. However, it is necessary to evaluate different types of carbonaceous 

chondrite to determine which composition is most appropriate to use as an analogue.  

3.1.3 Specifying a Carbonaceous Chondrite 

Although carbonaceous chondrites are classed a single group of meteorites, their chemical 

composition and physical properties vary substantially as most have been subject to some degree 

of alteration, affecting their composition and mineralogy. The CI, CM and CR type chondrites have 

undergone mainly aqueous alteration (Scott and Krot, 2013); the CO, CV and CK chondrites have 

predominantly undergone thermal alteration (Scott and Krot, 2013). Aqueous alteration often leads 
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to the production of hydrous minerals and a change in oxidation states of various elements. 

Carbonaceous chondrites that display evidence of alteration are more likely to be representative of 

the interior of Enceladus, given the likely formation of Enceladus and the evidence for water-rock 

interactions occurring today (Hsu et al., 2015). CI and CM carbonaceous chondrites are the most 

aqueously altered as they contain the largest proportion of aqueously generated minerals and 

water in their silicate (Sephton, 2002); however, even these two groups are markedly different. CIs 

and CMs are compared to what is known about Enceladus in the following sections, to determine 

which is better suited for the simulant design.  

3.1.3.1 Chemical and Mineralogical Comparison  

CI chondrites have elemental abundance ratios equivalent to the solar photosphere (Anders and 

Grevesse, 1989; Katharina, 2003; Schultz and Lipschutz, 2007), with the exception of the most 

volatile elements, especially hydrogen, carbon and nitrogen (Bland et al., 2005). CI chondrites are 

predominantly composed of fine grained, poorly crystalline minerals including phyllosilicates (with 

compositions between serpentine and saponite), olivine, (Tomeoka and Buseck, 1985; Zolensky et 

al., 1993; Endreß and Bischoff, 1996; King et al., 2015), iron oxides (e.g., magnetite, ferrihydrite), 

pyroxene, sulfides (pyrrhotite, pentlandite) , carbonates, and sulfate (epsomite and gypsum) 

(Tomeoka and Buseck, 1985; Zolensky et al., 1993; Scott and Krot, 2013; King et al., 2015). Much of 

this mineralogy is the product of aqueous processing on the asteroidal parent body. The 

phyllosilicates, and specifically serpentine, can make up 60-80 % of the content (King et al., 2015).  

In contrast to the CI chondrites, CM chondrites are depleted in carbon, hydrogen and nitrogen 

relative solar abundance (Katharina, 2003). CM chondrites are composed of anhydrous silicate 

clasts, chondrules and calcium-aluminium rich inclusions (King, Schofield and Russell, 2017) that are 

the products of pre-accretionary processes. These are set within a complex mineral matrix 

consisting mainly of phyllosilicates (serpentine, smectite, micas, chlorites, tochilinite) and lesser 

amounts of carbonates, sulfides, oxides, hydroxides, alkali halides, and organic matter (Buseck and 

Xin Hua, 1993). Relative to CI chondrites, the CMs are depleted in saponite and ferrihydrite 

(Tomeoka and Buseck, 1985).  

Whilst little is known about the mineral assemblage of Enceladus, certain assumptions have been 

made about the interior that will help determine if a CI or CM chondrite would be a better chemical 

match to use as an analogue. Firstly, the elements carbon, nitrogen, and hydrogen are anticipated 

to be present in the silicate interior of Enceladus as they have all been detected in the plumes 

(Postberg et al., 2008; Waite Jr et al., 2009; Frank Postberg et al., 2018). The detection of these 

elements suggests that they could be present at a high relative abundance with respect to other 

ions and elements. However, it is important to note the total abundance of these elements cannot 

be quantified based on the CDA data from Cassini and should be viewed as a qualitative rather than 



 57 

quantitative assessment. As the interior of Enceladus is anticipated to be of protosolar composition, 

and the composition of a CI chondrite is representative of solar abundances, the CI chondrites could 

be considered the best fit for an analogue for Enceladus.  

3.1.3.2 Aqueous Alteration and Porosity Comparison  

CI chondrites contain up to 20% water (Guaita, 2012) within their constituent minerals, including 

aqueously-generated minerals such as phyllosilicates. CM chondrites are less aqueously altered 

with respect to the CI chondrite, containing approximately 10% water, indicating that they have 

only experienced partial aqueous alteration of the original anhydrous mineralogy (McSween, 

1979a; Tomeoka and Buseck, 1985; Zolensky et al., 1997). The interior of Enceladus has been 

hypothesised to be an unconsolidated body with a porous interior with a water content of up to 

30% in the silicates (Choblet et al., 2017). The duration of water-rock interactions on Enceladus is 

unknown; however, based on the current on-going hydrothermal activity on Enceladus (Hsu et al., 

2015), it could be expected that the minerals will have been extensively aqueously altered, 

potentially over a long period of time (since a few million years after accretion). CI chondrites have 

a porosity of up to 35% (Macke, Consolmagno and Britt, 2011) whereas CMs display a range of 

porosities from 9-26% (Macke, Consolmagno and Britt, 2011). Based on the water content and 

porosity, CI chondrites would align better with what is known about the interior of Enceladus, with 

more aqueous processing and higher porosity.  

3.1.3.3 Thermal Processing Comparison  

CI chondrites have undergone the least amount of thermal processing and have only been exposed 

to temperatures of 50 to 150°C (Bourcier, Livermore and Zolensky, 1992). In comparison, CM 

chondrites may have been heated up to 400 °C (Zolensky et al., 1993). There is no information on 

the temperature that the silicate material of Enceladus may have experienced before accretion 

into/onto the satellite, but it is anticipated for a modern-day Enceladus, in areas of hydrothermal 

activity, that the temperatures, either within the silicate interior or on the ocean floor, would 

exceed 90 °C (Hsu et al., 2015), with cooler temperatures outside hydrothermal regions. Currently, 

there is no defined upper limit on the temperature for either the silicate interior of Enceladus or 

the ocean floor. Therefore, based on thermal alteration, either chondrite may be suitable.  

3.1.3.4 Density Comparison  

Finally, the measured density of CI chondrites, 2.42 g cm-3 (Macke, Consolmagno and Britt, 2011), 

is similar to the estimated density of 2.4 g cm-3 for the interior of Enceladus (Hemingway et al., 

2018). The measured grain density for Murchison, a CM2 meteorite, ranged from 2.87 to 3.05 g cm-

3 (Macke, Consolmagno and Britt, 2011), making it denser than Enceladus and a less ideal 

comparator.  
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3.1.4 CI Chondrite Selection  

Based on what is known about the chemical composition, aqueous alteration, porosity, and density 

of Enceladus, a CI chondrite was determined to be a more suitable analogue than a CM chondrite. 

CI carbonaceous chondrites show extensive aqueous alteration of minerals, and the dominance of 

serpentine and olivine, and evidence of serpentinisation reactions agrees with our current 

understanding of the interior of Enceladus. CI chondrites contains up to 20% water (Guaita, 2012), 

the highest water abundance of all carbonaceous chondrites. This aligns with the aqueous 

processing that is anticipated to be occurring on Enceladus and, coupled with the similarity in both 

porosity and grain density between Enceladus and CI chondrites, provides further support for the 

use of Cl chondrites as an analogue. Furthermore, the interior of Enceladus was initially anticipated 

to be similar to the protosolar abundance, and CI chondrites are the most pristine form of meteorite 

in terms of solar abundances.  

Throughout this project the simulant designed in this chapter was used to carry out water-rock 

interactions. It could be argued that a better starting material for the initial silicate interior of 

Enceladus would be an unprocessed material, rather than one that has already experienced 

aqueous alteration. However, the extent of aqueous alteration of the silicate before accretion is 

unknown; if it accreted chondritic material, it may have already undergone some aqueous 

alteration. There is also only limited data on the interior of Enceladus, therefore, this simulant has 

been designed based on the only data available. The CI chondrite chosen also aligns best with what 

is anticipated in terms of chemical composition, density, and porosity, as well as the extent of 

aqueous alteration, which may have changed throughout the lifespan of Enceladus.   

3.2 Silicate Simulant Design  

3.2.1 Practical Requirements for Simulant Development 

Based on the discussion above, the novel simulant is required to be chemically similar to that of a 

CI chondrite. Ideally, experimentation would be conducted with a CI chondrite. However, owing to 

their rarity, cost, and the large quantity that would be required for thorough experimentation 

(approximately 20 kg of simulant was calculated to be required for the original (pre-COVID) 

laboratory experimental plan), a simulant was needed. 

This mass of simulant needed for the proposed experimentation put additional constraints on its 

design: the constituent materials needed to be readily available in large quantities and at a feasible 

cost, and they needed to be safe to handle (e.g., when crushing or processing). Hence, there was a 

trade-off to be established between appropriateness of the constituents, availability, cost and 

safety.  
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3.2.2 Average CI Chemistry  

To date, there have been 10 CI carbonaceous chondrites identified: five falls (Orgueil, Alais, Ivuna, 

Tonk, Revelstoke) and five Antarctica finds (Yamato 82162, 86029, 86737, 980115 and 980134). All 

the falls were collected shortly after observation of the fall and are thought to have minimal 

terrestrial contamination or alteration. However, both Tonk and Revelstoke are small samples (7.7 

and 1 gram respectively) (Meteoritical Bulletin Databse, 2021), and in comparison, have not been 

studied in depth. Further, the Antarctica samples may have been compromised by terrestrial 

contamination and processes which may have occurred in the time between their fall and eventual 

collection. Thus, the chemical composition for the design of the simulant was an average of the 

three most widely studied falls: Ivuna, Orgueil and Alais.  

Of these three chondrites, Orgueil is the most widely studied. However, there is strong evidence to 

suggest that it also experienced some terrestrial contamination, including of organic species 

(Watson et al., 2003), raising concerns over the reliability of the data. Contamination of CI 

chondrites can occur readily owing to the porosity of the meteorites, allowing for external material 

to contaminate the meteorite, and for a greater surface area of material exposed to the terrestrial 

atmosphere (Gounelle and Zolensky, 2001). This can lead to reactions between the meteorite and 

the terrestrial atmosphere, resulting in the growth of features such as sulfate veins (Gounelle and 

Zolensky, 2001). Epsomite and gypsum have been detected in Orgueil and Alais (Nagy, Claus and 

Hennessy, 1962; Endress and Bischoff, 1993) and other calcium, magnesium, or iron sulfates have 

been detected in the remaining CI chondrites (Mason, 1963; Endreß and Bischoff, 1994). Re-

exmination of the data obtained from analysis of the CI chondrites in the 1800’s indicated a lack of 

sulfate veins, but when subjected to modern analysis techniques, evidence of alteration was found 

(Gounelle and Zolensky, 2001). Although some of the sulfate was indigneous to the CI chondrite, 

the proportion of sulfate present had increased overtime.  

As the information obtained for Orgueil may not be a true representation of the actual meteorite’s 

characteristics, a generalised composition for the CI chondrite has been sought by considering Alais 

and Ivuna. Despite these limitations, and the unknown extent of terrestrial contamination, these 

meterorites represent the most pristine material possible for determination of the simulant 

composition.  

Compositional data for Orgueil, Alais and Ivuna were obtained from published literature (McSween 

and Richardson, 1977; Jarosewich, 1990; Zolensky et al., 1993) and collated to minimise any bias in 

the data based on analytical method originally used, and to determine an average CI chondrite 

composition. This required a methodology to combine data as its presentation across publications 

was not consistent. For example, data were presented as oxides, sulfides, or elemental 

compositions. To address these inconsistencies, the elemental weight percentages were calculated 
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by converting the compound weight percentages into mole values. Then, the respective total moles 

of the constituent elements were ascertained and converted back into a weight percentage value 

(Table 3.1).  

After calculating the elemental compositions for each individual CI carbonaceous chondrite, a mean 

composition was subsequently calculated for the CI class (Table 3.1). The relative oxide 

concentrations were then calculated (Table 3.2) by converting the mean CI elemental weight 

percentages into molar values. The respective oxide mole concentrations could therefore be 

determined and then recalculated as oxide weight percent (the tables for these calculations can be 

found in the Appendix 2. 

Most elements convert into just one oxide complex as the element has just one dominant oxidation 

state. However, iron can be in both a +2 and a +3 oxidation state, corresponding to FeO and Fe2O3. 

Both oxidation states have been detected in carbonaceous chondrites (Beck et al., 2012; Hopp and 

Vollmer, 2018). In Orgueil, the iron oxides were present in the proportions 10.1% FeO and 11.3% 

Fe2O3 (Kerridge, 1976). These proportions were used to calculate the desired ratio between Fe2+ 

and Fe3+ for the simulant by converting the relative proportions of iron oxides into molar values 

using their respective molecular masses. The iron ion mole percentages were then calculated from 

the oxide components, which showed that there is an approximate 50/50 split in the total iron 

concentration between FeO and Fe2O3. Therefore the 50/50 split was applied to the calculation for 

the simulant. The total weight percentage of iron for the simulant (16.27 wt.%, Table 3.1), was 

converted into moles (0.291 moles), and this was proportionally split 50:50 into FeO and Fe2O3 

resulting in 10.46% FeO and 11.63% Fe2O3. 
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Element Orgueil (wt.%) Ivuna (wt.%) Alais (wt.%) Average CI 
Composition 

(wt.%) 

Jarosewich 
1990 

McSween and 
Richardson 1977 

Zolensky et 
al., 1993 

Zolensky et 
al., 1993 

McSween and 
Richardson 1977 

Zolensky et 
al., 1993 

McSween and 
Richardson 1977 

Mean Std 
Dev 

Si 10.607 13.884 15.422 13.052 12.622 12.383 13.510 13.068 1.369 

Fe 18.844 14.069 17.163 15.601 14.303 18.477 15.469 16.275 1.777 

S 3.312 2.912 1.390 2.110 1.458 1.850 1.626 2.094 0.690 

Mg 9.571 11.639 11.935 9.890 9.649 11.296 11.277 10.751 0.934 

Al 0.900 1.222 1.360 1.170 1.486 0.963 0.847 1.135 0.224 

Cr 0.219 0.288 0.397 0.390 0.260 1.020 0.315 0.413 0.255 

Na 0.564 0.260 0.037 0.045 0.059 1.083 0.178 0.318 0.356 

K 0.050 0.124 0.016 0.042 0.506 0.307 0.124 0.167 0.165 

P 0.039 0.000 0.035 0.031 0.000 0.057 0.000 0.040 0.010 

Ti 0.042 0.018 0.048 0.048 0.036 0.062 0.042 0.042 0.012 

Ca 0.972 0.114 0.207 0.121 0.357 0.007 0.250 0.290 0.297 

Mn 0.163 0.021 0.202 0.132 0.062 0.225 0.132 0.134 0.067 

Ni 0.000 1.288 2.184 2.177 0.951 1.407 1.422 1.572 0.458 

Table 3.1 Published elemental data for the Orgueil, Ivuna and Alais meteorites, and the calculated average elemental CI composition which was used to determine the oxide 
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Table 3.2 The average oxide weight percentages in a CI carbonaceous chondrite, calculated from the data from the Ivuna, 
Alais and Orgueil meteorites using the data in Table 3.1. This composition was then used in the simulant design 

 

 

 

 

 

 

 

 

3.2.3 Theoretical Simulant Mineralogy 

The average CI chemistry presented as oxides in Table 3.2 represents the ideal chemistry desired 

for the simulant. It is important to note here that the average CI chemistry presented in Table 3.2 

totals approximately 80%, the remaining 20% is predominantly water and organic phases which are 

not accommodated in the simulant.  

Numerous minerals have been detected in CI chondrites (see below) and therefore, with the aim of 

creating as authentic a simulant as possible, the minerals selected for the simulant were those 

detected in all three of the CI chondrites used to calculate the composition (see Section 3.1.3 for a 

brief summary of minerals identified in CI chondrites). However, achieving the target chemistry was 

more critical than achieving the target mineralogy, as the objective is a chemical simulant not a 

mineralogical one. Using the ‘ideal’ generalised chemical composition of each of these minerals (if 

100% pure), the required proportions of each mineral were determined, aiming for the chemical 

composition given in Table 3.2. This was carried out through trial-and-error, where the initial 

percentages used were based on literature values, and then modified to achieve the best fit to the 

target chemical composition.  

3.2.3.1 Mineral selection 

The simulant was designed as a chemical simulant, rather than a mineralogical one, as the focus of 

this project is on chemical processes occurring the subsurface of Enceladus. However, this may lead 

to differences in physical properties and dissolution rates from using a mineralogical simulant. To 

compensate for this, where possible minerals were selected that have previously been detected in 

CI chondrites and where this was not possible, they were substituted with minerals within the same 

mineral group to try to minimise any differences in physical properties. 

Average CI Composition  

Oxide  Wt %  Oxide  Wt %  

SiO2  27.96  MgO  17.83  

Fe2O3  11.63  FeO  10.47  

SO3  5.23  Al2O3  2.15  

NiO  1.57  Cr2O3  0.60  

Na2O  0.43  CaO  0.41  

K2O  0.20  MnO  0.17  

P2O5  0.09  TiO2  0.07  
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The full range of minerals detected in CI chondrites includes serpentine, olivine, magnetite, 

saponite, pyrrhotite, pentlandite, pyroxene, ferrihydrite, chlorite, epsomite, gypsum, dolomite, 

calcite and bruennerite (Scott and Krot, 2013; King et al., 2015). This section outlines the rationale 

for the minerals used in development of the novel simulant. 

Phyllosilicates are major minerals in carbonaceous chondrites (Zolensky et al., 1993), where 

serpentine is often the dominant mineral, and SiO2 has been detected by Cassini, which suggests 

that  the interior of Enceladus is dominated by silicate minerals which are likely to have been altered 

to phyllosilicates. This could imply that serpentine (Mg3Si2O5(OH)4) is present in Enceladus (Hsu et 

al., 2015; Sekine et al., 2015). However, in a CI chondrite, most of the olivine ((Mg2+, Fe2+)2SiO4) has 

already undergone serpentinisation to serpentine (King et al., 2015); this is not necessarily the case 

for Enceladus.  

Ongoing hydrothermal activity on Enceladus (Hsu et al., 2015) suggests that it is not likely that 

water-rock reactions have reached completion and the proportion of olivine still present in the 

silicate interior could be higher than that of CI chondrites. However, the extent of aqueous 

alteration is not known. Taking this into consideration, the relative proportion of serpentine 

compared to that of a CI chondrite was reduced for the simulant and the weight percentage of 

olivine was increased, with a desired ratio of serpentine to olivine of 55:45.  

Another phyllosilicate, saponite (Ca0.25(Mg,Fe)3((Si,Al)4O10)(OH)2·nH2O) has also been detected in CI 

chondrites (Tomeoka and Buseck, 1985; Scott and Krot, 2013; King et al., 2015). However, this could 

not be sourced because of its high cost per weight. Other phyllosilicate substitutes were also 

unavailable, either because of cost or because their grain size was too small (see section 3.3.4 

regarding physical requirment of the simulant). 

In CI chondrites, olivine has a 9:1 ratio of forsterite (Mg2SiO4) to fayalite (Fe2SiO4) (Reid et al., 1970). 

To replicate this ratio for the simulant, a low-iron endmember of olivine was used. The precise 

chemical composition of the olivine, and the forsterite to fayalite ratio, were obtained through 

subsequent analysis (see Section 3.3.2).  

SiO2 is the major oxide in all carbonaceous chondrites, and likely to be the major oxide present in 

the interior of Enceladus. Its proportion in CI chondrites could not be replicated in the simulant 

using only olivine and serpentine, as it was not desirable to increase the olivine or serpentine 

further as this would inadvertently increase the proportion of the minor oxides. To overcome this 

drawback, quartz (SiO2) was added. A low concentration of talc (Mg3Si4O10(OH)2) was added to 

supply extra SiO2 and MgO.  
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Pyroxenes have been detected in CI carbonaceous chondrites (Scott and Krot, 2013; King et al., 

2015). For this simulant, diopside (MgCaSi₂O₆) was chosen as the most appropriate pyroxene, as 

this has been specifically detected in previous samples of CI chondrites (McSween, 1979a).  

Sulfur has not been detected in the plumes of Enceladus (Waite et al., 2017), however the presence 

of sulfur in the ocean of Enceladus is anticipated. Gypsum (CaSO4.2H2O) and epsomite 

(MgSO₄·7H₂O) have been detected within CI carbonaceous chondrites (Nagy, Claus and Hennessy, 

1962; Endress and Bischoff, 1993). Whilst some of the sulfate detected in CI chondrites may have 

originated from terrestrial contamination, research suggests sulfate is likely to also be indigenous 

(Mason, 1963; Endreß and Bischoff, 1994). To account for this, 1% sulfate was initially added to the 

simulant. The non-hydrated form of calcium sulfate, anhydrite (CaSO4) was used because it was 

readily sourced. For experimental purposes, when anhydrite reacts with the subsurface ocean fluid, 

it readily turns into gypsum. This had the added benefit of resolving the issue of not being able to 

source gypsum directly presuming the conversion happens fully in the timescale of the experiment. 

Pentlandite ((Fe,Ni)9S8) has also been detected in CI chondrites (Zolensky et al., 1993), however this 

could not be sourced. Pyrite (FeS2) was chosen as a replacement as this is also an iron sulfide mineral 

and sulfides are abundant in hydrothermal systems on Earth, so it is plausible that sulfides may also 

be present on the ocean floor of Enceladus. Taking into account that sulfides are more abundant 

than sulfates in CI chondrites, but sulfur has not been detected in the plumes of Enceladus, only a 

low percentage of sulfide was initially used for the simulant composition (< 5 wt.%).  

Finally, magnetite (Fe3O4) has been widely detected in CI carbonaceous chondrites (Tomeoka and 

Buseck, 1985; Scott and Krot, 2013; King et al., 2015). It was readily acquired and used as an iron 

source for the simulant.  

Carbon is present in CI chondrites in both organic and inorganic forms (Grady et al., 2002; Huss, 

Rubin and Grossman, 2006; Weisberg, McCoy and Krot, 2006). For experimental and modelling 

purposes, the simulant only required inorganic carbon, which is predominantly present in CI 

chondrites as carbonates. Carbon dioxide was detected in the plumes by the INMS (Waite Jr et al., 

2009) and carbonates were detected by the CDA in the ice grains (Postberg et al., 2009). This leads 

to the assumption that carbonates are most likely present within the silicate interior, however, their 

exact composition is unknown. In CI chondrites, the predominant carbonates are dolomite 

(CaMg(CO3)2), calcite (CaCO3) and bruennerite (Mg,Fe)CO3) (Nagy, Claus and Hennessy, 1962; 

Endress, Zinnert and Bischoff, 1996). These account for typically 0.05-0.6 wt.% carbon (Grady et al., 

2002) in each sample. In studies of CI chondrite carbonate grains, dolomite and bruennerite showed 

large compositional variability but calcite was almost pure, present at over 99% CaCO3 (Endress, 

Zinnert and Bischoff, 1996). The relative proportion of each of these carbonate grains were 

calculated, with dolomite accounting for 85% of the grains, bruennerite, 14% and calcite 1%.  
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The percentages used for each of these carbonate minerals were calculated based on the work by 

Alexander et al. (1998) and Endreβ and Bischoff (1996). Alexander et al. (1998) suggests 3% of 

carbon present in carbonaceous chondrites is from an inorganic source. If this ratio is applied to Cl 

chondrites that have up to 5 wt.% carbon (Kerridge, 1985), we can assume the inorganic component 

of the carbon is 0.15 wt.%. Owing to the limited availability of bruennerite ((Mg,Fe)CO3), magnesite 

(MgCO3) was used instead. Using the relative abundances of carbonates presented in Endreß and 

Bischoff (1996), the carbon content of each of calcite, dolomite and magnesite were calculated so 

the total carbon content across all three minerals equalled 0.15 wt % of the simulant mass. This 

resulted in the abundances of 1% dolomite, 0.15% magnesite and 0.02% calcite.  

Other inorganic carbon phases are found in CI chondrites in the form of nanodiamonds, silicon 

carbide and graphite but in very low abundances. Since these are inert, they were not considered 

further with regards the simulant design. 

In summary, the minerals used to create the simulant were: serpentine (27.5 %), olivine (22.5%), 

magnetite (20%), diopside (5%), quartz (3%), pyrite (3%), talc (3%) and anhydrite (1%). The 

carbonates chosen were dolomite (1%), magnesite (0.15%), and calcite (0.02%). The total chemical 

composition of this mineral assemblage comes to approximately 80% to match the chemical 

composition in Table 3.2, because a CI chondrite is composed of approximately 20% water.  

3.3 Developing the Simulant 

3.3.1 Components 

The components for the simulant were initially purchased in small hand sample quantities to 

analyse their purity. They were later bulk ordered when the mass required was known. Each sample 

mineral was purchased from reputable sources, most from Geology Superstore. The serpentine was 

acquired from The Open University rock store and had been initially collected from the Oman 

region. The olivine was bulk ordered (25 kg) from Scangrit. Appendix 2 gives further details on the 

geological origin of each mineral.  

3.3.2 Characterisation of Initial Components 

To determine the purity and exact composition of the sample minerals, and in order to establish 

the quantities required for the final simulant, each sample was characterized using Scanning 

Electron Microscope (SEM), Electron Microprobe (EPMA), X-ray Diffraction (XRD) and Raman 

spectroscopy (Chapter 2, Section 2.4 for the details of each analytical technique). Preparation of 

the samples is detailed in Chapter 2. The samples for the SEM, EPMA and Raman were set in 

polished epoxy blocks and for SEM and EPMA these were also carbon coated as described in 

Chapter 2.  
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In the following sections, the characterization of olivine using these four analytical techniques is 

described as an example of the methodology used for all minerals. The results from the analysis of 

each mineral can be found in the appendix.  

3.3.2.1 Scanning Electron Microscope Results  

SEM analysis was carried out using a Quanta 2003D Electron Microscope fitted with Oxford 

instruments X-ray detector at The Open University, see Chapter 2, Section 2.4.1 for instrument 

details. The primary purpose of the SEM-EDS analysis was to produce a large-scale elemental map 

of each sample to ascertain any compositional heterogeneity, and to identify any possible 

contamination or unwanted phases.  

Figure 3.1 shows the backscattered electron image of the olivine sample, and Figure 3.2 shows 

individual elemental maps for the same region. These elemental maps were combined in the INCA 

software to identify where elements might be coincident within individual mineral phases. As 

hoped, Figure 3.1 shows that the sample of olivine is almost entirely homogenous, with only minor 

accessory phases. Figure 3.2A and F, demonstrates the presence of magnesium and silica, 

respectively, throughout the sample. This corresponds to the forsterite endmember of olivine. 

Figure 3.2B, E, G confirms the presence of chromium, iron and manganese, which is limited to only 

the small bright areas seen on Figure 3.1, which is likely an accessory phase. Table 3.3 provides a 

bulk chemistry of the sample region obtained through EDS map spectra, with MgO and SiO2 

accounting for 45.77% and 43.75% respectively, and FeO the next major constituent making up 

6.69%.  

This data confirm that the olivine acquired is homogenous with a composition towards the 

magnesium endmember, forsterite, with a much lower concentration of the iron endmember, 

fayalite. The ratio of MgO to FeO would suggest that the forsterite to fayalite ratio is 88% to 12%. 

It incorporates minor only trace oxides (<2 wt oxide %), such as Cr2O3. Therefore, the olivine was 

considered pure enough to use for the simulant.  
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Figure 3.1 A back scattered electron map for olivine. Lighter colours represent the elements with a heavier mass than 
elements represented by darker colours  
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Table 3.3 The compositional data for the olivine sample that was analysed through SEM-EDS, importantly showing the 
compound oxide weight percentages 

Element Weight % Atomic % Compound % Formula 

Mg 27.61 24.01 45.77 MgO 

Si 20.45 15.40 43.75 SiO2 

S 0.03 0.02 0.07 SO3 

Cl 0.96 0.57 0.00  

K 0.04 0.02 0.05 K2O 

Ca 0.15 0.08 0.21 CaO 

Cr 0.32 0.13 0.46 Cr2O3 

Mn 0.08 0.03 0.11 MnO 

Fe 5.20 1.97 6.69 FeO 

Ni 0.29 0.10 0.36 NiO 

Br 1.57 0.42 0.00  

O 43.31 57.25   

Totals 100.00    

 

Ca Cr 

Fe K 

Mg 

Si 

Mn 

A B C 

D E F 

G 

Figure 3.2 Elemental maps produced through EDS analysis for the olivine sample in Figure 3.1. (A-G) Lighter grains show 
where the elements indicated in the right-hand bottom corner of the image are present. The results show that magnesium 
and silica dominate the olivine sample 
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The results from the SEM analysis of the other constituent minerals demonstrate that they were all 

homogenous samples with minimal contamination or unwanted phases and were appropriate for 

the manufacturing of the simulant. These results are provided in Appendix 2.  

3.3.2.2 Electron Microprobe (EPMA) Results 

Following the SEM analysis, each of the samples were analysed using the Cameca SX100 Electron 

Microprobe at The Open University. This provides a better quantitative analysis than the SEM on 

the composition of different mineral phases within a sample. The method for using the EPMA can 

be found in Chapter 2, Section 2.4.2.  

For this technique a minimum of 25 spot analyses on each mineral were taken in order to gather 

an average chemical composition and identify any trace phases. Sites of interest were based on the 

SEM maps, which also aided data comparison. To demonstrate the EPMA results, the results for 

olivine are shown on Table 3.4; results for the remaining minerals can be found in the Appendix, 2.  

The olivine sample is 51% MgO, 41% SiO2 and 7% FeO. The ratio of MgO to FeO would suggest that 

the forsterite to fayalite ratio is 88:12, which agrees with the SEM data. The compositional data, 

with a total oxide content less than 99% (Table 3.4), showed high concentrations of SiO2, MgO, and 

FeO meaning these oxides were homogenous across the sample. There was also evidence of some 

aluminium-rich inclusions, but these were at sufficiently low abundances that they would not 

change the average aluminium concentration of the simulant. It could therefore be confirmed that 

any impurities in the olivine sample were at a low enough concentration to not greatly affect the 

overall simulant composition and the olivine could therefore be used in the manufacture of the 

simulant. 
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Oxide Na2O MgO CaO MnO FeO NiO Al2O3 Cr2O3 SiO2 TiO2 P2O5 SO3 Total 

Wt % B.D 51.41 0.01 0.11 7.08 0.39 B.D B.D 41.91 B.D 0.02 B.D 100.92 

B.D 51.36 B.D 0.10 7.03 0.40 B.D B.D 41.77 0.01 B.D 0.03 100.70 

B.D 51.68 B.D 0.10 7.15 0.33 B.D B.D 41.94 B.D B.D 0.01 101.21 

B.D 51.11 0.01 0.09 7.01 0.37 0.07 0.01 41.86 0.03 B.D 0.01 100.55 

B.D 51.45 B.D 0.10 6.39 0.34 B.D B.D 41.58 0.01 0.03 B.D 99.89 

B.D 51.64 0.01 0.11 6.28 0.38 B.D B.D 41.57 B.D B.D B.D 99.99 

B.D 51.89 B.D 0.11 6.87 0.38 B.D B.D 41.99 B.D B.D B.D 101.21 

B.D 51.75 B.D 0.10 6.55 0.36 B.D B.D 41.68 B.D B.D 0.02 100.47 

B.D 51.98 0.01 0.09 6.37 0.41 B.D B.D 41.84 B.D 0.01 B.D 100.70 

B.D 51.41 B.D 0.09 6.32 0.33 B.D B.D 41.71 B.D B.D 0.08 99.94 

B.D 51.13 0.01 0.08 6.16 0.39 B.D 0.01 41.16 B.D B.D B.D 98.94 

B.D 33.63 0.03 0.01 2.19 0.22 14.31 3.28 32.93 0.01 B.D 0.06 86.66 

0.02 51.48 0.01 0.10 6.47 0.38 B.D B.D 41.47 B.D 0.02 0.02 99.97 

B.D 51.44 B.D 0.08 6.61 0.38 B.D B.D 41.54 B.D B.D B.D 100.06 

B.D 51.44 0.01 0.10 6.60 0.38 B.D B.D 41.92 0.02 0.02 0.01 100.50 

B.D 51.56 0.02 0.10 6.43 0.36 B.D B.D 41.63 0.01 B.D B.D 100.09 

0.03 52.01 0.01 0.08 6.70 0.39 0.01 0.01 41.97 B.D 0.02 B.D 101.22 

B.D 51.68 B.D 0.09 6.51 0.39 B.D B.D 41.87 0.02 B.D B.D 100.56 

0.03 51.93 0.01 0.08 6.05 0.36 B.D B.D 41.68 B.D B.D 0.01 100.16 

B.D 51.10 B.D 0.09 6.63 0.36 B.D 0.01 41.42 B.D 0.01 0.02 99.64 

B.D 51.34 0.01 0.08 6.81 0.35 B.D B.D 41.59 B.D B.D B.D 100.17 

B.D 37.28 0.03 0.08 5.01 0.05 0.13 0.05 38.50 B.D B.D 0.24 81.43 

0.01 51.17 B.D 0.08 6.73 0.37 B.D 0.01 41.28 0.02 B.D 0.04 99.72 

0.01 51.65 0.01 0.09 6.47 0.39 B.D B.D 41.84 B.D B.D 0.02 100.48 

B.D 51.45 B.D 0.07 6.63 0.35 B.D B.D 41.78 0.02 0.01 0.01 100.34 

B.D 51.79 0.01 0.09 7.02 0.35 B.D B.D 41.79 0.02 B.D B.D 101.06 

B.D 12.81 B.D 0.42 26.70 0.11 2.78 49.69 4.88 0.13 0.01 0.05 97.86 

B.D 51.52 B.D 0.09 6.99 0.35 B.D B.D 41.54 B.D B.D 0.04 100.53 

B.D 51.76 B.D 0.10 6.78 0.32 B.D B.D 41.56 B.D 0.02 B.D 100.54 

0.01 51.19 B.D 0.09 6.76 0.37 B.D B.D 41.40 B.D B.D 0.02 99.83 

Table 3.4 The oxide weight percentage data obtained by electron microprobe analysis of the olivine sample. Results show the mineral is dominated by silica and magnesium oxides. B.D= 
below detection limit 
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3.3.2.3 Raman Spectroscopy Results  

A Horiba Jobin-Yvon HR800 Raman spectroscope at The Open University was used to confirm the 

chemical composition of minerals determined from SEM and EPMA analysis. Raman spectroscopy 

identifies minerals based on the chemical bonds present in the compounds. The methodology used 

for the Raman analysis can be found in Chapter 2, Section 2.4.3.  

Figure 3.3 is an example of one of ten Raman spectra derived for the olivine sample. The olivine 

spectrum overlays exactly with that of the standard for forsterite rather than fayalite confirming 

the SEM and EMPA results. Each of the ten spectra obtained for the olivine sample were the same, 

suggesting the sample is homogenous, as indicated by SEM and EMPA analysis. Raman spectra for 

the remaining minerals can be found in the Appendix, with all data confirming the identity of all the 

minerals purchased and that they contained no phases that would change the simulant composition 

to any discernable extent. 

 

Figure 3.3 Raman spectra for the San Carlos olivine sample (red) compared to the forsterite and fayalite literature values 
(blue) 

3.3.2.4 X-Ray Diffraction Results  

Finally, all the component minerals were analysed by X-ray diffraction (XRD) at The Open University, 

the details of which can be found in Chapter 2, Section 2.4.4. Figure 3.4 shows the XRD analysis of 

olivine, indicating the similarity between the olivine sample and the XRD spectrum for forsterite 

reported in the Match3! database. Again, this agrees with the data collected by the SEM, EPMA and 

Raman. XRD results for all minerals used in the simulant manufacture can be found in Appendix 2.  

0

500

1000

1500

2000

2500

3000

3500

100 200 300 400 500 600 700 800 900 1000

In
te

n
si

ty

Wavelength, nm 

Olivine Data

Forsterite Literature

Fayalite Literature



 72 

 

Figure 3.4 XRD spectra of the olivine component mineral (blue), showing the strong comparison to the standard XRD 
spectrum for forsterite (red) 

3.3.3 Determining the Ideal Simulant Composition 

Following SEM, EPMA, and Raman analysis of all minerals required for the simulant, the ideal weight 

percentages of each were calculated to best match the required chemical composition, i.e., the 

average CI chondrite composition. Table 3.5 shows the chemical composition of each component 

mineral as determined through the analysis techniques employed above. The average EPMA data 

was predominantly used to inform the chemical composition, as this provided the most in-depth 

chemical analysis. The quantitative analysis from the SEM was used to confirm the veracity of these 

values. XRD and Raman analyses confirmed the identification of the mineral, as multiple minerals 

can have similar chemical compositions and/or different endmembers which the XRD and Raman 

can identify based on chemical structure rather than chemical composition. 

(°) 
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Table 3.5 The chemical composition of each of the component minerals based on the analysis using the electron microprobe. Those total percentages that do not reach 100% are likely to 
contain either water or carbonates 

 
Olivine Magnetite Serpentine Anhydrite Diopside Talc Quartz Apatite Pyrite Magnesite Dolomite Calcite 

Na2O - - - - 2.40 - - 0.09 - - - - 

MgO 51.49 0.05 39.1 0.03 15.60 31.07 - 0.05 - 47.30 17.14 - 

Al2O3 - 0.28 0.48 - 3.00 0.43 - - - - 0.23 - 

SiO2 41.66 - 37.14 - 54.30 63.23 100 0.7 - - - - 

P2O5 - - - 0.02 0.01 - - 39.63 - - - - 

SO3 - 0.02 - 48.30 - 0.02 - 0.7 130.70 - - - 

Cl - - - - - - - - - - - - 

K2O - - - - - - - - - - - - 

CaO - - 0.04 41.70 19.70 - - 54.34 - - 34.89 57.30 

TiO2 - - - - 0.17 - - - - - - - 

Cr2O3 - - 0.17 - 2.00 - - - - - - - 

MnO - 0.20 0.26 - 0.07 - - - - - 0.13 - 

FeO 6.60 29.40 1.50 - 2.40 0.07 - 0.04 56.55 - - - 

Fe2O3 - 65.70 - - - - - - - - - - 

Ni - - 0.20 0.32 - - - - - - - - 

Total 99.75 95.65 78.69 90.05 99.65 94.82 100.00 95.55 187.25 47.30 52.39 57.30 
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The presence of volatiles in the minerals (e.g., water within serpentine) is the most likely reason 

why their compositions do not equal 100% in Table 3.5. Since compositions were calculated as oxide 

weight percentages, pyrite, with a composition of FeS2, has a composition greater than 100%, owing 

to the addition of oxygen into the weight percentage calculations (FeS2 being calculated as FeO and 

2SO3). In contrast, three carbonate minerals (magnesite, dolomite, and calcite) have compositional 

values less than 58%. This is because SEM and EPMA cannot analyse the carbon components in 

these minerals, and the weight contribution of CO3 is therefore missing. As the chemical 

compositional data is incomplete for these minerals, the identity of the carbonates, sulfide, and 

hydrated minerals can be investigated through the use of Raman and XRD, which confirmed the 

presence of magnesite, dolomite, pyrite and calcite.  

Using the data presented in Table 3.5, the proportions for each mineral were calculated to achieve 

the desired oxide ratio corresponding to the average CI carbonaceous chondrite composition 

determined previously (Table 3.2). The relative weight percentages for each mineral are shown in 

Table 3.6. The total of the mineral wt.% was calculated to be approximately 80%, as a CI chondrite 

is approximately 20% water. 

Table 3.6 Relative weight percentages of each mineral that were used to make the simulant. Total wt.% = 80%, as in a CI 
chondrite ~20% mass is water 

Mineral Weight 
Percentage, % 

Serpentine  25 

Olivine 20 

Magnetite 17 

Quartz 5 

Diopside 3 

Talc 3 

Pyrite 3 

Anhydrite 1 

Apatite 1 

Dolomite 1 

Magnesite 0.15 

Calcite 0.02 

 

The relative proportions of each oxide in the simulant for each of the oxides is shown on Table 3.7, 

compared with the desired chemistry determined for an average CI carbonaceous chondrite (Table 

3.7/Figure 3.5). Overall, most abundances show minimal variation when compared to the average 

CI composition desired (Table 3.7/Figure 3.5), with the largest disparity being 2.5 wt.% for 

magnesium oxide because of the high proportions of olivine and serpentine in the simulant. 
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Table 3.7 The comparison in oxide weight percentages between the average CI carbonaceous chondrite composition and 
the chemical composition used for the Enceladus silicate simulant 

Reactant Average CI 
composition 

(wt.%) 

Theoretical 
Simulant 

Composition 
(wt.%) 

SiO2 27.96 26.15 

MgO 17.83 21.73 

Fe2O3 11.63 11.17 

FeO 10.47 8.468 

SO3 5.23 4.48 

Al2O3 2.15 0.27 

NiO 1.57 1.99 

Cr2O3 0.60 0.10 

Na2O 0.43 0.01 

CaO 0.41 1.52 

K2O 0.20 0.00 

MnO 0.17 0.10 

P2O5 0.09 0.40 

 

 

3.3.4 Production Process 

With the required proportions of each of component mineral established, larger samples of each 

were purchased for the simulant manufacture. Each of the minerals were ordered from the same 

source as the samples originally analysed. These minerals were then crushed and combined to 

create the simulant.  

The process for crushing the samples was as follows: 

Figure 3.5 A graphical representation of the difference in the oxide weight percentages from the desired chemical 
composition based upon the mineral input and the chemical composition for the average CI carbonaceous chondrite 
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1. A Cutrock handcrusher was used to make each of the samples a similar size (2 cm x 1 cm). 

These dimensions are the optimal size for samples to be crushed in a Fritsch Pulverisette 

jawcrusher.  

2. The Fritsch Pulverisette jawcrusher was used to crush each of the small mineral specimens 

to a coarse grain size.  

3. Finally, a Fritsch ball mill was used to turn the coarse samples into a fine powder. Each of 

the samples were spun in the ball mill for 15 minutes.  

After crushing, the samples were sieved using a stack of rock sieves with 1 mm, 500 μm, 250 μm 

and 125 μm mesh. The 125-250 μm fraction was selected for the simulant because a smaller grain 

size would provide a greater surface area for reactions in the experiments (Chapter 6), reducing the 

required duration of the experiments. The simulant was mixed by incrementally adding 

approximately 20% of each mineral into a larger clean beaker, which was then shaken until well 

mixed; this was then repeated until 100% of all minerals had been added. Owing to covid delays, 

only a 500 g batch of the final simulant was mixed as it was clear at the point of mixing how many 

experiments could be achieved in the remaining time of the PhD.  

To reduce the possibility of cross-contamination of the components during the manufacturing 

process, all surfaces and equipment used in the crushing process were cleaned before and after use 

using deionised water, isopropanol, and acetone. The solvents ensured that any organic residue 

present on surfaces or instruments would be removed between samples.  

3.4 Final Simulant Chemistry  

After the simulant was mixed in the proportions laid out in Table 3.6, it was analysed to confirm its 

final chemical composition and ensure it was well mixed. The results from this analysis are in the 

following sections.  

To facilitate these analyses, as outlined in Chapter 2 and to correspond to the component mineral 

analysis, the procedure for sample preparation of the simulant was the same as that for the 

minerals: the sample was set in epoxy resin and the surface polished. For the SEM and EPMA the 

epoxy block was carbon coated as described in Chapter 2, Section 2.4.1.  

Two epoxy blocks were made to assess the homogeneity of the simulant and to ensure it had been 

well mixed. If the simulant was well mixed the analysis of both epoxy block’s should be the same. 

3.4.1 Scanning Electron Microscope Analysis 

SEM analysis was carried out using a Quanta 2003D Electron Microscope at The Open University. 

Whilst all previous SEM analysis was carried out in person at the OU, because of COVID lockdown, 
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the analysis of the final simulant was carried out by SEM laboratory technician Dr Giulia Degli-

Alessandrini in the same OU laboratory, 

SEM was used to create BSE maps of both simulant samples and then to determine an approximate 

bulk chemistry. A 1 cm region on both of the samples were analysed to be able to compare a wide 

region to assess homogeneity. Figure 3.6 shows the BSE maps of the simulant sample. The brighter 

grains on the BSE map indicate elements of a high atomic mass and the darker grains are those of 

a lower atomic mass.  

Figure 3.7 shows the EDS electron map of each of the elements. From these images, silica, 

magnesium, and iron appear to dominate the simulant, which was to be expected based on the 

assemblage of minerals in the simulant (dominated by serpentine, olivine, and magnetite). 

Table 3.8 shows the composition of the simulant based on the SEM-EDS analysis, calculated for the 

entire 1 cm2 map area of the sample. The composition was corrected for the presence of carbon 

from the carbon coating by excluding the total carbon concentration. These calculations also show 

that the simulant is dominated by 33% SiO2, followed by 28% MgO. The limitation of removing the 

carbon from the calculation is that indigenous carbon, in the form of carbonates, was present in 

the simulant and this indigenous carbon was also subtracted by the correction method. However, 

this only accounted for <1.5% of the total minerals by weight percent and should make minimal 

difference to the overall bulk composition of the simulant. Overall, the final simulant appears well 

mixed and homogenous across the sample. 

 

Figure 3.6 BSE map of two samples for the finished Enceladus simulant. The lighter colours represent the heavier elements 
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Figure 3.7 Elemental maps of the overall final Enceladus simulant. Silica, magnesium and iron dominate the simulant 
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Table 3.8 The quantitative results from the SEM-EDS analysis of the Enceladus simulant, which shows the bulk chemical 
composition of the simulant. The compound composition was recalculated removing the carbon from the total 
composition 

Element Weight % Atomic 

% 

Compound % Formula Compound % 

(removal of c) 

C 22.85 29.67 83.73 CaCO3 0.00 

Mg 2.72 1.74 4.50 MgO 27.86 

Si 2.50 1.39 5.34 SiO2 33.06 

S 0.55 0.27 1.38 FeS2 8.54 

Cl 0.10 0.04 0.00  0.00 

K 0.01 0.00 0.01 K2O 0.06 

Ca 0.43 0.17 0.60 CaO 3.72 

Cr 0.02 0.01 0.03 Cr2O3 0.19 

Mn 0.02 0.01 0.02 MnO 0.12 

Fe 3.28 0.92 4.22 FeO 26.13 

Ni 0.02 0.00 0.02 NiO 0.12 

Zn 0.02 0.01 0.03 ZnO 0.19 

O 65.78     

Totals   99.88  100 

 

3.4.2 Electron Microprobe Analysis  

The electron probe analysis of the Enceladus simulant can also act as a check as to what minerals 

can still be observed in the mixture once powdered and set in an epoxy, which is important for 

comparison to post experimental simulants. The Cameca SX100 Electron Microprobe at The Natural 

History Museum (NHM) was used for this analysis as The Open University’s Electron Microprobe 

was not operational owing to technical problems at the time. The analysis at NHM was carried out 

by me under the supervision of Mr John Spratt a NHM laboratory technician. However, both 

instruments were the same so the method and set up between the two was consistent. The samples 

for this analysis were prepared with the same method as described in Chapter 2, Section 2.4.2.  

Ten areas across two different simulant samples were analysed, each with a minimum of 15 points 

taken to assess the homogeneity of the simulant and to identify minor species. Table 3.9 shows the 

results for one of the samples, at the locations illustrated on Figure 3.8; the results from the other 

samples are in the appendix. All data presented in Table 3.9 have been calculated against a silicate 

standard, except for the sulfide minerals that were analysed and calibrated separately.  

This analysis confirmed the presence of olivine (points 1,2,3,4,5,9 in Figure 3.8/Table 3.9), 

serpentine (6,7,13 in Figure 3.8/Table 3.9), magnetite (10,11,12, 14 in Figure 3.8/Table 3.9) and 

quartz (8 in Figure 3.8/Table 3.9). Observable in the simulant sample were mixtures of different 

mineral phases at a finer grain size that had aggregated during the epoxy making process. These 

had sunk below the surface of the epoxy and could not be analysed, as the data from these points 
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reflected only epoxy. Some of the other minerals expected to be in the simulant (talc, diopside, 

anhydrite and the carbonates) were not detected in any of the microprobe analyses. These 

minerals, which constituted 3 wt.% or less of the simulant, may have been undetectable because 

as they were predominantly in the mineral mixtures below the epoxy, or because they are harder 

to locate because of their infrequency. These limitations on EMPA data are important for 

interpreting the post-experimental simulant data in Chapter 6.  

Table 3.10 shows the sulfide results, which indicate that the pyrite in the sample is homogenous in 

its chemical composition and can be readily identified in the powdered simulant. The data for this 

analysis had been calculated against a sulfide standard.  

 

Figure 3.8 Image from the Electron Microprobe analysis in black scattered light of the Enceladus simulant. The different 
colours represent different mineral phases of the simulant. The yellow points show the different points where a 
compositional analysis point was taken  
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Table 3.9 EPMA analysis results of the different spot locations on Figure 3.7. The compositional data is present as both elemental wt.% and then as recalculated oxide wt %. B.D = below 
detection limit 

 POINT 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

  Weight percentages, % 

Al B.D B.D B.D B.D B.D 0.83 11.73 0.02 B.D B.D 0.01 B.D 0.40 0.04 

Mg 30.96 30.96 31.27 31.47 31.60 24.62 0.74 0.01 31.20 0.01 0.01 0.02 22.84 0.04 

K  0.01 B.D 0.01 B.D 0.01 B.D 0.07 0.01 B.D 0.02 0.01 B.D 0.02 0.01 

Ca B.D B.D 0.01 0.01 0.01 0.18 14.93 0.01 B.D B.D 0.01 B.D 0.19 0.00 

Cl 0.01 B.D 0.02 B.D B.D B.D 0.03 0.04 B.D 0.02 0.01 B.D B.D 0.01 

Ti B.D B.D B.D B.D B.D B.D 0.07 B.D B.D 0.01 0.04 B.D 0.02 0.02 

Fe 5.38 5.59 5.37 5.09 5.05 2.23 9.35 0.08 5.18 70.41 70.08 46.62 4.90 69.99 

Cr B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D 

P  B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D 

Mn 0.09 0.09 0.06 0.06 0.06 0.21 0.61 0.00 0.08 0.09 0.12 B.D 0.26 0.20 

Ni 0.28 0.27 0.30 0.28 0.30 B.D B.D 0.01 0.26 0.01 0.00 0.01 B.D B.D 

V  0.01 0.00 0.01 B.D B.D B.D B.D 0.01 0.00 0.01 0.00 0.02 B.D B.D 

Na B.D B.D B.D B.D B.D 0.23 0.11 0.02 B.D 0.02 0.01 0.01 0.32 B.D 

Si 19.24 19.25 19.27 19.25 19.31 23.17 17.99 44.76 19.32 0.01 0.01 0.01 22.00 B.D 

O  43.95 44.00 44.18 44.21 44.36 40.13 40.34 51.06 44.12 20.24 20.19 13.41 40.48 20.17 

Total 99.90 100.12 100.48 100.36 100.69 91.60 95.94 96.02 100.15 90.84 90.52 60.09 91.76 90.46 

  Oxide weight percentage, % 

Al2O3 B.D B.D B.D B.D B.D 1.57 22.17 0.04 B.D B.D 0.02 B.D 0.76 0.07 

MgO 51.35 51.35 51.86 52.19 52.4 40.89 1.22 0.02 51.74 0.01 0.02 0.03 37.91 0.07 

K2O 0.01 B.D 0.01 B.D 0.01 B.D 0.08 0.01 B.D 0.03 0.01 B.D 0.03 0.01 

CaO B.D B.D 0.02 0.02 0.01 0.25 20.89 0.02 B.D B.D 0.02 B.D 0.26 -0.01 

Cl 0.01 B.D 0.02 B.D B.D B.D 0.03 0.04 B.D 0.02 0.01 B.D B.D 0.01 

TiO2 B.D B.D B.D B.D B.D B.D 0.12 B.D B.D 0.02 0.07 B.D 0.04 0.04 

FeO 6.92 7.20 6.91 6.54 6.50 2.90 12.03 0.11 6.66 90.58 90.15 59.98 6.27 90.05 

Cr2O3 B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D B.D 

P2O5 0.01 B.D B.D 0.02 0.01 0.03 0.02 B.D B.D B.D 0.02 0.03 0.02 B.D 

MnO 0.12 0.11 0.08 0.08 0.08 0.27 0.79 0.01 0.10 0.12 0.15 B.D 0.33 0.25 

NiO 0.36 0.35 0.38 0.36 0.38 0.01 B.D 0.01 0.33 0.01 0.01 0.01 B.D B.D 

V2O5 0.02 0.00 0.01 B.D 0.01 0.01 B.D 0.01 0.01 0.03 0.00 0.03 0.01 0.01 

Na2O B.D B.D B.D B.D B.D 0.31 0.14 0.02 B.D 0.03 0.02 0.02 0.44 B.D 

SiO2 41.16 41.18 41.23 41.18 41.31 49.57 38.49 95.76 41.34 0.02 0.02 0.02 47.06 0.01 

Total 99.95 100.19 100.52 100.40 100.71 95.81 95.99 96.05 100.19 90.86 90.53 60.13 93.13 90.52 
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Table 3.10 EPMA results for the sulfide minerals present in the Enceladus simulant. B.D= below detection limit  

 

3.4.3 Raman Spectroscopy  

Raman spectroscopy was also used to identify the different mineral phases within the powdered 

simulant using the Horiba Jobin-Yvon HR800 at The Open University. The method used for the 

Raman analysis can be found in Chapter 2, Section 2.4.3. Identifying the mineral grains that can be 

observed through Raman spectroscopy is important for establishing what mineralogical changes 

can be identified post-experiment (Chapter 6), so the simulant Raman data here provides a baseline 

for comparison. Further, whilst the mineral assemblage of the simulant is known, not all of the 

minerals may be identifiable when mixed into the bulk simulant. One of the other complications 

that can arise from determining the mineral assemblage of a mixed powder is that the penetrative 

depth of the laser (762 nm) and the spot size of the laser (2 μm) may detect multiple mineral 

samples in one point analysis, creating spectra containing multiple minerals.  

Figure 3.9 shows examples of Raman spectra where the mineral phases in the simulant correspond 

with standard data for the expected mineral phases. This allowed for the identification of olivine 

(predominantly forsterite), pyrite and talc, as well as pure sulfur. Of the minerals identified, 

forsterite was the most abundant, as expected. 

Figure 3.10 presents some examples of spectra that show a mixture of different mineral phases. 

From these spectra, carbonate phases can be identified from a sharp peak between 1000-1200 cm-

1, which is evident in spectra 2 and 3 of Figure 3.9. A large doublet peak, approximately at 820 and 

Sulfide mineral composition   
Fe Ca S Cr Cu Co Zn Si Total 

1 45.39 0.01 50.18 B.D 0.01 B.D 0.06 0.01 95.64 

2 45.89 0.02 49.88 B.D B.D B.D B.D 0.01 95.74 

3 45.26 0.02 50.27 B.D 0.02 B.D 0.01 0.01 95.57 

4 45.62 B.D 50.32 0.01 0.01 B.D 0.01 0.01 95.94 

5 45.42 B.D 50.37 B.D B.D B.D 0.03 B.D 95.77 

6 46.23 B.D 50.28 B.D B.D B.D B.D B.D 96.48 

7 45.37 0.00 50.99 0.01 B.D 0.02 B.D B.D 96.38 

8 45.68 0.01 50.89 B.D B.D B.D B.D B.D 96.53 

9 45.17 0.01 49.03 B.D 0.01 0.01 0.01 0.02 94.24 

10 45.89 0.00 50.64 B.D B.D 0.01 0.03 0.01 96.58 

11 46.11 -0.02 50.89 B.D B.D B.D 0.06 B.D 97.02 

12 45.43 0.00 50.61 0.03 0.01 B.D 0.04 B.D 96.10 

13 45.29 0.00 49.76 B.D 0.06 B.D 0.06 0.05 95.22 

14 45.50 0.04 50.03 B.D B.D B.D B.D B.D 95.56 

15 45.09 0.00 49.86 B.D B.D B.D B.D B.D 94.93 

16 45.16 0.00 49.51 B.D 0.01 B.D B.D B.D 94.63 

17 45.98 0.02 49.76 B.D 0.02 0.01 B.D 0.01 95.76 

18 45.62 -0.01 46.86 B.D B.D B.D B.D 0.01 92.35 

19 45.41 -0.01 49.82 B.D B.D B.D B.D 0.01 95.16 

20 45.87 0.00 50.05 B.D B.D 0.01 0.02 0.01 95.90 
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850 cm-1, is characteristic of olivine, which can also be seen in the forsterite standard example in 

Figure 3.9. This peak can be seen on all three of the examples in Figure 3.10. An elongated peak of 

a doublet between 600-700 cm-1 could represent the serpentine and can be seen in all three 

examples in Figure 3.10. A double peak around 400 cm-1 could represent pyrite, which again the 

standard spectrum can be seen in Figure 3.8, but this characteristic is seen in spectra 1 and 3 of 

Figure 3.10. Magnetite also exhibits a range of peaks between 400-600 cm-1 and a large peak at 

around 660 cm-1, this could also be present in some of the examples below.  

Serpentine was the most dominant mineral added to the sample, yet a pure characteristic spectrum 

of this mineral was not evident. However, serpentine is a platy clay mineral capable of attracting 

other phases to its surfaces; therefore, all three of the examples below could be serpentine with 

other phases in association (Figure 3.10).  

 

Figure 3.9 Raman spectra of the silicate Enceladus simulant compared to the literature data (Ruff database) for sulfur, 
talc, forsterite and pyrite 
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Figure 3.10 Raman spectra of different points of the silicate Enceladus simulant. Each of these spectra likely represent 
multiple mineral phases that have been detected at the same point 
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3.4.4 X-Ray Fluorescence Analysis 

XRF analysis was not undertaken for the simulant components because the facilities were 

unavailable at The Open University and it was not cost-effective to send them externally. However, 

the final simulant was sent for XRF analysis at the University of Leicester and carried out by Ms Lin 

Marvin (see Chapter 2 Section 2.4.5 for details).  

Table 3.11 shows the dominant oxide percentages, and confirms the simulant is dominated by SiO2, 

MgO and Fe. In Table 3.11, the limit of identification (LOI) is the total concentration of major oxides 

that were below the limit of detection. This consists of minor trace elements, also shown on Table 

3.11.  

The XRF data are comparable with the SEM data, particularly when recalculated to remove the 

carbon. The main difference between the results from the two techniques is that XRF has the iron 

concentration calculated as an Fe2O3 species, whereas the SEM calculation used FeO. The ratio of 

iron to oxygen is different between these two chemical species, accounting for the XRF having a 

relatively higher iron species weight percentage than in the SEM, and in turn reduces the relative 

abundance of MgO and the other less concentrated species in the XRF analysis.  

Table 3.11 The results from the XRF analysis of the Enceladus simulant, both the major oxides in weight percent and the 
minor trace elements in ppm 

Major Elements  

 SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 LOI 

Wt.% 33.92 0.06 1.50 27.73 0.13 24.13 4.76 0.06 0.03 0.55 1.26 5.53 

Minor Elements 

Element As Ba Ce Co Cr Ga La Mo Nb Ni Pb Rb 

Ppm 72.1 38.6 33.9 64.3 1149.3 375.1 3.9 6.7 3.0 1550.6 129.3 3.9 

Element Sb Sc Se Sn Sr Th U V W Y Zn Zr 

Ppm 1.7 6.6 1.5 2.0 60.7 4.0 1.0 29.5 22.9 11.3 1559.7 5.3 

 

3.4.5 X-Ray Diffraction Analysis 

Finally, the simulant was analysed by XRD at The Open University, the details of which can be found 

in Chapter 2, Section 2.4.4. The XRD spectrum of the simulant (Figure 3.11) was analysed using the 

Match3! Software. The instrument could detect antigorite (serpentine), magnetite and olivine in 

the sample. It is likely that the peaks of the antigorite overlay the peaks of the olivine since the 

composition of these minerals are similar and they would have peaks in similar regions. The 

instrument is not sensitive enough to pick up the minor minerals present in the simulant.  

This analysis technique has limitations, where the lower concentration minerals are not easily 

detected. Similarly, if there are two minerals that have similar structures and chemical composition, 

and one is more dominant than the other, the software may not be able to identify both phases but 
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only the dominant one as these peaks will be more intense. Comparing the XRD spectrum of the 

simulant to the XRD of the component minerals, a lot of the minor peaks can be attributed to some 

of the minor components, such as calcite, magnesite, talc, and dolomite.  

 

Figure 3.11 The XRD spectrum of the Enceladus silicate simulant 

3.4.6 Ideal Composition vs Final Simulant Composition  

The average CI composition totals approximately 80 because a CI chondrite is 20% water. The 

analysis of the simulant is 100% solid phase, therefore for these compositions to be comparable, 

the simulant composition was scaled down to 80%. The XRF data was used for this, since it provided 

the most in depth chemical composition. 

Table 3.12 and Figure 3.12 shows the difference between the desired chemistry of an average CI 

chondrite and the final simulant. The iron oxides have been grouped together as none of the 

analytical techniques used could distinguish between the two oxidation states of iron.  

 

 

Olivine/serpentine/quartz 

Magnetite 

Olivine/serpentine 

Talc/olivine/serpentine 

Calcite + Dolomite 

Magnesite 

Serpentine 
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Table 3.12 The concentration of the oxides in the average CI composition determined from literature and the oxide 
composition of the Enceladus silicate simulant 

Reactant Average CI 

composition 

(wt.%) 

Enceladus simulant 

(wt.%) 

SiO2 27.96 27.13 

MgO 17.83 19.30 

FexOy 22.11 22.18 

SO3 5.23 1.00 

Al2O3 2.15 1.20 

NiO 2.00 Trace 

Cr2O3 0.60 Trace 

Na2O 0.43 0.05 

CaO 0.41 3.80 

K2O 0.20 0.02 

MnO 0.17 0.10 

P2O5 0.09 0.44 

 

 

Figure 3.12 A comparison between the composition of the average Ci chondrite composition and the Enceladus silicate 
simulant 

The simulant produces a chemical composition consistent with what was desired from the average 

CI chondrite composition. The concentration of the dominant oxides, SiO2, MgO and FexOy are all 

within 1.5% of the target value but some of the minor oxides are present in lower concentrations 

in the simulant than in the average CI composition; this is particularly true for NiO, Cr2O3, K2O, Na2O. 

This should be taken into consideration when this simulant is used for an experimental purpose. 

Conversely, CaO and P2O5 are at higher concentrations in the simulant than has been detected in CI 

chondrites. However, overall, the largest variation between the desired chemistry and the obtained 

chemistry is ~4 wt.% for CaO. All the desired chemical species are included in the simulant. The 
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limitations with the variation in the obtained chemical composition to the average CI composition 

will be discussed further in Chapter 6, when the simulant is used experimentally.  

3.5 Conclusion 

A simulant has been created to represent the silicate interior of Enceladus by identifying a CI 

chondrite as a potential analogue to the interior of Enceladus based on the data collected from the 

plumes of Enceladus by the Cassini spacecraft. A CI chondrite has many similarities to the proposed 

silicate interior of Enceladus, such as the dominance of silicate minerals including serpentine and 

olivine, with the presence of carbonaceous components, the similar grain density and porosity also 

matching well.  

The process to make the simulant comprised of defining the mean average CI chondrite from the 

data collected from the Ivuna, Orgueil and Alais meteorites. Using minerals detected in CI 

chondrites, the average chemistry of the simulant was ascertained to match the average CI 

chondrite composition. This was then made by mixing the crushed component minerals together 

to form the simulant. The final analysis of the simulant shows that the chemistry is closely aligned 

with the average chemistry of a CI chondrite.  

The simulant could have an improved match to CI chondrites if different minerals had been sourced, 

such as saponite, however limitations such as cost and availability of the minerals for the quantity 

of the simulant desired, the minerals chosen were the best. To make this simulant more 

appropriate, an organic component could have been be added. This is discussed and investigated 

further in Chapter 6 where the simulant is used experimentally. The chemistry of the final simulant 

is carried forward to the modelling work in Chapter 4, as the compositional basis for the solid phase 

thermochemical water-rock modelling work.  
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 Modelling the Water-rock 

Interface of Enceladus 
4.1 Introduction  

This chapter presents modelling carried out to study reactions between the silicate interior and the 

subsurface ocean of Enceladus, specifically investigating areas of hydrothermal activity. In the 

previous chapter, the silicate interior of Enceladus was studied in detail, and a silicate simulant was 

created. This chapter uses the chemistry of the silicate simulant and models the interactions of the 

silicate interior with an ‘initial’ Enceladus subsurface ocean composition, to define a ‘modern-day’ 

ocean composition. The results from this modelling will help to define the physical parameters and 

the fluid composition for experimental simulations. The results will also be used to assess the 

validity of using a CI carbonaceous chondrite as an analogue for the interior of Enceladus.  

Although previous attempts have been made to estimate an ocean composition (Zolotov, 2007; 

Postberg et al., 2009; Glein, Baross and Waite, 2015; Waite et al., 2017), their approach has been 

‘top-down’, utilising the data generated by Cassini. This has limitations, for example the sensitivity 

of the instruments on board Cassini (Srama et al., 2004) and the fragmentation of chemical species 

due to impact on the detectors. Further, the Cosmic Dust Analyser (CDA) data are predominantly 

qualitative rather than quantitative, owing to the limitations of the instrumentation. This has made 

it hard to quantify the chemical composition of the ocean. This project uses a ‘bottom-up’ approach, 

using theoretical starting conditions for Enceladus and models for the geochemical processes that 

contribute to the evolution of the ocean’s composition. The results are then compared with 

extrapolated ocean compositions derived from Cassini data (Postberg et al., 2011; Waite et al., 

2017; Frank Postberg et al., 2018) to give a deeper understanding of the ‘modern day’ Enceladus 

environment and the utility of the Cassini data, identifying chemical compounds that are potentially 

in the ocean but have not been detected by the Cassini spacecraft.  

Predominantly, the aims of this chapter are to theoretically determine a composition for a modern-

day subsurface ocean and to gain an understanding of the geochemical cycles at the rock-water 

interface. Understanding geochemical cycling in the subsurface environment is important because 

this will indicate the different inorganic reaction pathways occurring, help constrain the physical 

parameters for the subsurface environment, and assess the availability of different chemical species 

that could be utilised by life. This chapter will address the following key research questions:  

1. what is the likely composition of the silicate interior and the subsurface ocean in both a 

modern and historic Enceladus? 

2. what reaction pathways are occurring at the rock-water interface?  
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For this, thermochemical modelling software, CHIM-XPT, previously used in studies to model water-

rock terrestrial interactions (Palandri and Reed, 2004) and interactions on Mars (Bridges et al., 

2014; Kite and Melwani Daswani, 2019) was used to interact the chemistry of an average CI 

carbonaceous chondrite (Chapter 3) with two different fluid chemistries. These fluids test different 

hypotheses for the formation of Enceladus, principally whether the icy exterior of Enceladus 

originated from accreted cometary material (Chapter 1, Section 1.9.2) or whether the initial ice 

composition was nearly pure water. The model results have then been critically assessed through 

a comparison with the data collected by the Cassini spacecraft.  

4.2 Methods  

For this study, CHIM-XPT was selected to carry out the water-rock modelling. It was chosen based 

on its specificity to the interactions between fluid and solid phases at physical parameters 

comparable to those anticipated for the ocean floor of Enceladus ((Reed, Spycher and Palandri, 

2010), Chapter 2 Section 2.2).  

4.2.1 Overview of the Model  

The focus of this modelling is the water-rock interactions on the ocean floor in areas of 

hydrothermal activity (Figure 4.1). This ‘bottom-up’ modelling approach uses theoretical starting 

conditions for Enceladus to evolve a modern-day ocean chemistry, and to provide insight into the 

origins of Enceladus and its ongoing geochemical cycling. The porosity of the silica interior is 

unknown, however it is thought that it would be an unconsolidated body (Choblet et al., 2017), 

therefore to account for this unknown, the water-rock models were run for the ocean floor and 

deeper within the silicate interior.  

This model applies a titration approach, where the solid species are incrementally added to the 

fluid. This set up allows for the chemical composition at each step to be analysed, and for many 

water/rock (w/r) ratios to be analysed, since the solid phase is slowly added to the fluid until a w/r 

of 1 is reached, where 1 kg of silicate will dissolve into 1 kg of fluid. The w/r on Enceladus is unknown 

and will vary between the ocean floor and within the silicate interior; these results from this work 

may better define the w/r. The w/r on Earth in submarine hydrothermal vents is less than 5 (Wetzel 

and Shock, 2000), therefore as the models for Enceladus run to a w/r of 1, this is likely to be the 

upper bound for the w/r of the ocean floor on Enceladus.  
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Figure 4.1 Cross section image of the SPR region on Enceladus. The water-rock interface is highlighted, to indicate the area 
of interest for the modelling 

Two different fluid chemistries were run, to test the different hypotheses on where the liquid water 

of the subsurface ocean originated. Both of these models were run using the average CI chondrite 

composition for the silicate, defined in the previous chapter (Chapter 3, Section 3.2.2). The rationale 

for the two fluid chemistries is explained below.  

4.2.1.1 Fluid 1 – Dilute Sodium Chloride Solution 

The first fluid composition was chosen to investigate how the chemistry of the subsurface ocean 

may have changed over time if it had originally been (almost) pure water. CHIM-XPT requires a 

charge balance ion to be present in the starting fluid to compensate for any charge variation in the 

model. To run a pure water model, this would mean that the hydronium ion would have been 

required to be the charge balance, however this would have significantly altered the pH of the 

solution and influenced the chemical reactions occurring. It would also have invalidated attempts 

to compare the pH produced for the fluid to that measured/calculated by Cassini. Therefore, a 

source of stable ions to help control ion exchange reactions between the aqueous phase and the 

solid phase was required. Chloride ions were selected to act as an ion buffer. Sodium chloride is the 

most concentrated chemical species after water to be detected in the plumes of Enceladus and the 

E-ring (Postberg et al., 2009), and therefore it is almost certainly in the subsurface ocean and should 

have a minimal effect on the output results.  

Using Fluid 1 simulates the interactions of pure water with the silicate interior before substantial 

water-rock interactions have occurred, highlighting which chemical species would be liberated from 
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the silicate interior upon reaction with nearly pure water. The results from this fluid-rock interaction 

can act as a point of comparison to the second fluid, to understand the effect that other chemical 

species in the initial ocean composition would have on a modern-day ocean composition.  

4.2.1.2 Fluid 2 – Cometary Ice Fluid  

The second fluid composition explores the hypothesis that the water on Enceladus originated from 

a cometary source (Neveu, Desch and Castillo-Rogez, 2017). Evidence from Cassini’s analysis of the 

plume support this hypothesis: the volatiles carbon dioxide, methane and ammonia have been 

detected (Waite et al., 2017), which are also the most abundant volatiles in comets (Neveu, Desch 

and Castillo-Rogez, 2017). The concentrations of these volatile species are comparable between 

Enceladus and comets (Chapter 1, Section 1.9.2). The detection of these volatiles (Waite et al., 

2017) coupled with the detection of a range of organics in the plumes and E-rings (Frank Postberg 

et al., 2018), which also align with those in comets (Heritier et al., 2017; Neveu, Desch and Castillo-

Rogez, 2017), provide the supporting evidence for this theory. This model therefore explores how 

the composition of melted cometary ice reacts with the silicate interior. 

Fluid 2 is based on the 67P comet since there is a large dataset available for this planetary body. 

ESA’s Rosetta mission in 2014 studied the comet in detail (Glassmeier et al., 2007; Ulamec et al., 

2017), and therefore this is the most recent and most extensive dataset available for the chemical 

composition of a comet.   
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4.2.2 Modelling Inputs  

4.2.2.1 Solid Species Input 

Table 4.1 A comparison of the composition determined of an average CI chondrite (Section 

3.2.2) and the modelling solid phase input  

Average CI composition  Model solid species starting 

composition 

Oxide Wt % Species Wt % 

SiO2 27.96 SiO2 27.96 

MgO 17.83 MgO 17.83 

Fe2O3 11.63 Fe2O3 11.63 

FeO 10.47 FeO 8.05 

SO3 5.23 SO3 (gas) 0.49 

FeS - FeS 3.00 

Al2O3 2.15 Al2O3 2.15 

NiO 2.00 NiO 2.00 

Na2O 0.43 Na2O 0.43 

CaO 0.41 CaO 0.41 

K2O 0.20 K2O 0.20 

MnO 0.17 MnO 0.17 

P2O5 0.09 P2O5 0.09 

TiO 0.07 TiO - 

C 3-5 CO2 (gas) 0.58 

 

Table 4.1 shows the silicate composition that was used for the model. The composition of the solid 

silicate interior for this modelling is based upon the average chemistry of a CI chondrite determined 

in the previous chapter (Chapter 3). The average CI composition was chosen rather than the 

simulant composition because of the trade-offs needed when manufacturing the simulant, along 

with contamination and compositional variation in the mineral assemblages. The simulant’s 

chemistry was determined by the specific chemistry of each mineral used; whereas this model takes 

a more general approach rather than being constrained by the specific chemistry of the minerals 

purchased. The inputs in CHIM-XPT for the solid phase are predominantly expressed in terms of 

oxides. Although there are differences in the solubility of mineral phases and their corresponding 

pure oxides which may affect the model results, CHIM-XPT assumes total dissolution of the solid 

phase in the solution and, therefore, does not take into account the rate of mineral dissolution 

versus oxide dissolution.  

There are differences between the desired average CI chondrite chemistry and the input for the 

solid phase in CHIM-XPT, these differences are shown in Table 4.1. In the previous chapter, the 

composition of the CI carbonaceous chondrite was calculated in oxide weight percentages, based 
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upon the solid mineral assemblage that has formed CI chondrites. However, the mineral 

assemblage that forms CI chondrites is not all formed of different oxides. Pyrrhotite is a prime 

example of a mineral that has been widely detected in a CI chondrite (Bullock et al., 2010), that is 

not an oxide (it has a chemical composition of FeS). To ensure that this model has a more realistic 

chemical representation of the true mineral assemblage, pyrrhotite was inputted into CHIM-XPT as 

FeS. The composition of the iron oxides and sulfur oxides were then recalculated to compensate 

for this input change. The relative amount of FeO was reduced, as iron is in a 2+ oxidation state in 

both FeO and FeS, and so it will maintain the charge balances and oxidation states for the iron and 

the overall chemical system. 

Furthermore, using FeS as the input rather than the oxides FeO and SO3 was appropriate because 

SO3 can only be inputted in a gaseous state. All of the minerals are in solid states and the average 

CI composition was based upon all the oxides being in the solid form; therefore, to keep the model 

as realistic as possible, it was preferable to keep as many of the component oxide species in solid 

state. 

Another change that was made to the average CI composition is that TiO2 has been negated from 

the model. CHIM-XPT does not have an input for TiO2 in its database, and therefore cannot be 

included in the composition. The concentration of TiO2 measured in CI carbonaceous chondrites 

was very low (0.07 wt.%), therefore removing this from the solid composition should have a minimal 

effect on the overall results from the modelling process, however, this should be taken into 

consideration when analysing the results.  

Finally, carbonaceous chondrites are carbon-rich (up to 6 % carbon; Scott and Krot, 2013), however, 

the focus of this study is the inorganic carbon component (CHIM-XPT does not model organics). As 

with the previous chapter, graphite, nanodiamonds and silicon carbide are not included in the 

model, even though they have been detected in carbonaceous chondrites, because they are 

present in very low concentrations and are inert at the temperatures and pressures being 

investigated. Furthermore, there is no CHIM-XPT input available to include these components in 

the modelling.  

4.2.2.2 Fluid Species Input 

As explained previously, two different fluid compositions (Table 4.2) have been used for this 

modelling work. In Fluid 1 (dilute NaCl), the concentration of NaCl used (0.1 X 10-3 mol kg-1) is much 

lower than the range (0.05-0.2 mol kg-1) that has been detected by Cassini (Postberg et al., 2009) 

and, to minimise the effect it would have on any output results, was the lowest possible 

concentration that could be inputted and still make the model run.   
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Table 4.2 Chemistry of the fluid input as component species for the two different models 

Cometary Fluid Dilute Sodium Chloride fluid 

Species Molality Species Molality 

H2O 1.00 H2O 1.00 

Na+ 0.15E-02 Na+ 0.1E-03 

Cl- 0.15E-02 Cl- 0.1E-03 

HS- 0.229E-03 

 NH4
+ 0.175E-06 

HCO3 0.236 

 

To determine the cometary fluid composition, assumptions were made concerning the initial 

melting conditions of Enceladus’ ice crust. It has been assumed that Enceladus originally formed as 

a silicate body that accreted cometary type ice (Chapter 1, Section 1.9.2). Over time, the ice at the 

ice-rock interface melted through radiogenic heating of radionuclides present within the silicate 

interior (Schubert et al., 2007) (Chapter 1, Section 1.9.2). This was accommodated in the model by 

assuming that the initial melting at the ice-rock interface was at the same depth as the modern-day 

water-rock interface. Second, it was assumed that the pressure of the original ice-ocean interface 

was the same as the current pressure of 80 bar at the water-rock interface (Hsu et al., 2015).  

Next, considering comets are composed of frozen ice species (i.e., CO2, CH4 etc), it is likely that 

during melting of the ice crust much of the gas species would have sublimated, rather than entered 

the aqueous phase (Susan W. Kieffer et al., 2006; Postberg et al., 2011). The maximum total amount 

of gas that could have entered the aqueous phase is therefore limited to a combined partial 

pressure of 80 bar. To calculate the composition of a cometary fluid applicable to the ocean floor 

of Enceladus, Henry’s Law (Equation 4.1) was applied to the concentration of each of the relevant 

cometary chemical species. This was then used to calculate the relative partial pressure of each of 

the gas species and the total pressure of the gas phase.  

Henry’s Law: C = kP (Equation 4.1) 

(C=concentration, P=partial pressure of gas, k=Henry laws constant) 

Application of Henry’s law to the concentration of the different species in the 67P comet (Heritier 

et al., 2017) gave a total pressure of the system that exceeded 1200 bar. Therefore, the gas partial 

pressures were proportionally scaled down until the total pressure of the gas system was 80 bar. 

The relative partial pressures were then used to recalculate the concentration of the different 

species for the fluid phase. 
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Within comets, there have been multiple carbon, nitrogen, sulfur and oxygen bearing species 

observed (Heritier et al., 2017); however, CHIM-XPT requires these to be broken down into the 

basic component species retaining the oxidation status of the system (Chapter 2). Therefore, the 

cometary composition (Heritier et al., 2017) has been recalculated into its relative component 

constituent ions (Table 4.2).  

The cometary fluid composition, when calculated, was run through SOLVEQ-XPT. As the initial 

starting composition was not charge balanced, a positive ion was required, so a small quantity of K+ 

was added into the system. This needs to be taken into consideration in the final output 

concentration as it could result in the concentration of K+ to be higher than would otherwise be 

anticipated.  

4.2.2.3 Physical Parameters 

Temperature 

To explore the uncertainty and potential variation in the physical conditions at the rock-water 

interface on Enceladus, a range of physical parameters have been modelled (Table 4.3). Most of the 

decisions for the physical parameters are based upon the data collected by Cassini and previous 

modelling and experimental work carried out by the icy moon community (Chapter 1 Section 1.7.2).  

Table 4.3 The physical parameters used in the model runs. The numbers after each location are illustrated on figure 4.2 

  

Subsurface environment Temperature (°C) Pressure (bar) 

Lower boundary/ outside areas of 
hydrothermal activity (3) 

50 50 

Ocean floor in areas of hydrothermal 
activity (1) 

90 80 

120 80 

Reactions within silicate interior (2) 250 150 
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For this study, we investigated three main regions within the subsurface of Enceladus. The main 

focus was the ocean floor in areas of hydrothermal activity (Star 1 in Figure 4.2), as expected at the 

South Polar Region. For this location, a minimum temperature of 90 °C was used, based on the 

calculations of Hsu et al (2015) for the formation of silica particles detected by the Cassini 

spacecraft. 

The second location of interest was within the porous silicate interior (Star 2 in Figure 4.2). The 

extent of the silicate’s porosity is not known, but Choblet et al., (2017) concluded the silicate 

interior could be unconsolidated and so water-rock reactions would be feasible where (initially) ice 

water melt percolates. For this location, a temperature of 250 °C has been modelled, comparable 

with the temperature of white smokers on Earth (John et al., 2008), which have been suggested to 

be akin to the hydrothermal vents anticipated for the ocean floor of Enceladus.  

The third location of interest is the region away from the hydrothermal vents on the ocean floor. 

The temperature of the fluid at the ice-ocean interface is around 0 °C to be in equilibrium with the 

ice. Therefore, for these areas, a temperature of 50 °C was selected as an approximate halfway 

point between 0 °C and 90 °C. This was used to understand the effect that temperature might have 

on the ocean composition and chemical reactions. 

Pressure 

The current estimates for the pressure regime at Enceladus’ ocean are 10-80 bar depending on 

ocean depth (Hsu et al., 2015), representing the pressure change from the ocean surface to the 

ocean floor. The main focus of this study is the hydrothermal regions on the ocean floor, therefore 

3 1 

2 

Figure 4.2 The location of the different study areas on Enceladus for the water-rock modelling, 3=areas outside hydrothermal 
region, 1=ocean floor in areas of hydrothermal activity and 2=water-rock interactions within the silicate interior 
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for the ocean floor scenarios the simulations were run at 80 bar. However, some models were run 

at 50 bar, to investigate whether a lower pressure would have any influence on the results.  

Models were also run at 150 bar with a temperature of 250 °C, which assumed increased pressures 

within the silicate interior. It has been calculated that the pressure within the silicate interior ranges 

from 100-500 bar (Hsu et al., 2015), therefore a pressure of 150 bar represents a depth of 

approximately 25 km within the silicate, if the pressure linearly increases with depth. These 

parameters represent the hydrothermal regions within the silicate interior. The combination of 

different physical parameter combinations used in this modelling work are presented in Table 4.3.  

4.2.2.4 Technical parameters 

The models were run as closed system, where the output file from one completed run was used as 

the start file for the next run. The solids were not fractionated out after each step interval, allowing 

for observation of how the mineral composition would change at different w/r. Through using the 

closed system, this works focuses on the local environment on the ocean floor of Enceladus. To 

enhance this work, this model may have been run as an open system to consider the ocean 

circulation processes occurring and mixing of ocean fluid, however, as the extent of the ocean 

circulation is unknown based on the current level of knowledge this was not practical within the 

scope of this project. Furthermore, an open system in CHIM-XPT removes the gas and solid phase 

from the system after each timestep, however, to consider the effect of ocean circulation the fluid 

phase would need to be removed, which cannot be accommodated within the scope of this 

software. 

The model was run using 1 kg of the fluid solution, a fixed input for the model, and the silicate 

component started at 0.001 g. This was increased in step intervals of factors of 10, until it reached 

a w/r of 1, with 1 kg of rock reacting with the 1 kg of water, resulting in a wide range of w/r to 

analyse. 

The models were run at a range of temperatures and pressures as described previously. 

Temperature is defined in degrees centigrade, defined as TEMP on the starting file. The pressures 

are entered in bar and defined as PFLUID in the starting file. No input is defined for pH; this allows 

the model to calculate the pH of the fluid based on its composition. The remaining parameters are 

explained in Table 4.4. 
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Table 4.4 The variables used in the model, their definition and the input values chosen for the model 

Variable/ 
Input 

Definition Value inputted Justification 

pH The pH of the fluid solution 0.00 A value of 0 allows for the pH to be calculated throughout the run, based upon 
the concentration of free H+ ions in solution. 

PFluid The initial pressure of the system in bars (max at 5Kbar) Variable 
(Table 4.3) 

Different combinations of temperature and pressure were explored for various 
runs to explore different physical environments.  

TEMP Initial temperature in degrees centigrade. Currently this is 
limited to 0.01-600°C. 

Variable 
(Table 4.3) 

Different combinations of temperature and pressure were explored for various 
runs to explore different physical environments.  

STEP 
INCREM 

The increment size for calculation steps. For these models, 
this value represented the mass for rock titration in grams.  

Variable Normally a power of 10 less than STEP LIM. This value increase by a factor of 10 
on each sequential run.  

STEP 
LIMIT 

The limit for the total mixing fraction. Once the number of 
grams of rock defined by the STEP LIMIT has been added 
to the system the run will finish.  

Variable This normally starts at 0.1e-3 for the first run and then runs up to 1000. At 1000 
the water-rock ratio is one. Running with many variances allows for the different 
water-rock ratios be explored.  

SOLMIN Maximum negative molar amount of pure phase allowed 
to equilibrate 

0.00 Does not allow a negative molar concentration of solid phase material to be 
formed.  

CHGBAL The index number for the component ion that was used 
for charge balance  

3 A value of 3 represents the ion index number belonging to Cl-. This ion was 
selected as Cl- ions are present in the subsurface ocean of Enceladus. This will 
distort the results for the concentration of Cl- ions in solution, therefore they will 
need to be calculated separately afterwards.  

IFRAC The selector for mineral and gas fractionation 0 None of the results are fractionated, therefore all the minerals and fluid species 
produced at equilibrium for one run, will be in starting file for the next run at the 
higher water-rock ratio. 

NLOOP The maximum number of Newton-Raphson interactions in 
the convergence calculation 

600 If a run is not solved within around 100 iterations (loops) it is unlikely that the 
run will converge, therefore setting this value well above this boundary gives it 
ample opportunities to reach convergence before determining it will not achieve 
this.  

LIMSOL Decides the treatment for solid solutions, ‘limit of solid 
solution’ 

1 Allows for normal solid solution treatment. A non-zero value for this enables for 
the inclusions of mineral solid solutions and mixed gases in the calculations. 

MINSOLV Control the titration calculation and defines the units for 
the titration reaction 

1 Titration of all reactants in grams, therefore defining STEPINCREM and 
STEPLIMIT in grams. A non-zero value for this enables for the titration of rock 
into an aqueous phase.  
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4.3 Results 

This section will present the output from the two models that were run. The fluid and the mineral 

assemblages generated in both models are detailed, including the main species produced 

throughout these runs at various w/r for the different physical parameters. The fluid results 

presented are the component species of the fluid. The carbon component species in CHIM-XPT is 

presented as HCO3
-, however, to distinguish between dissolved inorganic carbon (DIC) and dissolved 

organic carbon (DOC), the HCO3
- concentrations will be presented as the total inorganic carbon 

concentration of the derived species and the total organic carbon concentration of the derived 

species. 

4.3.1 Dilute Sodium Chloride Solution (Fluid 1) 

Results for the dilute sodium chloride runs are presented for the same physical parameters as those 

used for the cometary ice fluid results.  

4.3.1.1 Fluid Results 

Figure 4.3 represents the fluid molality for the major chemical species in the NaCl run at different 

w/r at the different temperature and pressures. The major component species present in these 

runs are Na+, K+, DIC, SiO2, HS-and SO4
2-, these species are also classified as major species in the 

cometary fluid results (Section 4.3.1.2). The major species are defined as those with a concentration 

greater than 1 x 10-4 mol kg-1. General trends can be seen where the concentration of Na+ and DIC 

increases significantly with an increase in silicate mass. K+ increases slightly in the fluid with the 

addition of extra silicate. HS- is only present as a major species in the 250 °C/150 bar run, for all 

other runs, it is classified as a minor species. SO4
2- is only classified as a major species in the two 

higher temperature runs at 120 °C and 250 °C.  

Figure 4.4 shows the minor fluid species in the runs, which include Al3+, Ca2+, Mg2+, Fe2+, Mn2+, Ni2+, 

HPO4
2-, DOC, SO4

2- and HS-. SO4
2- is only a minor species for the 50 °C/50 bar run. The results from 

the three lowest temperature and pressure runs are all similar, but in the 250 °C/150 bar run, Al3+ 

is at much higher concentration and HS- is not a minor species.  

Figure 4.5 represents the change in pH with different temperatures and pressures for the NaCl. 

There is a clear decrease in pH as the temperature and pressure of the fluid increases, agreeing 

with the results from the cometary fluid run. Further to this, the pH of the solution increases as 

more silicate is added to the system.  
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Figure 4.3 The component fluid chemistries at different w/r at varying physical parameters for the dilute sodium chloride 
model 
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Figure 4.4 The minor component fluid species concentration across a range of temperatures and pressures for the 
dilute NaCl runs. These results are presented over a range of w/r 
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4.3.1.2 Mineral Results 

The major minerals that have been produced in the dilute NaCl runs are displayed in Figure 4.6. For 

each run, antigorite and magnetite are dominant minerals, which is the same as in the cometary 

fluid runs. However, in all the NaCl runs, daphnite and haematite are also abundant. For the 250 

°C/150 bar run, the relative mass of magnetite and daphnite are higher than in the other runs, 

which is compensated for by a lower mass of haematite. The mineral profiles of the 90 °C and 120 

°C runs at 80 bar are similar, but in the 50 °C/50 bar run talc is evident at high concentrations; this 

not seen in other runs.  

The minor minerals (those that relative mass never exceeds 10 wt. % across the range of w/r) are 

displayed in Figure 4.7. Whilst the mineral profile for the major fluids from the NaCl run is similar 

to the cometary fluid runs, the minor mineral profiles are very different. The minor minerals at a 

low w/r are dominated by Ni-pentlandite, Fe-celadonite and pyrite.  

Figure 4.5 A graph showing the changes in pH at varying w/r for different physical conditions in the dilute sodium 
chloride model 
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Figure 4.6 The major mineral assemblage at varying w/r at different physical conditions for the dilute sodium chloride 
model 
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Figure 4.7 The minor mineral assemblage for varying w/r at different physical parameters in the dilute sodium chloride 
model 

4.3.2 Cometary Fluid Model Results (Fluid 2) 

4.3.2.1 Fluid Results 

The fluid results are presented in terms of component species. Figure 4.8 represents the fluid 

molality for the major chemical species at different water-rock ratios for the different temperatures 

and pressures used. The major species are those with molality values greater than 1 x 10-4 mol kg-

1, and include Na+, K+, DIC, SiO2, HS- and SO4
2-. HS- is only categorised as a major species for the 250 

°C/150 bar run. For each run, the concentration of Na+ in the fluid increases with silicate mass, 

whereas HS- and K+ both decrease as the mass of rock increases. Since the concentration of HS- and 

K+ decrease with the addition of more silicate, this suggests that these ions are incorporated into 
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precipitants. DIC decreases with increasing silicate mass for all runs, with the exception of 250 

°C/150 bar run, where the converse is true. 

In Figure 4.9, the minor fluid species with molality values less than 1 x 10-4 mol kg-1 are presented. 

This includes Al3+, Ca2+, Mg2+, Fe2+, Mn2+, Ni2+, DOC, HS-, HPO4
2- and NH4

+. At lower w/r, there is 

minimal variation in the concentration of the minor species, i.e., they may be less affected by the 

addition of more silicate into the system than the major species. The results from all runs below 

120 °C and 80 bar, produce similar plots; the results from the 250 °C/150 bar run show that most 

of the fluid species fall within a small concentration range between 1 x 10-5 to 1 x 10-7 mol kg-1. 

Regardless of the temperature and pressure, the concentration of NH4
+ remains constant 

throughout the progression of the run with different w/r. The minor fluid species with the largest 

variation between the models is the Al3+, where the concentration increases by a factor of 105 from 

the 50 °C to the 250 °C run.  

The model was set up to allow pH to be calculated based upon the fluid composition. Understanding 

how fluid pH changes with different physical parameters, and with varying w/r, is important as 

there have been many attempts to define the pH of the ocean with some agreement from the 

different models used (Zolotov, 2007; Glein, Baross and Waite, 2015; Glein and Waite, 2020). These 

previous studies determined the pH based on the Cassini data, which is likely to represent the pH 

at the top of the ocean, rather than a bulk ocean pH, and this cannot provide any insights into the 

pH variation in the ocean with depth. The general trend is that the pH of the fluid decreases with 

an increase in temperature and pressure (Figure 4.10). The pH of the fluid also decreases with a 

reduction in w/r for the 250 °C/150 bar run, however the converse is true for the three other lower 

temperature and pressure runs. 
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Figure 4.8- Changes in the fluid chemistry at varying w/r ratios at different physical conditions for the cometary fluid 
models 
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Figure 4.9 The concentration of the minor fluid species at varying water-rock ratios. These results are presented for a 
range of temperature and pressure scenarios for the cometary fluid results 
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Figure 4.10 The pH of the fluid changes with varying w/r ratio at different physical conditions for the cometary fluid models 

4.3.2.2 Mineral Results 

The major minerals produced in the cometary fluid runs are displayed in Figure 4.11. For each run, 

the major mineral produced was antigorite. At a w/r of below 100, this accounts for 50 wt.% or 

higher of the total mineral assemblage in each run, and the higher the temperature of the run, the 

earlier the antigorite becomes the dominant mineral. Iron oxides and micas are also major products 

in all runs accounting for a further 30-50 wt % of the mineral assemblage at a w/r of 1. In the lower 

temperature runs (50-120 °C) the dominant iron oxide is haematite, however in the 250 °C/150 bar 

run, the dominant iron oxide is magnetite. Quartz is only present as a major mineral in the two 

lower temperature runs (50 and 90 °C). Feldspars are only formed in the 250 °C/150 bar run, which 

is to be expected as this is the only run where the physical conditions would allow the formation of 

this mineral (Haldar and Tisljar, 2014).  

Minor minerals are displayed in Figure 4.12, these minerals never account for more than 10 weight 

percent of the mineral assemblage across the range of w/r. The results from the runs at 90 °C and 

80 bar are comparable to those results of the 120 °C and 80 bar run. However, the results from the 

other runs produce quite different minor minerals assemblage. Pyrite is only present as a minor 

mineral in the high temperature run. The weight percentage of apatite remains constant through 

all temperature and pressure runs. The carbonates calcite and rhodochrosite feature as minor 

minerals in all runs, regardless of the physical parameters, however siderite, also a carbonate, is a 

major mineral at high w/r. At a low w/r, the weight percent of this mineral drops to < 5 wt.% with 

all physical conditions.  
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Figure 4.11 Changes in major mineral assemblage with varying w/r at different physical conditions for the cometary fluid 
models. For all work where the minerals are graphically represented, the different groups of minerals have been assigned 
certain colour scheme, blue represents carbonates, sulfides are in purple, iron oxides are in red and micas are in orange, 
with a subsection of chlorites in yellow 
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Figure 4.12 The minor mineral assemblage (< 10 wt.%) at varying w/r ratios at different physical conditions for the 
cometary fluid model  
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4.3.3 Derived Chemical Species 

The results for both fluid compositions are presented in terms of the component species. Table 4.5 

displays the derived chemical species in the fluids from both the cometary and NaCl fluids. The 

derived chemical species allow an understanding of the different forms that the component species 

are present in. The derived chemical species give a better understanding of the geochemical cycling 

that is occurring within the subsurface, and the availability of chemical species. 
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Table 4.5 The component species in terms of their derived species in the fluid. Black represents the species that are present in both the cometary fluid and the saltwater fluid, red represents 
the components that are only detected in the cometary fluid runs 
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4.4 Discussion 

4.4.1 Comparison of NaCl Fluid Models and Cometary Fluid  

The two different starting fluid compositions test different hypotheses for the formation of 

Enceladus and the subsurface ocean. An example of a comparison of the model outputs is shown 

on Figure 4.13.  

 

Figure 4.13 Comparative results for the water-rock modelling at 90 °C and 80 bar for the cometary fluid and the NaCl fluid. 
The results for the major and minor fluid species are shown across a range of w/r 

Runs of both fluids have the same dominant major species, Na+, K+, DIC, but relative concentrations 

differ, especially the concentration of DIC, which is at a higher concentration in the cometary fluid 

run. This is to be expected as the cometary starting fluid contained 0.23 moles kg-1 of DIC. The 

concentration of Na+ is also slightly higher in the cometary model, however the concentrations of 

K+, SiO2 are very similar for both fluids. The result for the K+ is interesting, however, because K+ (0.23 
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mol kg-1) was added as a charge balance ion to the cometary fluid but not the dilute NaCl. The 

cometary fluid model produces a range of K-bearing minerals, which include annite, celadonite and 

microcline, these are all major minerals and are either not formed in the NaCl runs, or are classified 

as minor minerals in the NaCl runs.  

Most of the minor fluid species (e.g., Mg2+, Ca2+, Fe2+ etc.) are present at similar concentrations, 

suggesting that the starting fluid conditions may not make much difference to their concentrations 

in the evolved fluid at equilibrium with the silicate interior. All these ions will have been liberated 

from the silicate interior through its interaction with the fluid. The only important difference in the 

minor fluid species between the two fluids is that NH4
+ is present in the cometary fluid run but not 

the NaCl fluid, however this was also inputted within the starting composition for the cometary 

fluid. This suggests that NH4
+ might not have been formed though water-rock interactions. Further 

to this, the concentration of NH4
+ in all runs remains constant as the runs progress, which suggests 

it is not involved in water-rock reactions. Therefore, any NH4
+ present in the system has likely 

originated from the primordial ice crust. This is expected since nitrates (a possible mineral source 

of NH4
+) form only at very low water activity, e.g., in desert evaporation environments (Staples, 

1981), rather than high water-activity settings such as those modelled here; therefore, nitrate 

minerals are unlikely to be present in the Enceladus silicate interior and nitrogen is unlikely to be 

liberated from the water-rock interactions.  

Another potential source of NH4, which has not been investigated in this study, is the inclusion of 

NH4 in potassic silicates. NH4
+ and K+ are similar sizes and potassic silicates are often enriched in 

NH4. To investigate this, the system could be modelled that allows for the solid solution of the 

endmember of the different minerals. However, this study is based on using the chemical 

composition of CI chondrites, and NH4 is not reported as being a compound present their chemical 

makeup, therefore the potassic silicates could act as a potential sink for NH4 in this system, but 

unlikely to represent a source. A final potential source of NH4, would be the reduction of N2 that 

may have been accreted at the time of Enceladus’ formation.  

Ammonia/ammonium can be formed at hydrothermal vents on Earth in the presence of N-bearing 

organics. After the liberation of nitrogen from the organic species, resultant N2 and/or NO2 and NO3 

undergoes reduction in the presence of iron oxides and iron sulfides to form ammonia (Brandes et 

al., 1998). This is thought to be the formation process that operated on early Earth (Brandes et al., 

1998). Iron oxides and iron sulfides are widely detected in hydrothermal systems on Earth, both of 

which are present in the starting material for the silicate interior of Enceladus. This could potentially 

be a different pathway for ammonia formation on Enceladus, however due to the limitations in the 

model, this cannot be tested as CHIM-XPT is not setup to simulate organics. However, this study is 

based upon the chemistry of a CI chondrite, which contain both iron oxides and iron sulfides, as 
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well as N-bearing complex organics, and it is hypothesised that N-bearing organics are also present 

in the subsurface environment on Enceladus (Frank Postberg et al., 2018). Therefore, providing the 

mineral substrates and organics required for the formation of ammonia though the liberation and 

reduction of N-bearing organics from the silicate interior (reaction 4.2).  

3(1 − 𝑥)𝐹𝑒 +  𝑁2 + 3𝐻2𝑂 → 3𝐹𝑒(1−𝑥)𝑂 + 2𝑁𝐻3  (Reaction 4.2) (Brandes et al., 1998) 

 

Figure 4.14 Graphs showing the different main mineral groups formed at a w/r of 1 for the cometary fluid run and 
saltwater model at different physical conditions 

As with the fluid compositions, there are similarities between the minerals produced in the two 

fluids (Figure 4.14). Antigorite is the dominant mineral formed in both, and accounts for about 50 

wt.% of the minerals; in most runs of both fluids, iron oxides were the second most dominant 

mineral.  
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Both fluids produce chlorites, but the NaCl runs produce daphnite ((Fe,Mg)5Al(Si,Al)4O10(OH)8) in 

substantial quantities, whereas the cometary fluid produces Fe-celadonite 

(K(Mg,Fe2+)(Fe3+,Al)[Si4O10](OH)2). Cometary processes have a much larger K+ concentration in the 

fluid, therefore more of this is available to be used in the formation of minerals and therefore could 

explain why celadonite would be formed; there was insufficient free K+ to form celadonite in the 

NaCl run. Indeed, the K+ fluid concentration decreases with the addition of silicate mass, which 

implies that the K+ is incorporated into the minerals formed.  

Both fluids become dominated by iron oxides, serpentine and micas, with lower concentrations of 

sulfides and carbonates. A higher temperature leads to the formation of feldspars and a reduction 

in mica, as well as an increase in iron oxides.  

4.4.2 Comparison Between Model Results and Cassini Observations 

The Cassini spacecraft sampled the plumes emerging from the SPR on Enceladus and analysed the 

E-ring of Saturn (Postberg et al., 2008, 2009; Waite Jr et al., 2009; Waite et al., 2017). The evolved 

fluids can therefore be compared to the Cassini data to determine whether the assumptions made 

for the initial fluids and silicate chemistry were correct.  

The Cassini data has been compared to the results from the runs that represent the most realistic 

conditions for which these reactions would be occurring, i.e., at the rock-water interface or deeper 

in the silicate interior: 90 °C and 80 bar, 120 °C and 80 bar and 250 °C and 150 bar. The results are 

focused on a w/r of 1 because this w/r ratio produces data that is most aligned with that collected 

by Cassini. However, this w/r ratio also falls in the estimated range for Enceladus, with work carried 

out by Waite et al., putting a lower limit on the w/r of Enceladus of 0.85 (Waite et al., 2017; Glein 

and Waite, 2020). Based on terrestrial hydrothermal systems, the maximum w/r is less than 5 

(Wetzel and Shock, 2000). 

4.4.2.1 Limits to the Cassini Data 

The data collected from Cassini is the best information available to determine the composition of 

the subsurface ocean on Enceladus, since the plume material likely originates from the subsurface 

and was directly sampled by the spacecraft. However, it does have limitations, which were 

discussed in detail in Chapter 1, Section 1.4.1. When comparing to the modelling results, however, 

there are some key issues to bear in mind. 

Firstly, the INMS instrument has a mass range of 1–99 amu and a mass resolution M/ΔM of 100 at 

10% of the mass peak height (Waite et al., 2004), which will allow detection of hydrocarbon species 

and of possible cyclic hydrocarbons such as C6H6 (Waite et al., 2004). Nothing with a mass greater 

than 99 amu would be detected by the INMS. The INMS also had a detection limit on the order of 

104-105 cm-3 (Waite et al., 2004). Therefore, any molecules with a mass greater than 99 amu 
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produced in the model may not be detected by Cassini. This also means that minor chemical species 

that have been produced by the model may have been too low in concentration (below 104-105 cm-

3, Waite et al., 2004)) to have been detected by the instruments onboard Cassini. Similarly, the CDA, 

which analysed the ice grains from the plumes and the E-ring, has a mass capacity of 199 amu 

(Srama et al., 2004); therefore this would not have detected any chemical species above this atomic 

mass.  

Secondly, some ions may be hard to identify if they have the same molecular mass as another 

chemical species. For example, a peak was observed in the INMS data at a molecular mass of 28 u. 

This peak could be attributed to either molecular nitrogen or carbon monoxide. Both species could 

be present, or just one of them, and differentiating between the two is not straightforward. 

Furthermore, larger broad peaks may obscure some ionic species present in low concentrations. 

For example, a SO4
- peak at 96 amu could be lost amongst peaks representing the High molecular 

organic series (HMOC) series, which extends from 91 amu to 191 amu (Frank Postberg et al., 2018).  

In addition to limitations associated with interpreting Cassini data, there are processes operating 

on Enceladus that may mean the Cassini data do not reflect the true chemical composition of the 

subsurface ocean. These processes were described in detail in Chapter 1, Section 1.4.1. One of these 

key processes is fractional distillation (Glein, Baross and Waite, 2015), where upwelling fluids, 

particularly liquid water, may freeze onto the walls of the ice fractures at the SPR and concentrate 

non-water components. Furthermore, there could also be chemical changes to the molecules as 

they move from the subsurface ocean to the detectors on Cassini, because of the changes in 

pressure and temperature. The temperature could drop from approaching 273 K at the ice-ocean 

interface to just above 0 K in the vacuum of space; the pressure would also drop from approximately 

10 bar at the ice-ocean interface to the vacuum of space. Some of these influences are investigated 

in Chapter 5, where the cooling and the freezing of the fluids produced through the water-rock 

modelling is investigated.  

An additional limitation is that large chemical species, such as polyaromatic hydrocarbons (Frank 

Postberg et al., 2018), may have been fragmented when detected by Cassini; therefore 

fragmentation of the model results should be considered when comparing results. Finally, it is also 

be important to take into account that the concentration of non-water molecules may be 

disproportionally higher than those present in the ocean, if processes such as fractional distillation 

are occurring; therefore, it would be anticipated that different gas and fluid species produced by 

the model will not be as concentrated as these seen in the spectra of the Cassini instruments.   
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4.4.2.2 Model Fluid Outputs Compared with Cassini data 

Table 4.6 shows both the derived fluid compositions from modelling of both fluids, and the 

corresponding data retrieved from the Cassini spacecraft.  

 

In Table 4.6, the values for the chloride ion have been excluded from the model outputs because 

this was used as a charge balance and, therefore, the models’ results do not truly represent the 

concentration of chloride ions in the fluid.  

The model data for both runs show that the dominant chemical species are Na+, DIC, Cl- and K+. This 

fits with the data collected by Cassini, which has concluded that the ocean is predominantly water, 

and that the main non-water species are most likely NaCl, NaHCO3/Na2CO3 and KCl (Waite et al., 

2009). 

The other major ion produced by the models is sulfate, however, Cassini did not detect these. In a 

study carried out by Glein et al., they suggested that that the ocean must contain less than 10 

mmolal of MgSO4 (Glein, Postberg and Vance, 2018) because it has not been detected by Cassini. 

The results from this model support their suggestion as the concentration of SO4
2- ions is less than 

Table 4.6 Cometary fluid and NaCl fluid results at a w/r ratio of 1 across a range of temperatures and pressure. These 
are compared to the Cassini data/Cassini interpretations for Enceladus (Postberg et al., 2009, 2011). The models results 
are split into major species (> 1 x 10-4 mol kg-1) and minor species (< 1 x 10-4 mol kg-1) (ND - not detected, * - conditions 
at rock-water interface (Hsu et al., 2015), ** - detected but not quantified 

 Cometary Fluid NaCl Fluid Enceladus 

Temp (°C) 90 120 250 90 120 250 >90* 

P (bar) 80 80 150 80 80 150 ~ 80* 

pH 9.03 8.52 7.35 9.10 8.93 7.65 8.5-9 

Major Ions (mol kg-1) 

Na+ 0.119 0.119 0.140 0.065 0.071 0.122 0.06-0.3 

Cl-  N/A N/A N/A N/A N/A N/A 0.05-0.2 

SO4
2- 3.74E-05 1.66E-04 0.009 4.19E-05 9.54E-04 0.038 ND 

K+ 0.004 0.005 0.004 0.006 0.004 0.005 0.0005-0.002 

SiO2 0.002 0.002 0.006 0.002 0.004 0.006 ** 

DIC 0.100 0.113 0.293 0.057 0.059 0.085 0.01-0.1 

Minor Ions (mol kg-1) 

Al3+  2.16E-09 1.44E-08 1.29E-05 8.37E-10 1.34E-08 1.51E-05 ND 

Ca2+ 7.56E-06 6.48E-06 6.00E-06 7.55E-06 5.99E-06 5.66E-06 ND 

Mg2+ 1.16E-07 7.12E-08 1.51E-08 5.55E-08 1.12E-08 2.25E-09 ND 

Fe2+ 1.47E-08 1.83E-08 7.39E-08 1.56E-08 3.67E-08 1.30E-07 ND 

Mn2+ 2.10E-08 3.05E-08 1.24E-07 2.82E-08 4.75E-08 2.50E-07 ND 

Ni2+ 4.30E-13 8.62E-13 5.35E-12 3.39E-13 6.57E-13 4.70E-12 ND 

HPO4
-  2.46E-06 1.86E-06 4.92E-07 9.06E-07 6.69E-07 9.92E-08 ND 

NH4
+ 1.75E-07 1.75E-07 1.75E-07 - - - NH3 (g) 

DOC 2.53E-07 1.62E-07 5.10E-08 1.29E-07 3.79E-08 1.05E-08 ** 
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10 mmol for all runs in the cometary fluid model, and only the 250 °C/150 bar scenario exceeds this 

value for the NaCl runs.  

Most of the major ions produced by the model are at concentrations within the detectable range 

of the instruments on board Cassini and have been detected. The concentration of Na+ and DIC in 

the NaCl runs are at the lower-mid end of what is anticipated for Enceladus, with the concentration 

of Na+ in the model being approximately 0.05-0.1 mol kg-1, and the anticipated value for Enceladus 

being 0.06-0.3 mol kg-1 (Postberg et al., 2009, 2011) and the concentration of DIC in the model being 

approximately 0.05-0.08 mol kg-1 and the anticipated value for Enceladus being 0.01-0.1 mol kg-1 

(Postberg et al., 2009, 2011). The Na+ concentration from the cometary run is in the mid-range, 

where the model produces a concentration of 0.11-0.14 mol kg-1, compared to the estimated value 

of 0.06-0.3 mol kg-1 (Postberg et al., 2009, 2011), and the DIC is at the upper limit for that 

anticipated for Enceladus, where the model generates a DIC concentration of 0.1-0.3 mol kg-1, 

whereas the expected value for Enceladus is 0.01-0.1 mol kg-1 (Postberg et al., 2009, 2011). In all 

runs, regardless of physical parameters or starting fluid, there is more K+ produced in the models, 

ranging from 0.004-0.006 mol kg-1, than that anticipated for the ocean, 0.0005-0.002 mol kg-1 

(Postberg et al., 2009, 2011). Therefore, neither of the models could be prioritised based on the 

major species comparison with the Cassini data as they both produce concentrations that 

predominantly fall within the range anticipated for the ocean of Enceladus.  

Considering the processes that may be operating within the Enceladus interior, the agreement 

between the model results and the Cassini data suggests that the transport of material from the 

ocean floor to ocean surface, where the plume is generated, could be relatively quick, on a 

timescale where no significant changes to the fluid composition would have occurred. This is in 

tandem with Hsu et al., (2015), who suggested that there is a rapid upward movement of the ions 

from the water-rock interface to the ocean surface. This also implies that fluid chemistry at the 

ocean floor in the SPR could also be representative of fluid chemistry at the ocean-ice interface.  

Both initial ocean compositions produced minor fluid species that have not been detected by 

Cassini. These ions could be present in the ocean of Enceladus, in the concentrations defined by the 

model but were undetectable by Cassini (Section 4.4.2.1). In addition, the models produce results 

from the water-rock interface, which may then be mixed into the rest of the subsurface ocean, 

potentially decreasing the relative concentration of these ions on a global scale. In work by Lobo et 

al., a theory for an overturning water circulation system is proposed with water rising in the SPR 

and travelling up through the ocean, specifically towards the equator, where the water descends 

again because freezing of water at the ice-ocean interface causes an increase in its density (Lobo et 

al., 2021). If such processes are occurring on Enceladus, the ocean material may be well mixed, 

although this remains an unknown. It is assumed that the data collected by Cassini from the plumes 
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most likely represents the top of the ocean, without considering the effect of mixing processes. The 

changes in the chemical composition as the fluid ascends through the ocean is investigated in 

further details in Chapter 5, where the ascension process is modelled.  

Ammonium is only detected in the cometary fluid model. Given that ammonia has been detected 

in the plumes of Enceladus (Waite Jr et al., 2009), this provides a strong argument that the cometary 

origin for the ocean is potentially the more likely source for the primordial ice. The composition of 

ammonium in solution remains constant for all physical parameters for the cometary fluid run. The 

mass of the silicate solid that has dissolved in the subsurface ocean fluid also has no effect on the 

concentration of the ammonium in solution. Therefore, this suggests that the interaction between 

the silicate and the subsurface ocean has no effect on ammonium. This further supports the theory 

that the ammonia gas detected by Cassini is likely to have originated from cometary-type ice, that 

has melted over time; if the ammonia had been liberated through water-rock interactions, the 

concentration of ammonia/ammonium in solution or in the gas phase would change because of 

varying w/r controlled by the mass of silicate being dissolved. However, other potential sources of 

ammonium on Enceladus that have not been investigated in this project have been discussed in 

Section 4.4.1.  

The pH value of the Enceladus ocean has been widely studied (Chapter 1, Section 1.7.1.2) and was 

suggested to lie between 8.5 and 10.5 (Zolotov, 2007; J. H. Waite et al., 2011; Glein, Baross and 

Waite, 2015) in a conservative range. However, in a more recent study, the pH has been further 

constrained to lie between 8.5-9, based upon the carbonate concentration detectable in the plumes 

(Glein and Waite, 2020). Both of the fluid models confirm that pH decreases with increasing 

temperature and pressure, and the runs that represent the areas of hydrothermal activity on the 

ocean floor (90 and 120 °C) produce a pH within the range of that expected for the ocean of 

Enceladus (Hsu et al., 2015). The higher temperature and pressure reactions (250 °C /150 bar), 

representing what is occurring further within the silicate interior, produce a pH (7.3-7.5) outside 

the range anticipated for the ocean of Enceladus. This suggests that the reactions may not occur at 

such high temperatures (250 °C) as this creates a pH too low for the fluid anticipated for Enceladus. 

However, it could be that, as the fluid cools and mixes in with the ocean, the pH becomes more 

alkaline. Also it could be more likely that most water-rock reactions are occurring on the ocean floor 

at temperatures at temperatures approximately 90-120 °C, which generate a comparable pH (8.5-

9) to that expected for Enceladus.  

Furthermore, these results could imply that temperature may control the pH of the fluid, and 

therefore as the fluid is cooled on transport from within the silicate interior to the ocean floor and 

then further up to the ocean-ice interface, there may be an increase in pH. This concept will be 

studied further in Chapter 5 when the cooling of the hydrothermal fluids is modelled.  
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The agreement between the model results and the Cassini data also supports the decision that a 

w/r of 1 may be representative of what is occurring at the rock-water interface. There is also an 

overall agreement with the major ions produced by both models with the Cassini data, supporting 

the use of a CI chondrite as the silicate interior analogue for Enceladus. Furthermore, the fluid 

species in the cometary model compare best to that collected by Cassini, based primarily on the 

high concentration of dominate fluid species and the presence of ammonia, suggesting that this 

could be the more likely source for the primordial ice on Enceladus.  

4.4.2.3 Cassini vs. Model Gas data 

Different gas species were produced when running the models, however, since the partial pressure 

of the gas species never exceeds the total pressure of the system, these species remain in solution 

during the runs. The gaseous molecular species will be released when the partial pressure of the 

gas is higher than the pressure of its environment. As the dissolved gases are transported to the 

ocean-ice interface, the pressure of the fluid decreases and the dissolved gases are discharged into 

the gaseous phase, creating large vapour plumes of various gases. Therefore, the gases produced 

by the model can be compared to the gases that have been detected from the plumes of Enceladus 

(Table 4.7). 

Table 4.7 The molar percentages of different gases emitted from the plumes, as observed, and detected by Cassini 

(Waite et al., 2017) 

Gas Molar Percentage (%) 

H2O 96-99 

H2 0.4-1.4 

CO2 0.3-0.8 

NH3 0.4-1.3 

CH4 0.1-0.3 
 

All the species in Table 4.7 would be present in a gaseous state when the subsurface ocean is 

exposed to the vacuum of space, therefore would be detectable by Cassini. However, each of the 

models at 90 and 120 °C were run at a pressure of 80 bar and the run at 250 °C was run at 150 bar. 

Hence, because the partial pressures of each individual gas phase are less than the environmental 

pressure of the system (Table 4.8), each of these species remain dissolved in solution they reached 

the ocean surface exposed to space.  
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Table 4.8 Gas data from both the cometary fluid model and the NaCl model 

Gas 
Fluid 
Type 

Temperature 
(C) 

Pressure 
(bar) 

Fugacity 
Partial 

Pressure 
(bar) 

Mole 
Fraction 

Molar 
percentage 

H2O 

NaCl 

90 80 7.26E-01 7.34E-01 9.92E-01 99.210 

120 80 2.02E+00 2.07E+00 9.93E-01 99.250 

250 150 6.90E+01 9.10E+01 9.30E-01 92.960 

Cometary  

90 80 7.26E-01 7.34E-01 9.85E-01 98.490 

120 80 2.02E+00 2.07E+00 9.64E-01 96.360 

250 150 3.57E+01 3.57E+01 7.38E-01 73.830 

CO2 

NaCl 

90 80 5.65E-03 5.62E-03 7.61E-03 0.761 

120 80 1.56E-02 1.54E-02 7.39E-03 0.739 

250 150 6.72E+00 6.84E+00 6.99E-02 6.987 

Cometary 

90 80 1.09E-02 1.09E-02 1.46E-02 1.461 

120 80 7.78E-02 7.70E-02 3.59E-02 3.585 

250 150 1.59E+01 1.62E+01 2.62E-01 26.150 

CH4 

NaCl 

90 80 1.60E-04 1.58E-04 2.14E-04 0.021 

120 80 3.48E-05 3.40E-05 1.63E-05 0.002 

250 150 2.87E-06 2.32E-06 2.37E-08 0.000 

Cometary 

90 80 3.10E-04 3.07E-04 4.11E-04 0.041 

120 80 1.77E-04 1.73E-04 8.06E-05 0.008 

250 150 1.26E-05 1.08E-05 1.75E-07 0.000 

H2 

NaCl 

90 80 7.58E-05 7.58E-05 1.03E-04 0.010 

120 80 1.95E-04 1.95E-04 9.33E-05 0.009 

250 150 8.61E-03 8.33E-03 8.50E-05 0.009 

Cometary 

90 80 7.58E-05 7.58E-05 1.02E-04 0.010 

120 80 1.96E-04 1.96E-04 9.11E-05 0.009 

250 150 2.99E-03 2.92E-03 4.70E-05 0.005 

H2S 

NaCl 

90 80 3.23E-06 3.24E-06 4.38E-06 0.000 

120 80 2.40E-05 2.42E-05 1.16E-05 0.001 

250 150 4.44E-02 4.89E-02 4.99E-04 0.050 

Cometary 

90 80 3.23E-06 3.24E-06 4.35E-06 0.000 

120 80 2.42E-05 2.44E-05 1.14E-05 0.001 

250 150 8.86E-03 9.66E-03 1.56E-04 0.016 

CO 

NaCl 

90 80 1.11E-10 1.11E-10 1.50E-10 0.000 

120 80 7.88E-10 7.88E-10 3.78E-10 0.000 

250 150 2.06E-05 2.06E-05 2.10E-07 0.000 

Cometary 

90 80 2.15E-10 2.15E-10 2.88E-10 0.000 

120 80 3.96E-09 3.96E-09 1.84E-09 0.000 

250 150 1.48E-05 1.48E-05 2.38E-07 0.000 

NH3 Cometary 

90 80 3.39E-08 3.39E-08 4.54E-08 0.000 

120 80 7.27E-08 7.27E-08 3.38E-08 0.000 

250 150 2.25E-07 2.25E-07 3.63E-09 0.000 

 

The fugacity of the chemical species (Table 4.8) increases with temperature, therefore so does the 

partial pressure, assuming that a pure gas fugacity has a positive linear relationship to partial 

pressure. Therefore, the gas concentration in the models increases with temperature, as expected.  
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Most of the gaseous components produced in the models are at a much lower concentration than 

has been detected by Cassini. However, a comparison of relative concentrations between these 

two data sets is unrealistic because of the difference in pressure and temperature between what is 

being modelled in this investigation and the physical conditions of the plumes. Furthermore, 

combining this limitation with those of the instruments onboard Cassini (Section 4.4.2.1), a 

quantitative analysis is impractical; a qualitative analysis to confirm the presence of the different 

gases is more sensible.  

Cassini has detected that most of the vapour released in the plumes is water vapour (Waite et al., 

2017). This matches to the data produced by the models. It also needs to be taken into 

consideration, as with the fluid, that water vapour could deposit on the side of the ice wall cracks 

as it travels through them (Glein, Baross and Waite, 2015). This means that other non-water 

gaseous species that have been measured by Cassini may have been measured as more 

concentrated relative to water than their actual concentration in the ocean. It has been calculated 

by Ingersoll and Pankine (2010) that 10 times as much water vapour condenses into the ice 

fractures as is ejected in the plumes, therefore dramatically changing the relative ratio of the 

volatile species in the plumes compared to that in the ocean. This would change the relative 

proportions of the gas phase by an order of magnitude. Therefore, the results from these models 

could be an order of magnitude lower than what would be expected to be observed in the plumes 

of Enceladus.  

The models produce similar concentrations of hydrogen (~ 0.01 molar %) regardless of initial fluid 

or physical parameters used, but this is at least an order of magnitude less than that measured in 

the plumes of Enceladus (Waite et al., 2017). However, applying the calculations of Ingersoll and 

Pankine (2010), this would make the model results ~ 0.1 molar %, which is more comparable with 

the Cassini observation of 0.4-1.4 molar % (Waite et al., 2017). The detection of molecular hydrogen 

within the plumes and the formation of hydrogen from the water-rock interactions, coupled with 

the mineral production of antigorite, supports proposals (Hsu et al., 2015) for current ongoing 

hydrothermal activity with reactions such as serpentinisation occurring at the rock-water interface.  

The concentration of carbon dioxide in the model for the temperatures and pressures that simulate 

the ocean floor for both fluids produce a molar percentage (0.7-1.5%) that is also comparable to 

the Cassini data (Waite et al., 2017). Conversely, both fluids at 250 °C and 150 bar produce carbon 

dioxide at concentrations (6.9-25.8%), substantially greater that the range measured for Enceladus 

(Waite et al., 2017). This is the likely cause of the more acidic pH; the partial pressure of the carbon 

dioxide is below that of the system (150 bar), resulting in carbonic acid and a reduction in the pH 

of the solution.  
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Ammonia is only produced from the cometary fluid starting conditions. Given that ammonia has 

been detected in the plumes, this suggests that the source of ammonia observed in the plumes 

could have originated from the icy material, rather than have been liberated through water-rock 

interactions. This provides support to the theory that the primordial ice could have originated from 

a cometary source.  

The chemical species produced in the models are in concert with the Cassini data, specifically the 

cometary fluid model, as only this fluid produces ammonia. The concentrations of the gas model 

data and the Cassini data have some discrepancies, however CHIM-XPT is primarily designed to 

investigate aqueous phases, and its dealing and calculation of gas species are not as robust and 

reliable as the fluid data. Therefore, although the model data supports the Cassini data 

qualitatively, it is currently not possible to compare quantitatively. 

4.4.3 Silica Particle Modelling 

One of the key outcomes from the Cassini mission was the detection of SiO2 nanoparticles in the 

plumes, providing evidence for on-going hydrothermal activity on Enceladus (Hsu et al., 2015). 

Although the concentration of these nanoparticles was not constrained by the spacecraft, dynamic 

modelling carried out by Hsu et al., (2015) estimated the concentration of SiO2 in the E-ring was 

150-3900 ppm by mass, which can be approximated to 0.0025-0.065 moles kg-1. The outputs from 

the models presented in this chapter can shed further light onto the origins of these nanoparticles. 

Aqueous, dissolved SiO2 is generated in the models. To understand the conditions at which this 

might become precipitated in order to generate the solid phase SiO2 seen in the plumes, phase 

diagrams were created based upon the activity of the different chemical species in the fluid output 

of the model (Figure 4.15). These phase diagrams, constructed using Geochemists Workbench are 

at a constant pressure of 80 bar, and for varying temperatures from 0-300 °C. These parameters 

were chosen because firstly, a pressure of 80 bar is the pressure on the ocean floor of Enceladus 

(Hsu et al., 2015). Secondly, these phase diagrams were trialled at a range of pressures, and 10-100 

bar made no difference to the observed output graphs. Thirdly, the temperature at the ice-ocean 

interface is likely to be ~ 0 °C, and the ocean floor is greater than 90 °C; however, within the silicate 

interior of Enceladus this temperature could be higher, therefore temperatures comparable to 

white smokers on Earth were taken to be the upper limit (250-300 °C) (John et al., 2008).  

In the Geochemists Workbench database, solid SiO2 is categorised as quartz. However, the 

formation of quartz is unlikely because of the rapid cooling expected as the fluid moves away from 

the hydrothermal area. Instead, it is probable that amorphous silica colloids will form, as the 

nucleation rate in the cooling process will be faster than the crystallisation rate, leading to the 

formation of unstructured silica particles.  
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The phase diagrams in Figure 4.15 provide further support for the outcome of the models. It is likely 

that at the rock-water interface in the areas of hydrothermal activity, SiO2 is produced in aqueous 

form and, as the warm hydrothermal fluid interacts with the cooler surrounding ocean water, the 

solid SiO2 particles will precipitate.  

Figure 4.15 shows that as warmer water diffuses away from areas of hydrothermal activity and 

cools down, the SiO2 particles will likely coagulate and precipitate, forming a solid. Hsu found that 

the nucleation and growth of nanoparticles occurs when the fluids reach cooler water (Hsu et al., 

2015). This theory is investigated and discussed further in Chapter 5, where cooling models of the 

hydrothermal fluid have been run.  

4.4.4 Redox Environment 

The redox environment of the ocean on Enceladus is important to understand in terms of its 

habitability. It is currently assumed that the ocean is a reduced environment, owing to the detection 

of hydrogen the plumes of Enceladus (Waite et al., 2017).  The results from this work show that the 

fluid contains a range of sulfur, carbon and iron species in both the oxidised and reduced form. The 

sulfur component species, HS- and SO4
2-, are both present in the ocean, which represent a range of 

derived species in both the oxidised and the reduced form. The concentration of these sulfur 

species is about equal in terms of those in the reduced form and those in the oxidised form. 

Nitrogen species are exclusively present in a reduced form as either NH3 or NH4
+. Whilst both Fe2+ 

and Fe3+ are present in the ocean fluid, Fe2+ dominates over Fe3+. The model also produces hydrogen 

gas (as was observed it the plumes) and the model does not produce any aqueous or gaseous O2. 

Overall, this suggests the fluid is a reduced environment. This is discussed further in Section 7.4.1.5, 

including its implications for the habitability of Enceladus.  

NaCl Cometary  

Figure 4.15 Phase diagrams for SiO2 in the fluid for both the cometary fluid and saltwater fluid model for varying 
temperatures at 80 bar 
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4.4.5 Carbon Species 

Now that a general understanding of the chemistry of the subsurface environment has been 

established and the validity of the models has been recognised, the role of carbon in the subsurface 

environment can be assessed. Carbon is a key element that is crucial for our understanding of life 

and has been detected in the plumes of Enceladus (Postberg et al., 2009; Waite Jr et al., 2009; Waite 

et al., 2017; Frank Postberg et al., 2018). In the following sections, the fate of carbon species and 

the effect they have on the chemistry of the subsurface ocean are explored. To investigate the 

physical parameter effect on the carbon species in the ocean additional models were run at 20 

°C/50 bar, 20 °C/80 bar, 50 °C/80 bar, 90 °C/50 bar, 120 °C/50 bar.  

4.4.5.1 Fluid Species  

The starting concentration of carbon in the starting fluid in the cometary fluid was 0.23 moles, 

whereas there was none in the NaCl fluid. The concentration of carbon in the fluid output in the 

cometary fluid is therefore higher than in the NaCl fluid. As displayed in Figure 4.16, the 

concentration of carbon in the cometary fluid decreases as the reactions progress, which 

corresponds to the formation of carbonate minerals, such as siderite. The exception to this rule is 

the cometary fluid high temperature and high pressure run, where the carbon concentration in 

solution increases, which suggests dissolution of carbonates from the silicate interior.  

Table 4.5 displays the total derived carbon species present for both of the models. The species 

present in both the cometary fluid and NaCl fluid runs are: CH4, CO-, CO3
2-, CO2, C2H6, C3H8, C4H10, 

CaCO3, Ca(HCO3), MgCO3 and Mg(HCO3). OCN-, CN- and SCN- are present only in the cometary fluid 

runs because there is an absence of nitrogen in NaCl fluid. 

CO2 is dominant in both model outputs (~10-3-10-4 mol kg-1), whereas CO- is only observed in low 

concentrations (10-11-10-13 mol kg-1). The hydrocarbons are found in low molality values (<10-5 mol 

kg-1). It is notable that the higher the temperature of the run, the greater the diversity of 

hydrocarbon present; this is also accompanied by an increase in their respective total 

concentrations. The concentration of each hydrocarbon displays a distinctive trend: CH4 > C2H6 > 

C3H8 > C4H10. This trend is characteristic of polymerisations or incremental step formation processes 

(Konn et al., 2015), where there is an inverse relationship between chain length and concentration. 

The higher the temperature of the system, the more likely that the larger hydrocarbons will be 

formed. An alternative formation process for these hydrocarbons could be the breakdown of 

macromolecular organics under the hydrothermal conditions. It is known that hydrous pyrolysis of 

large organics causes the cleavage of bonds in large structures and the smaller the carbon unit the 

easier it is to cleave (Sephton, Pillinger and Gilmour, 2000; Oba and Naraoka, 2009), therefore this 

could also produce the hydrocarbons observed.  
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4.4.5.2 Solid Carbonates  

Carbon in the starting solid phase was inputted to the models as CO2, as there was no solid carbon 

input suitable. This is not realistic to what would be expected in nature, as the carbon input would 

have been in a solid carbonate form rather than CO2 gas. The carbon content of the silicate was the 

same for the NaCl runs as the cometary runs, therefore any difference in the results is a direct 

consequence of the water-rock reactions.  

Figure 4.17 displays the weight percentage of the carbonate minerals at different temperatures for 

both the cometary fluid runs and the NaCl runs. These results show that there was more carbonate 

being formed in the cometary fluid run than the NaCl run, and the production of carbonates is 

inversely proportional to temperature; this trend is more evident for the cometary fluid runs. The 

concentration of carbonates in the cometary fluid is likely to be higher, based on the additional CO2 

present in the starting fluid. As the reactions progressed the concentration of DIC in solution 

decreased, which mirrored the increase in the concentration of carbonates (Figure 4.16).  

 

Figure 4.16 The changes in concentration of carbon species in the solid phase and the fluid phase at different temperatures 
and pressures for both the cometary fluid and the NaCl fluid at a w/r of 1 during the water-rock interaction modelling. 
Straight lines are used for emphasis to show the trend in the data.  

The NaCl models showed the production of calcite (CaCO3) and rhodochrosite (MnCO3). The 

concentration of calcite remains fairly constant with varying pressure conditions, until it reaches 

the high temperature, high pressure (250 °C /150 bar) scenario, where the concentration of calcite 

is reduced. The concentration of rhodochrosite decreases with an increase in temperature and 

pressure. These results correspond to the increase in carbonate in solution at higher temperatures 

and pressure for the NaCl run, which suggests that the rate of dissolution increases with T and P.  

Both calcite and rhodochrosite are also formed in the cometary fluid but siderite (FeCO3) is only 

identified within the cometary fluid models. The formation of more carbonates in the cometary 

DIC in solution 

Solid Carbonates 

DIC in solution 

Solid Carbonates 
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fluid run is likely to be because of the higher concentration of carbonate in solution. During the 

cometary fluid runs (excluding the 250 °C/150 bar run), the concentration of DIC in solution 

decreases by approximately 0.1 moles kg-1. This is likely to be because it is the source of carbon for 

the formation of the siderite, calcite and rhodochrosite. However, in the 250 °C/150 bar run, no 

siderite is formed, and as the water-rock reactions progress an increase in DIC in solution is 

observed. This suggests a high level of carbonate dissolution from the silicate interior and that the 

higher temperature does not facilitate the formation of carbonates.  

Both fluids provided comparable molalities for calcite and rhodochrosite. Overall, the solid 

carbonate concentration is observed to decrease with both temperature and pressure.  

 

Figure 4.17 The relative concentrations of different carbonates produced in the saltwater and cometary fluid model 

4.4.5.3 Carbonate Species and pH 

It was previously established that the carbonate concentration varies with both pH and 

temperature. Figures 4.6 and 4.10 show the trend of the pH increases with temperature and 
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pressure, respectively. This could be linked to the concentration of dissolved carbonate species in 

the fluid. As the temperature and pressure in the models is increased, the concentration of DIC in 

solution also increases. Therefore, the concentration of solid carbonate that has precipitated from 

the reactions reduces. This trend is observed in both runs (Figure 4.18). 

The concentration of bicarbonate ions in solution is a key control of the pH of the subsurface ocean. 

Any dissolved CO2 in the ocean forms carbonic acid, which can dissociate to form bicarbonate, and 

subsequently, further dissociate to form carbonate ions (reactions 4.3 and 4.4). Throughout this 

process, 2 H+ ions will be released, hence increasing the acidity and reducing the pH of the ocean. 

The increase in temperature and pressure thus produces more bicarbonate in the ocean and hence 

increases the H+ concentration, leading to a decrease in pH.  

CO2, + H2O ↔  H2CO3  ↔ H+ + HCO3
−  (Reaction 4.3) 

HCO3
−  ↔  H+ +  CO3

−2    (Reaction 4.4) 

The general trend for both the NaCl and the cometary fluid shows that as the temperature of the 

fluid is increased, the pH of this solution decreases following interaction with the solid.  



131 
 

 

 

It is likely that the pH of the subsurface ocean could be controlled by the carbonate species. The 

higher the temperature of the system, the more solid carbonates dissolve into solution. Carbonates 

in solution release H+ ions, which decreases the pH of the solution. These trends are seen in both 

models: as the temperature increases, the concentration of solid carbonates decreases, increasing 

the carbonate in solution, reducing the pH of the solution.  

Carbon may play a key role in influencing the pH of the ocean on Enceladus. Understanding the role 

of carbon in the subsurface of Enceladus will provide information on the potentially habitability of 

Enceladus, as it is a key bio-essential element, and fundamental for our understanding of life. 

Further investigations into the carbon cycling on Enceladus is explored in Chapter 7.  

There are other chemical species present in the subsurface ocean that may also influence the pH 

of the ocean. HSO4
- is a weak acid and the concentration of this species varies substantially with 

x DIC in solution 

x Solid Carbonates 

x pH 

Figure 4.18 Moles of carbonate species in solid form and in solution at varying temperature for both the cometary fluid 
and saltwater models at varying temperature 

x DIC in solution 

x Solid Carbonates 

x pH 
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temperature and pressure. At a w/r of 1 in the 90 °C/80 bar model the pH of the ocean was 9.03 

and the concentration of HSO4
- was 0.94 x 10-11 mol kg-1, whereas in the 120 °C/80 bar model the 

pH of the ocean was more acidic with a value of 8.52 and the HSO4
- concentration increased to a 

value of 0.33 x 10-9 mol kg-1. In the 250 °C/150 bar model the pH was 7.35 and the concentration of 

HSO4
- was much higher at 0.122 x 10-4 mol kg-1. The concentrations of other species that may have 

influenced pH, such as NH4
+, remained constant throughout different w/r ratios or T/P conditions 

and are therefore unlikely to influence the pH of the ocean.  

4.5 Conclusion 

The main conclusions that can be drawn from this modelling work are: 

• The dominant minerals likely to be present in the subsurface environment are serpentine 

(antigorite), followed by magnetite and micas (daphnite, clinochlore and celadonite).  

• The dominant fluid species for both models are sodium, chloride, carbonate, and 

potassium, which is in agreement with the Cassini data. Based upon the concentrations of 

these ions, the cometary model shows the best agreement with the Cassini data.  

• The model predicts many additional minor ions may be present in the subsurface ocean 

fluid, however it is likely that their concentration would be below the limits of detection of 

the Cassini instruments.  

• Aqueous nitrogen species and ammonia gas are both produced in the cometary fluid 

models, and have both been confirmed to be present in the plumes of Enceladus by the 

Cassini data, adding further support to the cometary model for Enceladus’ fluid.  

• At the rock-water interface, silica nanoparticles are produced in aqueous form, but 

precipitate into amorphous solid particles as the temperature of the fluid decreases. 

• The overall agreement with the model results and the data from Cassini suggest that the 

simulant may be a valid representation of the silicate interior of Enceladus.  

• The production of gaseous hydrogen and the formation of antigorite, supports the 

suggestion that serpentinisation reactions are likely to be occurring on the ocean floor.  

• It is likely that the pH of the subsurface ocean is being controlled through the speciation of 

carbonates or sulfate species and the temperature of the subsurface environment.   
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 Cooling and Freezing of 

hydrothermal fluid 

5.1 Introduction  

This thesis has so far focused on exploring processes occurring at the water-rock interface on 

Enceladus. However, to be able to adequately validate these results against Cassini measurements 

made of, and above, the Enceladus surface, some consideration of the processes occurring between 

the ocean floor and space is required.  

This chapter presents an attempt to model the cooling processes that may occur when the fluids, 

modelled in Chapter 4, ascend through the water column from the ocean floor to the ocean surface 

(ice-ocean interface) (Figure 5.1) and are then subsequently frozen. This will provide data that will 

be comparable to those obtained from the ice grains analysed by Cassini. This chapter addresses 

the following research questions: 1) what is the likely ocean composition of a modern subsurface 

ocean on Enceladus? 2) what reaction pathways are occurring in the subsurface environment?  

 

Figure 5.1 Cross section of the South Polar Region of Enceladus, showing the locations the cooling and freezing models are 
simulating. Freezing temperature and eutectic point, determined throughout this chapter.  

To model the movement of fluid from the ocean floor to the ocean surface requires an 

understanding of potential circulation processes in Enceladus’ ocean. The rate of movement of fluid 



134 
 

from the ocean floor to the ocean surface is unknown. Similarly, the ocean circulation on Enceladus 

has not been well constrained and there are competing hypothesis on how well mixed the surface 

ocean on Enceladus is, this is discussed in Chapter 1, Section 1.7.4. Work conducted by Hsu et al., 

concluded, based upon the size of silica colloid particles, that there must be a relatively fast-moving 

water column transporting fluid from the ocean floor to the ocean surface with minimal mixing (Hsu 

et al., 2015). It has also been suggested that, because of the temperature difference between the 

hot ocean floor, in areas of hydrothermal activity, and the cold ocean-ice interface, warm water on 

the southern and northern poles would rise and the water at the equators would sink, resulting in 

ocean circulation (Soderlund, 2019). In a recent study by Lobo et al., (2021), it was concluded that 

there is likely a pole to equator overturning circulation system on Enceladus, which is driven by 

both diabatic diffusive upwelling from the hydrothermal regions in the SPR, as well as diabatic water 

transformation owing to the change in density of water upon freezing at the equator. This would 

result in a downwelling of water from the ocean surface at the equator (Lobo et al., 2021).  

Regardless of these competing water circulations models, common to all is the upwelling of water 

from the hydrothermal regions on the SPR (Hsu et al., 2015; Soderlund, 2019; Lobo et al., 2021). 

Therefore, for the models in this chapter, it is assumed that that the fluid evolved in the water-rock 

interactions (Chapter 4) would be rapidly transported upwards to the ice-ocean interface in 

accordance with Hsu model (Figure 5.1). 

The cooling models are dealt with first, owing to the fact that most of the temperature change 

would occur near the ocean floor; as the water moves away from the area of hydrothermal activity 

it would likely cool very quickly, similar to hydrothermal vents on Earth (Gartman et al., 2019). 

These models are then followed by pressure change models because, as the water ascends from 

the ocean floor to the ocean surface, there will also be a decrease in pressure as it travels to 

shallower depths within the ocean. Finally, this chapter will present an investigation into the 

freezing of the water at the ocean surface. The temperature there is approximately 0 °C (Matson et 

al., 2012), however, as the water travels through the ice crack(s) it is exposed to the vacuum of 

space, freezing it rapidly. The liquid water at the ice-ocean interface will also be in equilibrium with 

the ice, therefore running freezing models will allow for further understanding of the composition 

of the ice crust of Enceladus.  

5.2 Cooling models 

CHIM-XPT was used to model the cooling of the hydrothermal fluids generated from the 

thermochemical modelling of the water-rock interactions on the ocean floor of Enceladus (Chapter 

4). General information on the running of CHIM-XPT can be found in Chapter 2.  
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5.2.1 Model Set-up  

For the initial CHILLRUN.dat start files, the final output CHILLRUN.dat file from the corresponding 

water-rock interaction model (Chapter 4) was used. This minimised any error in data transfer that 

may result from setting up new CHILLRUN.dat files. All the solid phases were removed from the 

initial start files since the cooling model focus only on the fluid phase as it moves away from the 

water-rock interface.  

Specifically, the CHILLRUN.dat output files from the 90, 120 and 250 °C cometary fluid runs were 

used because their chemistry, especially the result for the 90 and 120 °C at 80 bar runs, produced 

fluid compositions most comparable with the observations from Cassini (Chapter 4, Section 4.4.2). 

Table 5.1 shows the specific inputs used for these models. As with the water-rock modelling, the 

pH was not specified within the start files, but calculated by the composition of the fluid throughout 

the modelling run. Enceladus subsurface ocean pH has previously been calculated based on the 

Cassini observations (Glein, Baross and Waite, 2015; Glein and Waite, 2020), therefore the pH 

generated from this modelling work can be compared with these values. In line with Chapter 4, 

chloride ions were used as the charge balance.  

Unlike the models presented in Chapter 4, the step limit and increment now represent a change 

(decrease) in temperature rather than in the mass of the dissolved solid phase. The cooling models 

were also run as an ‘open’ system (in the water-rock modelling, they were run as a ‘closed system’), 

therefore the model was set up to fractionate out solids and gases after each temperature 

increment. The open system was considered to be most appropriate for simulating the transport of 

the fluid from the ocean floor to the subsurface ocean in a rapidly moving water column (Hsu et al., 

2015) where minerals that precipitate out, or gases that are produced, are unlikely to redissolve. 

As the system is set up to fractionate out the solid and gas phases after each temperature step, the 

total mass of these precipitating minerals or gases will be the cumulative sum over each 

temperature change step. All three of the cometary fluid runs were set up to cool the fluids from 

their starting temperatures (90, 120 and 250 °C) down to 0 °C, which is both the lowest limit of 

CHIM-XPT model and the lowest temperature water is anticipated to be at the ocean surface of 

Enceladus (Matson et al., 2012). 

It was anticipated that a silica phase would precipitate out during these models, based on the phase 

diagram of silica produced in the previous chapter (Chapter 4 Section 4.4.3.). As with the previous 

chapter, quartz has been chosen to represent the silica phase and will represent any of the silica 

anticipated to precipitate. In nature it is unlikely that quartz itself will form during cooling at this 

temperature range (max. 250 °C to 0 °C). Instead, it is probable that amorphous silica colloids will 

form, as the nucleation rate in the cooling process will be faster than the crystallisation rate, leading 
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to the formation of unstructured silica particles (Iler, 1979). Quartz, with a crystalline tetrahedra 

structure, is more thermodynamically stable than amorphous silica, which lacks a regular long-

range structure, i.e., the repetition of a regular patter of arrangement of particles over the entire 

mineral lattice structure. Therefore, quartz is preferred in the modelling database as CHIM-XPT will 

not necessarily form metastable minerals or factor in kinetics (see Chapter 2 Section 2.2.2).  

The cooling models are followed by subsequent pressure change models, the parameters of which 

are defined in a later section.  
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Table 5.1 The variables for the models, the definition of these variables and the input values chosen for the model 

Variable/ 

Input 

Definition within CHIM-XPT working parameters Input value Justification 

pH The pH of the fluid solution 0.00 A value of 0 allows for the pH to be calculated throughout the run, based 

upon the concentration of free H+ ions in solution. 

PFluid The initial pressure of the system in bars (max at 5 kbar) 80, 150  

(Table 4.3) 

The pressure of the run did not change from the previous model (Chapter 

4, Section 4.2.2.3).  

TEMP Initial temperature in degrees centigrade. Currently this is 

limited to 0.01-600°C. 

90, 120, 

250 

(Table 4.3) 

The temperatures for each run started as the same from the previous 

water-rock modelling (Chapter 4, Section 4.2.2.3). 

STEP 

INCREM 

The increment size for calculation steps. For these models, 

this value represented an incremental cooling (°C) 

-0.1 This value is negative, the value of -0.1 was used to produce small step 

sizes for the temperature decease.  

STEP 

LIMIT 

The limit for the temperature decrease. Once the 

temperature reaches the STEP LIMIT the run will finish.  

0 0 °C was selected as this is the temperature at which FREZCHEM can 

continue the cooling and freezing of the fluid.  

SOLMIN Maximum negative molar amount of pure phase allowed 

to equilibrate 

0.00 Does not allow a negative molar concentration of solid phase material to 

be formed.  

CHGBAL The index number for the component ion that was used for 

charge balance  

3 A value of 3 represents the ion index number belonging to Cl-. This ion 

was selected as Cl- ions are present in the subsurface ocean of Enceladus. 

This will distort the results for the concentration of Cl- ions in solution, 

therefore they will need to be calculated separately afterwards.  

IFRAC The selector for mineral and gas fractionation 3 The gases and solids were fractionated out of the system after each 

stepwise decrease in temperature.  

NLOOP The maximum number of Newton-Raphson interactions in 

the convergence calculation 

600 If a run is not solved within around 100 iterations (loops) it is unlikely that 

the run will converge. Therefore, setting this value well above this 

boundary gives it ample opportunity to reach convergence before 

determining it will not achieve this.  

LIMSOL Decides the treatment for solid solutions, ‘limit of solid 

solution’ 

0 Solid solution endmembers and gases are treated as separate phases, so 

this is set to 0.  

MINSOLV Control the titration calculation and defines the units for 

the titration reaction 

0 This model does not titrate rock into the system as it is looking at the fluid 

phase only, so this is set to 0.  
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5.2.2 Cooling Results 

5.2.2.1 Fluid Composition  

Figure 5.2 shows the change in concentration of the component species in the fluids as they were 

cooled from 90, 120 and 250 °C to 0 °C; only the species that showed changes in concentration 

during cooling are plotted. In all cases, there was a significant decrease in the concentration of SiO2, 

Fe2+, Al3+. There was also a substantial change in the concentration of Ni2+ in the runs that cooled 

from 90 and 120 °C; however, for the run initially cooled from 250 °C, the change in Ni2+ was 

minimal, only decreasing in concentration by approximately 11 % (compared to 96 % for the 90 and 

120 °C runs). In the 90 and 120 °C cooling runs there was a small decrease (4.8 % and 3.5 % 

respectively) in the concentration of Mn2+ in the fluid, however there was no change in the 

concentration of Mn2+ in the cooling of the fluid at 250 °C.  

5.2.2.2 pH 

As discussed previously, pH has been constrained for the Enceladus ocean to between 8.5-9, based 

upon the likely concentration of carbonates (Glein and Waite, 2020). Comparing the pH produced 

by the cooling models with that calculated based on the Cassini data will provide some validation 

for the starting chemistries inputted for the water-rock modelling (Chapter 4). Figure 5.3 shows the 

modelled change in pH as the temperature cools for all three runs. In both the 90 and 120 °C cooling 

runs, the pH of the fluids increased as the temperature decreased, with a final pH of between 9-9.5 

once cooled. The opposite of this was true when cooling the 250 °C run, where the pH of the fluid 

initially decreases, with a final pH of approximately 6.5. The results for pH are discussed further in 

Section 5.2.3.2.  
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Figure 5.2 The change in concentration of component species as the fluid cools from initial temperatures to 0 °C. Only 

those component species that changed concentration are plotted 
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Figure 5.3 pH changes as the three fluids are cooled from their initial water-rock interaction temperature of 90, 120 and 
250 °C 

5.2.2.3 Mineral Precipitation Through Cooling  

Figure 5.4 shows which minerals precipitate out of the fluids as they cool. As described in Section 

5.2.1, the masses for each decreasing temperature increment are fractionated out of the system as 

the system continues cooling, and therefore the graphs on Figure 5.4 represent the total mass 

produced at each temperature stage.  

Not unexpectedly, quartz is the dominant mineral that precipitates out in all of the runs regardless 

of the starting temperature. In every run it precipitates almost as soon as the temperature starts 

to decrease, which suggests a supersaturation of silica in the solution that continues to precipitate 

until the fluid reaches 0 °C; this corresponds to a decrease in SiO2 concentration in each fluid, which 

is continuous from the start to the end of the cooling runs. Similarly, pyrite (FeS) is formed in the 

cooling of every run and precipitates immediately and continuously to the end of the cooling run, 

which suggests that the fluid was also supersaturated in Fe and S (ferrous iron and sulfide). The 

corresponding decrease in Fe in solution can be seen in Figure 5.2. Sulfide does not appear on the 

graph because the change in concentration of aqueous sulfide (3.7 x 10-7 mol) as pyrite forms is 

substantially less than the total concentration of sulfide in solution (1.04 x 10-4 mol kg-1); the 

accuracy of the concentration in the model also only goes to 3 significant figures.  

Rhodochrosite (MnCO3) is formed in all three runs, however it is only formed at the start of cooling. 

The formation of rhodochrosite is likely driven by the supersaturation of Mn and corresponds with 

a decrease in Mn concentration in each fluid. In the 250 °C run, rhodochrosite only precipitates in 

the first 0.5 °C, reflected by a change in Mn concentration in solution only in the first half a degree 

and then Mn concentration remains constant throughout the rest of the cooling process. For the 
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other two runs, rhodochrosite is formed for approximately the first 15 °C of cooling, the change in 

the Mn concentration is therefore greater than in the 250 °C run.  

Ni-pentlandite (Ni9S9) is also formed in all three runs, and is formed continuously during cooling of 

the 90 and 120 °C fluids; however, it only formed in the 250 °C cooling run above 236 °C. This is 

likely driven by the supersaturation of Ni in the 90 and 120 °C run, and there was a corresponding 

95 % decrease in Ni concentration in the fluid for these runs, compared with only an 11 % decrease 

in the first 14 °C of the 250 °C run.  

Fe-celadonite (KFe2[Si4O10](OH)2) is only formed in the 90 and 120 °C cooling runs and, for both 

runs, it is only formed upon the initial cooling (first 5 °C) of the fluid. This coincides with an initial 

decrease in Al concentration in the fluids. In both the 90 and 120 °C cooling runs, the Al 

concentration in the fluids then remains constant until 17 °C and 43 °C, respectively, where stilbite 

(NaCa4(Si27Al9)O72.28H2O) is formed. In the 250 °C run, the Al concentration decreases throughout 

the entire run and is represented by the formation of several minerals throughout the cooling 

process (microcline (KAlSi3O8), muscovite (KAl₂(F,OH)₂), kaolinite (Al₂Si₂O₅(OH)₄) and dawsonite 

(NaAlCO₃(OH). Figure 5.4 shows the formation of these minerals throughout the run, where they 

form a sequence, microcline>muscovite>kaolinite>dawsonite, based on the supersaturation of Al 

in the system and the availability of other chemical species.  
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Figure 5.4 Solid phases precipitated out of solution on cooling from initial starting temperatures to 0 °C 



143 
 

5.2.2.4 Gas Concentration During Cooling  

None of the gas species (H2O, CO2, CH4, H2, H2S, CO and NH3) were released during cooling because 

the total pressure of the system still exceeded the partial pressure of any individual gas, therefore 

they all remained dissolved in the fluids. Table 5.2 presents the final data for the partial pressure of 

the different gaseous species at 0 °C after each of the three fluids were cooled. The results for the 

90 and 120 °C run are again similar, with the total gas pressure in both less than 0.01 bar. The 

composition of the gas mixture was also similar for both runs: predominantly H2O with CO2, and 

CH4, H2, H2S and NH3 and CO (Table 5.2).  

The results for the 250 °C run were again different to the other two runs. The total gas pressure in 

this run exceeded 2.5 bar and was predominantly composed of CO2 (as opposed to H2O). The 

relative pressure of H2, NH3 and CH4 was lower than the other runs, and there was a marginal 

increase in relative pressure from CO and H2S. However, the partial pressure of H2O remained 

consistent with the other temperature runs.  

Table 5.2 The partial pressure of the dissolved gas phases once the fluids were cooled to 0 ° C 

Gas Partial Pressure (bar) at 0 °C 

90 °C run 120 °C run 250 °C run 

H2O 6.51 x 10-3 6.52 x 10-3 7.03 x 10-3 

CO2 5.85 x 10-4 2.44 x 10-3 2.75 

CH4 1.51 x 10-4 9.28 x 10-5 1.81 x 10-6 

H2 1.37 x 10-7 8.46 x 10-8 5.63 x 10-9 

H2S 9.4 x 10-10 6.05 x 10-6 4.87 x 10-3 

CO 2.61 x 10-14 6.74 x 10-14 4.69 x 10-12 

NH3 2.01 x 10-10 7.81 x 10-11 9.66 x 10-14  

Total gas 
pressure 

7.3 x 10-3 9.1 x 10-3 2.76 

 

5.2.3 Discussion of Cooling Runs 

There appears to be no significant difference in the fluid composition, pH, mineral precipitation, or 

gas pressure between the 90 and 120 °C cooling runs. However, these differ from the 250 °C cooling 

run in several ways. The cooling of the 250 °C run results in a pH decrease from approximately 7.2 

to 6.5, whereas for the 90 and 120 °C runs, the pH of the fluid increased by a value of 0.5. The 250 

°C run also resulted in more minerals precipitating during cooling, and a much higher total gas 

pressure; the proportions of the dissolved gases was significantly different, specifically with regards 

to the high partial pressure of CO2. These results suggest that temperature might influence the 

composition and pH of the subsurface ocean on Enceladus, which, in turn, would result in different 

minerals precipitating through the cooling process.  
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The results from Chapter 4 concluded that the higher the temperature of the water-rock 

interactions, the higher the concentration of most aqueous species, since higher temperatures 

increase mineral dissolution rates. In the cooling modelling presented in this chapter, it is evident 

that the more concentrated the fluid is, the more species are supersaturated during the cooling 

process. This leads to the precipitation of more minerals. Further to this, the concentration of 

carbonate species in the 250 °C fluid was significantly higher than the other runs (Chapter 4, Section 

4.3.2), and therefore it is likely to have played a critical role in the formation of CO2 gas. The 

following sections will explore some of these features in more detail.  

5.2.3.1 pH 

One of the key differences between the cooling runs is the behaviour of the fluid pH. There are two 

reasonable explanations for the change in pH as the fluid cools. Firstly, this could be caused by a 

compositional change in the fluid through the cooling process, which changes the pH. Secondly, a 

change in temperature causes a shift in the neutral point of water (Bandura and Lvov, 2005), and 

hence the observed pH change. To examine these two explanations, the change in the pH of pure 

water with temperature was modelled in CHIM-XPT. 

The results from the pure water model are plotted in Figure 5.5, alongside the cometary fluid 

cooling models for a direct comparison. This figure shows that the increase in pH as the 

temperature decreases in the 90 and 120 °C runs does indeed follow the trend of pure water and 

so suggests that the change in pH for these runs is caused by the shift in the neutral point of water 

with temperature. However, this is not the case for the 250 °C run. 

 

Figure 5.5 The plot shows the change in pH from the model results with cooling temperature cometary fluid runs against 
the change in pH with pure water 

The change in pH in the 250 °C run may be the result of changes in the chemical composition of the 

fluid, rather than temperature. As the fluid cooled from 250 °C to 0 °C, there were 2.5 bars of CO2 
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dissolved in the fluid. This partial pressure is lower than the pressure of the whole system at 150 

bar, and it is likely that the CO2 remains dissolved in water and forms carbonic acid (Reaction 5.1), 

reducing the pH of the fluid.  

𝐶𝑂2 + 𝐻2𝑂 → 𝐻2𝐶𝑂3 ↔ 𝐻+ + 𝐻𝐶𝑂3  (Reaction 5.1) 

In contrast, the 120 and 90 °C runs had less than 0.005 bar of CO2 and therefore had very little effect 

on the pH. Instead, the controlling factor in those runs was the temperature change and the 

resultant shift in the neutral point of water. 

On Earth the ratio of CO2/HCO3/CO3 in water drives the pH of the ocean; acidification is the result 

of increased CO2 concentrations. Figure 5.6 shows how the ratio of the different carbon species in 

water effects the pH (Barker and Ridgewell, 2012). Based upon the modelling presented in this 

thesis, using the derived chemical species at 0 °C, the concentration of CO2 dissolved in the fluid for 

the 250 °C run is approximately 0.17 mol kg-1, and the HCO3 concentration is 0.13 mol kg-1. As the 

CO2 in the fluid is the most dominant species, Figure 5.6 suggests the pH should be approximately 

6 or below; the pH generated by the model agrees with this since the pH generated is 6.2. For the 

90 and 120 °C runs, the CO2 concentration is 4.23 x 10-6 and 1.7 x 10-5 mol kg-1 respectively, which 

makes the CO2 fractional contribution to be <0.0001% of the total carbonates in the ocean, which, 

if using Figure 5.6, suggests the pH based should be above 8.5. The model confirms this with the pH 

for the two runs at 0 °C being ~9 and 9.5. The concept of ocean acidification based on the carbon 

species is discussed further in Chapter 7.  

 

Figure 5.6 The proportion of different carbonate species in water and the effect they have on pH (Barker & Ridgwell, 2012)  
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As explained previously (Section 4.4.5.3), whilst there is a lot of evidence to suggest that the carbon 

species may control the pH of the ocean, there are other species that also need to be taken into 

consideration that may be changing the pH. The component species of SO4
2- and HS- do not change 

throughout the cooling process to affect the pH. However, when looking at the derived species, the 

concentration of HSO4
- and HSO3

- both decrease through the cooling process, by an order of ~105 

for the 90 and 120 °C runs. Whilst the decrease in these acids may also lead to the increase in pH 

of the ocean through the cooling process, as discussed above, the pH change is more likely to reflect 

temperature shift. The shift from the acids to their conjugate base is most likely to be a response 

to the pH change of the ocean. Further, HSO4
- and HSO3

- both decrease in concentration in the 250 

°C run, where the pH of the fluid actually becomes more acidic, and therefore this cannot be the 

controlling factor of the pH.  

Other chemical species where assessed, and none of them have a large difference in concentration 

in the 250 °C run that can explain the shift in the pH that was observed through the model. 

Therefore, it is likely this is caused by the increase in CO2 in the solution.  

5.2.3.2 Pressure Change Models  

Given the effect that the pressure of the gaseous species had on the pH of the fluid, further 

investigation of the role of pressure was required, since the water ascending from the water-rock 

interface to the water-ice interface would also experience a substantial change in pressure. The 

results from the cooling models were taken and each of the runs was reduced to a 1 bar pressure 

(from 80 bar for the 90 and 120 °C runs and 150 bar for the 250 °C run).  

Ideally, the models would have been cooled and depressurised in unison along the pressure-

temperature curve for the different depths of the subsurface environment of Enceladus. However, 

since a pressure-temperature profile for the depth of Enceladus is not known, in the pressure 

change models, the cooling was implemented first, as this is likely to happen close to the ocean 

floor, followed by subsequent depressurising as the water ascends through the water column 

The model set up for these was the same as the cooling runs within CHIM-XPT (Section 5.2.1 and 

Table 5.1), however INCRP was set to 1, which meant STEPLIM and STEPINCREM were associated 

with the change in pressure rather than temperature. The step limit was changed to 1 bar and the 

step increment was set to -0.1, to represent a 0.1 bar change in pressure for each incremental step.  

The change in pressure from 80 bar to 1 bar for the 90 and 120 °C runs only resulted in minor 

changes to the composition of the fluid (Table 5.3). There was minor precipitation of quartz, Ni-

pentlandite, pyrite and stilbite, which were expected as these were also formed in the cooling 

models (Section 5.2.2.3). The 90 °C run precipitated the carbonates calcite and rhodochrosite in the 

depressurising run. However, overall, the change to the bulk fluid composition and pH was minor. 
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For both of these runs, no gases were released since the pressure of the whole system in each run 

(1 bar) never fell below the total partial pressure of the various gases present, therefore all 

remained dissolved in solution.  

Table 5.3 The concentration of the different fluid species that change throughout the depressurising process, the different 
minerals that precipitate out and the partial pressure of the gas. The results are for the runs initially at 90 and 120 °C, 
from both the start of the run (80 bar) and the end of the run (1 bar). Those entries in light grey experienced no change 

 Initially 90 °C run Initially 120 °C run 

 @ 80 bar @ 1 bar @ 80 bar @ 1 bar 

pH 9.702 9.743 9.210 9.251 

Fluid species concentration (mol kg-1) 

Ca 7.56 x 10-6 6.30 x 10-6 6.48 x 10-6 6.48 x 10-6 

Fe 2.94 x 10-15 2.75 x 10-15 3.71 x 10-16 3.44 x 10-16 

Mn 2.00 x 10-08 1.78 x10-8 2.95 x 10-8 2.95 x 10-8 

Ni 1.59 x 10-14 1.30 x10-14 2.99 x 10-14 2.45 x10-14 

SiO2 1.13 x10-4 1.13 x 10-4 5.02 x 10-5 4.97 x 10-5 

Al 3.40 x 10-10 3.39 x 10-10 2.87 x10-10 2.69 x 10-10 

Total mineral precipitation after depressurising (mol) 

Ni-Pentlandite N/A 3.14 x 10-15 N/A 5.93 x 10-15 

Pyrite N/A 1.96 x 10-15 N/A 2.66 x 10-16 

Quartz N/A 8.09 x 10-6 N/A 4.61 x 10-6 

Calcite N/A 1.26 x 10-5 N/A - 

Rhodochrosite N/A 2.24 x 10-8 N/A - 

Stilbite N/A 4.05 x 10-12 N/A 8.80 x 10-11 

Gas partial pressure (bar) 

H2O 6.51 x 10-3 6.11 x 10-3 6.52 x 10-3 6.11 x 10-3 

CO2 5.85 x 10-4 5.26 x 10-4 2.44 x 10-3 2.20 x 10-3 

CH4 1.51 x 10-4 1.27 x 10-4 9.28 x 10-5 7.85 x 10-5 

H2 1.37 x 10-7 1.30 x 10-7 8.46 x 10-8 8.08 x 10-8 

H2S 9.40 x 10-10 8.07 x 10-10 6.05 x 10-6 5.19 x 10-6 

CO 2.61 x 10-14 2.28 x 10-14 6.74 x 10-14 6.16 x 10-14 

NH3 2.01 x 10-10 2.01 x 10-10 7.81 x 10-11 7.96 x 10-11 

 

Conversely, the effect of pressure changes on the 250 °C run was significant. Figure 5.7 shows the 

change in fluid chemistry and pH as the pressure decreased, as well as the minerals that 

precipitated out. The main fluid species affected by the change in pressure were the DIC- and Fe2+ 

(Figure 5.7) with other species (SO4
2-, SiO2, Al3+) showing only a slight decrease in concentration. 

The pH of the solution increases with decreasing pressure. A high concentration of CO2 gas and 

graphite were formed with depressurisation of the 250 °C run, which may account for the relative 

decrease in the DIC in the fluid. Pyrite, quartz and dawsonite also formed but at lower 

concentrations. It is likely that pyrite was responsible for the decrease in the concentration of Fe in 

the fluid. The concentration of SiO2 in the fluid decreased as quartz is formed. 



148 
 

The key difference between the 250 °C run and the 90 °C and 120 °C runs was that the pH became 

more acidic upon cooling from 250 °C, whereas the other models became more alkaline. The results 

from cooling the 250 °C run determined that there was 2.5 bar of CO2 gas in the system once cooled 

to 0 °C, however it can be seen from Figure 5.8 that the overall pressure of the system dropped 

below 2.5 bar and CO2 gas was released. When the pressure dropped below 2.5 bar, there was also 

a decrease in the DIC in the fluid. The combined effect of the loss of CO2 and DIC inevitably results 

in an increase in pH and a move to more alkaline conditions. The results from the pressure change 

model changes the ratio of CO2/HCO3/CO3 in the fluid; CO2 now only makes up a 0.01 fractional 

proportion of the total carbonate in solution. According to Figure 5.6, this would lead to a large pH 

shift to a value between 6-7, which agrees with the results from the pressure change model.  
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Figure 5.7 The results for the aqueous species, the solid/gas species and pH from the pressure change model for the 250 
°C/150 bar cometary fluid run. Only those species that changed because of pressure changes are plotted 
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Figure 5.8 The results for the carbon species and pH from the pressure change of the 250 °C/150 bar run at 25 °C as the 
pressure drops from 10 bar to 1 bar 

The outputs from the pressure change models now represent an environment at 1 bar and at 0.01 

°C. These results were then picked up by FREZCHEM to track the changes in the chemistry of the 

ocean as it freezes.  

5.3 Freezing Models 

The data collected by Cassini is obtained from analysis of the plume material ejected into space or 

in the E-ring, all of which are in sub-zero (°C) environments. Therefore, to compare the results from 

this thesis to the Cassini data, to assess the validity of the models, and to ascertain constraints on 

the physical environments in the subsurface of Enceladus, the fluid at the ocean surface needs to 

be frozen. For this, a freezing model, FREZCHEM, was used. 

5.3.1 FREZCHEM 

FREZCHEM is an equilibrium chemical thermodynamic model that uses the Pitzer approach 

(Marion, Kargel and Catling, 2008). Version 15.1 was used because of its specificity for running 



151 
 

models below 0 °C (Chapter 2 Section 2.1.1): it has a temperature range of -100 to 25 °C. For the 

freezing models, the outputs from the cooling and depressurisation models (Section 5.2.3.2) were 

used as the input values for the FREZCHEM file, making the start conditions 0 °C and 1 bar. All 

models were run using equilibrium mode where all the components are allowed to react completely 

to equilibrium at each temperature step. If the fractional mode had been used, the solid phase 

would be permanently removed after each step, this is often used to model top-down freezing 

where crystallising salts can fall out of the water column. However, as the environment that was 

being considered represented the flash freezing of water droplets, the equilibrium model was 

chosen. FREZCHEM cannot run as a true open system, as the software does not allow for new 

material to enter the system at any point.  

Table 5.4 shows the final outputs from the cooling/depressurising runs for each of the fluids, 

according to their initial starting temperatures. However, since the FREZCHEM input options for 

chemical composition are not as extensive as the output fluid species data in CHIM-XPT, changes 

to the input chemistry had to be made. These include not being able to include HPO4, Mn, Ni, HS, 

Al and Fe.  

The pH was inputted as the value from the CHIM output files; however, after the first step 

increment, the models recalculate the pH based on the fluid chemistry. As discussed in Chapter 2 

Section 2.3.2, one of the limitations of FREZCHEM is the necessity to have the system fully charge 

balanced before running. Without this, FREZCHEM would attempt to compensate by altering the 

pH of the system, which was undesirable. In line with previous approaches used in this project, Cl- 

was used as the charge balance ion for the 90 and the 120 °C runs. However, for the 250 °C run, the 

composition was already dominated by negative ions because of the high concentration of DIC in 

solution, therefore the concentration of Na+ was instead increased to balance the charge.  

The freezing models were run until the mass of water was less than 0.1 g, at which point the model 

determines this as the eutectic point. However, as the model does not run to complete dryness (0 

g of liquid water left), this temperature is an approximation.  
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Table 5.4 The fluid starting compositions for the freezing model 

 

 

 Initially 90 °C Initially 120 °C Initially 250 °C 

Temperature (°C)  0 0 0 

Pressure (bar) 1 1 1 

pH 9.743 9.251 6.621 

Na+ (mol kg-1) 1.19 x 10-1 1.19 x 10-1 3.09 x 10-1 

K+ (mol kg-1) 4.34 x 10-3 4.72 x 10-3 4.40 x 10-3 

Ca2+ (mol kg-1) 6.30 x 10-6 6.48 x 10-6 6.00 x 10-6 

Mg2+ (mol kg-1) 1.16 x 10-7 7.12 x 10-8 1.51 x 10-8 

SiO2 (mol kg-1) 1.131 x 10-4 4.97 x 10-5 1.98 x 10-5 

NH4
+ (mol kg-1) 1.75 x 10-7 1.75 x 10-7 1.75 x 10-7 

Cl- (mol kg-1) 2.36 x 10-2 1.08 x 10-2 1.37 x 10-3 

SO4 (mol kg-1) 3.74 x 10-5 1.66 x 10-4 9.71 x 10-3 

HCO3 (mol kg-1) 9.97 x 10-2 1.13 x 10-1 2.93 x 10-1 

CO2 (bars) 5.26 x 10-4 2.19 x 10-3  

CH4 (bars) 1.27 x 10-4 7.85 x 10-5 2.6 x 10-6 



153 
 

Table 5.5 The variables used in the freezing model, the definition of these variables and the input values chosen for the freezing model 

Variable/ 

Input 

Definition Input value Justification 

Path Defines the physical parameter to be varied 

throughout the run 

1 The value 1 selects the freeze function of FREZCHEM, meaning the 

varying physical parameter in the run will be temperature.  

pH The pH of the fluid solution Variable The pH for each run was set as per the corresponding cooling and 

pressure change model.  

Pressure The initial pressure of the system in bars  1 Pressure was set to 1 bar, as this was the lowest value range for 

FREZCHEM.  

Initial 

temperature 

Initial temperature in degrees Kelvin  298.15 The initial temperature was the same as the final temperature from 

the previous cooling runs (25 °C).  

Final 

temperature  

The final temperature the model will be run to in 

Kelvin.  

215.15 This value was chosen, as from previous work (Fox-Powell & Cousins, 

2020) the eutectic point of the Enceladus ocean was estimated to be 

246 K, therefore a value below this was chosen, to allow the model 

to reach a complete solid state.  

Temperature 

decrement 

The change in temperature for each stepwise 

increment 

1 The models were decreased by 1 K to track the changes throughout 

the freezing process.  

Initial water Total mass of water in the system initially 1000 The models in CHIM were all run with 1000 g of water; therefore the 

same was inputted into FREZCHEM.  

Acidity 

Option 

How will the model deal with alkaline chemistry 4 Value 4 selected alkalinity option, meaning the ‘alkalinity’ option in 

FREZCHEM is define as the mol kg-1 of HCO3.  

Carbon 

System 

Carbon system open or closed? 2 Closed carbon system chosen because no gas hydrates (clathrates) 

were included in the composition, which the open model is set up to 

deal with.  
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5.3.2 Freezing Results 

Figure 5.9 shows the formation of solid phases in the freezing models. In all runs there were no 

solid phases formed until the temperature was below -1 °C, where water ice was the first solid 

phase to form; water ice accounts for almost 99% of the mass of solids formed throughout all 

freezing runs. In the 90 and 120 °C runs, the freezing process started at -1 °C, whereas for the 250 

°C run, the freezing began at -2 °C. This is likely owing to higher concentrations of non-water species 

in solution, which shall be explored later. Similarly, the 90 and 120 °C runs have the same eutectic 

point of -24 °C/249.15 K, whereas the 250 °C run has a eutectic point of -15 °C/258.15 K. This is 

again owing to the difference in concentration of non-water species in the fluid.  

Some of the solid phases that were precipitated are not featured on Figure 5.9, because they form 

in the last temperature step of the calculations, at the eutectic point. During the freezing process, 

the concentration of species that remain in the fluid progressively increases, since their relative 

mass remains constant, but the volume of liquid decreases as it freezes. Those species that freeze 

in the last temperature step are initially at a low concentration and require a sufficient loss of liquid 

water (through freezing) for their relative concentration to increase so they become saturated and 

begin to precipitate out. FREZCHEM does not produce a quantitative report for the last temperature 

step because the mass of liquid water remaining is < 0.1 g and FREZCHEM cannot complete the 

calculations. This is why the eutectic point is only an estimation, as the run cannot reach complete 

dryness (Chapter 2, Section 2.3.2). However, FREZCHEM does provide qualitative information for 

this temperature step, which is displayed in Table 5.6.  

Table 5.6 The minerals that form in the last step of the freezing run around the eutectic point for each of the three runs. If 
the species ‘forms’, it is only formed in the last temperature step, if it is ‘already formed’, it has been produced in a previous 
temperature step and if it ‘does not form’, it is not formed during any of the freezing process for that run 

 

 

 

 

 

 

 Initially 90 °C Initially 120 °C Initially 250 °C 

NaCl.2H2O Forms Forms Does not form 

KCl Forms Already formed Forms 

CaMg(CO3)2 Forms Forms Does not form 

Na2SO4.10H20 Forms Already formed Already formed 



155 
 

 

Figure 5.9 Solid phases that form through the freezing of the cometary fluids generated through water-rock modelling 
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For the freezing models, all three runs produce quite different results. For all, water ice dominates 

the solid species formed, with the second most dominant species being sodium carbonates. In the 

90 °C run, Na2CO3.2H2O forms at -3 °C, but then at -15 °C this is replaced by NaHCO3. In the 120 °C 

and 250 °C runs, only NaHCO3 forms from -3 and -4 °C respectively. This is likely to be related to the 

pH of the fluid, however this is explored in more detail in Section 5.3.3.2.  

Amorphous silica and calcite are formed in all three runs. The mass of silica in solution decreases 

with increasing temperature of the initial water-rock runs (Chapter 4), however, the formation of 

solid amorphous silica is proportional to the concentration of silica inputted into the freezing 

models (Table 5.4). The concentration of calcite is similar in each of the runs, ~6 x 10-6 g, which is 

understandable since the calcium concentration of the fluids were similar.  

There are multiple species that form at the eutectic point (Table 5.6). At the last quantitative step, 

the mass of water remaining varies from run to run. This means that some of the solid species that 

precipitate out in the last few grams of solution might be not quantitively analysed in some runs. 

Figure 5.10 shows the change in the mass of liquid water in the fluids until the eutectic point for 

each of the three runs and Figure 5.11 displays the varying concentrations of the relevant fluid 

species shown on in Table 5.6. It can be seen from Figure 5.10 that there is still over 4 g of liquid 

water left in solution before the final eutectic point for the 90 °C run, whereas there is only 1.34 g 

for the 120 °C run and less than 0.4 g for the 250 °C run.  

 

Figure 5.10 The mass of liquid water remaining during the freezing process for each of the three runs 

Na2SO4.10H2O is formed in both the 120 °C and 250 °C runs, however it is not formed until the last 

temperature step for the 90 °C run, which means that there are no quantitative data for this species. 

Na2SO4.10H2O is formed throughout the freezing process in the 250 °C run, however for the 120 °C 

run, this was formed closer to the end of the run. This is reflected in the concentration of sulfate in 
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the fluid (Figure 5.11), where there was a decline in concentration of sulfate in the freezing starting 

fluid from highly concentrated in the 250 °C run, to lower concentrations in the 90 °C run.  

In the 120 °C run, KCl forms before the final step, however this is not the case for the other two 

runs. Whilst the concentration of Cl- is consistent across the three runs, the K+ concentration in the 

starting fluid increases with temperature. KCl in the 120 °C run does not form until it is at a lower 

temperature than the eutectic point of the 250 °C run so, whilst in the 250 °C run KCl forms in the 

last step, the temperature at which it forms is higher than its formation temperature in the other 

two runs. This is because the fluid becomes completely frozen at a higher temperature and has a 

higher concentration of K+ and Cl- at those temperature steps. KCl precipitates out of the 120 °C run 

before it does in the 90 °C run because there is less water in the fluid at the same timesteps. KCl 

forms at approximately -19 °C for the 120 °C run, where the mass of water is approximately 3 g and 

is formed until completion. However, for the 90 °C run, the water in solution only drops below 4 g 

in the last timestep, so there is still too much water present in liquid form for the KCl to precipitate. 

The 250 °C run also formed K2SO4, which is not formed in other runs, which is understandable since 

this run had a much higher concentration of K+ and SO4
-. Whilst this should have no effect on the 

formation of KCl, it could mean the concentration of KCl in the 250 °C run is lower, as some of the 

K+ has been incorporated into another solid phase (K2SO4).  

NaCl.2H2O and CaMg(CO3)2 form in the 90 °C and 120 °C runs at the eutectic point, but neither of 

these are formed in the 250°C run, most likely because of the low concentration of CO3 in the 250 

°C run compared with the other two runs. In the 250 °C run, there is also a lower concentration of 

Na+ towards the end of the run, even though the concentration of Cl- is similar.  
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Figure 5.11 The concentration of different elements throughout the freezing process for each of the three runs 
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5.3.3 Freezing Analysis  

5.3.3.1 Freezing point  

For the two lower temperature runs (90 and 120°C), the freezing points of the fluids were -1 °C, but 

for the 250 °C run it was -2 °C. To confirm that this was caused by the composition of the fluid, 

specifically the high salt concentration, rather than a limitation of the model, a pure water freezing 

model was run. This was set up with a pH of 7 at 25 °C. However, one of the key limitations when 

using FREZCHEM is that there must always be ions present in the water, since the model 

characterises aqueous electrolyte solutions (Chapter 2 Section 2.3.2). Therefore, low 

concentrations (1 x 10-10 mol kg-1) of Na+ and Cl- were added to the solution, which would have 

minimal effect on the thermodynamic properties of the solution. This fluid was then cooled from 

25 °C until completely frozen.  

Figure 5.12 displays the results from freezing of the 90 °C and 250°C fluids alongside the ‘pure 

water’ model. In the ‘pure water’ model, all the 1000 g of liquid water freezes at 0 °C, making this 

both the freezing point and the eutectic point. This is illustrated on Figure 5.9 with the blue cross, 

which represent the pure water model. Figure 5.12 shows only the 90 °C and 250 °C results; the 

results for the 120 °C run overlay the 90 °C run so are not plotted. The 90 °C (and 120 °C) results 

show that -1 °C is the first temperature point where there is ice produced and there is a greater 

mass of ice than the remaining liquid water, and therefore the freezing point of the 90 °C (and 120 

°C) runs lies between 0 and -1 °C. For the 250 °C run, the first temperature step where water ice is 

produced is -2 °C. There, the water composition is about 50% liquid and 50% solid, however the 

figure shows that the first freezing point occurs between -1 to -2 °C. This result confirms that the 

concentration of salts in the fluid causes a depression of the freezing point; the salt concentration 

in the 250 °C run was the highest, specifically for Na+ and HCO3
-, and nearly twice the that of the 90 

and 120 °C runs. 
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Figure 5.12 The model results for freezing of pure water vs the cometary fluid (CF) runs for 90 and 250 °C 

5.3.3.2 pH and Carbon Species 

During the freezing runs, different carbonate species were formed in each run. In the run initially 

at 90 °C, Na2CO3.2H2O was formed and then replaced by NaHCO3 once the temperature dropped 

below -15 °C. However, for the other two runs, NaHCO3 was formed throughout the entire freezing 

process. This is likely caused by variable concentrations of carbonate species in the fluids at the 

time of precipitation. For example, Figure 5.13 shows the concentration of both HCO3
- and CO3

2- in 

the fluids through the freezing process. For the 90 °C run, it can be seen that during the timesteps 

where Na2CO3.2H2O precipitates out, CO3
2- is dominant in the fluid. When the concentration of CO3

2- 

in the fluid drops below that of HCO3
-, the mineral precipitated changes to NaHCO3. For the other 

two runs, HCO3
- is always more dominant in the fluid, and hence NaHCO3 is always precipitated over 

Na2CO3.2H2O. 

As discussed in the previous chapter (Chapter 4, Section 4.4.4), the concentration of different 

carbonate species and pH are linked. The run that was initially at 90 °C has the highest pH. As the 
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pH of this fluid starts to drop to below 9.75, the dominant carbonate species in the fluid becomes 

HCO3
-, and there is now free H+ available in solution because of species dissociation. The run that 

was initially at 250 °C has a high concentration of HCO3
- in the fluid but a low concentration of CO3

2- 

in comparison with the other runs. This is also coupled with a pH that varies between approximately 

6-8, showing that the free H+ ion drives the pH of the fluid down. This can be simply concluded as, 

the higher the temperature of the run, the higher the rate of dissolution of carbonate ions from the 

solid into the fluid, therefore creating a higher concentration of HCO3
- in solution and a lower pH. 

If the ratio of HCO3
- to CO3

2- in solution or within the ice grains can be constrained using the Cassini 

data, this could be used to calculate an approximate pH and provide an estimation of the 

temperature of reactions occurring on the ocean floor. For example, as suggested by this model, if 

the pH is below 9.75, HCO3
- is dominant in solution and will lead to the formation of NaHCO3 over 

Na2CO3.2H2O in the ice grains. Further, the relative concentration and mass of these ice grains may 

provide insight into carbonate concentration in the fluid and therefore provide information about 

a potential temperature boundary if the connection between carbonate dissolution and 

temperature could be quantifiably constrained.  
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Figure 5.13 The aqueous carbon and the solid carbon species concentration during the three runs during the freezing 
process plotted with the pH 
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5.4 Discussion of Cooling and Freezing Models  

5.4.1 Silica Particle Formation  

One of the key results from the Cassini mission was the detection of SiO2 nanoparticles in the stream 

particles, providing evidence for ongoing hydrothermal activity on Enceladus (Hsu et al., 2015). 

Although the concentration of these nanoparticles was not constrained by the spacecraft, dynamic 

modelling carried out by Hsu et al., (2015) estimated the concentration of SiO2 in the plumes to be 

150-3900 ppm by mass (approximately 0.0025-0.065 moles kg-1). The outputs from the models 

presented in this chapter can shed further light onto the origins of these nanoparticles: solid SiO2 

particles are formed through both the cooling and the freezing of the hydrothermal fluids.  

Equation 5.2 is key to understanding the processing of silica in the subsurface ocean environment. 

The water-rock interactions modelled in Chapter 4 resulted in the dissolution of solid SiO2 into the 

fluid, i.e., the silica species from the CI chondrite silicate interior become dissolved in solution and 

form SiO2 aqueous species and water (Reaction 5.2).  

     

𝑆𝑖𝑂2 + 2𝐻2𝑂 ↔  𝐻4𝑆𝑖𝑂4  Reaction 5.2 

 

 

Figure 5.14 shows, as an example for all runs, the behaviour of the silica species in the 90 °C cooling 

and freezing models. Quartz formed throughout cooling, corresponding to a decrease in the 

concentration of aqueous amorphous silica. The results from the cooling models are also supported 

by the silica phase diagrams that were created based upon the fluid chemistry on the ocean floor 

(Chapter 4, Section 4.4.3, Figure 4.15), which indicated that, as the fluid cools, a solid silica phase 

would form. Any amorphous silica still in solution at the ice-ocean interface would still form a solid 

phase as the liquid freezes. This is supported through the freezing models, where solid SiO2 is 

produced in all runs. One of the key differences to note between the silica concentrations for the 

freezing and cooling models is that the results from FREZCHEM are cumulative, whereas the results 

from CHIM represent the mass formed at each timestep and the total concentration of silica formed 

is the sum of each of the time steps down to 0 °C. The total concentration of solid silica formed in 

the cooling runs is higher than in the freezing models for each of the three temperature runs, 

therefore it would be expected that more of the silica in the plumes would be present in the larger 

colloidal form, rather than as small flash freezing particles.  

Dissolution 

Precipitation 
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Figure 5.14 The changes in the silica species through both the cooling and freezing models for the 90 °C cometary fluid run 

The nanoparticles detected by Cassini have a narrow and specific size range of 2-8 nm (Hsu et al., 

2015). This observation has led to the suggestion that these silica particles cannot have formed by 

the freezing of dissolved SiO2 in the ocean fluid while it ascends through the ice cracks, since flash 

freezing processes would generate smaller particle sizes. It is more likely that they formed from the 

cooling of hydrothermal fluids in which colloidal growth of silica particles might occur. The initial 

radii of a silica nanoparticles formed from a solution that becomes supersaturated with silica is 1-

1.5 nm (Iler, 1979), which suggests that there must be colloidal growth to reach the size of the 

particles measure by Cassini.  

SiO2 is also hydrophilic and will form colloids at a relatively slow rate: as more solid SiO2 precipitates 

out of the solution, the colloids will grow, specifically in a moderately alkaline environment (pH 7.5-

10.5). Coupled with a low salt concentration (<0.4 M), colloidal silica can aggregate by the addition 

of dissolved silica, and processes such as Ostwald ripening can occur (Allen and Matijević, 1969; 

Iler, 1979). The formation of silica colloids is seen in natural hydrothermal systems on Earth through 
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the cooling of high temperature fluids (Williamson et al., 2002), and this provides a good agreement 

with the results from the modelling presented here. Therefore, the silica concentrations produced 

from the cooling model can be compared to the silica concentration of Cassini ‘steam’ particles 

(Section 5.4.2).  

However, the modelling presented in this chapter cannot investigate size distributions or provide a 

timescale for the formation of the silica particles. Therefore, to understand the silica precipitation 

on Enceladus in more detail, further study is required. This was intended to be studied 

experimentally in Chapter 6, to better determine the size of particles within the cooling process. 

There, the cooling of hydrothermal fluid after water-rock interactions is investigated, by storing the 

cooled fluids for different lengths of times to assess the rate of colloidal silica growth in a cooled 

hydrothermal fluid. However, owing to Covid and the resultant time limitations, this could not be 

undertaken and is instead included as potential future work for beyond the thesis (Chapter 8). 

5.4.2 Comparison of Freezing/Cooling Results to Cassini data 

Table 5.7 shows a comparison between the final outputs of the solid phase composition at the 

eutectic point from the freezing models and the Cassini ice grain composition. The results from this 

work and literature data for Enceladus are presented in mol kg-1. Whilst the analyses by Cassini was 

not quantitative, studies have been carried (Postberg et al., 2009; Waite Jr et al., 2009; Waite et al., 

2017; Postberg et al., 2018) to estimate the concentration of the species in the plumes. For the CDA 

data, ice grains of known concentration have been analysed by a CDA-like instrument to recreate 

the spectra seen by Cassini to estimate the known concentration. Therefore, all Cassini data is 

presented as a range and should be treated as an approximate concentration for the species in the 

ice grains.  

Both the 90 °C and 120 °C freezing runs resulted in the formation of NaCl, however as this forms at 

the eutectic point it is not quantified and so cannot be compared to the Cassini data. The run at 250 

°C does not form NaCl.  

The concentration of NaHCO3 and/or Na2CO3 in the 90 and 120 °C freezing runs are comparable 

with the Cassini data; approximately 0.1 moles are formed, which is the upper boundary for these 

species in the Cassini data (Waite Jr et al., 2009). However, the concentration of NaHCO3 and/or 

Na2CO3 in the 250 °C freezing run was approximately 0.3 moles, which is 3 times greater than the 

upper boundary anticipated for the ocean of Enceladus (Waite Jr et al., 2009). This is because, in 

the model, the high temperature results in a higher carbonate dissolution rate from the solid 

interior core of Enceladus, leading to a higher carbonate concentration in solution and therefore 

more carbonate formation during the freezing process. This observation supports the suggestion 

that the subsurface of Enceladus may not reach such high temperatures at the rock-water interface.  
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KCl is formed in the freezing models of all three fluids, however it is only quantified in the 120 °C 

run, where the concentration deduced from the model (0.0032 mol kg-1) is higher than the upper 

boundary determined from the Cassini observation (0.002 moles; Waite et al., 2009). As this result 

is directly reliant on the previous modelling work, it is likely that the cause of this discrepancy was 

the use of K+ to charge balance the cometary ice fluid in the initial water-rock modelling stage 

(Chapter 4, Section 4.2.2.2). As the 90 and 250 °C runs are only qualitative, no comment can be 

made on the relative concentration of KCl in relation to the Cassini data.  

The other solid phases generated in the freezing models include Na2SO4, CaCO3 and CaMg(CO3)2. 

None of these have been detected by the Cassini spacecraft; the concentrations produced in this 

work for CaCO3 and CaMg(CO3)2 are well below the detection level of the instruments on board 

Cassini. In the case of Na2SO4, the concentrations produced in the model for the 120 °C and 250 °C 

runs are likely to fall around the limit of detection of the CDA (0.01 moles) that has been determined 

in previous work (Glein, Postberg and Vance, 2018), therefore this would make Na2SO4 a good 

species to try to fit the to the current CDA data to see if it could potentially be identified in the 

spectra. The run at 90 °C does not provide a quantitative value so cannot be compared. The freezing 

models produce concentrations for both calcium carbonate species that similarly fall below the 0.01 

moles limit of detection range (Glein, Postberg and Vance, 2018).  

The silica nanoparticles observed in the ‘stream’ particles are thought to be formed by the cooling 

and precipitation of dissolved silica, rather than the freezing of silica (Hsu et al., 2015). This is 

because the silica particles within the ‘stream’ particles had a size range of between 2-8 nm, 

implying colloidal growth (Hsu et al., 2015). Therefore, when comparing the results from the 

modelling in this study to Cassini data, it is the cooling results that are of most relevance. The results 

for all three of the cooling runs produce silica precipitant concentrations (1.89 x 10-2 to 6.1 x 10-2 

mol) that fall in the range anticipated for Enceladus (0.25 x 10-2 to 6.5 x 10-2, (Hsu et al., 2015)). It is 

important to note here that the proposed concentration of silica particles for Enceladus is an 

approximation based upon extensive modelling work by Hsu et al.; the actual concentration cannot 

be better constrained until further data has been collected. The remaining solid species formed 

during the cooling processes for all runs are at low concentrations (0.01 mol), below the limit of 

detection of the CDA onboard(Glein, Postberg and Vance, 2018).  

In conclusion, the 90 and 120 °C cometary fluid runs produce solid species most comparable to 

those observed by Cassini. They produce the same species as those observed in the plumes of 

Enceladus and/or in the E-ring, and the quantitative results produce values that correspond with 

those detected by Cassini. Conversely, the 250 °C run produced a much higher concentration of 

sodium carbonates and did not produce NaCl; this will be discussed further in the following section. 
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Table 5.7 The solid phases formed through the cooling and freezing models, the solid phases that have been detected in the ice grains and the pH during the last timestep of the cooling/freezing 
run (+ Waite et al., 2009 * Hsu et al., 2015, X Waite and Glein, 2020) 

 Enceladus Cooling Models  Freezing Models 

90 °C run 120 °C run 250 °C run 90 °C run 120 °C run 250 °C run 

NaCl (mol kg-1) 0.05-0.2+ N/A N/A N/A Present Present N/A 

NaHCO3/Na2CO3 (mol kg-1) 0.01-0.1+ N/A N/A N/A 0.146 0.112 0.291 

KCl (mol kg-1) (0.5-2) x 10-3+ N/A N/A N/A Present 3.26 x 10-3 Present 

SiO2 (mol kg-1) (0.25-6.5) x 10-2* 1.89 x 10-2 2.08 x 10-2 6.10 x 10-2 2.8 x 10-2 1.37 x 10-3 4.83 x 10-5 

Na2SO4 (mol kg-1) ND N/A N/A N/A Present 1.4 x 10-4 7.98 x 10-3 

CaCO3 (mol kg-1) ND N/A N/A N/A 6.25 x 10-6 6.46 x 10-6 5.99 x 10-6 

CaMg(CO3)2 (mol kg-1) ND N/A N/A N/A Present Present N/A 

FeS2 (mol kg-1) ND 1.43 x 10-7 1.77 x 10-7 7.39 x 10-7 N/A N/A N/A 

Ni9S8 (mol kg-1) ND 4.60 x 10-13 9.25 x 10-13 6.94 x 10-13 N/A N/A N/A 

MnCO3 (mol kg-1) ND 1.00 x 10-8 1.06 x 10-8 7.67 x 10-11 N/A N/A N/A 

NaCa4(Si27Al9)O72·28(H2O) ND 7.30 x10-9 6.75 x 10-8 N/A N/A N/A N/A 

KFe2(Si4O100(OH)2 ND 3.58 x 10-9 5.81 x 10-9 N/A N/A N/A N/A 

pH 8.5-9x 9.7 9.2 6.2 9.6 8.9 8.2 
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5.4.3 Upper Temperature Boundary  

In the previous section, it was concluded that the run that was initially at 250 °C produced results 

that are not comparable to the Cassini data. One of the reasons was that NaCl did not form during 

the freezing process despite being the most dominant non-water species in the ice grains (Waite Jr 

et al., 2009). This section discusses why this might be the case, and whether this observation might 

help further constrain the physical environment within Enceladus.  

Figure 5.15 shows the concentration of the species that remain in the fluid during the freezing 

process. In the two lower temperature runs (90 °C and 120 °C), the concentration of DIC is reduced 

by the end of the run, to concentrations of 0.1 and 0.01 moles respectively; however, in the 250 °C 

run, the concentration of DIC is comparatively higher, approx. 0.5 moles. The concentration of DIC 

in the 250 °C run was much higher after the water-rock modelling because of a higher carbonate 

dissolution rate caused by the higher temperature. This led to more NaHCO3 precipitating out 

during the freezing process and, in turn, a reduction in the Na+ concentration in the fluid compared 

with the other two runs.  

The concentration of K+ in solution at the start of the freezing runs was similar for all three runs, 

however, as the freezing process progressed the K+ concentration varied: the 90 and 250 °C run had 

an increase of K+ in solution throughout the freezing process, whereas the 120 °C run had an initial 

increase in K+, followed by a decrease after ~-16 °C corresponding with the precipitation of KCl. The 

K+ concentration in the 250 °C run is much greater than the other two runs, predominantly caused 

by the mass of water left: in the 250 °C run, K+ is more concentrated at the same temperature steps 

when compared to in the other two runs, however, the 250 °C run has the lowest volume of water 

remaining (Figure 5.10) and therefore the non-water species in the fluid would be at a higher 

concentration, as was seen.  

Because of the high concentration of K+ in the final steps of the freezing and the relatively low 

concentration of Na+, KCl and NaHCO3 form instead of NaCl. Therefore, it could be suggested that 

such higher temperature conditions, where there would be a high rate of carbonate dissolution 

from the silicate interior, is unlikely for Enceladus. This could suggest that the temperature of the 

water-rock interactions needs to be below 250 °C in order to produce a comparable ocean 

chemistry to that observed by Cassini. This work also suggests that if the concentration of HCO3 in 

solution is significantly higher than the concentration of Na, NaCl will not form. This is because the 

carbonates will freeze out first, resulting in all the Na being incorporated into NaHCO3 with none 

remaining for NaCl formation. This conclusion is supported by the experimental work of freezing an 

Enceladus ocean material carried out by Fox-Powell & Cousins (2021), which also demonstrated the 

freezing of the carbonate species out of the Enceladus ocean fluid first, and the chloride salts 

precipitating out of the solution around the eutectic point (Fox-Powell and Cousins, 2021). To 
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investigate this further, modelling could be carried out simulating temperatures between 120 and 

250 °C, to determine the conditions necessary to go from a system dominated by Na to one 

dominated by HCO3.  

As well as the mineral assemblage being used as a potential temperature probe for the ocean, it 

can also be used as a pH probe. Whilst Cassini could not distinguish between carbonate and 

bicarbonate mineral phases in the ice grains, if a future mission was to go to Enceladus, instruments 

could be designed to investigate the ratio of the two different species, and this could allow for a 

way to essentially measure the pH of the subsurface ocean.  
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Figure 5.15 The concentration of different aqueous species throughout the freezing process 
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5.5 Conclusion  

The main conclusions that can be drawn from this modelling work are: 

• The cometary fluid model results that were initially run at a temperature of 90 and 120 °C 

and at 80 bar produce results that are comparable to the Cassini data/interpretations. 

These comparisons include pH and the distribution and concentration of chemical species 

present within ice grains.  

• The freezing point of the subsurface ocean on Enceladus is approximately -1 °C, which has 

been depressed by the high concentration of salts in the ocean.  

• The controlling factor for the change in pH as the ocean fluid ascends from the ocean floor 

to the ocean surface is temperature; however, if there is a high pressure of CO2 gas present 

in the solution, this could remain dissolved and change the pH.  

• Enceladus’ ocean pH is likely to be driven through the ratio of CO2, CO3 and HCO3 species in 

solution. 

• Silica nanoparticles form through both the cooling and freezing of the hydrothermal fluids, 

which can explain the presence of the silica in the stream particles and ice grains that has 

been detected by Cassini. 

• A higher concentration of DIC in solution than Na may prevent NaCl formation, which would 

result in a lower concentration, or absence, of NaCl in the ice grains analysed by Cassini. 

This could be used to establish an upper temperature limit for the subsurface environment 

of Enceladus.  
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 Experimental Simulation of the 

Water-Rock Interface on Enceladus  

6.1 Introduction  

This thesis has predominantly focused on modelling water-rock interactions on Enceladus and the 

changes in the subsurface ocean fluid as it is transported from the ocean floor to space. In this 

chapter an experimental approach is used to study water-rock interactions on Enceladus that 

applies aspects of the previous three chapters: the simulant designed in Chapter 3 and the chemical 

composition for a modern subsurface ocean (Chapters 4 and 5).  

The specific aims of this chapter are to analyse the water-rock interactions occurring on modern-

day Enceladus, to better understand geochemical cycling. This chapter addresses the following 

research questions:  

1) What is the likely ocean composition of a modern subsurface ocean on Enceladus? 

2)  What reaction pathways are occurring in the subsurface environment?  

6.2 Impact of Covid 

Originally, these experiments were planned to begin in March 2020 and to take one year. 

Preliminary experiments were planned to refine the experimental procedures, test the systems, 

and ensure the most robust experimental simulations. Following this, the experimental regime was 

planned to include both non-organic and organic experiments to be carried out over a range of 

temperature and pressure parameters (which were explored via modelling in Chapter 4). These 

were then to be repeated using a subsampling system to study the rate of reactions.  

Owing to the closure of laboratory facilities and The Open University (OU) social distancing 

restrictions, experiments were postponed until March 2021, leaving only 6 months (maximum) 

remaining of the PhD in which to obtain experimental data. Even then, restrictions (including 

staffing constraints) limited the number and scope of experiments and subsequent analyses that 

could be conducted. This chapter now presents the initial experiments testing the Parr 

experimental set-up for both the non-sampling and the sampling systems to demonstrate the 

feasibility of the approach and its utility for addressing the research questions.  

Since most of these experiments were carried out during social distancing restrictions, The OU 

laboratories were limited to single person occupancy. Also, face-to-face training on the Parr 

reactors only became available when the experimental runs were nearly completed, so the 

experimental procedure described below was carried out by Dominic Siggs, with the details of the 

experiments devised and directed by me.  
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6.3 Methods 

The focus of this study is the chemical reactions and cycling between the silicate interior of 

Enceladus and the subsurface ocean fluid chemistry. To investigate these interactions, a novel 

experimental set up was designed, the details of which are found in Chapter 2 Section 2.5. The 

following sections outline the composition of the fluid and silicate components used, the physical 

parameters explored, and the experimental set-up and procedure for conducting the water-rock 

simulations.  

6.3.1 Ocean Fluid Composition 

The composition of the ocean fluid used for these experiments was intended to be based on the 

results from the prior modelling work (Chapters 4 and 5) and Cassini data. This specifically included 

the outputs from modelling water-rock interactions between silicate and cometary fluid, which was 

then cooled down to room temperature (25 °C). The fluid composition at a temperature of 25 °C 

was used as the starting composition for the experimental fluid, so that the fluid could be made 

and stored at room temperature. The outputs from both the 90 and 120 °C modelling runs were 

used to determine an ocean composition for the experiment as these were most comparable to 

Cassini data (Chapter 4, Section 4.4.2).  

When the experimental work started, only preliminary modelling work was completed, therefore, 

the fluid composition used in the experiments was based on those results and not the final 

modelling presented in Chapters 4 and 5. For this reason, this fluid composition was much simpler 

than the one modelled. Whilst most of the model results between the preliminary models and the 

results presented in Chapters 4 and 5 are very similar, a few of the chemical species were more 

concentrated in the preliminary models, particularly NH4
+ and K+, owing to an initial higher 

concentration in the original starting fluid. The key species that have been detected in the plumes 

of Enceladus are presented in Table 6.1, along with the concentration of these species in the 

preliminary modelling work, where the water-rock interactions at 90 and 120 °C results with a w/r 

of 1, were then cooled to 25 °C.  
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Table 6.1 Simplified ocean composition used for the experiments based on the Cassini data and the preliminary modelling 
results once cooled to 25 °C 

 90 °C 
(mol kg-1) 

120 °C 
(mol kg-1) 

Enceladus 
(mol kg-1) 

(Postberg et al., 2011) 
(Fox-Powell and 
Cousins, 2021) 

Selected for 
experiment 
(mol kg-1) 

HCO3
- 0.1120 0.1200 0.01-0.1 0.1000 

Cl- 0.2100 0.1800 0.05-0.2 0.1803 

Na+ 0.2890 0.2980 0.06-0.3 0.3000 

K+ 0.0451 0.0452 <0.002 0.0100 

NH4
+ 0.0030 0.0030 (7 x 10-7)-7.0 0.0003 

 

The ions selected for the simplified ocean composition were HCO3
-, Cl-, Na+, K+ and NH4

+, as these 

were the dominant ions in the preliminary modelling work and have all been detected in the plumes 

of Enceladus. They were added to the fluid in the form of NaHCO3, Na2CO3, NaCl, KCl, and NH4Cl.  

The concentration of HCO3
- was selected to be 0.1 mol kg-1 for the experiments, as both preliminary 

models produced a concentration at 25 °C of approximately 0.1 mol kg-1, and this is also the upper 

limit estimated based on the Cassini data (Postberg et al., 2011). This was achieved by adding 

sodium carbonate. Similarly, the concentration of Na+ in both the models was approximately 0.3 

mol kg-1, which again was the upper bound of the estimate for Enceladus (Postberg et al., 2011), 

and Na+ was added to the solution as a mixture of sodium carbonate and sodium chloride.  

Cassini data suggests that the concentration of Cl- has an upper limit of 0.2 mol kg-1 (Postberg et al., 

2011). In the preliminary models the range was 0.18-0.21 mol kg-1; however, Cl- was used as a 

charge balance and therefore this concentration was only an estimate, although it does align with 

the Cassini upper limit. Therefore, a concentration of approximately 0.2 mol kg-1 Cl- was chosen as 

a target with the final concentration used (0.1803 mol kg-1) calculated based on the requirements 

needed as a counter ion in the species NaCl, KCl and NH4Cl.  

The concentration of K+ in the model outputs (~0.045 mol kg-1) was much higher than the Cassini 

data (<0.002 mol kg-1), therefore a value between these was chosen as the target for the 

experimental fluid. This kept the concentration of Cl- to below 0.2 mol kg-1, the upper limit 

anticipated from Cassini data. Finally, the concentration of NH4
+ in the models was higher than that 

likely for the ocean of Enceladus. The minimum NH3/NH4
+ concentration in the ocean is estimated 

to be 0.0007 mmol, however the uncertainty in this value spans seven orders of magnitude (Fox-

Powell and Cousins, 2021), therefore a mid-range value of the estimated Enceladus ocean 

composition based on Cassini data and the estimate from the model was used: 0.003 mol kg-1.  

Based on the composition of the fluid selected, Table 6.2 shows the concentration and masses of 

each chemical species required for a 1 kg solution. NaHCO3 and Na2CO3 were added to the fluid in 
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a ratio of 70:30, which would buffer to the desired pH of 9.5 (Glein and Waite, 2020). This meant 

that 0.03 mol kg-1 of Na2CO3 and 0.07 mol kg-1 of NaHCO3 were added to the solution. The 

concentration of Na+ used for carbonates was 0.13 moles, which therefore left 0.17 mol kg-1 

unaccounted for, which was inputted as NaCl (0.17 mol kg-1). 0.01 mol kg-1 of KCl were added, as 

there is a simple 1:1 molar ratio of K+ and KCl. Similarly, 0.0003 mol kg-1 of NH4Cl was added since 

NH4
+ and NH4Cl have a 1:1 molar relationship.  

Table 6.2 The masses of non-water chemicals used for the pre-experimental fluid 

Species Moles (mol kg-1) Mass (g kg-1) 

NaCl 0.170 9.9300 

KCl 0.010 0.7455 

Na2CO3 0.030 3.1800 

NaHCO3 0.070 5.8800 

NH4Cl 0.003 0.0160 

 

6.3.2 Silicate Interior  

For the silicate interior of Enceladus, the simulant designed in Chapter 3 was used. The simulant 

had a grain size of between 120-250 μm, which was the smallest mesh size on the rock sieve set 

available. The grain size of the simulant was specifically chosen owing to the requirement for a 

quick rate of reaction, therefore a large surface area was required. 

The scaled-down experiments meant that the cycling of organic material could only be briefly 

explored, but for this, an organic substrate was added to the simulant. The decision on which 

organic species to use is described below.  

6.3.2.1 Organic Input  

Organic matter has been detected in the plumes of Enceladus. Based on data collected from Cassini, 

our current understanding of the organics on Enceladus is that there are low chain hydrocarbons 

and alcohols, HMOC series, methane, CO2, CO, and large macromolecular organics with an atomic 

mass greater than 200 amu (Frank Postberg et al., 2018). Some of these molecules contain complex 

structures, implying either the occurrence of complex chemical reactions in the subsurface 

environment that generate organic species, or that complex organics were already present in the 

silicate interior of Enceladus and were subsequently liberated into the subsurface ocean fluid 

through water-rock interactions.  

Carbonaceous chondrites, as the ‘analogue’ materials for the Enceladus interior, are also known to 

contain a range of organics (Chapter 3). In CIs and CMs, organic carbon is present in both soluble 
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and insoluble form. The soluble proportion of the organic carbon is present in a wide range of forms 

such as aliphatic hydrocarbons, aromatic hydrocarbons, amino acids, carboxylic acids, sulfonic 

acids, phosphoric acids, alcohols, aldehydes, ketones, sugars, amines, amides, nitrogen 

heterocycles, and sulphur heterocycles (Pizzarello and Shock, 2010). More than 70% of the organic 

carbon, however, is insoluble in common organic solvents, predominantly present as 

macromolecular structures such as polycyclic aromatic hydrocarbons (PAHs) (Pizzarello and Shock, 

2010). These structures are bound by short aliphatic chains and functionalised species (alkanes, 

organic acids, amines, esters or ethers etc.) (Remusat, Derenne and Robert, 2005). An example of 

the hypothesized structure for the macromolecular organic matter in the Murchison (CM2) 

meteorite is shown in Figure 6.1 (Remusat, 2014). The macromolecular material in chondrites is 

often compared to kerogen (structure in Figure 6.1), which a large organic macromolecule found in 

sedimentary rocks, but this is generated from the lithification of biological organic matter, unlike 

the macromolecular material found in chondrites. 

There is key difference between the organics detected in chondrites and those anticipated for the 

ocean of Enceladus. Although both are comprised of aromatic structures, on Enceladus these are 

proposed to be connected to one another through single bonds (Frank Postberg et al., 2018), 

whereas in chondrites and kerogen the connections can be long aliphatic chains (Remusat, 2014). 

Current evidence also suggests the predominance of single ring structures rather than larger fused 

aromatic units common in chondrites organic matter and kerogen.  

Postberg et al. (2018) likened the organic matter on Enceladus more to humic acid (Postberg et al., 

2018) based on these observations. Humic acid has a more open structure, containing 

predominantly individual aromatic rings and one carbon length connections between aromatic 

units. Like chondritic macromolecular material, it also contains functionalized (oxygen, sulfur or 

nitrogen-bearing) linkages between aromatic units. A comparison of the structure of humic acid, 

kerogen and chondritic macromolecular material is displayed in Figure 6.1.  

The structural appropriateness and ready availability of humic acid makes it a suitable analogue 

material for Enceladus organics, particularly given the cost and volume of chondritic material that 

would be required to generate sufficient macromolecular material for the experiments planned.  
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Humic Acid 

Kerogen (Estonian Kukersite) 

Murchison organic structure 

Figure 6.1 The chemical structures of humic acid, kerogen (Lille, 2003) and the proposed chemical structure of the 
macromolecule material in the Murchison CM chondrite (Remusat., 2014) 



178 
 

In the organic experiment, 0.45 g of humic acid was added to the simulant. 0.45 g was selected as 

this represented 3 % of the mass of the simulant used for each experiment. CI chondrites contain 

3-5 wt.% total carbon (Kerridge, 1985). Specifically, the organic fraction of carbonaceous chondrites 

ranges from 1-2.5 wt.% (Alexander et al., 1998a), of this up to 70% of the organic carbon is 

anticipated to be insoluble macromolecular material (Hayes, 1967; Sephton, 2002). Therefore, the 

macromolecular carbon makes up 0.7-1.75 wt.% of the chondrite. If it is assumed that humic acid 

contains approximately 55 % carbon by mass, by adding 3 wt.% humic acid, the total 

macromolecular carbon added to the simulant is 1.65%, which is towards the upper limit of the 

weight of carbon from macromolecular sources in chondrites.  

6.3.3 Physical Parameters  

The physical parameters used in the experiments were initially planned to use the same 

temperature (°C) and pressures (bar) (T/P) as the modelling work: 50 °C /50 bar to study the 

examples of reactions outside the areas of hydrothermal regions; of 90 °C /80 bar and 120 °C /80 

bar to investigate the ocean floor in areas of hydrothermal region; 250 °C /150 bar to investigate 

the hydrothermal regions if the water-rock reactions occur within the silicate interior (see Chapter 

4, Section 4.2.2.3 where these environments are described). However, owing to COVID restrictions, 

not all parameters could be explored so only 120 °C /80 bar was selected, as these conditions 

produced results that were most comparable to the Cassini data (Chapter 4 and Chapter 5). One 

preliminary experiment was carried out at 90 °C /80 bar to evaluate the effect that temperature 

had on the experimental simulations.  

6.3.4 Experimental Methodology 

The experiments were broken down into three key components:  

1. Exploration of the effect of temperature on the water-rock interactions;  

2. Exploration of the differences in water-rock reactions when using non-organic and organic 

bearing simulants;  

3. Investigation of the rate of reaction/dissolution of the mineral phases and the changes in 

the composition of the subsurface ocean fluid.  

The effect of different temperatures and organics on the water-rock interactions on Enceladus were 

carried out in the non-sampling Parr 4740 reactor set-up (Chapter 2, Section 2.5.2). Fluids were not 

sub-sampled during these experiments, to maintain a constant water:rock ratio and to leave the 

experiment undisturbed. Instead, analysis of the fluid and simulant were carried out at the start 

and at the end (day 21).  

The sampling experiment was carried out in the Parr 4793 reactor set-up (Chapter 2, Section 2.5.2). 

These experiments required the Parr 4973 vessel as this had the head gasket attachment with four 
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inlets/outlets, compared to only one inlet in the Parr 4740 reactor. This allowed for the subsampling 

system to be attached to the experimental set-up and samples of fluid to be extracted periodically 

throughout the experimental procedure. This fluid could then be analysed and changes in the 

chemical composition could be tracked over time.  

Each experiment had a run time of three weeks, which was anticipated to be sufficient time, using 

the simulant grain size selected, for chemical changes brought about by water-rock interactions to 

occur. The sampling experiment was also used to assess if the three-week duration was long enough 

to reach chemical equilibrium and, if so, when during the reaction process the experiment reached 

equilibrium. In the initial pre-COVID plan, the sampling experiments would have been run at 

different temperatures to infer the duration of the experiments, and if an equilibrium state was not 

reached in three weeks, the experiments would have been run for longer; conversely, if equilibrium 

state was reached quickly, the experimental run time would be shorter. The different temperature 

sampling runs would also have helped investigate the different rates of dissolution throughout the 

experiment based on temperature. However, owing to COVID-related time limitations, running the 

experiments for three weeks allowed for only one of each of the desired experiments to be run 

during the timeframe of the PhD.  

6.3.4.1 Non-Sampling Experiment (Parr 4740) Set-Up 

The Parr 4740 non sampling set-up was introduced in Chapter 2, Section 2.5.2. It was used to 

explore water-rock interactions and in the preliminary organic experiment.  

The capacity of the Parr 4740 reactor is 75 mL. The volume multiplier based on the physical 

conditions of 250 °C/150 bar was 1.25; therefore, for safety, the maximum capacity of the reactor 

was 54 mL. 250 °C /150 bar were the highest physical parameters explored in the modelling work 

and whilst these higher parameters were not explored experimentally, it was important for future 

work that experiments could be reproduced at these higher physical parameters. However, the 

small volume of the Parr reactor limited the fluid and simulant inputs, which in turn reduced the 

analytical possibilities for the post experimental analysis.  

In the initial experimental plan, 5 mL of post-experimental fluid was to be used to investigate the 

formation of colloidal silica in the cooling of the hydrothermal fluid, to further explore conclusions 

from the modelling in Chapter 5. Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-

OES) also required a minimum of 5 mL of fluid and Total Carbon/Total Organic Carbon (TC/TOC) 

analysis required 20 mL. The initial experimental plan also earmarked 10 mL of post-experimental 

fluid to carry out Gas Chromatography-Mass Spectrometry (GC-MS) analyses (in organic and non-

organic runs). The total volume required for analysis was therefore 40 mL, so for all non-sampling 
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experiments 45 mL of fluid was used to provide excess, if required, and to account for any fluid loss 

throughout the course of the experiments.  

15 g of simulant was added to the experiments. This mass allowed for all the analysis required to 

be completed. 5 g of the simulant was the upper limit required for the Scanning Electron 

Microscope (SEM), Raman and Electron Microprobe Analysis (EPMA) post-experimental analysis, as 

all these techniques required a polished epoxy block to be made. 5 g of simulant provided enough 

mass to make two epoxy blocks for each post-experiment simulant, 2 g was used for the TC analysis, 

and 2 g was used for the X-ray diffraction (XRD) analysis.  

The 15 g of simulant resulted in 6 mL of displacement in the reaction vessel. Therefore, with the 

fluid and simulant together, the total volume occupied in the Parr reactor was 51 mL, which fell 

below the maximum capacity of 54 mL. This allowed for the experiments to be run safely at higher 

temperatures and pressures.  

Prior to the experimental runs, the Parr reactor and all component parts were cleaned using the 

method described in Chapter 2, Section 2.5.2. The simulant (and humic acid, where used) was 

added to the cleaned Parr vessel along with the desired volume of fluid. The system (headspace 

and 40mL of fluid) was then purged with nitrogen gas for 30 minutes to remove any carbon and 

oxygen species from the reactor’s atmosphere and to generate an inert nitrogen headspace for the 

experiments. This also ensured that oxygen was removed from the fluid since oxygen has not been 

detected in the plumes (Waite et al., 2017). The Parr was then closed by fitting the head gasket and 

a N2 gas inlet line was attached, N2 was added until the internal pressure of 80 bar was reached, 

which was the internal pressure used for all experimental reactions. The heating jacket that 

surrounds the Parr reactor was then warmed to the desired temperature. The thermocouple 

tracked this temperature and adjusted the heaters to maintain a constant temperature throughout 

the experiment.  

6.3.4.2 Sampling Experiments (Parr 4793) Set-Up 

The sampling experiment was carried out on a Parr 4973 reactor, which included a subsampling 

system to allow for the fluid to be sampled periodically. The capacity of the Parr 4793 reactor was 

100 mL but, like the Parr 4740 reactor, 15 g of simulant was added to the reactor. The larger reactor 

volume was required so that extra fluid could be used since it was to be sub-sampled throughout 

the experiment. This does, however introduce a limitation; the water:rock ratio changes 

throughout the duration of the experiment as the extracted fluid was not replaced, and therefore 

the results from this experiment cannot be directly compared to the non-sampling experiments.  

Throughout the experiment, the fluid was sampled 6 times (inclusive of day 21), and at each sample 

point, a 5 mL aliquot was taken. The safe maximum capacity of the 100 mL reactor was 
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approximately 75 mL. 60 mL of fluid was initially added which allowed for 30 mL of fluid to be 

removed throughout the experimental procedure and left 30 mL for any further analysis. With 15 

g of simulant added to the fluid, the total volume within the reactor was 66 mL, which was below 

the maximum safety capacity at the highest temperature and pressure to be investigated.  

The system (headspace and 60 mL of fluid) was then purged with N2 for 30 minutes before the 

vessel was closed and subsequently pressurised with N2 and heated to the desired target 

parameters. During the sampling experiments (Parr 4793 reactor), the subsampling system line was 

backpressured with 81 bar of N2 gas after each sample was taken, to ensure no fluid remained 

trapped and potentially returned back into the main Parr reactor.  

6.3.5 Experimental Procedure 

After each experiment was set-up by adding the fluid and simulant, purging the system, and then 

pressurising and heating the reactor, the experiments were then left to run for three weeks. During 

this time, temperature and pressure were monitored regularly to ensure target physical conditions 

were maintained.  

Dr Claire Batty sampled the gas headspace of these experiments on every 3rd and 7th day of the 

week, and subsequently conducted GC analysis of the headspace (not included in this thesis). 

During the gas removal procedure, the pressure of the Parr reactor decreased to approximately 50 

bar for 5 minutes until it was repressurised to 80 bar.  

Upon completion of the experiments, the reaction chambers were depressurised and left to cool. 

As soon as the chamber had cooled and was safe to handle, 5 mL of the fluid was removed. This 

fluid was filtered using a 0.22 μm Polyethersulfon filter to remove any simulant particles, placed in 

the 4 °C fridge to cool and then stored at that constant temperature. This fluid was initially planned 

to be used to study the formation of silica colloids in the cooling of hydrothermal fluid. However, 

owing to initial incorrect dilutions of post-experimental fluids used for ICP-OES analysis, which 

resulted in a requirement for a much larger volume of fluid than initially accounted for, this fluid 

was repurposed for analysis and the colloid work suspended. In the initial pre-covid plan, the 

dilution factors for the post-experimental fluid would have been established from the preliminary 

experiments, but this was not possible in reality. It is important to note that this repurposed fluid 

was filtered but the remaining fluid from the experiment was not; this may have had an influence 

on the analytical results. It will be clearly indicated in later sections where the filtered fluid was 

used for analysis.  

The remaining fluid, once cooled, was decanted from the simulant. This fluid was then stored in the 

4 °C fridge until analysis. The post-experimental simulant was dried in an oven at 50 °C for 4 days 

to remove any excess moisture. This drying temperature was lower than the experiment, to ensure 
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that there was no thermal alteration of the simulant in the drying process. Once the simulant was 

dried, it was stored in the 4 °C fridge until it was analysed.  

6.3.6 Experimental Plan 

Table 6.3 summarises the conditions for each experiment conducted. It indicates the temperatures 

and pressures, the reactor system and the purpose of the experiments, as well as the mass of 

simulant and volume of fluid used. The experimental number in the table below will be referred to 

in the remainder of the chapter to discuss the results from these experiments.  

In addition to the four experiments (1-4), two control runs were carried out. These included a blank 

run, where just Milli Q water was run in the Parr reactor for 1 week to assess any potential 

contamination from the Parr Chamber. Further to this, a humic acid control run was carried out, 

where 0.45 g of humic acid was dissolved in 45 mL of pre-experimental fluid, to assess the influence 

of humic acid on the composition of the fluid. As well as these experimental control runs, the pre-

experimental fluid was also analysed using the techniques described below, to determine the 

starting fluid composition of each of the experimental and any potential contamination occurred 

throughout the process of making the fluid.  

Table 6.3 A summary of each of the experiments that was carried out for this project 

Experimental 
Run No. 

Pressure 
(bar) 

Temperature 
(°C) 

Humic 
Acid 

Static 
Reactor 
System 

Notes 

1 80 90 - 4740 45 mL fluid, 15 g regolith, 
3 week run 

2 80 120 - 4740 45 mL fluid, 15 g regolith, 
3 week run 

3 80 120 Yes 4740 45 mL fluid, 15 g regolith 
0.45 g humic acid, 3 

week run 

4 80 120 - 4793 60 mL fluid, 15 g regolith, 
3 week run. Interim 

samples taken every 3rd 
and 7th day of the week.  

Blanks/Controls 

Blank (B) 80 120 - 4740 Milli Q water for 1 week  

Pre-
experimental 

fluid (P) 

- - - - Pre-experimental Fluid 
only 

Humic acid 
control (HA) 

80 120 Yes 4740 45 mL fluid, 0.45 g humic 
acid, no simulant, 1 week 

run 

 



183 
 

6.3.7 Experimental Analysis  

Post-experiment, two samples each of the experimental simulant were set into epoxy blocks to be 

analysed via SEM and Raman spectroscopy. For Experiment 1 and 2, one block consisted of a 

powdered sample with grains distributed across its surface (referred to as ’powdered samples’ 

below). This allowed for the investigation of grains in finer detail. The second block consisted of an 

aggregated powder (described below as ‘block samples’), which was used to analyse the bulk 

composition of the post-experimental simulant. The organic run was analysed exclusively through 

the distributed grains; the addition of organics to the simulant changed the average density of the 

simulant, making it impossible to set the aggregated powder in epoxy. Further to this, using two 

epoxy blocks for each analysis minimised any potential sampling bias in the analysis.  

EPMA analysis was also intended to be carried out on these samples, however the EPMA instrument 

at The Open University was not operational during the final 6 months of this project. Further to this, 

the simulant powdered samples were analysed by XRD and for TC. XRD and the Raman analysis 

investigated the minerals detected in the simulant; SEM was used more generally to look at the 

bulk chemical composition of the simulant and the different mineral phases.  

The SEM analysis of pre-experimental samples was carried out on the Quanta 2003D Electron 

Microscope at The Open University carried out by Dr Giulia Degli-Alessandrini (see Chapter 2, 

Section 2.4.1). The SEM analysis for the post-experimental samples was carried out by Dr Giulia 

Degli-Alessandrini using the Zeiss Supra 55VP Field Emission Gun Scanning Electron at The Open 

University (see Chapter 2, Section 2.4.1). Before SEM analysis of these samples, the epoxy blocks 

were carbon coated following the method in Chapter 2, Section 2.4.1.  

I carried out the Raman analysis using the Horiba Jobin-Yvon HR800 at The Open University, the 

same instrument used for the pre-experimental analysis. For each sample, each unique identifiable 

phase was analysed three times. See Chapter 2, Section 2.4.3 for method and instrument set-up.  

The XRD analysis was carried out by Matthew Kershaw at The Open University using the 

Siemens/Bruker D-5000 XRD System. The details of the sample preparation and instrument set-up 

can be found in Chapter 2, Section 2.4.4.  

The TOC analysis was carried out using the Shimadzu TOC ASI-V at The Open University by Tim 

Barton. The details of the sample preparation and instrument set up can be found in Chapter 2, 

Section 2.4.7. Each analysis was run three times to determine the standard deviation of each sample 

and to ensure the most reliable and accurate results as possible. The method and instrument set-

up of the TIC analysis is also described in Chapter 2, Section 2.4.7.  

The fluid was analysed by ICP-OES, as this technique provides quantitative elemental data that can 

help determine if experiments had reached a completion point, or if they were still undergoing 
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chemical reactions. The ICP-OES was the only analysis made of the fluid from the sampling 

experiment owing to limitations in the volume of fluid extracted at each interval. During rate of 

reaction experiments, 5 mL aliquots of the fluid were extracted every 3rd and 7th day of the week, 

over the three weeks the experiment ran. All ICP-OES analysis was run by Tim Barton using an 

Agilent 5110 at The Open University, the method and instrument set-up for this analysis is described 

in Chapter 2, Section 2.4.6.  

The initial experimental plan also included GC-MS analysis to determine the organic species in the 

fluid; however, this could not be achieved because of lack of availability of fluid (because of dilution 

issues, as described earlier).  

6.4 Results 

6.4.1 Simulant 

The results from the pre- and post-experimental analyses are presented below. Details of all 

techniques and sample preparation procedures for these analyses can be found in Chapter 2.  

6.4.1.1 Scanning Electron Microscope Analysis 

Chapter 3, Section 3.4.1 presents the SEM analysis of the pre-experimental simulant, which was 

analysed using an epoxy block sample. To summarise, the simulant was confirmed as dominant in 

SiO2 (33.06%), MgO (27.86%) and FeO (26.13%) predominantly present as serpentine, olivine, and 

magnetite. Figure 6.2 shows the SEM Back Scattered Electron (BSE) image of a large section of the 

pre-experimental simulant. Figure 6.3 shows a EMPA image of the pre-experimental simulant, also 

for comparison with the post-experimental SEM analyses (in the absence of post-experimental 

EMPA results, see Section 6.3.7).  

  

Figure 6.2 BSE map of one of the samples of the pre-experimental simulant. The lighter colours represent heavier elements 
5 mm 
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Figure 6.3 EPMA image of the pre-experimental simulant 

Powdered sample analysis 

Analysis of the powdered samples from the three water-rock interaction runs (experiments 1-3) is 

presented below in Figures 6.4 through 6.6. For each run there are two examples of a BSE image 

and two corresponding false colour Electron Dispersive X-ray Spectroscopy (EDS) images, which 

allows for easier identification of phases.  

In each of these runs, Si and Mg are the most dominant elemental species, consistent with the pre-

experimental simulant. The SEM BSE and EDS images provide for an easy identification of four key 

minerals. Firstly, the lighter grains in the BSE images correspond to the orange areas in the EDS 

images, which highlight the areas of high Fe concentration, likely to be magnetite/haematite 

(labelled A in Figure 6.4). These are likely to correspond to the light-coloured grains seen in the pre-

experimental SEM BSE image (Figure 6.2), and as points 10, 11, 12 and 14 in the pre-experimental 

EPMA image (Figure 6.3).  

Secondly, the purple regions of the EDS image, with a high Mg concentration, are likely to be olivine 

and serpentine grains (labelled B in Figure 6.4). These phases are hard to identify in the BSE images 

but are likely to be the same phases as at points 1, 2, 3, 4, 5, 6, 7, 9 and 13 in the EPMA image, 

where 6,7 and 13 is serpentine and the all the others represent olivine.  

Thirdly, the bright green grains on the EDS images represent areas of high S content, and likely 

represent areas of pyrite (labelled C in Figure 6.4). These are also presented as bright grains in the 

BSE images making them hard to identify. These were also abundant in the pre-experimental 

simulant and were identified as sulfides (Table 3.10, Chapter 3, Section 3.4.2).  

100 μm 
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Finally, the dark blue colour on the EDS images corresponds to Ca, which could represent calcite or 

dolomite, the two carbonates containing high calcium concentrations (labelled D in Figure 6.4). 

These grains are hard to observe in the pre-experiment BSE image, they were also not easily 

identifiable in the pre-experimental EPMA analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 SEM results of the post experimental simulant from the 90 °C/80 bar experiment. The top row displays the 
BSE image, and the bottom row is the false colour elemental maps based on the EDS analysis. A= magnetite, 
B=olivine/serpentine, C=pyrite, D=dolomite/calcite. Blue circle indicates region of mixed grains. (Key – orange=Fe, 
pink=Mg, Yellow=Si, Blue=Ca, Bright green=S, dark green=Al) 

A 

B 
C 

D 
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These four different mineral grains can be observed in each of the SEM images. The colour images 

show that there are also areas of mixed grain types. These mixed grains were identified in the pre-

experimental simulant, but only in small quantities; they are present at a higher abundance in the 

post-experimental simulant. Whilst this might be a sampling bias, this held true over all areas 

analysed across both of the epoxy blocks of the pre-experimental and post-experimental simulants. 

The increase in this phase may represent newly formed amorphous minerals. The clearest example 

of this can be found in in the bottom left-hand image of Figure 6.4, in the blue circle. However, in 

all the SEM images, it can be seen that there are grains of different phases on top of a mineral 

phase, represented in the EDS images as a speckled colour across the mineral surfaces. This may 

represent the precipitation of other minerals on the surface of the principle larger minerals, which 

is not easily identifiable in the pre-experimental images.  

Despite Experiment 3 containing organics, the SEM images from Figure 6.6 are like the other two 

experiments; no additional phases can be identified that were not also present in Experiment 1 and 

2. Overall, the results were consistent between the three experimental runs regardless of 

temperature and pressure conditions, and the addition of organics. This suggests that the humic 

Figure 6.5 SEM results of the post experimental simulant from the 120 °C /80 bar experiment. The top row shows the 
BSE image, and the bottom row is the false colour elemental maps based on the EDS analysis. (Key – orange=Fe, 
pink=Mg, Yellow=Si, Blue=Ca, dark green=Al, red=C, green=O) 
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acid had little or no effect on the chemical reactions occurring throughout these experiments. There 

were no observable effects that would be quantified using SEM analysis, owing to the small 

concentration of humic added to the simulant. There may have been differences between the non-

organic and the organic experiments on a trace level and processes such as organic complexation 

to metals may be occurring, however SEM is not sensitive enough to pick this up. It is not expected 

that any specific carbon chemistry can be ascertained from the SEM analysis since the epoxy blocks 

were carbon coated. Furthermore, any solid phase organics in the post-experiment analysis are 

likely to be of a much smaller grain size than mineral components and may have been polished 

away in the process of making the epoxys. Either this, or all of the organic phase will have dissolved 

in the solution, and the organics would not be observable in the solid phase. In the absence of 

GCMS analyses, this cannot be explored further. 

 

Block Sample Analysis  

Figures 6.7 and 6.8 show the four different areas analysed for the block samples for Experiment 1 

and Experiment 2. The bulk composition of these areas is presented in Tables 6.4 and 6.5. Using the 

Figure 6.6 SEM results of the post experimental simulant from the organic bearing 120 °C /80 bar experiment. The top 
row shows the BSE image, and the bottom row is the false colour elemental maps based on the EDS analysis. (Key – 
orange=Fe, pink=Mg, Yellow=Si, Blue=Ca, Bright green=S, dark green=Al, green=O (RHS only)) 

 



189 
 

bulk samples, it is easier to compare grain size to the pre-experimental SEM analysis since the pre-

experimental simulants were prepared using the same method.  

There is a large variation in grain size in the Experiment 1 block sample, ranging from grains of 

approximately 125 μm to 25 μm. The overall composition suggests that the post-experimental 

simulant is dominated by silica and magnesium oxide, accounting for nearly 75 % of the total weight 

of the simulant. Compositionally, all four areas are consistent, which provides further evidence for 

the precision and accuracy of the results. Iron oxide and calcium oxide make up approximately 12% 

and 6% of the bulk simulant, respectively. The Fe content is much lower than in the pre-

experimental simulant.  

 

Figure 6.7 False coloured SEM-EDS images for the post-experimental simulant for the 90/80 experiment. These four areas 
were taken from the block epoxy and the total map area was mapped to determine the chemical composition of the post-
experimental simulant (Key – orange=Fe, pink=Mg, Yellow=Si, dark blue=Ca, Bright green=S, dark green=Al, light blue=Al) 
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Table 6.4 Oxide composition of the post experimental simulant of the 90 °C /80 bar experiment or the 4 different areas 
presented in Figure 6.7. N.D= Not detected 

Experiment 1 Block - 90 °C and 80 bar 

 Area 1 Area 2 Area 3 Area 4 Average 

Oxide Oxide % 

SiO2 43.01 44.41 45.07 43.47 43.99 

MgO 30.96 30.53 30.85 29.70 30.51 

FeO 11.42 10.52 10.49 12.26 11.17 

CaO 6.07 6.29 5.95 6.28 6.15 

Al2O3 2.19 2.24 2.65 2.59 2.42 

NaO 1.94 1.96 1.68 1.78 1.84 

SO3 1.93 1.70 1.47 1.92 1.76 

P2O5 1.19 0.73 0.30 0.57 0.70 

K2O 0.10 0.10 0.13 0.10 0.11 

Cr2O3 N.D 0.19 0.28 0.16 0.16 

MnO N.D N.D N.D 0.18 0.05 

 

The results of Experiment 2 show that the bulk simulant (Figure 6.8) is more consistent and has a 

larger grain size than what was seen in Experiment 1, which was more consistent with the bulk pre-

experiment simulant (Figure 6.2). The chemical composition across the four different areas of the 

block analysed show variation, predominantly in the Fe content. This may be due to a sampling bias. 

Area 2 (Table 6.5 & Figure 6.8, EDS layered Image 6) has a much lower Fe concentration. This is seen 

in the EDS map where there are smaller and fewer orange grains than seen in other areas. Except 

for Fe, the composition of the remainder of the area is relatively homogenous. The post-

experimental simulant is dominated by SiO2, MgO and FeO, which account for 75% of the total 

simulant. In Experiment 2 the FeO content is much higher than in Experiment 1, conversely the SiO2 

concentration is much lower than Experiment 1.  
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Table 6.5 Oxide composition of the post experimental simulant of the 120/80 experiment or the 4 different areas presented 
in Figure 6.8. N.D= Not detected 

Experiment 2 Block - 120 °C and 80 bar 

 Area 1 Area 2 Area 3 Area 4 Average 

Oxide Oxide % 

SiO2 27.33 31.54 30.67 32.91 30.61 

MgO 23.98 24.19 23.96 26.26 24.60 

FeO 28.97 23.84 28.84 27.79 27.36 

CaO 2.89 4.35 2.98 3.37 3.40 

Al2O3 1.75 1.73 1.91 1.86 1.81 

NaO 1.23 1.51 1.57 1.89 1.55 

SO3 12.39 11.18 7.94 4.57 9.02 

P2O5 0.25 0.70 0.44 0.14 0.38 

K2O 0.36 N.D 0.13 0.08 0.14 

Cr2O3 0.07 N.D N.D 0.16 0.06 

MnO N.D N.D N.D 0.18 0.05 

ZnO N.D N.D 0.61 N.D 0.15 

 

Figure 6.8 False coloured SEM-EDS images for the post-experimental simulant for the 120/80 experiment. These four 
areas were taken from the block epoxy and the total map area was mapped to determine the chemical composition 
of the post-experimental simulant (Key – orange=Fe, pink=Mg, Yellow=Si, Blue=Ca, Bright green=sulfur, dark green=Al, 
light blue=Cl, bright pink =Zn (bottom LH only)) 
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Tale 6.6 shows the difference between the average composition of the post-experimental simulants 

from experiments 1 and 2, and how they compare to the pre-experimental simulant. Figure 6.9 

represents this graphically. The comparison between these data sets shows that Experiment 2 has 

a chemical composition that is more comparable to the pre-experimental simulant. Experiment 1 

has a much higher SiO2 concentration (~15 wt.%) than both Experiment 2 and the pre-experimental 

simulant. Experiment 1 also has a much lower Fe concentration (~17 wt.%) than Experiment 2 and 

the pre-experimental simulant. Further discussion on this is given Section 6.5.1.  

Table 6.6 Oxide percentages in the simulant pre-and post-experiment (1&2). N.D- Not detected 

Oxide 

Pre-
experimental 

simulant 
Oxide % 

Average 
Experiment 
1 Oxide % 

Average 
Experiment 
2 Oxide % 

SiO2 33.00 43.99 30.61 

MgO 28.00 30.51 24.60 

FeO 26.00 11.17 27.36 

CaO 4.00 6.15 3.40 

Al2O3 1.50 2.41 1.81 

NaO 0.06 1.84 1.55 

SO3 2.00 1.76 9.02 

P2O5 0.55 0.70 0.38 

K2O 0.03 0.11 0.14 

Cr2O3 0.80 0.16 0.06 

MnO 0.12 0.05 N.D 

ZnO 0.00 0.00 0.15 

 

 

 

 

 

 

 

 

 

Figure 6.9 The pre- and post-experimental composition of the simulant 
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6.4.1.2 Raman 

Raman analysis of the pre-experimental simulant is presented in Chapter 3, Section 3.4.3, which 

identified talc, forsterite and pyrite and elemental sulfur in the simulant. There were also spectra 

that may have represented a mixture of different minerals, of which serpentine, carbonates and 

magnetite could be identified. The results for the post-experimental simulant are displayed in 

Figures 6.10-6.12. On each, A to F show an example of each of the unique spectra obtained for each 

sample.  

Overall, the results for experiments 1 and 2 were the same (6.10 A = 6.11D, 6.10D=6.11D, 6.10 

E=6.11B and 6.10 C=6.11B). Experiment 3, however, had a nosier background, which may be caused 

by the addition of the organics and showed differences compared to Experiment 1 and 2. There 

was a greater shift in wavenumber of the peaks in Experiment 3 compared to the pre-experimental 

simulant and Experiment 1 and 2 for the same mineral, which suggests that the temperature has a 

minimal effect, however the addition of the organics may play a role in producing this trend. 

The easiest mineral to identify from the Raman analysis was forsterite. This was the only mineral 

that was the present independently on a spectrum. Most of the spectra showed peaks that were 

characteristic of multiple minerals. In the example of forsterite, the pre-experimental simulant had 

key peaks at 823, 859 and 921 cm-1. After Experiment 1 and 2, the key peaks for forsterite were 827 

and 859 cm-1 in both the post-experimental simulants (Figure 6.10B and 6.11C). After Experiment 

3, the key peaks were 830 and 861 cm-1 (6.12E). This confirms the overall trend, that Experiment 3 

has experienced a greater shift in wavenumber compared with the pre-experimental simulant. 

However, none of the three experiments have a peak at 921 cm-1, which may suggest dissolution 

or loss of forsterite throughout all of the experiments.  

A large doublet peak at approximately at 820 and 850 cm-1 is characteristic of forsterite and, while 

this is easily observable in the examples discussed above, these peaks can also be observed in 

Figures 6.10A and E, and 6.12B and C. In these examples, additional peaks not characteristic of 

forsterite can also be seen, which suggests the forsterite has chemically changed, or other phases 

have been added to the mineral.  
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Figure 6.10 (A-F) Raman spectra of the post experimental simulant for the 90 °C/80 bar experiment (Experiment 1). A-F 
represents each unique spectrum obtained from the analysis 
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Figure 6.11 (A-F) Raman spectra of the post experimental simulant for the 120 °C /80 bar experiment (Experiment 2). A-F 
represents each unique spectrum obtained from the analysis 
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Figure 6.12 (A-F) Raman spectra of the post experimental simulant for the organic bearing 120 °C /80 bar experiment 
(Experiment 3). A-F represents each unique spectrum obtained from the analysis 
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Other peaks were also evident. These may be attributed as follows: 

• Pyrite can be identified by a doublet/triplet peak from approximately 340-450 cm-1 (Figures 

6.10D, 6.11D and 6.12D), this is also observed in the pre-experimental simulant. The main 

differences between the pre- and post-experimental simulants are the addition of a peak 

at ~105-115 cm-1 in all three experiments, which is the potential inclusion of a new phase.  

• Carbonate phases can be identified from a sharp peak between 1000-1200 cm-1 (Figures 

6.10C, 6.11A, B and D, 6.12D and F), which is also observable in the pre-experiment 

simulant (Figure 3.9) 

• An elongated peak of a doublet between 600-700 cm-1 could represent the serpentine and 

this is observed in Figures 6.10D and E, 6.11B and D, and 6.12F. The spectra for serpentine 

in the post-experimental analysis is represented as a broad peaking ranging over 600-700 

cm-1 rather than a clear doublet, as seen in the pre-experimental analysis. This makes the 

confirmation of this mineral phase more tentative in the post experimental analysis, 

however, this is to be expected as the hydration of the mineral phase is likely to lead to a 

broadening in the peaks.  

• A large peak at around 660 cm-1 is observed in Figures 6.10F, 6.11B and D and 6.12B and D 

that can be attributed to magnetite as this exhibits a range of peaks at 400-600 cm-1.  

The results from the Raman analysis can conclude the likely identification of forsterite, serpentine, 

pyrite, magnetite, and carbonates in the post-experimental simulant, all of which could also be 

identified in the pre-experimental simulant. Talc, however, was present in the pre-experimental 

simulant but not easily identifiable in the post-experimental simulant, however as talc is insoluble 

material, it is likely that the low concentration of this mineral in the simulant has meant that it is 

lost in the noise of the spectra. This is likely as the peaks for talc overlap with more dominant 

minerals such as magnetite. Further to this, the results also suggest agreement between the two 

non-organic runs (Experiment 1 and 2) and the pre-experimental simulant. Experiment three 

(organic bearing), however, was distinct, with Raman spectra with broader peaks and more 

background noise. It is not clear whether these changes are owing to chemical alteration of mineral 

phases because of changes in the chemical conditions, or because of interference from the organics 

in the Raman analysis process; the humic acid spectra overlays with many of the minerals’ peaks at 

approximately 1010, 940, 790, 740, 720, 690, 580, 560, 510, 470, 450, 380, 310, and 300 cm-1 (Liang, 

Yang and Kiefer, 1999). Humic acid is also a good dissolution enhancer, as it easily forms complexes 

with metal ions (Mostofa et al., 2013), which may also affect the spectra seen.   

6.4.1.3 XRD 

The pre-experimental simulant was analysed by XRD, and the results of this are presented in 

Chapter 3, Section 3.4.5 and reproduced here on Figure 6.13, with the key peaks labelled. All the 
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post-experimental simulants (Experiment 1-3) have also been analysed by XRD and are presented 

in Figures 6.14-6.16. In the pre-experimental simulant, identification of each of the mineral phases 

was achieved by comparing with the analyses that were carried out on the individual constituent 

minerals (Chapter 3, Section 3.3.1) and a similar approach was taken here. 

The dominant peak in the pre-experiment simulant is at 26.68° (Figure 6.13), which could belong to 

olivine, serpentine or quartz as seen when these were analysed individually, i.e., this peak could be 

a signature of silica-silica or silica-oxygen bonding.  

Experiment 1 shows intense peaks at approximately 35° and 36° (Figure 6.14). When analysed as 

individual components, serpentine and olivine showed peaks at 36.8° and 36.54° respectively and 

magnetite displayed a peak at 35.52°. When analysed individually, quartz did not display any peaks 

that may correspond with this. Therefore Experiment 1 may be dominated by magnetite and either 

olivine and/or serpentine. Similar peaks were also seen in the pre-experimental simulant and 

experiments 2 and 3, however at a lower intensity.  

Experiment 2 has three large peaks at 9.11°, 11.71° and 28.31° (Figure 6.15). From the individual 

mineral analysis, a peak of 9.46 was a characteristic of talc, and 12.14° and 12.36° were 

representative of serpentine and olivine respectively; each of these minerals have Si-Mg bonds in 

common. The peak at 28.31° may be the same characteristic peak observed as the dominant peak 

in the pre-experiment simulant of 26.68° with a slight shift, likely to represent quartz, serpentine, 

or olivine. Again, these peaks are observed in the other post-experimental analysis.  

Experiment 3 is dominated by three large peaks at 12.13°, 35.73° and 62.09° (Figure 6.16). The 

peaks at 12.13° (serpentine/olivine) and 35.73° (magnetite or olivine/serpentine) have been 

accounted for in the previous discussion, leaving the peak at 62.09 so far unaccounted for. The 

individual serpentine analysis showed a peak at 60.30° and olivine showed a peak at 62.20°. This 

peak is present both other post-experiment simulant analysis, however the closest match in the 

pre-experimental simulant is a peak at 59.95°, this a large shift to all the post-experimental 

simulants for similar peaks.  

It is important to note here, that any peak that could be attributed to the presence of olivine can 

also be attributed to the presence of serpentine, making it hard to identify exactly which of these 

minerals are represented by which peaks. This is therefore a limitation of this analytical method.  

In all the spectra, the peaks for the three carbonates added to the simulant, calcite (~29-30°), 

dolomite (~31°) and magnesite (~32°, 43° and 54°) are observable. However, these peaks are 

harder to distinguish from the background noise in the spectra since they are <1.5% of the simulant. 

The peaks for apatite and anhydrite (~25-26°) are also hard to identify because they are at low 
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concentration in the simulant (~1-3%) and the region in which they are normally detectable is 

dominated by peaks for olivine/serpentine and quartz.  

 

Figure 6.13 The pre-experimental simulant XRD spectra showing a key peak at 26.68 likely to represent olivine, serpentine, 
or quartz  

 

Figure 6.14 The XRD spectrum of the post-experimental simulant from Experiment 1, showing a key peak at 36.53 
representing serpentine or olivine and a second major peak at 35.7 potentially representing magnetite  
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Figure 6.15 The XRD spectrum of the post-experimental simulant of Experiment 2, showing key peaks for talc and 
serpentine/olivine and potentially quartz  

 

Figure 6.16 The XRD spectrum of the post-experimental simulant of Experiment 3 showing key peaks for serpentine, olivine 
and magnetite 
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Overall, the minerals present in the simulant pre- and post-experiments are the same phases, but 

there are changes in the intensity of their characteristic peaks. The dominant peak in the pre-

experimental simulant is likely to represent silicon-silicon or silica-oxygen bonding in quartz, 

serpentine, and olivine, which, whilst present in Experiment 1-3, is at a much lower intensity. This 

may suggest that there has been dissolution of silica/silicon from these mineral phases.  

6.4.1.4 Total Carbon in Simulant  

The total carbon of each bulk sample was measured as described in Chapter 2, Section 2.4.6. This 

analysis was carried out by Tim Barton. Each analysis was run three times, with the calculated 

means and standard deviations for each presented in Table 6.7. These results showed an increase 

in concentration of carbon in the simulant following the experiment, and this concentration 

increased with temperature. Further to this, the post-experimental simulant from Experiment 3 had 

a much higher carbon content, which is not unexpected as 0.45 g of humic acid was added to the 

simulant before the start of the experiment.  

The total carbon in the simulant increased in Experiment 1, but only 0.1 wt.% relative to the pre-

experimental simulant. However, it is important to note the change in carbon concentration in 

Experiment 1 falls within the error range for the analysis of the pre-experimental simulant. It is 

therefore uncertain whether there is any change in the total carbon concentration following this 

experimental run. Following experiments 2 and 3, the increase in carbon in the simulant could be 

indicative of the precipitation of a carbon phase onto the simulant surface.  

Table 6.7 Total carbon concentration for the simulant and the post experimental simulant 

Experiment C (%) C std dev 

Pre-experimental Simulant 0.34 0.02 

Experiment 1 (90 °C and 80 bar) 0.35 0.01 

Experiment 2 (120 °C and 80 bar) 0.38 0.01 

Experiment 3 (120 °C and 80 bar & organics) 0.67 0.01 
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6.4.2 Fluid 

Post-experimental fluid was analysed through ICP-OES and TIC/TOC. All ICP-OES and TIC/TOC 

analyses were carried out by Tim Barton at The Open University, according to the methods outlined 

in Chapter 2, Section 2.4.6 & 2.4.7.  

6.4.2.1 ICP-OES 

Non-sampling post-experimental fluids 

Figure 6.17 presents the final concentrations (in parts per million; ppm) of the major fluid species 

recorded from the pre-experimental fluid, the non-sampling experiments, and the blank run. The 

blank run (Milli Q water run through the Parr reactor to assess any contamination in the 

experimental process) has the lowest concentration of most of the elemental species. It is 

important to note that it is not clear whether at least some of the major elements were already 

present in the Milli Q water, or whether they were added as contaminants during the blank run; 

however, since the pre-experimental fluid was made using MilliQ water, if the elemental species 

originated from the MillQ water, the concentration of those elements would be expected to be 

similar in both the blank run, and the pre-experimental fluid. Whereas, if they were higher in the 

blank run this could suggest contamination from the Parr rectors. The results show that Fe and S 

are higher in the blank than the pre-experimental fluid, implying contamination from the Parr 

experiment, the concentration of Fe in the pre-experimental fluid was too low to be detected and 

therefore, the data point is missing from Figure 6.17.  

 

Figure 6.17 ICP-OES elemental results for the major elements in the fluid post experiment. Measurements are all in ppm 
with error bars. Experimental results (90 °C/80 bar, 120 °C /80 bar and 120 °C /80 bar organic experiment) are presented 
alongside the pre-experimental fluid solution and the blank run of MilliQ water run in the Parr reactor for 1 week 
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The pre-experimental fluid also contained Ca, S, Si, and Mg but these were not intentionally added. 

The presence of Ca, Mg and Si in both the pre-experimental fluid and the blank suggests these 

elements may be from the Milli Q water. The concentrations of major elements not intentionally 

added in the pre-experimental fluid are low (see Table 6.2 for composition of the initial fluid), but 

the dominant elements (Na and K) do correspond to the chemicals added to the starting fluid. The 

blank run can therefore be used as a baseline against which post-experimental data can be 

compared. 

Results from the three water-rock simulations all produce similar trends in the concentration of the 

major species. Each of the post-experimental fluids have major elemental concentrations that are 

higher than the blank, implying that all the major elements have been enhanced through the 

experiment. The post-experimental elemental concentrations also have a similar distribution of 

elements compared to the pre-experimental fluid, but Na and K are more enhanced relative to the 

other species. The main difference between the pre- and post-experimental fluid, however, is the 

concentration of S. In the pre-experimental fluid, S has the lowest concentration of the measured 

major elements; however, in the post-experimental fluids it is consistently the second most 

abundant element. S was not present in the initial fluid, so it was likely liberated from S-bearing 

minerals in the simulant (pyrite and anhydrite).  

The organic-bearing fluid had the highest concentration of all species. This suggests that the organic 

component contained other elements, or that there was a shift in the pH or other physico-chemical 

conditions of the fluid that caused a higher rate of dissolution of the minerals. This will be discussed 

below. Interestingly, Experiment 1 fluid had a higher concentration of most of the major elements, 

excluding silica, than Experiment 2. This contradicts the modelling results, which suggested that the 

higher the temperature of the water-rock interactions the higher the rate of dissolution of the 

minerals and therefore concentration of elemental phases in the fluid; Experiment 1 was run at 90 

°C and Experiment 2 at 120 °C. The differences between the Experiment 1 and the Experiment 2 

run are discussed in detail in Section 6.5.  

Figure 6.18 shows the concentration (in parts per billion; ppb) of minor elements present in the 

blank, pre- and post-experimental fluids. As was seen with the major elements, the concentration 

of minor species is lowest in the blank. Only four of the minor elements (Al, Mn, Sr and Zn) were 

present at concentrations above the limit of detection (LOD) for the blank fluid. Again, these 

elements may have come from experimental contamination or from the Milli Q water. The pre-

experimental fluid shows that some elements were present in ppb concentrations, including Al, B, 

Ba, Mn, Se, Sr and Ti, despite none of these having been intentionally added to the fluid. These 

elements may have originated from the Milli Q water used to make these solutions or were 
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introduced as contamination. These two results can be used a baseline for the comparison with the 

experimental fluids.  

 

Figure 6.18 ICP-OES elemental results for the minor elements in the fluid post experiment. Measurements are all in ppb. 

Experimental results (90 °C /80 bar, 120 °C /80 bar and 120 °C /80 bar organic experiment) are presented alongside the 

pre-experimental fluid solution from experiments 1-3 and the blank run 

Again, Experiment 1 produced a more concentrated fluid with the minor elements than Experiment 

2. Only a few elements, As, Cd and Co, were more concentrated in the Experiment 2 run than in 

Experiment 1. This may imply a higher rate of mineral dissolution at the lower temperature than at 

the higher temperature, which again contradicts modelling results; this will be discussed in more 

detail in Section 6.5.3.  

As with the major elements, the organic experiment resulted in more elements in the fluid, again 

suggesting that the humic acid either contained other elements or potentially caused a change in 

physico-chemical conditions. To determine if the humic acid used in the organic runs contained 

other element species, a control experiment containing only humic acid and the pre-experimental 

fluid (Table 6.3.1) was run in the Parr reactor for one week. This allowed for an assessment of any 

potential contamination caused by the addition of humic acid. The results from that run are present 

in Figure 6.19 below and indicate the humic acid likely contained other elements not expected be 

present in pure humic acid (the average chemical formula for Humic acid is C187H186O89N9S1). Indeed, 

this humic acid blank run and Experiment 3 show a correlation in the concentration of different 

fluid species. Therefore, it is unlikely that the increase in the elemental concentrations in the 

organic runs is due to a higher rate of dissolution of the simulant. However, this cannot be entirely 
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ruled out as fluid pH was not monitored, and if the addition of organic made the pH of the fluid 

more acidic, this may increase the dissolution rate of minerals.  

 

 

 

Sampling Experiment (Experiment 4) 

The results of the ICP-OES analysis of subsamples taken during the rate of reaction experiment show 

two distinct trends in the concentration of Ca, P, Fe, Mg, Mn, and Cu in the fluid during the 

experiment (Figure 6.20). This trend also applied to Mo, Ni and Se (not shown). Each of these 

elements show a large increase in concentration from day 0 (which is the pre-experimental fluid 

composition) to day 3, with the experiment reaching highest concentrations on day 3. 

Concentrations began to decline between day 3 and day 7 and continued to decline to day 10, 

however days 14 and 17 saw a small increase in concentration of the elements. Following this, from 

day 17 to 21, there is then another decrease in concentration for most of the elements, except Cu 

that plateaus. This trend was not anticipated for these experiments and may also suggest an 

oscillation that represents the repeating pattern of dissolution and reprecipitation of different 

Figure 6.19 ICP-OES for the Humic acid blank run compared to the 120 °C organic bearing experiment and the pre-
experimental fluid 
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mineral phases. This process may decrease over the duration of the experiment until a constant 

concentration is reached identifying the point of equilibrium.  

Figure 6.20 ICP-OES elemental results for the rate of reaction experiment at 120 °C /80 run. These results all display the 
same trend of an initial increase in concentration followed by a subsequent large decrease  
 
 



207 
 

 
Figure 6.21 demonstrates the second trend that shows the concentration of fluid species initially 

increase quickly owing to a rapid dissolution of mineral phases. As the experiment progressed, the 

dissolution rate slowed until it started to reach a concentration plateau, where the aqueous 

alteration of the mineral phases had stopped, or an equilibrium reached. Si, S, B, and Ba follow this 

trend; however, B shows a much larger increase in concentration in the last 3 days compared to the 

rest of the elements.  

 
Figure 6.21 ICP-OES elemental results for the rate of reaction experiment at 120 °C /80 run. These results all display the 
same trend of an initial increase in concentration followed by starting to plateau in concentration 

Na and K did not fit into either of these two-dominant trends. Instead, Figure 6.22 shows a decrease 

in Na concentration at the start of the experiment, suggesting that the Na present in the starting 

fluid (as NaCl, Na2CO3 and NaHCO3) precipitates out at the beginning of experiment. After day three, 

there is an increase in the concentration of Na, suggesting subsequent dissolution of a Na-bearing 

species from the simulant or re-dissolution of a precipitated phase. There is then a decrease in Na 

concentration during the last week and half until an increase in concentration in the last few days 

of the experiment. The trend observed for Na is the opposite of what was observed for P, Fe, Mg, 
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Ca, etc.; where Na increased in concentration, these elements decreased, and vice versa. K shows 

another unique trend: a slow gradual increase in concentration that peaks on day 10, similar to the 

trend for Na. After day 10 there is a decrease in concentration, suggesting that it is precipitating 

out of the solution. These results show that the elements that were added into the starting fluid do 

not fit into any of the trend from the aqueous species that are predominately originating from the 

simulant.  

 

Figure 6.22 ICP-OES results for Na and K, showing the changes in concentration of these two elements throughout the 
water-rock simulation at 120 °C and 80 bar 

6.4.2.2 TOC/TIC Analysis  

Table 6.8 shows the data from the total organic carbon (TOC) analysis of the post and pre-

experiment fluid. The method and instrument set-up for TOC is described in Chapter 2, Section 

2.4.7.  

No organic carbon was intentionally added into the fluid, therefore the organics in the pre-

experimental fluid can be used as a baseline for the other experiments. As Experiment 1 and 2 show 
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a similar concentration of organics to the pre-experimental fluid, it can be assumed that there is 

not much change and no formation of organics in these reactions.  

As expected, the two fluids (Experiment 3 and humic acid control) containing humic acid have the 

highest concentration of organic carbon. Experiment 3 shows a large increase in concentration of 

organics in comparison to the pre-experimental fluid, which is to be expected with the addition of 

0.45 g of humic acid into the simulant. However, the humic acid control run had nearly doubled the 

concentration of organic carbon in the fluid, which suggests that a large proportion of the humic 

acid in Experiment 3 is likely to have remained in the simulant.  

Table 6.8 Total organic carbon present in the fluid for the pre-experimental fluid and each of the post experimental fluids 

Experiment TOC (mg/L) Std Dev 

Pre-experimental Fluid  396.0 3.30 

Experiment 1 (90°C and 80 bar) 316.8 1.41 

Experiment 2 (120°C and 80 bar) 
(filtered) 

43.0 1.45 

Experiment 3 (120°C and 80 bar 
and organics) 

1964.9 22.36 

Humic acid control 4037.4 28.96 

 

Table 6.9 shows the Total Inorganic Carbon (TIC) analysis of the post and pre-experimental fluid. 

NaHCO3 and Na2CO3 were both added to the pre-experimental fluid, and the TIC of the pre-

experimental fluid was measured to be 1151 ppm. The post-experimental fluid of Experiment 1 

contains a higher TIC concentration than that of Experiment 2, but both have lower TIC than the 

pre-experimental fluid. This suggests that there is a precipitation of carbonates from the fluid 

during the experiment. As Experiment 2’s TIC concentration is lower, this suggests a greater 

precipitation of carbonate phases. It is important to note here that the TIC of Experiment 2 is <470 

ppm; only 2 mL of post-experimental fluid was available for analysis so extensive dilution was 

required and TIC was below the LOD. Experiment 3 has a TIC concentration greater than Experiment 

1 and 2, however it is still below the pre-experimental fluid, supporting precipitation of TIC 

throughout the experiments. The humic acid control run has a high concentration of TIC, 1461 ppm, 

which suggests that the humic acid contains inorganic carbon phases. For this reason, it is to be 

expected that Experiment 3 is higher than experiments 1 and 2, however it would be anticipated 

that the TOC in Experiment 3 would be higher than the value calculated, which is nearly half of the 

humic acid control, therefore suggesting a higher organic carbon content in the silicate interior.  
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Table 6.9 Inorganic carbon present in the fluid for the pre-experimental fluid and each of the post experimental fluids 

Experiment TIC (mg/L) Std Dev 

Pre-experimental Fluid 1151.32 14.28 

Experiment 1 (90°C and 80 bar) 560.85 5.93 

Experiment 2 (120°C and 80 bar) <470.00 -  

Experiment 3 (120°C and 80 bar 
and organics) 

601.74 0.64 

Humic acid control 1461.26 0.00 

6.5 Discussion 

6.5.1 Compositional Changes to Simulant  

Experiment 1 (non-organic 90 °C/80 bar) resulted in smaller grain sizes than Experiment 2 (non-

organic 120 °C /80 bar) and the chemical composition of the post-experimental simulant of 

Experiment 1 and Experiment 2 were different. These observations suggest that different chemical 

reactions could have taken place in these two experiments. This is supported by the difference in 

the chemical composition of the post-experimental fluids produced. Here, the difference in the 

chemical compositions of each of the different mineral phases in the pre- and post-experimental 

simulants are compared to determine the processes that may have occurred throughout the 

experimental procedure. Figure 6.23, which shows two large EDS images of the block epoxy samples 

of Experiment 1 and Experiment 2, and Tables 6.10 and 6.11, which display the chemical 

composition of point EDS chemical composition analysis of specific mineral phases are key to this 

discussion.  
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Figure 6.23 SEM-EDS false colour images of the simulant samples for the 90 °C /80 bar (top) experiment and the 120 
°C /80 bar (bottom) experiment 
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Table 6.10 The minerals identified in the post-experimental simulant of the 90 °C /80 bar experiment 

Experiment 1 @ 90 °C and 80 bar - Powder 

Spectrum  Element 
Oxide 

% 
Mineral? Spectrum  Element 

Oxide 
% 

Mineral? 

2 Fe 100 Magnetite 

11 

Ca 51.93 
Apatite - 

with Ca, S & 
Si gain 

3 Si 100 Quartz  P 36.53 

4 

Si 45.65 Serpentine 
(potentially 

with 
anorthite 

and 
carbonates) 

Si 1.19 

Ca 23.3 S 0.99 

Fe 13.67 

12 

Mg 55.32 Olivine with 
Mg and S 

gain and Fe 
loss 

Mg 8.79 Si 40.53 

Al 8.59 Fe 1.32 

5 

Mg 60.38 
Olivine with 

Mg gain 

S 0.17 

Si 33.62 

13 

Mg 60.64 
Olivine with 

Mg gain 
Fe 5.98 Si 34.16 

6 

Si 50.78 Serpentine 
(potentially 

with 
anorthite 

and 
carbonates) 

Fe 5.2 

Mg 20.12 
14 

Si 58.06 Talc with Mg 
gain Ca 17.74 Mg 41.94 

Fe 9.13 

15 

Si 39.62 Serpentine 
(potentially 

with 
anorthite, 

amesite and 
carbonates) 

Al 2.22 Al 24.3 

7 

S 57.43 Pyrite with 
Zn inclusion 
and S loss 

Ca 23.44 

Fe 31.42 Fe 11.36 

Zn 11.15 Mg 1.28 

8 

Si 40.45 Serpentine 
(potentially 

with 
anorthite, 

amesite and 
carbonates) 

16 

Mg 32.14 

Serpentine 
(potentially 

with 
anorthite 

and 
carbonates) 

Ca 23.41 Si 30.31 

Al 21.74 Na 14.09 

Fe 12.51 Ca 6.4 

Mg 1.89 Fe 4.95 

9 

Si 55.76 

Serpentine 
(potentially 

with amesite 
and 

carbonates) 

Al 2.59 

Al 27.03 S 2.21 

Na 11.65 

17 

Si 34.08 Serpentine 
(potentially 

with 
anorthite 

and 
carbonates) 

K 2.23 Ca 32.3 

Ca 2.21 Fe 26.02 

Fe 0.8 Mg 5.96 

S 0.35 Al 1.16 

10 

Ca 54.22 
Dolomite 

with Mg, Mn, 
Fe gain 

S 0.47 

Mg 42.91 18 Fe  100 Magnetite 

Mn 1.44     

Fe 1.44     
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Table 6.11 The different minerals identified in the post-experimental simulant of the 120 °C /80 bar experiment 

Experiment 2 @ 120 °C and 80 bar - Powder 

Spectrum  Element 
Oxide 

% 
Mineral? Spectrum  Element 

Oxide 
% 

Mineral 

1 Si 100 Quartz 

11 

Ca 54.7 

Apatite with Ca, 
Si and S gain 

2 Fe 100 Magnetite P 39.1 

3 Si 100 Quartz Si 1.3 

4 

Ca 57 
Dolomite 

with Mg, Fe 
and Mn gain  

S 1.1 

Mg 36.6 

12 

Si 50.65 
Serpentine 

(potentially with 
anorthite and 
carbonates) 

Fe 4.4 Ca 22.42 

Mn 2 Fe 15.4 

5 

Mg 51.2 

Olivine  

Mg 8.98 

Si 41.4 Al 2.54 

Fe 7.9 

13 

Ca 52.7 

Dolomite with 
Mg loss and, Si, 

Fe, S and Na gain 

6 
S 67.3 Pyrite with S 

loss 

Mg 15.1 

Fe 32.3 Si 11 

7 

Mg 51.4 Olivine with 
Mg and Fe 

gain 

Fe 7.2 

Si 41.1 S 6.9 

Fe 7.5 Na 5.1 

8 

Si 36.82 Serpentine 
(potentially 

with 
amesite and 
carbonates) 

14 Si 100 Quartz 

Ca 31.72 
15 

S 68.1 
Pyrite with S loss 

Fe 25.63 Fe 31.9 

Al 5.83 

16 

Si 50.61 

Serpentine 
(potentially with 

anorthite and 
carbonates) 

9 

Zn 47.06 
Pyrite with 
Fe loss and 

Zn gain 

Ca 22.36 

S 46.15 Fe 13.9 

Fe 6.79 Mg 9.55 

10 

Mg 51.38 

Olivine  

Al 1.83 

Si 41.56 Na 0.91 

Fe 7.06 Mn 0.83 

 

Post-experimental pyrite contained a lower concentration of sulfur than pre-experimental (see 

point analysis of Table 6.10 spectrum 7 in Experiment 1 and Table 6.11 spectrum 6 in Experiment 

2). This suggests the dissolution of sulfur from pyrite throughout the experimental procedure.  

Magnetite in the pre-experimental analysis was composed of 100% of iron oxides, and there was 

no change to this in the post-experimental analysis (Tables 6.10 and 6.11). Whilst there may have 

been some dissolution of magnetite throughout the experiments, there was no inclusion of other 

phases into the magnetite samples. Similarly, quartz also has a 100% SiO2 composition in all the 

post-experimental simulants and the pre-experimental simulant, however this cannot rule out 

dissolution of quartz throughout the reaction process. The potential dissolution of magnetite and 

quartz could be supported through the detection of Fe and Si in the ICP-OES data, however, these 

elements may also have originated from other minerals such as olivine or serpentine.  
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Comparing the pre-experimental composition to the post-experimental composition of dolomite 

from both experiments (Table 6.10 Spectrum 10 and Table 6.11 Spectrum 13) it shows that there is 

relative increase in the concentration of Mg compared to Ca in both experiments. This suggests a 

disproportional dissolution of the calcium phase in the dolomite. Additional elements, such as Fe 

and Mn, are also present, suggesting the precipitation of other mineral phases onto the carbonates.  

In apatite (Table 6.10 Spectrum 11, Table 6.11 Spectrum 11), the relative concentration of Ca to P 

has increased in the post-experimental simulant and Si and S were also detected that were not 

present in the pre-experimental apatite. This suggests dissolution of apatite, particularly of P and 

then reprecipitation of different phases onto the surface. The S is likely to be redistributed from the 

dissolution of pyrite (see above for details).  

The olivine in the post-experimental simulants generally show a relative increase in Mg 

concentration relative to Si in comparison to the pre-experimental olivine. This may be not be 

inherent to the olivine but may represent precipitation of magnesium carbonates. This is commonly 

seen with serpentine and olivine with high Mg concentrations, where the solution has HCO3 in 

solution (Farhang et al., 2019), as was the case with the experimental fluids used here.  

Similarly, talc shows an increase in Mg relative to the Si concentration from the pre-experimental 

simulant to the post-experimental simulants in Experiment 1 (Spectrum 14 in Table 6.10). This could 

suggest the precipitation of a Mg-bearing phases as described above for olivine. However, as this 

trend is seen for both talc and olivine, it is also a reasonable assumption that the Mg concentration 

relative to Si is disproportionately high in the post-experimental simulant owing to dissolution of 

Si-bearing phases. The fluid ICP-OES results confirm the presence of Si in the fluid as a major 

element, which may provide supporting analysis for this. Without further analysis, such as detailed 

electron probe analysis, it is not clear if the change in the chemistry is because of Mg precipitation 

or Si dissolution or both processes happening simultaneously.  

The pre-experiment serpentine was dominated by Si and Mg, with lower concentrations of Ca, Al 

and Fe. There were also localised high Ca and Al areas within the sample. The chemistry of 

serpentine is relatively simple in most natural specimens - there tends to be only minimal deviation 

from the generalised formula, H4Mg3Si2O9 (Deer, Howie and Zussman, 2013). The pre-experimental 

simulant composition was consistent with this, except for the localised areas of higher Ca and Al.  

The composition of the serpentine in the post-experimental simulants is more varied than in the 

pre-experimental simulant. Although Si remains dominant, in the post-experimental simulant, 

some of the point analyses of serpentine indicated ~20% Ca (Spectrum 4 and 8 in Table 6.10 and 

Spectrum 12 and 16 in Table 6.11), whereas other points showed 2% Ca (Spectrum 16 in Table 6.10). 

There is also a large variation in the concentration of Al, sometimes accounting for 27% (Spectrum 
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9 and 15 in Table 6.10), and other instances only 1% (Spectrum 17 in Table 6.10 and Spectrum 16 

in Table 6.11). Whilst some of the pre-experimental simulant showed localised areas of higher Ca 

and Al concentrations, they only represented a minor proportion of the serpentine, whereas, in the 

post-experimental simulant, there is a large increase in number of these areas. The concentration 

of Fe in the post-experimental simulant also varies from ~25% to 5% depending on the point of 

analysis, however in the pre-experimental simulant, this was consistently ~10%. The relative 

concentration of Mg also decreased from the pre-experimental analysis to the post-experimental 

analysis. These results may suggest that the Mg in the serpentine is being displaced by other 

elements, specifically Al and Ca.  

Serpentine minerals undergo chemical reactions with water in which metallic ions can be 

substituted, particularly Al, Ca and Fe that can substitute for Mg (Deer, Howie and Zussman, 2013). 

If there is Al, Ca or K present in a solution in contact with serpentine this can lead to the formation 

of chlorites, tremolite or phlogopite, and these are favoured when not at a high pressure (Deer, 

Howie and Zussman, 2013). This aligns with identification, by ICP-OES, of Al, Ca and Fe in the post-

experimental fluid, likely to result from the dissolution of carbonates, olivine or talc. It can also be 

inferred from the EDS spot analysis that Mg has been substituted with Al, Ca and Fe, evidenced by 

a decrease in concentration of Mg, and an increase in Al, Ca and Fe, from the pre-simulant to the 

post-experimental simulants. With regard to Al substitution there appears to be a complete solid 

solution between serpentine and amesite, Mg2Al[AlSiO5](OH)4.  

Furthermore, serpentine’s layered structure provides surfaces for other minerals to precipitate 

onto. Serpentine is also known to be a carbon storage mineral, in that carbonates can adsorb onto 

the surface of serpentine through the reaction with water (Farhang et al., 2019; Khan et al., 2021). 

This latter process may explain the variable presence of Ca in the post-experimental analysis, where 

calcium carbonates may have absorbed onto the serpentine surface. This may also be supported 

through the decrease in the TIC concentration in the fluid throughout the reaction process, which 

suggests carbonate precipitation.  

In a study conducted by Farhang et al. (2019), the relationship between temperature and the rate 

of Mg and Si dissolution from serpentine was explored, which showed that as the temperature of 

the fluid interacting with the serpentine increased, the rate of dissolution of the Si and Mg increased 

(Farhang et al., 2019). However, the higher temperature also drove a higher rate of Si 

reprecipitation that Si would inhibit any further dissolution of Mg and Si as it formed a diffusive 

barrier between the serpentine and the fluid (Farhang et al., 2019). This is directly relevant to the 

differences in the post-experimental simulant observed at different temperatures in this study. 

There were larger grain sizes in Experiment 2 (Figure 6.23), the higher temperature experiment, 

and the post-Experiment 2 simulant composition showed little change from the pre-experiment 
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simulant. Conversely, Experiment 1, the lower temperature run, had much smaller grain sizes, 

which suggests a longer period time the dissolution was carried out for to reduce the grain size. 

Further to this, the chemical composition of Experiment 1 was more varied compared with the pre-

experimental simulant, suggesting more extensive chemical change.  

Therefore, Si may be being dissolved from serpentine, and most likely also from the other Si-based 

minerals such as olivine and talc, as evidenced by the loss or decrease in intensity of representative 

peaks in the XRD and Raman analysis. The Si in solution reaches super saturation quickly and then 

produces a barrier by reprecipitating between the mineral grains and the fluid. This inhibits further 

precipitation, and the Si remains in solution. The same trend would be expected for Mg and other 

minerals (e.g., Ca, Al, Fe).  

These results support the inferences from the detection of the silica nanoparticles in Enceladus’ 

plumes for the dissolution of Si from the silicate interior. Further, the results from this work show 

evidence that higher temperature water-rock interactions on Enceladus may inhibit long-term 

water-rock reactions as there is a rapid dissolution and reprecipitation of elements, which create a 

diffusive barrier between the fluid and silicate interior. This could therefore suggest a lower 

temperature on the ocean floor of Enceladus than proposed in order to sustain long-term water-

rock reactions. That is, the temperature on the ocean floor of Enceladus may be less than the 90 °C 

anticipated in areas of hydrothermal activity (Hsu et al., 2015). If temperatures were higher, the 

duration of water-rock interactions might be limited. However, it should be noted that the 

timescale of Enceladus’ hydrothermal activity remains unknown. Further study should be carried 

out to investigate to role of dissolution and reprecipitation of Si and other elements in Enceladus 

environments on proposed Enceladus ocean compositions.  

6.5.2 Compositional Change of Fluid 

The results from the simulant suggested that the lower temperature non-organic run (Experiment 

1) underwent a greater chemical change and a greater rate of dissolution than the higher 

temperature run (Experiment 2). This is supported by the ICP-OES fluid results, which show that 

most of the elements are higher in concentration at lower temperatures (Experiment 1). These 

observations support the hypothesis that Experiment 2 resulted in an initially high dissolution rate, 

which leads to subsequent precipitation of minerals and therefore a decrease in the fluid elemental 

concentrations.  

This is also supported by evidence from the sampling experiment. Experiment 2 (120 °C /80 bar) 

was also run as a sampling experiment (Experiment 4) where the fluid was sampled throughout the 

experiment. The results from this analysis are presented in Figures 6.18 and 6.19, Section 6.4.2.1 

and, from these, two key trends were identified.  
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The first trend showed an increase in the concentration of fluid species in the first few days, 

followed by the subsequent decrease in concentration. This supports the theory that the initial 

dissolution of minerals is high, which causes a large increase in dissolved species in the fluid in the 

first few days. However, as these species reach supersaturation, they then precipitate out and 

decrease in concentration in the fluid. Although it is evident from the SEM analyses that this process 

is operating for Mg (from serpentine), the ICP-OES data imply other minerals are similarly dissolved, 

liberating other species (Ca/Al/Fe) into the fluid. The elements associated with this trend are those 

that are likely to be associated with Si in the reprecipitation phase (see above).  

However, Si obeys the trend that shows an increase in concentration throughout the experiment 

before plateauing towards the end. This trend also represents an initial high dissolution rate of Si 

at the start of the experiment, evidenced by the steepest gradient on the figures on the time vs 

concentration plots (Figure 6.19). The concentration of Si in the fluid plateaus to a constant 

concentration, which likely represent a reaction endpoint, or that an equilibrium has been reached 

between the concentration of Si in both the fluid and the simulant. Si was the dominant element 

present in the simulant pre-experiment; therefore, it is more likely that the sampling experiment 

results demonstrate an equilibrium state between the dissolution and reprecipitation of Si.  

To determine if this is the likely to be the case, Experiment 1 (90 °C /80 bar) should be run as a rate 

of reaction sampling experiment. If the Si continues to increase in concentration throughout the 

experiment (even at a slower rate), this will support this hypothesis, as it will show no (or less) 

reprecipitation of Si. An alternative would be to carry out this same experiment for different 

durations and monitor the chemical change to determine which phases dissolve first and what the 

chemical composition of the simulant is after day 3, when there was a significant shift in the fluid 

concentration.  

The post-experimental fluids were dominated by Na, which agrees with the Cassini data (Postberg 

et al., 2009). This result was to be expected as Na was inputted into the pre-experimental fluid, and 

is predominantly taken up by mineral phases with a high dissolution rate. The inorganic carbon 

concentration is the second highest component in the fluids (~0.05 mol kg-1), which again agrees 

with the Cassini data (Postberg et al., 2009). The main difference between the experimental data 

and the Cassini observations is the high concentration of sulfur produced through these 

experiments. No S-bearing species have been detected in the plumes; however, the concentration 

of sulfur in the post-experimental fluid was higher than K, which has been detected in the plumes 

of Enceladus (Postberg et al., 2008) (See Chapter 4, Section 4.4.2.1 for instrument LOD details). This 

result may suggest an overestimation of the quantity of sulfur-bearing minerals used in the 

simulant, however, it also suggests that, if there are any sulfur bearing minerals in the silicate 

interior of Enceladus, there is likely to be dissolution of these phases and S would be present in the 
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ocean. Furthermore, the results from this work suggest there are many minor elements present in 

the ocean of Enceladus.  

6.5.3 Comparison to Modelling Results  

There are some similarities between the modelling results and the experimental work. Firstly, the 

dominant elements in the fluid for the modelling work were Na, K, Si and S. This corresponds to the 

ICP-OES analysis, where these were the major elements in the fluid post-experiment. Secondly, 

both methods for studying the water-rock interactions also generated similar minor elements, 

specifically Al, Ca, Fe and Mg.  

The results from the experimental work also contradict some of the modelling results. S and P were 

more concentrated in the results of the experimental work than in the modelling work, which may 

suggest that there is a greater dissolution of mineral phases carrying these elements in the 

experiments, such as pyrite, anhydrite, or apatite. In the experimental work, if the fluid contained 

trace levels of O2 remaining the fluid this may have enhanced the oxidation of pyrite, which could 

therefore explain the difference between a modelled system and the experimental work. Whilst 

precautions were taken to ensure the O2 was removed from the system beforehand, for future 

experiments, the fluid solution before and after experiments could be analysed for dissolved 

oxygen content to ensure the system has remained free of oxygen.  

The modelling results also suggest that the higher the temperature, the more concentrated the 

fluid will be owing to a quicker dissolution rate of minerals (Chapter 4). The experimental work 

supports a rapid initial dissolution rate of minerals being quicker at higher temperatures, however 

the reprecipitation of these minerals inhibits further dissolution, which is not predicted by the 

modelling. The thermochemical modelling software does not include kinetic factors and so cannot 

accommodate the rate of reactions, resulting in this discrepancy.  

The modelling shows the formation of SiO2 and various carbonates throughout the water-rock 

reactions. It is likely that these minerals are precipitating out during the experiments based on the 

SEM data, owing to the inclusion of Si and Ca in other minerals that were not present before. 

However, the model cannot account for the precipitation of solid phases before the dissolution of 

all mineral phases.  

The models assume complete dissolution of the simulant in the fluid, and then calculate which solid 

phases would be generated and what the remaining fluid concentration would be. The model 

cannot factor in dissolution and precipitation simultaneously and the dissolution inhibition this 

creates. These differences highlight the requirements for both experimental and modelling 

approaches to be carried out, as both processes have limitations. As only limited experimental work 

has been carried out, it would be necessary to repeat Experiment 1 and 2, and to carry out the 
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sampling experiments for a wider range of temperatures to assess if this observation of forming a 

diffusive barrier with the reprecipitation of elements was true. The difference in the results 

between the modelling and experimental work highlights the limitations of modelling processes 

and the requirements for studying processes both through a modelling and experimental set-up. A 

comparison of the composition of the fluid generated through the water-rock modelling work and 

the experimental work in relation to the Cassini data and the anticipated concentrations for 

Enceladus is discussed in Chapter 7, Section 7.2.3.  

6.6 Conclusion  

The main conclusions from this experimental work are:  

• Higher temperature water-rock interactions may have an initial quicker rate of dissolution 

of minerals than lower temperatures, this observation is supported through the modelling 

work.  

• The quicker rate of dissolution of minerals at higher temperatures results in reprecipitation 

of minerals owing to the saturation of elements in solution, this creates a diffusive barrier 

inhibiting further dissolution of mineral phases. This is evidenced by the smaller grain sizes 

in higher temperature experiments (2), in comparison to lower temperature experiments 

(1). This could potentially limit the duration of water-rock interactions on Enceladus.  

•  The lower temperature experiment, also shows a greater variation in both simulant and 

fluid composition from the pre-experimental compositions, again providing support for 

prolonger water-rock interactions in relation to the higher temperature experiments. 

• The addition of organics to the simulant has a seemingly minimal effect on the simulant 

and fluid composition post experiment. Most differences are directly related to the 

dissolution of organic rather than any change in water-rock interactions owing to a shift in 

the chemical environment.  

• The fluid composition post experiment is dominated by Na and inorganic carbon, which 

agrees with the Cassini data for the composition of a modern-day ocean composition.  

• The postexperiential fluid composition has a high concentration of sulfur, which differs 

from the Cassini data, this suggests a potential overestimation in the sulfur content in the 

simulant, or a process is occurring to remove the sulfur from the ocean fluid before it 

reaches the surface.  

• The results from this project, support this experimental procedure, and with these 

preliminary results, a full extensive study investigating a wider range of temperatures and 

pressures and organic material could be carried out.  
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 The Evolution and Geochemical 

Cycling of the Subsurface Environment 

of Enceladus  
 

7.1 Introduction  

This chapter uses the modelling and experimental results presented in previous chapters and 

applies them to the internal environment of Enceladus: the formation and evolution of the 

subsurface ocean, initial ice aggregation onto a silicate interior of Enceladus, and modern-day ice 

grain formation from freezing of the subsurface ocean material. It will further discuss how ice grains 

detected by Cassini (Postberg et al., 2009) were formed and the history of the fluid prior to freezing.  

The data will be used to investigate the geochemical cycles on Enceladus, specifically focusing on 

carbon, silica and sulfur. Carbon is a key element for life, but it can also drives the pH of the ocean 

on Enceladus; there is a wide range of carbon species in the subsurface ocean, based on Cassini 

observations (Frank Postberg et al., 2018). The modelling work from this PhD supports this 

hypothesis.  

The detection of the silica nanoparticles by Cassini was leading evidence for hydrothermal activity 

on Enceladus (Hsu et al., 2015). Pursuant to these observations, this chapter also brings together 

the results from the modelling and experimental work to propose a silica cycle for Enceladus. 

Results from Chapters 4 and 6 suggest that there is a range of sulfur species present in the 

subsurface ocean fluid and the freezing models presented in Chapter 5 show the formation of 

sulfate ice grains. However, sulfur has not been detected within the plumes (Postberg et al., 2009, 

2011; Waite et al., 2017) despite their anticipated presence. The potential presence of sulfur 

furthers Enceladus’ prospect of being a habitable environment worthy of further investigation; 

therefore, this chapter will conclude with an assessment of the habitability prospects for Enceladus.  

This chapter will answer the following three research questions: 

1. What is the likely composition of the silicate interior and subsurface ocean in both a 

modern day and historic Enceladus? 

2. What reaction pathways are occurring in the contemporary subsurface environment? 

3. Do the chemical and physical conditions in the subsurface environment of Enceladus 

support the theory that Enceladus has the potential to host life? 
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7.2 Evolution of the Subsurface Ocean of Enceladus  

The modelling presented in this thesis has produced ice grain compositions that are comparable to 

the data collected by the Cassini spacecraft (Glein and Shock, 2010; Waite et al., 2017; Frank 

Postberg et al., 2018). The modelling invoked a CI carbonaceous chondrite silicate interior for 

Enceladus and a cometary ice composition as the initial icy exterior. In the following section, the 

evolution of the subsurface ocean material of Enceladus is explored, from the initial accretion of 

cometary ice and carbonaceous chondrite type rock, through to the ocean material being ejected 

out through the ice cracks on the SPR of Enceladus. Figure 7.1 shows the step-by-step process from 

the initial accretion process to the ejection of ice grains on Enceladus. Each of these processes are 

discussed below, throughout these steps the chemical composition for the initial and modern-day 

Enceladus are discussed.  

7.2.1 Accretion of Silicate Material and Ice  

Chapter 1, Section 1.9 explored the possible mechanisms for the formation of Enceladus, with the 

most favoured currently being the accumulation and accretion of silicate and ice present in Saturn’s 

rings (Canup, 2010; Charnoz et al., 2011; Mckinnon et al., 2018). This proto-Enceladus may have 

been a silicate body with an icy exterior that accreted later (example shown in Figure 7.1A), or a 

rock-ice mixture that potentially differentiated over time to form the 2-layer ice-rock structure. The 

former is more likely, especially considering that the current rings are composed for 95% water ice 

(Canup, 2010). This PhD has looked at potential starting materials/analogues for the silicate and ice 

that may have initially accreted. Below, the hypothetical starting conditions are explored; in the 

later sections of this chapter, the appropriateness of these choices is discussed.  

Throughout this work, it has been hypothesised that Enceladus formed from silicate analogous to 

a CI carbonaceous chondrite. This hypothesis is based on agreement between the chemical 

composition, aqueous alteration, porosity, and density of a CI chondrite and what is known about 

the silicate interior of Enceladus (Chapter 3) (McSween, 1979b; Macke, Consolmagno and Britt, 

2011; Guaita, 2012; Hsu et al., 2015; Choblet et al., 2017; Waite et al., 2017; Frank Postberg et al., 

2018). Furthermore, the interior of Enceladus was initially anticipated to have a protosolar 

composition (Mckinnon et al., 2018), and CI chondrites are the most pristine form of meteorite in 

terms of elemental abundances. A CI chondrite was also selected because, if it is assumed that 

Enceladus initially accreted as an icy-rock mixture, it is likely that the silicate phase underwent 

aqueous alteration upon accretion.  

It was also hypothesised that the ocean may have originated from cometary ice (Chapter 4, Section 

4.3.2). This hypothesis was based on analysis of the plumes by Cassini’s Ion and Neutral Mass 

Spectrometer (INMS), which detected the presence of CO2, CH4, and NH3 (Waite et al., 2017), and 
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analysis of the plumes and Saturn’s E-ring by Cassini’s Cosmic Dust Analyzer (CDA) (Frank Postberg 

et al., 2018), which revealed a range of organic species. These chemical species are also all abundant 

in cometary ice (Neveu, Desch and Castillo-Rogez, 2017).  

To produce the modern three-layered structure of Enceladus (silicate:fluid:ice), melting of the icy 

exterior must have occurred. This process is explored below.  

7.2.2 Ocean Formation  

To achieve the three-layered internal structure anticipated today (Figure 7.1B) would require the 

melting of ice, induced by the decay of radioactive isotopes (for example 26Al) present within the 

silicate (Schubert et al., 2007) (Chapter 1, Section 1.9.2). Isotopes capable of radioactive decay have 

also been detected in most primordial meteorites, such as carbonaceous chondrites, and therefore 

would be expected to have been present in the accreted silicate (Kita et al., 2013; Doyle et al., 

2015), if Enceladus accreted from a material analogous to CI chondrites. It is likely that Enceladus 

formed the ice-water-silicate structure within a few million years of accretion based on the heat 

produced from the decay of 26Al (Schubert et al., 2007). This section summarises the initial cometary 

compositions inputted into the models used for this project and the logic to reach that composition. 

The initial composition of this fluid is assessed as to its appropriateness in the following sections.  

As demonstrated in Chapter 4, when the cometary ice exterior melted, some of its chemical species 

would have entered the aqueous phase and have been sublimated into the gas phase (Chapter 4, 

Section 4.3.2). This work calculated the theoretical maximum retention of gas species that could 

remain dissolved in solution at the historic ocean floor P/T conditions to generate the ocean 

composition anticipated for a historic Enceladus (Table 7.1). This was the starting fluid used in the 

thermochemical modelling work to determine a likely modern day ocean composition. The 

following sections discuss whether the fluid composition defined in Table 7.1 was a suitable starting 

fluid for the composition of Enceladus based on the modern-day ocean composition derived from 

this work.  

 Table 7.1 Hypothetical initial ocean composition for in component species Enceladus 

 
Species Molality 

H2O 1.00 

Na+ 0.15E-02 

Cl- 0.15E-02 

SO4
2- 0.15E-04 

HS- 0.50E-05 

NH4
+ 0.175E-06 

DIC 0.236 
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Figure 7.1 The evolution of Enceladus, from the initial formation by ice aggregation onto the silicate interior (A), followed by the ocean 

generation caused by radiogenic heating of the icy exterior of Enceladus (B). Then the subsequent water-rock interactions and the fluid 

transport from the ocean floor to the ocean surface (C), finally finished with the freezing of the ocean material to produce ice grains (D) 

 

A 

B 

C 
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7.2.3 Water-rock Interactions  

The modelling in Chapter 4 addressed the chemical evolution of a potential modern-day ocean 

composition, based on the initial formation conditions of a CI chondrite and cometary fluid. This 

was followed by experimental water-rock interaction simulations (Chapter 6) using the CI chondrite 

simulant and the fluid determined from modelling in Chapter 4 and 5 (Figure 7.1C). This section 

looks at the validity of the inputs selected for the initial silicate interior and fluid composition, as 

well as the validity of the results obtained by both the modelling and experimental water-rock 

simulations.  

The modelling and experimental results from this project show that the silicate interior undergoes 

mineral dissolution and reprecipitation. The modelling solid phase was inputted as a chemical 

composition (of an average CI chondrite composition) as opposed to a mineralogical composition, 

from which the model then determined the likely stable mineral phases that would be present on 

the ocean floor of Enceladus under the defined physical and chemical parameters. By comparing 

the minerals that the model produced, and the minerals selected for the simulant (based on a CI 

chondrite mineralogy), an assessment was made as to whether the minerals selected for the 

simulant would be stable on Enceladus. The most dominant mineral phases identified in the models 

was antigorite (serpentine) (~50%), which is consistent with a CI chondrite mineralogy (Zolensky et 

al., 1993; King et al., 2015). Serpentine was also the dominant mineral in the simulant designed in 

Chapter 3 but was added to ~50 wt.% in a 55:45 split with olivine. Olivine would be anticipated to 

become serpentine throughout the water-rock interactions, suggesting that olivine and serpentine 

could have been present in the silicate interior, with all olivine altered to serpentine. 

Further to this, the models generated carbonates, sulfides and iron oxides as major phases, all of 

which are present in carbonaceous chondrites (Zolensky et al., 1993; King et al., 2015). Specifically, 

the modelling produced haematite as the dominant iron oxide for the 50 °C/50 bar, 90 °C /80 bar 

and 120 °C/80 bar runs, with magnetite as the secondary iron oxide species; magnetite was the 

dominant mineral in the 250 °C /120 bar run. One of the main differences between haematite and 

magnetite is their oxidation states, where the iron in haematite has an oxidation state of +3, 

whereas the iron in magnetite has a mixed valence state between +2 and +3. The ocean of 

Enceladus is anticipated to be chemically reduced, owing to the detection of hydrogen and other 

hydrogen bearing species such as NH3/CH4 (Waite et al., 2017). To compensate for this, the silicate 

interior of Enceladus is likely more oxidised, which therefore may explain the production of 

haematite over magnetite in an Enceladus environment, as shown in the modelling results. In CI 

chondrites, magnetite is the dominant iron oxide mineral (McSween and Richardson, 1977), which 

is why it was selected for the simulant; however the results from this study suggest that on a 

modern-day Enceladus, haematite may be more likely to be found on Enceladus. Since the models 
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generated a silicate composition based on the complete reaction of the fluid and the solid phase 

inputted, it is more likely, since water-rock interactions are on-going, that the silicate interior is 

currently composed of both haematite and magnetite, where magnetite was the original 

composition and haematite is the final product after complete aqueous alteration. Furthermore, 

the production of haematite throughout the modelling work, and the detection of the reduced fluid 

by Cassini, suggests that the likely iron oxide species could have been magnetite in the silicate 

interior. 

Calcite, siderite, rhodochrosite, and dolomite were the carbonates produced by the model; the 

carbonates inputted into the simulant were calcite, dolomite and magnesite. The concentration of 

inorganic carbon in the fluid throughout both the modelling and the experimental work for 90 °C/80 

bar and 120 °C/80 bar decreased, implying an increase in solid carbonates through precipitation. 

Whilst carbonate formation is shown to be the major sink of DIC from the fluid, in the natural 

environment on Enceladus the conversion of DIC into hydrocarbons could occur. A low 

concentration of short chain hydrocarbons is formed in the modelling work, however this is 

something that should be looked into further with more in depth with either complex organic 

modelling of the interior of Enceladus, and/or a more robust organic experiments, including a more 

thorough organic analysis of the experimental work. 

This agreement between the solid phase generated by the model and the mineral composition for 

the CI chondrite supports the use of the CI chondrite as a basis for the simulant. This work also 

supports suggestions that processes such as serpentinisation are occurring on the ocean floor of 

Enceladus today, evidenced by the formation of antigorite and the generation of H2 gas in the 

models (Chapter 4 Section 4.4.2.3). This is a process established to have occurred in chondritic 

parent bodies (McSween, 1979b). A robust gas analysis would be needed to establish H2 production 

in experimental simulations, but was beyond the scope of this thesis. 

The modelling and experimental results also show similarities in the fluid composition 

representative of Enceladus’ ocean, suggesting that it is dominated by NaCl, NaHCO3, KCl, SiO2, and 

Na2SO4. The experimental and modelling work also both suggest that the ocean may have a more 

complex chemistry than Cassini analyses have implied, i.e., this work has predicted a greater range 

of elements (e.g., Fe, Al, Ca, Mg and P) but at low concentration (< 10-5 mol kg-1).  

Whilst both experimental and modelling work produce an ocean composition dominated by the 

same species, there are notable differences between these two sets of results. The outcomes from 

the modelling concluded that the higher the temperature during the water-rock interactions the 

higher the rate of dissolution of minerals, which will produce a more concentrated ocean 

composition. However, this is contradicted by the results from the experimental work, which 

suggest that higher temperatures inhibit long-term dissolution of the solid phase. These differences 
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arise from the limitations of modelling work, which cannot factor in kinetics into its simulation. In 

the experimental procedure, the reprecipitation of different solid phases inhibits further dissolution 

of the silicate interior of Enceladus, whereas in the modelling work, the dissolution is constant.  

The concentration of Na, S and K are higher in the results of the experimental work than in the 

models, however the concentration of Na and K was higher in the initial experimental fluid (See 

Chapter 4, Section 4.3.2.1). The concentration of sulfur species in the final fluid also differs between 

the two approaches. In the experimental results, the sulfur concentration (0.039 mol kg-1) is two 

orders of magnitude higher than in the models (~0.0002-0.0004 mol kg-1). This suggests a higher 

rate of dissolution in the experiments than represented by the models. However, the concentration 

of sulfur in the final pre-experimental simulant was less than that used for the modelling (Chapter 

4). Similarly, the final concentration of Al, Ca, Mg, Fe, Mn and Ni are all higher in the experimental 

fluid than in the models. Conversely, the final total inorganic carbon and Si concentrations were 

lower in the experimental fluids was less than that produced through the modelling. This may be 

owing to a greater reprecipitation of these phases in the experiments since the concentration of Si 

decreased in some minerals post-experiment, and there was apparent redistribution on mineral 

surfaces (see Chapter 6 Section 6.5.1). The broadening of peaks in the Raman spectra for some Si-

bearing minerals also suggests the presence of amorphous silica. The detection of Mg and Ca 

inclusions in mineral phases post-experiment also suggests the precipitation of carbonates, and 

these were found, in most analyses, to be widely distributed across the post-experimental samples 

(see Chapter 6).  

Comparing the modelling and experimental results, representing a modern-day ocean composition 

against Cassini data (Table 7.2) shows agreement. This provides strong supporting evidence for the 

use of the cometary ice fluid as a starting fluid, owing to both sets of results producing a final ocean 

composition comparable to the observable modern day-ocean. The concentration of Na and HCO3
- 

also fall within the Cassini data (Postberg et al., 2009) range for both the experimental and the 

modelling results. The concentration of K+ was higher in both the experimental and modelling work 

since it was used as a charge balance ion in the initial fluid for the modelling work. However, for 

the experimental work, the initial fluid concentration had a high KCl concentration because this was 

based on preliminary models where K+ was used as the charge balance ion; this created a 

disproportionate increase in the K+ concentration. S has not been detected by the Cassini 

instruments (Postberg et al., 2009, 2011; Waite et al., 2017); however, it is likely present in the 

ocean, and this is supported by both the modelling and experimental results. None of the minor 

elements produced in the modelling and experimental work have been detected by Cassini, 

however, their concentrations are likely below the Limit of Detection (LOD) (Srama et al., 2004; 

Waite et al., 2006).  
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Table 7.2 A comparison of the modelling work ocean composition with the experimental work and the values anticipated 
for the ocean of Enceladus, based on Cassini data 

 

 

 

 

 

 

 

 

 

 

 

To conclude, on the basis of the modelling and experimental results, the ocean of modern-day 

Enceladus is dominated by NaCl, NaHCO3/Na2CO3 and KCl, which is consistent with Cassini 

observations (Postberg et al., 2008). This agreement provides support for the initial composition of 

the ocean inputted. These results further support the hypothesis that the icy exterior of Enceladus 

originated from a cometary ice source, however other sources cannot be ruled out without further 

study (Chapter 1, Section 1.9). These results also strengthen the case for using the CI chondrite as 

the silicate interior of Enceladus. This work suggests that sulfur will be present in the ocean; 

however, Cassini has not identified any sulfur species, despite the results of the experimental study 

implying its presence could be at detectable concentrations and the modelling work at 

concentrations that are bordering on the limit of detection of the Cassini instruments. Therefore, 

the Cassini data could be reanalysed to look for the presence of the derived sulfur products from 

this study. Further to this, the ocean is likely to host a wide range of low concentration elements 

such as Al, Fe, Mg, Mn and Ca, which were not detected by Cassini because they were below the 

LOD. 

7.2.4 Transport Processes 

Based on previous studies (Hsu et al., 2015, Lobo et al., 2021), assumptions were made (in Chapter 

5) that the fluid ascends quickly from the ocean floor to the ocean surface, where it would undergo 

 
Modelling Work 

(Chapter 4) 
Experimental work 

(Chapter 6) 

Enceladus  
(Postberg et al., 

2008, 2011) 

Temperature (°C) 90 120 90 120 >90* 

Pressure (bar) 80 80 80 80 ~ 80* 

pH 9.03 8.52 ND ND 8.5-9 

Na+ 0.119 0.119 0.213 0.174 0.06-0.3 

Cl- N/A N/A N/A N/A 0.05-0.2 

SO4
2-/S 3.74E-05 1.66E-04 0.0393 0.0394 ND 

K+ 0.004 0.005 0.0134 0.0129 0.0005-0.002 

SiO2/Si 0.002 0.002 0.00017 0.00027 ** 

DIC 0.100 0.113 0.047 <0.039 0.01-0.1 

Al3+ 2.16E-09 1.44E-08 2.05E-05 4.37E-06 ND 

Ca2+ 7.56E-06 6.48E-06 1.52E-04 4.07E-05 ND 

Mg2+ 1.16E-07 7.12E-08 1.65E-03 7.56E-04 ND 

Fe2+ 1.47E-08 1.83E-08 4.56E-05 9.15E-06 ND 

Mn2+ 2.10E-08 3.05E-08 8.85E-07 2.08E-07 ND 

Ni2+ 4.30E-13 8.62E-13 1.567E-06 9.30E-07 ND 

HPO4
-/P 2.46E-06 1.86E-06 6.22E-06 6.85E-06 ND 

NH4
+ 1.75E-07 1.75E-07 N/A N/A NH3 (g) 
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a reduction in temperature and pressure. It has not been assumed that the fluids in hydrothermal 

regions will undergo other circulation processes, as these processes are not clearly understood; the 

only agreement is the movement of water from the ocean floor to the ocean surface on the SPR 

(Lobo et al., 2019, Hsu et al., 2015).  

The results from this study are displayed in Figure 7.1C, which show that as the fluid cools as it 

ascends through the ocean, various mineral phases precipitate out, including SiO2, pyrite, Ni-

pentlandite, rhodochrosite and stilbite. The precipitation of these phases resulted in a 

compositional change to the fluid as cooling progressed, which included a reduction in Fe2+, SiO2, 

Ni2+ and Mn2+ concentrations.  

The cooling process, as the fluid ascends through the ocean, generally tended to increase the pH of 

the ocean and was predominantly based on the shift in the neutral point of water with temperature 

(Chapter 5, Section 5.2.2.2). The pH derived from the modelling of movement of the bulk ocean 

away from the areas of hydrothermal activity was 9-9.5 based on the 90 °C/80 bar and 120 °C/80 

bar models. This value aligns with the estimates for Cassini based on the carbonate measurements 

in the plumes, which also suggested the pH of the top of the ocean would be 9-9.5 (Glein and Waite, 

2020). The agreement with the model and Cassini’s observation again provides support for the final 

fluid composition generated being representative of a modern-day ocean composition.  

When HCO3 and CO2 concentrations were high (250 °C/150 bar) at the water-rock interface, the pH 

was driven to an acidic value upon the initial cooling of the water, showing the opposite trend to 

that of pure water. However, as the fluid was transported to the ocean surface, when the 

environmental pressure dropped below the pressure of the CO2 in the solution, CO2 gas was 

released, which corresponded to an increase in the pH (Chapter 5, Section 5.3.2.1). Despite this, 

the pH was still more acidic than the value anticipated for the ocean of Enceladus (Glein and Waite, 

2020), which may suggest that the temperature at the ocean floor cannot be as high as 250 °C. The 

experiment at 250 °C investigated the water-rock interactions in a black/white smoker type of 

environment, with the reactions occurring within the silicate interior. The results from this work 

suggest that it is more likely, owing to both chemical composition and pH values, that the 

temperature in hydrothermal regions is approximately 90-120 °C, which is more comparable to the 

alkaline vents in hydrothermal fields on Earth (Lowell, 2017).  

The cooling models (Chapter 5) may have helped constrain the temperature at hydrothermal 

regions on Enceladus, based on the pH and its behaviour in the cooling process. The minor changes 

in the fluid composition from the ocean floor to the ocean surface implies that the chemical 

composition of the fluid at the surface is still comparable to the Cassini observations as discussed 

above. This has significant implications for the potential habitability of Enceladus, if the composition 

and pH is fairly consistent throughout the entire subsurface environment. This result means that 
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the Cassini interpretations of the ocean composition, which is likely to represent the ocean surface, 

is therefore representative of the bulk ocean composition.  

7.2.5 Freezing/Formation of Ice Grains 

As the fluid from the ocean surface at the South Polar Region (SPR) ascends through the ice cracks, 

it is frozen and is then ejected into space. It is this material that has been analysed by the Cassini 

spacecraft. Different species are frozen at different points during cooling, and it is this process that 

controls the composition of the material ejected. 

Water ice forms quickly, which allows for the non-water species to become more concentrated in 

the ascending fluid, forcing the freezing of other species. Based upon the FREZCHEM modelling 

work (Chapter 5), NaHCO3/Na2CO3 form early in the freezing process, as does SiO2. Chloride salts, 

NaCl and KCl, form around the eutectic point, when the water activity is lower. This result has two 

implications. Firstly, if most of the Na+ has been incorporated into the carbonates, then NaCl may 

not form if the relative concentration of Na+ is below the concentration of HCO3 in the solution, 

however, this cannot be occurring as NaCl has been observed by Cassini. Secondly, as NaCl and KCl 

form at the eutectic point, the concentration of salts at the water-ice interface is high. This results 

in a depression in the freezing point of the water to below that of pure water. The freezing process 

is displayed in Figure 7.1D.  

Modelling ice grain formation produced NaHCO3/Na2CO3, NaCl, KCl and SiO2 as the main species 

(Chapter 5) and this is in line with measurements made by the Cassini spacecraft (Postberg et al., 

2009, 2011). The concentrations of these species are also comparable with Cassini data, validating 

the input parameters used for both silicate and ocean, and strengthening this study’s conclusions 

regarding the evolution of the ocean material of Enceladus. 

Based on the initial assumptions regarding the carbonaceous chondrite type material and the 

cometary ice composition, an ice grain composition that is comparable to the Cassini observations 

has been generated, supporting the initial assumptions. The results from the water-rock modelling 

and experimental work, as well as the subsequent cooling and freezing models, are all validated 

through comparison with the Cassini data. In the following section, the geochemical cycles 

occurring in the subsurface environment of Enceladus can now be explored with confidence in the 

results obtained from this study.  
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7.3 Geochemical Cycling  

7.3.1 Introduction  

Here, theoretical geochemical cycles for carbon, silica and sulfur are defined based on the modelling 

and experimental work carried out through this PhD. For each one, the cycle includes the 

movement and reactions of chemical species from the ocean floor to the ocean surface.  

7.3.2 Carbon Cycling Processes 

Carbon is one of the dominant species detected by Cassini in the plumes of Enceladus (Postberg et 

al., 2009, 2011; Waite et al., 2017), with a wide range of carbon species identified, including 

carbonates, hydrocarbons, and higher molecular weight organics (Postberg et al., 2009, 2011; Frank 

Postberg et al., 2018). The work carried out in this project supports these observations and has 

shown that carbon may have played an important role in controlling the pH of Enceladus’ ocean. 

Furthermore, carbon is an essential element for life; therefore, to evaluate the potential habitability 

of Enceladus, it is important to understand the availability of carbon and the variety of carbon 

species that are present on Enceladus.  

7.3.2.1 Global Carbon Cycle  

Using the results from the water-rock modelling and experimental work, and the cooling and 

freezing modelling, theoretical carbon cycling processes for Enceladus are proposed. This is based 

on the results presented in the previous chapters. This starts by looking at the sources of carbon, 

where the various carbon species would have originated, and then the sinks, where and how the 

carbon species are lost from the fluid. Finally, the internal chemical processes are discussed. Figure 

7.2 shows a possible global carbon cycle based on the modelling and the experimental work 

presented in this thesis. 

Sources of Carbon  

To examine Enceladus’ carbon cycle, it is necessary to briefly reflect on the terrestrial carbon cycle. 

This is complex with many different sources of carbon originating in the atmosphere, ocean, and 

rocks/sediments/soils (Bolin, 1970). The terrestrial carbon cycle also includes carbon from 

vegetation, biological metabolisms, and industrial processes, all of which can be excluded from the 

Enceladus carbon cycle as there is no evidence of life on Enceladus yet. Furthermore, there is only 

a very thin atmosphere on Enceladus, which is predominantly composed of water vapour (Burger 

et al., 2007), and is unlikely to be a source of carbon. This would suggest that on Enceladus carbon 

sources are in the ice, the ocean and the silicate only. The movement of carbon from various 

sources is highlighted by red arrows on Figure 7.2.  
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CO2 and CH4 has been detected in the ice shell of Enceladus through VIMS (Combe et al., 2019), 

which therefore suggests that this may be a source of carbon. A recent study has shown that there 

is likely to be movement of carbon species from the ice shell into the subsurface ocean (Ray et al., 

2021). In this PhD, the melting of the original icy exterior that may have formed the ocean has been 

investigated, highlighting the movement of carbon species from the ice crust to the subsurface 

ocean (Figure 7.2). At the rock-water interface on Enceladus, there is likely an equilibrium between 

solid and liquid water, where carbon species may move from the ice shell into the subsurface ocean 

and vice versa. In this study the sources of carbon initially inputted were in the fluid phase, i.e. from 

melted cometary ice; this included the component species HCO3
- with a concentration of 0.236 mol 

kg-1 (Chapter 4). The pre-experimental fluid also had a concentration of 0.03 mol kg-1 of Na2CO3 and 

0.07 mol kg-1 of NaHCO3 (Chapter 6).  

The other dominant source of carbon would have been the silicate interior of Enceladus, as both 

inorganic and organic carbon species. Assumptions were made previously that the silicate interior 

may have originated from a carbonaceous chondrite-like material (Chapter 3), which would imply 

the presence of carbonates, nanodiamonds, silicon carbide and a variety of organics (Alexander et 

al., 1998b), that could be liberated into the ocean. However, nanodiamonds and silicon carbide are 

inert and unlikely to be liberated unless the pH was low (Alexander et al., 1998b), and therefore are 

unlikely to be involved in carbon cycling. In this study, 0.58 wt.% CO2 was inputted into the water-

rock modelling as the sole carbon input; however, the silicate simulant used in the experimental 

work contained three carbonates: dolomite, calcite, and magnesite with relative wt.% of 1, 0.15 

and 0.02% respectively. Humic acid was also used in some of the experimental simulations, based 

on its structural similarities with the macromolecular organics detected in the plumes on Enceladus 

(Postberg et al., 2018). The focus of this project has been predominantly on the inorganic cycling 

on Enceladus, owing to the time constraints on the experimental work the organic cycling part of 

this project was not completed. Therefore, no conclusions can be drawn over the sources of the 

organic carbon in the silica interior of Enceladus and should be investigated further in the future.  

Arguably one of the most important factors in the carbon cycle is the dissolution of carbonates from 

the silicate interior as, without this step, the carbon content of the subsurface ocean is limited to 

only the concentration present in the primordial ice. The solid carbonates react with water and CO2 

gas, to produce HCO3
- ions, and generate free metal ions in solution (Reaction 7.1). The results from 

both the modelling and the experimental work suggest that the following step is occurring:  

𝑀𝐶𝑂3(+ 𝐶𝑂2 + 𝐻2𝑂) →  𝐻𝐶𝑂3
− +  2𝑀+   (Reaction7.1) 

For the organic experiment (Experiment 3), the total organic carbon post-simulation was greater 

than in the pre-experimental fluid, which shows the dissolution of some of the humic acid present 

in the simulant into the fluid during the experiment. Humic acid is known to be insoluble in acidic 
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conditions, however, it is soluble in water with a pH greater than 8 and its solubility increases with 

increase in pH (Baglieri et al., 2014). For future work, it would also be important to study the pH 

change of the fluid based on the dissolution of organics.  

 

Figure 7.2 A hypothetical carbon cycle occurring between the subsurface ocean and the silicate interior on Enceladus. Red 
– solid species, purple – aqueous species, pink – gas species. Species in bold represent the highest in concentration. The 
species in bold are those most dominant in the ocean. The organics present in the silicate interior and not discussed in 
more depth as this was outside the remit of this project.  
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Carbon Sinks  

On Earth a carbon sink is specifically defined as something that removes carbon from the 

atmosphere. For this project, in the absence of an atmosphere on Enceladus and the importance of 

its ocean for habitability, the sink is defined as something on Enceladus that removes the carbon 

from the ocean. There are three key sinks of carbon from the subsurface ocean. These are the 

silicate interior, the ice shell, and the plumes at the SPR. All the sinks in Figure 7.2 are identified 

with a purple arrow showing the movement of carbon out of the ocean.  

Firstly, the silicate interior of Enceladus can act as a sink for the inorganic carbon. This is shown 

throughout both the experimental and modelling work conducted for this thesis. The experimental 

results show a decrease in inorganic carbon in the fluid throughout the experiment and the 

precipitation of CaCO3 on the surface of other mineral phases. This suggests the precipitation of 

carbonates onto the silicate at the ocean floor and the consequent removal of carbon from the 

ocean. This is supported by the modelling (Chapter 4), which produced siderite, calcite and 

rhodochrosite. Furthermore, in the modelling in Chapter 5, a solid phase carbonate precipitated 

out of the solution as it cooled. This was predominantly driven by the supersaturation of the Mn2+ 

in solution, which was represented in the form of rhodochrosite (MnCO3), a resultant sink. Since 

MnCO3 is denser and heavier than water, it would sink back to the ocean floor after it has been 

precipitated out of solution. This project has not specifically looked at the sinks of organic carbon 

as CHIM-XPT is not set up to study organics and due to the limitations on the experimental work 

owing to Covid, there was not time to complete sufficient organic experiments/analysis.  

Secondly, at the ice-ocean interface, there is an equilibrium between liquid water and water ice. 

Therefore, upon the freezing of the liquid, this will act as a potential sink for some of the carbon 

phases in the ocean.  

Finally, the plumes act as a sink for the carbon from the entire system. Carbon can be ejected out 

of the plumes in both gaseous form and present in ice grains. The models in Chapter 5 suggest that 

when the pressure of the environment drops below the partial pressure of the dissolved gas species 

in the ocean, these may be released as gases that can be lost to space through the ice cracks. This 

is especially important for CO2, which has been detected in the plumes of Enceladus and is the 

largest non-water gas species present in the models and in the plumes of Enceladus. The results of 

these models suggest that CO2 gas could be released as the fluid moves from the ocean floor to the 

ocean surface and the pressure decreases (Chapter 5, Section 5.2.3.1).  

The freezing of the ocean material at the plume ejection site leads to the formation of ice grains 

containing NaHCO3/Na2CO3, CaCO3 and CaMgCO3. The sodium carbonate species are produced in 

the highest abundance by a factor of three. It is important to note here, that the Cassini 
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observations of carbon from the plumes include NaHCO3/Na2CO3 detected in the ice grains by the 

CDA (Postberg et al., 2009, 2011) and CO2 detected by INMS (Waite et al., 2017). This provides 

agreement with the ice grains being produced in the freezing and cooling model. 

Internal Chemistry  

The range of carbonates that start in the silicate interior dissolve into the solution through the 

interaction with the subsurface ocean. The dissolved carbonate species can then undergo a range 

of reversible reactions, depending on the pH and temperature of the solution (reaction 7.2). The 

concentration of free H+ ions in solution will determine the favourable direction of these reversible 

reactions, with the higher alkaline conditions pushing the reactions to the left-hand side of reaction 

7.2.  

2𝐻+ +  𝐶𝑂3
2−  ↔  𝐻+ + 𝐻𝐶𝑂3

−  ↔  𝐻2𝐶𝑂3  (Reaction 7.2) 

A range of hydrocarbons have been formed in the models, ranging from CH4 to C4H10. These results 

were also supported by the experimental work; in preliminary headspace analysis by Dr Claire Batty, 

hydrocarbons were detected in the simulation experiments (the data are not presented in this 

thesis). There are two likely mechanisms for the initial formation of CH4: the Sabatier reaction 

(reaction 7.3), which can occur under aqueous hydrothermal conditions, with CO2 as the carbon 

source (Berndt, Allen and Seyfried, 1996; Horita and Berndt, 1999; McCollom, Seewald and 

Simoneit, 2001) or the Fischer Tropsch (FTR) reaction (reaction 7.4), which uses CO in the gas phase 

(reaction 7.4) (Anderson, 1984; Dry, 2002). Both reactions occur in terrestrial hydrothermal 

environments (Konn et al., 2015).  

4𝐻2 +  𝐶𝑂2  →  𝐶𝐻4 +  2𝐻2𝑂  (Reaction 7.3) 

3𝐻2 + 𝐶𝑂 →  𝐶𝐻4 + 𝐻2𝑂  (Reaction 7.4) 

Both reactions have a common reactant, H2. The model produces H2 in all runs regardless of 

temperature or pressure. Furthermore, H2 has also been detected in the plumes of Enceladus (Waite 

et al., 2017). The production of H2 is likely to be through serpentinisation reactions, evidenced by 

the modelling and experimental work where olivine reacts with water to produce H2 and serpentine 

(reaction 7.5). The dominant mineral produced in all runs was antigorite, which is serpentine. The 

results also showed the formation of H2 gas throughout the reactions.  

6[(𝑀𝑔1.5𝐹𝑒0.5)𝑆𝑖𝑂4] +  7𝐻2𝑂 → 3[𝑀𝑔3𝑆𝑖2𝑂5(𝑂𝐻4)] + 𝐹𝑒3𝑂4 + 𝐻2  (Reaction 7.5) 

The process for forming the larger hydrocarbons is essentially the same as for the formation of 

methane, taking either CO or CO2 and reacting it with molecular hydrogen to produce 

hydrocarbons, Fischer Tropsch reactions. A generalised equation for two potential processes that 

could be occurring is below (reaction 7.6 and 7.7). These processes are known to occur in 
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hydrothermal vents on Earth, such as Lost City (Jordan et al., 2019). It is also suspected that FTR 

have occurred on Mars and on other planetary bodies where water is/has been present and is 

potentially responsible for the formation of low molecular weight hydrocarbons (Yung et al., 2018). 

These processes can require a metal catalyst such as Fe and Co (Dry, 1996, 2002; Schulz, 2014), 

both of which may be present in the subsurface ocean of Enceladus, based on the results from this 

study. Fe is present in the fluid generated by the water-rock interactions in both the modelling and 

experimental work (Chapters 4 and 6), whereas Co is only produced in the experimental work 

(Chapter 6).  

(2𝑛 + 1)𝐻2 + 𝑛𝐶𝑂 →  𝐶𝑛𝐻2𝑛+2 + 𝑛𝐻2𝑂  (Reaction 7.6) 

𝐶𝑂2(𝑎𝑞) + [2 + (
𝑚

2𝑛
)] 𝐻2 → (

1

𝑛
) 𝐶𝑛𝐻𝑚 +  2𝐻2𝑂 (Reaction 7.7) 

CO is known to be the most effective reactant for these reactions (Dry, 2002; Holm et al., 2015). 

However, the model results suggests that the concentration of CO is significantly less than CO2. 

Cassini does not confirm the presence of CO on Enceladus: a peak was observed at 28 amu (Waite 

Jr et al., 2009) but no definitive conclusion could be drawn on whether the corresponding peak was 

CO or N2. However, the presence of CO2 gas has been confirmed in the plumes by the analysis of 

the INMS (Waite et al., 2017). CO and CO2 may both be present based on the modelling results. It 

is known that H2 gas is present owing to it detection in the plumes (Waite et al., 2017), it is also 

produced through the water-rock models in this study. Therefore, all the essential species are 

present in the subsurface ocean for FTR to proceed on Enceladus and the likely occurrence of Fe 

and Co as potential metal catalysts (based on the experimental work) strengthens the possibilities 

of these reactions taking place. FTRs also occur at terrestrial alkaline hydrothermal vents, furthering 

the support for these processes to be occurring in the subsurface environment of Enceladus.  

Cassini has detected low molecular weight hydrocarbons in the plumes of Enceladus (Frank 

Postberg et al., 2018), in line with the results of the modelling presented here. The modelling shows 

an incremental decrease in the concentration of the larger hydrocarbons; this supports FTR, as this 

is a step-wise, incremental process, where the lower molecular weight chain lengths tend to be 

more concentrated, since the progressive steps rely on their initial formation. This has been 

observed in terrestrial hydrothermal vents (Konn et al., 2015) and is plausible on Enceladus.  

As the fluid travels from the ocean floor to the ocean surface there is a minimal change (< 10-3 mol 

kg-1) in the concentration of dissolved carbon species as the fluid cools. The change in the species 

is discussed further in the next section, as is the effect of pH. 

The results from this work make a strong prediction that there is a more complex carbon species 

present within the subsurface environment than just the chemical species that are identifiable from 

the ice grains that have been detected by Cassini.  
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7.3.2.2 pH  

The pH of the ocean is 8.5-9 at the ocean floor based on the modelling (Chapter 4) and increases to 

9-9.5 once cooled away from the areas of hydrothermal activity and at the top of the ocean 

(Chapter 5). This value agrees with the Cassini data, which suggested that the pH is 9-9.5 at the top 

of the ocean based on the carbonate measurements from the plumes (Glein and Waite, 2020). The 

value of the pH of the subsurface ocean of Enceladus aligns with the pH measured at alkaline 

hydrothermal vents on Earth, which have a pH of 9-11 (Lowell, 2017), with Enceladus falling at the 

lower bound of this range.  

Throughout the cooling process there is an increase in pH. This has already been discussed in 

Chapter 5, where it was concluded, for the 90 and 120 °C runs, that the change in pH is caused by 

the natural shift in the neutral point of pH with temperature. However, the changes in the 250 °C 

run are more likely to be controlled by the high concentration of carbon species and an increase in 

speciation of CO2.  

For the 90 °C and 120 °C runs, as the fluid travels from the ocean floor to the ocean surface, CO3
2- 

increases in concentration, whilst HCO3
- and CO2 concentrations decrease (Figure 7.3). This is 

because, as the temperature of the fluid cools, the pH shifts to a higher value. The composition of 

the fluid does not affect the natural shift in pH with temperature. However, the shift of the pH has 

a resultant effect on the composition of the carbonate species in the fluid. Equation 7.4 shows the 

reversible reactions that carbonates may undergo when dissolved in solution. More alkaline 

conditions favour the formation of conjugate base species, rather than the acidic equivalent. This 

pushes the speciation of CO2 towards HCO3
- and similarly the HCO3

- towards CO3
2-. The 

concentration of CO2 and HCO3
- decreases through the cooling/transportation process by ~(0.5-2) 

x 103 mol kg-1, which is compensated for by the increase in CO3
2- by (1-2) x 103 mol kg-1. These results 

show how the pH of the fluid can determine the speciation of different species. 

Furthermore, there is a decrease in the concentration of DIC through the cooling and depressurising 

models because of the precipitation of mineral phases. The model results showed the formation of 

rhodochrosite as the fluid cooled, which was acting as a sink for carbon from the subsurface ocean.  
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7.3.3 Silica Cycle 

The silica story has been explored through the modelling and experimental work. Silica plays an 

important role in understanding Enceladus; for example, based on the size of the silica particles in 

the ‘stream particles’, a temperature range for the ocean floor of Enceladus has been deduced for 

the areas of hydrothermal activity (Hsu et al., 2015).  

Further, being able to understand and constrain the formation and growth of the silica particles 

may provide greater insight into the internal physical environment of Enceladus. Here, a silica cycle 

for Enceladus is proposed.  

7.3.3.1 Global Silica Cycle 

Based on the results from the modelling and experimental work combined, the following 

conclusions on a theoretical silica cycle (Figure 7.4) can be derived for Enceladus.  

Figure 7.3 The pH changes in the fluid as it cools effects the speciation of the different carbon species in the fluid, the 
concentration of CO3

2- increases, which is coupled with a decrease in the concentration of CO2 and HCO3
- in solution 
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Sources  

On Earth the source of silica is primarily just from rocks, which is the same on Enceladus. The only 

source of silica on Enceladus comes from the silicate interior. The water-rock interactions are critical 

in liberating silica species from the solid interior into the subsurface ocean. In both the experiments 

and the modelling work, there is initially no silica present in the subsurface ocean fluid. In the 

modelling work SiO2 was inputted as 27.98 wt.%. For the experimental work, there were multiple 

minerals used which were silica-bearing which included serpentine, olivine, quartz, diopside and 

talc, and the pre-experimental simulant was composed of 33.92 wt.% of SiO2.  

The interaction of the water with silicates can liberate aqueous SiO2 and HSiO3
- into the ocean 

(reaction 7.8). HSiO3
- is liberated through the direct reaction with water, to form H2SiO3.  

𝐻2𝑂 + 𝑆𝑖𝑂2 →  𝐻2𝑆𝑖𝑂3  → 𝐻+ +  𝐻𝑆𝑖𝑂3
− (Reaction 7.8) 

This is seen in the modelling and the experimental work, both of which had no silica in the starting 

fluid. The modelling fluid ended with a concentration of 0.002 mol kg-1 for the 90 and 120 °C run. 

This was supported through the experimental work which again showed the dissolution of silica 

from the simulant an increase is Si in the fluid throughout the water-rock interactions.  

The other key silica-bearing solid phase reaction is serpentinisation (reaction 7.5), which has been 

proposed to occur on Enceladus (Hsu et al., 2015; Sekine et al., 2015; Waite et al., 2017), and the 

modelling supports this through the production of serpentine (antigorite) and release of H2 gas.  
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Figure 7.4 A complete silica cycle for Enceladus, from the formation of aqueous silica species through water-rock 
interactions, to the formation of silica colloids and silica minerals in the transport process from the ocean floor to the 
ocean surface. Red – solid species, purple – aqueous species, pink – gas species. Species in bold represent the highest in 
concentration 

 



240 
 

Sinks  

As with the carbon cycling there are various sinks for silica from the subsurface ocean. These are 

predominantly the precipitation and reprecipitation of minerals, removing silica from the fluid, and 

the loss of silica through the plumes. SiO2 nanoparticles have been detected by Cassini (Hsu et al., 

2015; Sekine et al., 2015), likely originating from the subsurface ocean of Enceladus, confirming the 

plumes as a viable sink.  

Based on the modelling in Chapter 5, various solid phase silica minerals precipitate out from the 

fluid during its transport from the ocean floor to the ocean surface, particularly Fe-celadonite and 

stilbite. The formation of these minerals and amorphous silica creates a reduction in the 

concentration of aqueous SiO2 from the ocean floor to ocean surface. Stilbite and Fe-celadonite are 

much heavier than water and would sink back to the ocean floor. This is also supported by the 

experimental work, which suggests the precipitation of silica-bearing phases from the fluid 

throughout the simulation experiments. However, when in contact with water colloidal silica can 

form siloxane bonds and/or silanol groups, becoming very hydrophilic (Depasse and Watillon, 1970; 

BaŁdyga et al., 2012) and forming hydrogen bonds with water. This could prevent the silica colloids 

from settling back onto the ocean floor like the other minerals, and they may be instead held in 

suspension, moving with the upward flow of water. The colloidal silica formed in the subsurface 

ocean of Enceladus (Chapter 5), is also ejected from the plumes of Enceladus; this is what has been 

detected by Cassini in the stream particles.  

Finally, the freezing of the ocean material produces amorphous silica from the dissolved SiO2 in 

solution, which is released to space in the plume ice grains. This has been detected by the Cassini 

CDA as a peak at ~60 amu in the spectra (Hsu et al., 2015).  

Internal Chemistry/Transportation  

Predominantly, temperature change is the driving force for the precipitation of these solid phases. 

Amorphous silica colloids are formed during cooling and depressurisation, owing to the 

supersaturation of SiO2 in solution. This implies that they would be formed throughout the 

transport process from the ocean floor to the ocean surface. The silica nanoparticles that were 

detected in the plumes of Enceladus all fall within a narrow size range from 2-8 nm (Hsu et al., 

2015), however the initial radii of a silica nanoparticles when the solution becomes supersaturated 

with silica is 1-1.5 nm (Iler, 1979). In a moderately alkaline environment (pH 7.5-10.5), coupled with 

a low salt concentration of the fluid (< 0.3 M), colloidal silica can aggregate by the addition of 

dissolved silica, and processes such as Ostwald ripening can occur (Allen and Matijević, 1969; Iler, 

1979)i, allowing the silica colloids to grow. This aligns with the results of this study, where the pH 

of the Enceladus subsurface ocean was determined to be 8.5-9.5 and its salinity would range from 
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0.1-0.2 mol kg-1, based on both the experimental and modelling work. The formation of silica 

colloids is seen in natural hydrothermal systems on Earth through the cooling of high temperature 

fluids (Williamson et al., 2002), and this provides good agreement with the results from this work.  

However, because of the alkaline conditions, the reversible reaction between H2SiO3 and HSiO3
- is 

strongly driven towards the conjugate base form, HSiO3
- (reaction 7.8), owing to less free hydrogen 

in the fluid. The dominance of the ionic form means that it is easier to form metal ion complexes 

from free cations in solution. The models produced Ca(HSiO3)+, Mg(HSiO3)+ and NaHSiO3, in the 

fluid; NaHSiO3 is the most concentrated out of these three metal silica complexes, owing to the 

higher concentration of Na in the fluid. This process has been experimentally proven by Zolotov et 

al., (2007) and Sekine et al., (2015) that reacted a fluid with a chondritic material, resulting the 

dissolution of silicate minerals and the presence of HSiO3
- in solution. The HSiO3

- reacted with metal 

cations in solution, specifically Na+, to form NaHSiO3. Similarly, previous studies on terrestrial 

serpentinization have suggested that at a pH above 8.4, the fluid becomes dominated by HSiO3
- and 

NaHSiO3 (McCollom et al., 2020). 

 The results from this study show the internal processes that may have formed the silica 

nanoparticles detected by Cassini. The hydrothermal water-rock reactions are required to liberate 

silica into the ocean fluid.  

7.3.4 Sulfur Cycling 

The work from this project anticipates that there is a range of different sulfur species in the 

subsurface ocean of Enceladus, despite the absence of sulfur in the Cassini data. The modelling 

suggests that the concentration of sulfur species may be too low to have been detected by the 

Cassini instruments (See Section 4.4.2.1); however, that is not the case for the post-experimental 

fluids, i.e., the concentration of sulfur in the post-experimental fluid would have been greater than 

the Cassini detection limit. The Cassini data should therefore be revaluated for potential sulfate and 

sulfide peaks.  

Sulfur is one of the bio-essential elements, therefore, being able to determine which sulfur species 

may be present on Enceladus will allow for a better assessment of its potential habitability. Using 

the results from this study, the movement of sulfur between the silicate interior and the subsurface 

ocean will be discussed, making comparisons to what is known about terrestrial hydrothermal 

vents. The results from this work suggest little sulfur activity away from the ocean floor of 

Enceladus, therefore the focus is specifically on the hydrothermal regions of the ocean floor.  
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7.3.4.1 Sulfur in Hydrothermal Vent Environments  

Dissolution of sulfur  

On Enceladus, sulfur is likely to have been present in the silicate interior at the time of accretion. 

Carbonaceous chondrites contain sulfide and sulfate minerals (see Chapter 3), which were used as 

the basis for the silicate interior of Enceladus throughout the water-rock modelling and 

experimental work in this project.  

Specifically, pyrite was added to the simulant (3 wt.%), which is an iron bearing sulfide (FeS2) and 1 

wt.% of anhydrite was added to the simulant to represent sulfates. In the modelling, FeS was the 

starting sulfur species in the silicate (3 wt.%), along with 0.49 wt.% of SO3, to represent any sulfate. 

Both anhydrite and pyrite are identified as minerals present in hydrothermal regions on Earth 

(Gartman et al., 2019), which further supports the plausibility of these minerals being present on 

the ocean floor of Enceladus.  

Hydrothermal vents on Earth emit both sulfide and metal ions into the ocean (e.g FeS, ZnS, AgS and 

CdS) particularly iron (Yücel et al., 2011), likely from the water-rock interactions involving iron 

sulfide minerals in the silicate. The results from this work show the movement of sulfur from the 

silicate interior to the ocean fluid on Enceladus probably through the reaction of FeS with the ocean 

fluid to produce H2S (reaction 7.9), liberating sulfur species into the ocean.  

𝐹𝑒𝑆 + 𝐻2𝑂 → 𝐹𝑒𝑂 +  𝐻2𝑆 (Reaction 7.9) 

In the modelling results, H2S is indeed present in the fluid after the water-rock reactions, with a 

concentration of (0.1-0.6) x 10-6 mol kg-1 at a w/r of 1; the concentration of HS- in the post-

experimental fluid was 0.51 x 10-4 mol kg-1. The experimental work also shows an increase in the 

concentration of iron and sulfide species in the post-experimental fluid throughout the reaction 

process, which supports the proposal that iron sulfide mineral dissolution could take place at the 

Enceladus hydrothermal vents.  

The dissolution of sulfate minerals (anhydrite in the experimental work) can also occur during 

water-rock reactions, which is supported through the modelling work by the presence of SO4
2- in 

the fluid. Importantly, the concentration of the sulfate species in the modelled fluid (0.39 x 10-4 mol 

kg-1) was less than the concentration of sulfide species, suggesting a slightly reduced environment. 

This is also seen at terrestrial alkaline hydrothermal vents, where the fluid generated from the 

water-rock interactions is dominated by sulfide species (Yücel et al., 2011).  
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Reprecipitation of sulfur species  

Based on this study, two sulfide species precipitate out of solution as the fluid cools during its 

transportation from the ocean floor to the ocean surface (Chapter 5). These are pyrite (FeS2) and 

Ni-pentlandite (Ni8S9). Since these are heavier than water, it is likely that these species will sink back 

into the ocean floor once precipitated.  

Studies on terrestrial hydrothermal vents have shown that the quick cooling of hydrothermal fluids 

and their mixing with the bulk ocean produces rapid precipitation of sulfide and sulfate minerals 

with little time for nucleation growth, whereas a slower cooling of the fluid allows time for larger 

minerals growth (Gartman et al., 2019). Whilst it is anticipated that on Enceladus the fluid produced 

in hydrothermal vents will be carried towards the ocean surface and cool, the rate of this process 

has not been quantified (Hsu et al., 2015; Lobo et al., 2021) and ocean circulation and mixing models 

have not been established (Chapter 1). Hence, it is difficult to extrapolate the size of the minerals 

precipitated in the Enceladus ocean. The size of these precipitates cannot be quantified through 

the modelling work; however, these could potentially be investigated in future experimental work. 

The modelling results show the precipitation of sulfide minerals during cooling. However, sulfate 

minerals, including anhydrite, are also known to precipitate out of hydrothermal fluids during 

cooling in terrestrial hydrothermal systems (Gilhooly et al., 2014). The concentration of sulfate ions 

in the ocean fluid generated by the modelled water-rock interactions is not likely to be sufficiently 

concentrated to allow for the reprecipitation of sulfate minerals on cooling. This may suggest that 

the concentration of sulfate minerals on Enceladus could be lower than at hydrothermal systems 

on Earth. Further analysis of the precipitants in future experimental work may be able to identify 

whether sulfate minerals do precipitate from the simulated Enceladus conditions.  

Terrestrial studies have shown that fluids in the hydrothermal vents are reduced (Yücel et al., 2011) 

but become more oxidised on mixing with bulk ocean. This study indicates a decrease in the sulfide 

concentration of Enceladus vent fluids throughout the cooling process, and an increase in the 

sulfate concentration, confirming that this same oxidation process takes place. The decrease in the 

sulfide concentration is also likely caused by the precipitation of sulfide minerals in the model.  

7.4 Astrobiological Implications of Physical and Chemical Conditions of 

the Subsurface Environment  

7.4.1 Subsurface Environment 

The chemical environment is important for the ability of microbial communities to survive and 

thrive. Microorganisms are known to survive on Earth in a wide range of natural environments, with 

their growth controlled by a variety of environmental variables. These variables include pH, 

temperature, salinity, energy source and nutrient availability (Lennon and Jones, 2011; Amend et 
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al., 2013). Through this work, the pH, temperature, salinity, nutrient availability and energy sources 

(carbon and sulfur) of the subsurface environment on Enceladus have been studied, which will 

provide an insight into the potential habitability of Enceladus.  

Previous studies have investigated the alkaline hydrothermal field at Lost City as a potential 

analogue site for the hydrothermal sites on Enceladus, using the site as a potential indicator for the 

habitability of Enceladus (Jones, 2013; Lang and Brazelton, 2020). Importantly, alkaline 

hydrothermal vents are considered one of the leading locations in theories of the origin of life on 

Earth (Martin et al., 2008). Contemporary hydrothermal vents host rich communities of microbes 

and some of the metabolic pathways existing in these locations, such as methanogenesis and 

sulfate reduction that use hydrogen as an electron donor, are among the earliest metabolisms 

(Weiss et al., 2016). Further to this, there are parallels between the redox reactions occurring in 

these vents (such as methanogenesis) and the core energy metabolic pathways in some modern 

prokaryotic autotrophs (Martin et al., 2008).  

Organic vesicles have been observed to form at terrestrial alkaline vents from single chain 

amphiphiles such as fatty acids (Jordan et al., 2019). These have been proposed to have played an 

important role in the origin of life on Earth; it is hypothesised that the first cell membranes were 

formed of a simpler bilayer than the phospholipid bilayers observed today, which could have been 

composed of single chain amphiphiles (Jordan et al., 2019). Membranes are fundamental to life, 

forming a barrier from the environment to the internal cell. The alkaline and warm (~70 °C) 

conditions at vent systems actively encourage their formation (Jordan et al., 2019). These 

conditions are comparable to the alkaline, warm (~90 °C) conditions predicted through this study 

and previous work (Hsu et al., 2015) for the hydrothermal regions on Enceladus. In the following 

sections, the chemical and physical conditions explored in this thesis are compared to terrestrial 

alkaline hydrothermal vents, such as Lost City, to assess the habitability of Enceladus.  

7.4.1.1 pH 

The modelling in this PhD suggests that the subsurface ocean pH ranges from 8.5-9 on the ocean 

floor, to a pH of 9-9.5 away from areas of hydrothermal activity (Chapters 4 and 5). The data from 

Cassini suggest that the pH would be 9-9.5 at the top of the ocean, based on the carbonate material 

there (Glein and Waite, 2020), which agrees with the prediction from the modelling in this study. 

This pH value indicates that any potential microbial communities on Enceladus would likely be 

alkaliphilic (grow optimally above a pH of 9, Horikoshi, 1999; Baker-Austin and Dopson, 2007). The 

pH of the ocean from bottom to top varies by 1 pH unit (8.5-9.5, based on the results from 90 and 

120 °C modelling work), which is within the growth range for most microbes; this typically does not 

exceed +/- 3 to 4 units from their optimum pH (Jin and Kirk, 2018). This therefore means that the 

pH range within Enceladus is not likely to prevent microbial survival.  
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The pH at the alkaline hydrothermal vents at Lost City on Earth is between 9-11 (Lowell, 2017) and 

it is an environment that is known to support life. The pH range for Enceladus falls within the range 

for the alkaline hydrothermal vents on Earth.  

7.4.1.2 Temperature 

The temperature for the ocean of Enceladus around the areas of hydrothermal activity is > 90 °C 

based on the formation of the silica nanoparticles observed by Cassini (Hsu et al., 2015). This is 

supported by the results presented in Chapters 4-6, where the composition of the ocean fluid 

generated through water-rock interactions at 90 °C/80 bar and 120 °C/80 bar was comparable to 

that observed by Cassini. The higher temperature run of 250 °C in Chapter 4 produced results that 

were not comparable to the Cassini data, which potentially suggests that temperatures in areas of 

hydrothermal activity would not be this high. Conversely, the temperature of the ocean surface on 

Enceladus is anticipated to be as low as -2 °C (Chapter 5), owing to the concentration of salt lowering 

the freezing temperature of water.  

Microbes can grow at different temperature ranges and they are categorised into different groups. 

Those that can survive low temperatures (< 20 °C) are called psychrophiles and some microbes have 

even be known to have metabolic activity at temperatures as low as -20 °C (D’Amico et al., 2006). 

Those that can survive high temperatures (> 50 °C) are called thermophiles (Southam, Westall and 

Spohn, 2015). The highest temperature recorded where microbes can survive is 121 °C (Clarke, 

2014).  

The temperatures on the ocean floor of Enceladus are similar to those of terrestrial alkaline 

hydrothermal vents (Martin et al., 2008). However, on ascension, vent fluids will reach 

approximately -1 and -2 °C at the ocean surface, dependent on the salt concentration of the ocean. 

There are examples of psychrophiles surviving in temperatures of approximately 0 °C and in alkaline 

conditions in the Artic, Antarctic and regions of permanent permafrost on Earth (Zhang et al., 2007; 

Hu et al., 2012). However, the ocean surface and the ocean floor, whilst both potential habitable, 

would most likely host different microbial communities owing to the differences in the physical 

conditions.  

7.4.1.3 Salinity  

The concentration of NaCl and KCl within Enceladus falls below 0.3 mol kg-1 based on the Cassini 

observations (Postberg et al., 2009). This is supported by both the modelling and experimental work 

conducted in this project that concludes the salt concentration is likely to be below 0.2 mol kg-1. 

The salinity of the ocean on Enceladus, based on this study, is below that of both seawater on Earth 

(Millero, 2012) and the fluid around the Lost City hydrothermal field (Seyfried et al., 2015). Since 
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these two terrestrial environments host active ecosystems, this implies that the salt concentration 

in Enceladus’ ocean would not inhibit any potential microbial activity. 

Based on the temperature, salinity, and pH of the subsurface environment of Enceladus, it can be 

concluded that the environment is not extreme. Therefore, it could be habitable from a physico-

chemical perspective.  

7.4.1.4 Bioessential Element Availability  

Based on the current understanding of terrestrial life, there are a suite of major elements that are 

considered bioessential; carbon, hydrogen, nitrogen, oxygen, phosphorous and sulfur (CHNOPS. 

Carbon is crucial for our current understanding of life and is the dominant bioessential element 

present in the subsurface ocean of Enceladus. There is a wide range of carbon compounds present 

in the subsurface ocean: carbonates, CO2, CO, CH4, and low molecular weight hydrocarbons as 

detected by Cassini (Frank Postberg et al., 2018). These species are also produced by water-rock 

interactions, as demonstrated in this thesis (Chapter 4). It is likely that there are more complex 

organics present in the ocean of Enceladus than detected in the plumes (Frank Postberg et al., 

2018), however CHIM-XPT cannot model complex organics. The experimental work (Chapter 6) also 

did not allow for the identification of the carbon products in the organic experiment; therefore, this 

is a future line of enquiry.  

The results from this study anticipate the ocean to also contain hydrogen, nitrogen, oxygen, 

phosphorus and sulfur, the remaining bioessential elements, either in molecular form or as part of 

an aqueous species (e.g CO2/NH4/Na2SO4) (Chapters 4 and 6). Only three of these five elements 

have been detected by Cassini, excluding sulfur and phosphorus (Postberg et al., 2009; Waite Jr et 

al., 2009; Waite et al., 2017; Frank Postberg et al., 2018) although both the modelling and 

experimental work in this project lends support to the hypothesis that sulfur and low 

concentrations of phosphorus could be present. Sulfur is potentially present in the ocean in a 

variety of species and oxidation states, including both sulfate and sulfides. However, both sulfur 

and phosphorus species produced in this work are unlikely to be detectable by the Cassini 

instruments.  

As well as the key bioessential elements, there are also a range of trace elements that are 

considered important for life (e.g., Si, Mg, Na, Ca, K, Cl, Fe, Mn, Cr) (Polgári and Gyollai, 2021), which 

includes transition metals that are important for biological catalytic processes. Chapter 4 and 6 

showed that a range of different metal ion species might be present in the ocean, which could be 

utilised for such catalytic processes, including Fe, Mn, Ca, Ni etc.  
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7.4.1.5 Redox Potentials  

From this work, the results show that the fluid contains a range of sulfur, carbon and iron species 

in both the oxidised and reduced form. For example, sulfur is present in the subsurface ocean as 

HS- and SO4
2-. Nitrogen species are exclusively present in a reduced form as either NH3 or NH4

+. Fe2+ 

dominates the ocean, over Fe3+, owing to the reduced environment of the ocean. The ocean also 

contains H2, important for redox reactions, which is discussed in more detail below. This is 

particularly prudent, as reduction–oxidation reactions can be used to by microorganisms to 

generate energy (Nixon, Cousins and Cockell, 2013). Such reactions require an electron donor (a 

chemical entity that will donate an electron to another compound) and an electron acceptor (a 

chemical entity that accepts electron transferred to it from another compound). 

Hydrogen has been detected in the plumes (Waite et al., 2017) and was produced in the modelling; 

this could be used as an electron donor for reduction pathways. For oxidation processes, O2 is the 

commonly-used oxidant, however this has not been detected in the plumes of Enceladus (Waite et 

al., 2017), nor was it produced as a gaseous or aqueous species in the models despite oxygen-

bearing species being present (such as CO2). A recent study has investigated the oxidation potential 

of the Enceladus subsurface and concluded that radiolysis on the surface of Enceladus may create 

O2, which can be buried and travel into the subsurface ocean, and so the subsurface ocean may 

contain sufficient oxidants to enable oxidising metabolic pathways (Ray et al., 2021), despite these 

not being formed through water-rock interactions.  

Many microbes in subsurface environments on Earth rely on enzymatic reduction of oxidised 

elements/compounds, such as sulfate, ferric ion or CO2 (Liebensteiner et al., 2014). Other microbes 

rely on oxidising reduced elements/compounds, such as sulfides, ferrous ion, ammonia and 

methane (Liebensteiner et al., 2014). Organisms can conduct oxidation and reduction 

simultaneously. The presence of both oxidised and reduced species is important as disequilibria is 

required for biology: to allow for oxidation of one species another must be reduced and vice versa.  

7.4.2 Potential Metabolic Pathways 

7.4.2.1 Carbon Metabolism  

Multiple studies have investigated the viability of methanogenesis on Enceladus (Taubner et al., 

2018; Affholder et al., 2021; Tenelanda-osorio, Parra and Cuartas-restrepo, 2021). Whilst there are 

many different pathways that methanogens use (Berghuis et al., 2019), the detection of 

hydrogenotrophic methanogenesis (Wormald et al., 2020) in hydrothermal regions on Earth (Ver 

Eecke et al., 2012) in conditions comparable to those on Enceladus suggest that this may be a 

plausible pathway. A second hydrogenotrophic metabolic pathway that utilises CO2 as an electron 

acceptor in terrestrial alkaline hydrothermal vents is acetogenesis (Martin et al., 2008). Both 
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processes utilise available CO2 and H2 as an electron donor (example of methanogenesis in reaction 

7.11): 

4𝐻2 + 2𝐶𝑂2 → 2𝐶𝐻4 + 𝐻2𝑂  (Reaction 7.11) 

Terrestrial studies have shown that these metabolic processes can be carried out by utilising the H2 

production from water-rock reactions and with the carbon accessed from a CO2 enriched 

hydrothermal fluid (Zierenberg, Adams and Arp, 2000). It has been hypothesized that the H2 

oxidation metabolism is potentially one of the earliest metabolisms (Weiss et al., 2016), and it is 

known to occur at terrestrial hydrothermal vents. From the Cassini data, both H2 and CO2 have been 

detected (Waite et al., 2017), which is supported by the results of the modelling in Chapter 4. The 

H2 is produced through serpentinisation-type water-rock reactions, the same as at hydrothermal 

vents on Earth. The presence of H2 gas in the plumes of Enceladus means that it can be utilised 

easily for metabolic reduction processes as the electron donor. 

Terrestrial studies have also shown that hydrogenotrophic methanogens can metabolise very low 

concentrations of H2 (Weiss et al., 2016); 17-23 μM is the lower limit for the concentration of H2 

before growth ceases (Ver Eecke et al., 2012). Only 1% H2 was detected by Cassini (Waite et al., 

2017) and the modelling suggested a partial pressure of (0.76-1.96) x 10-4 bar, which corresponds 

to 25-61 μM of H2 gas dissolved in the subsurface ocean (Chapter 4). This suggests the viability of 

this metabolic pathway on Enceladus and other pathways that may use hydrogen as an electron 

donor. In addition, the Cassini data imply that H2 and CO2 are out of equilibrium in the plumes, and 

the excess energy may support methanogenesis (Waite et al., 2017). Further evidence, which may 

suggest that methanogens are plausible on Enceladus, is the detection of CH4 in the plumes of 

Enceladus, since CH4 is a by- product of hydrogenotrophic methanogenesis, however previous work 

in this thesis has shown that CH4 is also formed abiotically.  

Hydrogenotrophic methanogenesis can utilise Fe to catalyse metabolism at alkaline hydrothermal 

vents, where the natural proton gradient across Fe(Ni)S barriers help drive the reduction of CO2 by 

H2 (Camprubi et al., 2017). On Enceladus Fe, Ni and S are direct products of water-rock interactions 

so when the hydrothermal fluid mixes with the bulk ocean fluid this could generate the desired ion 

gradients for such processes to occur.  

It is important to note that other potential pathways could be utilising the organic substrates 

present in the ocean of Enceladus. Owing to limited experimental time, the organic-bearing 

experiments provided very limited data, and did not allow for identification of different organic 

species in the subsurface environment. The modelling work in this project also could not model 

organics. Therefore, based on this project, no further comment can be made on any potential 

microbial pathways using organics but this is an important area for further investigation.  
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7.4.2.2 Sulfur Metabolism 

Hydrothermal vents are hosts to chemolithoautotrophs, which are microorganisms that can obtain 

energy from inorganic substrates, such as sulfur, through oxidation processes, which is potentially 

the most likely pathway existing on Enceladus. Studies have shown that in hydrothermal fields, such 

as Lost City, both sulfate-reducing and sulfur oxidising microbial communities have been identified 

(Brazelton et al., 2006). Microbial sulfate reduction is known to occur in terrestrial environments 

where serpentinisation reactions are occurring (Glombitza et al., 2021). Studies regarding sulfate 

reduction in hydrothermal field settings have suggested that a pH greater than 10.5 starts to inhibit 

the sulfate reducing microbial growth rate; however a pH of 8.5-10.5 has a higher rate of growth 

(Glombitza et al., 2021). A study recreating Lost City fluids using physicochemical conditions of 40-

70 °C and a pH of 9-9.9, showed that this was a suitable environment for the development of 

thermophilic alkaliphilic sulfate reducing bacteria (reaction 7.12), which were similar to those that 

have been isolated from terrestrial alkaline ecosystems (Dulov et al., 2005). This supports the 

likelihood of such processes occurring on Enceladus, as the pH and temperature of the subsurface 

ocean falls within the desired range for microbial growth. Further to this, there is evidence from 

multiple studies for the co-occurrence of sulfate reduction and methanogenesis in hydrothermal 

field-type environments. H2 is a common substrate for both of these metabolic pathways (Dulov et 

al., 2005; Brazelton et al., 2006; Glombitza et al., 2021), which is also present on Enceladus.  

𝑆𝑂4
2− + 𝐻+ + 4𝐻2 → 𝐻𝑆− + 4𝐻2𝑂  (Reaction 7.12) 

HS- is one of the major energy sources used by chemolithoautotrophs in hydrothermal vents on 

Earth, and is considered to be a key species in the development of the microbial communities in 

terrestrial hydrothermal vents (Nakagawa and Takai, 2008; Hügler, Gärtner and Imhoff, 2010). This 

process is driven by the oxidation of sulfur. HS- is generated through the modelling work owing to 

the reactions of sulfide mineral reactions with water (Chapter 4), coupled with the likely presence 

of oxidants in the ocean (Ray et al., 2021), which means that this is another potential pathway that 

could occur.  

7.4.3 Other Plausible Chemolithotroph Metabolisms 

Iron oxidising bacteria are also known to survive in alkaline hydrothermal regions on Earth, for 

example there are three locations on the mid-Atlantic ridge where bacteria that thrive on reduced 

iron have been identified (Scott et al., 2015). This specialized group of iron oxidising bacteria, 

Zetaproteobacteria (Scott et al., 2015), are specifically found in terrestrial environments analogous 

to the conditions on Enceladus, where Fe2+ dominates and the composition of the ocean allows for 

oxidation processes to occur (Ray et al., 2021).  
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Finally, ammonium oxidising bacteria are known to be present in terrestrial deep-sea hydrothermal 

vents (Byrne et al., 2009). Similarly, nitrogen only exists in the reduced form, as NH3 and NH4 on 

Enceladus, which is confirmed by this study and observed by Cassini (Waite Jr et al., 2009). 

Therefore, this opens the potential for nitrogen oxidising microbes. 

7.4.4 Overview of Astrobiological Assessment  

Compiling all the information in the previous sections, the prospect of Enceladus being a potential 

habitable environment has been enhanced from this study. The overall temperature of the ocean 

of Enceladus is ~-2 to 120 °C, which does not exceed the maximum growth temperature of microbes 

and does not drop below the minimum temperature. The pH of the ocean from ocean floor to the 

ocean surface varies from 8.5-9.5, the entire range is within 1 pH unit, and is the correct pH range 

suitable for an alkaliphile. The salinity of the ocean is 0.1-0.3 M based on these results and the 

Cassini data (Postberg et al., 2009, 2011), which is not high enough to inhibit microbial growth.  

With the general chemical and physical parameters of the subsurface ocean of Enceladus being 

hospitable for life, the availability of individual species then becomes important. This study has 

shown the presence of all six of the bio-essential elements, CHNOPS, and a range of transition metal 

cations in solution (Fe/Mn/Ca) that can be used as catalysts in reactions. Further to this, there is a 

wide range of elements within a range of oxidation states, which allows for a range of microbial 

redox reactions to take place. There is evidence to support both hydrogenotrophic methanogenesis 

and sulfate reduction microbial communities being able to survive in the ocean floor environment, 

as these are both common metabolism pathways in the hydrothermal fields of the Lost City, which 

has a comparable, temperature, alkaline and similar chemical composition.  

7.5 Conclusion  

The main conclusions that can be drawn from this discussion are: 

• CI carbonaceous chondrite type material and cometary ice material are suitable analogues 

for the silicate interior and the icy exterior on a Proto-Enceladus.  

• There are likely complex geochemical cycles occurring within the subsurface environment 

that contain a much broader range of species than what has been detected in the plumes 

of Enceladus.  

• Carbonate dissolution is the primary step to carbon cycling in the subsurface environment, 

and this dissolution generates a range of carbon species in the ocean, including 

hydrocarbons and aqueous carbonate species.  

• If sulfur is present in the subsurface ocean of Enceladus, there is possibly a range of 

different sulfur species present in the ocean, which is dominated by reduced sulfide species 

at the bottom of the ocean and sulfate species at the top.  
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• The habitability prospects of Enceladus have been strengthened through this study by the 

following: 

▪ Moderately alkaline pH (alkaliphiles) 

▪ Temperature ranges from ~0-120 °C, which does not exceed to drop below the 

temperature thresholds for known life. 

▪ The modelling work from this project suggests the presence of sulfur and 

phosphorous species in the subsurface environment of Enceladus, which are both 

bio-essential elements, and this could mean that all six of the key bio-essential 

elements required for life will be present on Enceladus.  

▪ Aqueous species present in both oxidised and reduced states which allows for 

sulfur reducing/oxidising, carbon reducing, nitrogen oxidising and iron oxidising 

microbial communities to be present in the ocean, all of which have been identified 

in terrestrial hydrothermal vent environments.  
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 Conclusions and Future Work  
 

This thesis has explored the potential water-rock interactions that may be occurring on the ocean 

floor of Enceladus. Using hypothetical starting conditions of a proto-Enceladus, the resultant 

modern-day ocean composition of Enceladus has been derived by both modelling and experimental 

work. From this, carbon, silica and sulfur cycles have considered and the implication and prospects 

for the habitability of the Enceladus ocean. The main conclusions from this project are present 

below:  

A CI chondrite is a suitable analogue for the silicate interior of Enceladus. A CI chondrite was 

initially selected as an analogue for the interior of Enceladus based on proposed similarities in 

density, chemical composition, degree of aqueous alteration, and porosity (Chapter 3). This was 

used as the silicate in water-rock modelling (Chapter 4) and reacted with an initial subsurface ocean 

fluid. This produced a modern-day ocean composition that is comparable to the Cassini data 

(Postberg et al., 2009, 2011; Waite et al., 2017), further supporting the selection of the CI chondrite. 

Furthermore, mineralogical outputs from these models produced a CI chondrite composition with 

a higher degree of aqueous alteration, evidenced by a higher abundance of secondary alteration 

minerals, which suggested that the minerals in a CI chondrite would be stable on the ocean floor of 

Enceladus under the chemical and physical parameters anticipated.  

The icy exterior of Enceladus may have originated from a cometary source. A cometary ice 

composition was used as the fluid composition in the modelling and experimental work, on the 

assumption that this is likely to have been the composition of the ice accreted by the proto-

Enceladus, the melting of which led to the Enceladus ocean. This assumption was supported by 

similarities between the chemical composition of comets and the gases in the plumes of Enceladus 

(Neveu, Desch and Castillo-Rogez, 2017). Using the chemical composition of cometary ice within 

the modelling and experimental work produced a modern-day ocean composition that was 

comparable to the Cassini data (Postberg et al., 2009, 2011; Waite et al., 2017).  

The pH of the Enceladus ocean at hydrothermal regions is 8.5-9. Based on water-rock modelling 

work (Chapter 4), at a w/r of 1 for the 90 °C/80 bar and 120 °C/80 bar runs the pH on the ocean 

floor would range from 8.5-9. From the cooling modelling (Chapter 5), the pH of the fluid increased 

as it ascended through the water column to the ocean surface, where it would be 9-9.5 once cooled. 

This value aligns with the estimates of the pH based on the Cassini measurements of carbonate 

concentration (Glein and Waite, 2020). Enceladus’ ocean pH is likely to be driven by the ratio of 

CO2, CO3 and HCO3 species in solution.  
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The ocean is likely to be dominated by NaCl, KCl, Na2CO3 and NaHCO3. Both the modelling and the 

experimental work resulted in a fluid that was dominated by NaCl, KCl, Na2CO3 and NaHCO3. This is 

in agreement with inferences based on Cassini data (Postberg et al., 2009).  

The ocean is likely to contain sulfur-bearing species, although these were not detected by Cassini. 

The experimental and modelling data suggested the ocean is likely to contain sulfur-bearing species 

(Chapters 4 and 6). All the sulfur in the ocean predominantly arises from the interaction of sulfide 

minerals with the ocean fluid; this generates a range of sulfate and sulfide species in the subsurface 

ocean. These species may be sufficiently concentrated in the ocean to have been detected by the 

instruments onboard Cassini and therefore could be interpreted from reanalysis of the Cassini data. 

Specifically, this work suggests that Na2SO4 would be produced in ice grains (Chapter 5) which could 

be a specific target for data re-evaluation. The results from this project also expect a variety of 

minor elements/ions to be present in the ocean (Ca, Mg, Fe, Mn, P and Ni), which are likely be 

below the detection limit of the instruments on board Cassini.  

The ratio of NaCl:NaHCO3/Na2CO3 in the plumes could be used to estimate the temperature of 

the ocean in the subsurface ocean. Based on the freezing modelling (Chapter 5), it can be 

concluded that if the ocean composition of Enceladus had a higher concentration of HCO3
- in 

solution than Na+, NaCl formation would be inhibited, owing to carbonates freezing out of the 

solution first. This would result in a lower concentration, or absence, of NaCl in the ice grains 

analysed by Cassini. The modelling results (Chapter 4) showed a positive correlation between 

temperature and the carbonate concentration in the fluid. Since NaCl has been detected in the 

plumes, this would mean that the ocean floor cannot exceed a temperature where the carbonate 

concentration in the fluid would surpass the Na+ concentration. However, considering the 

experimental results, which showed that higher temperatures may inhibit dissolution of mineral 

phases, further investigations into the effect of temperature and dissolution of carbonates would 

need to be carried out to use the concentration of NaCl and carbonates in the plumes as a probe 

for temperature.  

High temperature water-rock interactions on the ocean floor of Enceladus may inhibit further 

dissolution. The experimental work in this project has suggested that high temperatures (>120 °C) 

initiate a quicker rate of dissolution of the mineral phases in the first instance; however, the fluid 

quickly becomes saturation leading to precipitation of mineral phases (Chapter 6). The precipitation 

of these mineral phases acts as a diffusive barrier between the subsurface ocean and the silicate 

interior, inhibiting long-term water-rock interactions in areas of hydrothermal activity.  

A hypothetical carbon cycle has been determined. The results from the modelling and 

experimental work have been collated to determine the sources of carbon for the subsurface ocean 

comes from the carbon species in the icy exterior, and the carbonates and organics within the 
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silicate interior. Both the silicate and the ice also act as a sink of different carbon species form the 

ocean, as well as the plumes on the SPR, which eject carbon-bearing ice grain and gas molecules 

out into space. In the subsurface ocean, Fischer-Tropsch reactions may be occurring forming short 

chain organics, which have also been detected by Cassini (Frank Postberg et al., 2018).  

Silica is liberated by water-rock interaction into the ocean. This basic observation, in both the 

modelling and experimental work, is in agreement with the detection of silica in stream particles 

and suggests proposals for ongoing hydrothermal activity on Enceladus (Hsu et al., 2015). This thesis 

also suggests that silica colloids are also likely to form in the subsurface ocean, which will grow in 

size as the fluid ascends from the ocean floor to the ocean surface. The experimental and modelling 

work suggests that the primary sink of silica is the reprecipitation of amorphous silica and the 

formation of silica-bearing minerals. The reprecipitation of the amorphous silica phase on the ocean 

floor, may inhibit further dissolution of mineral phases in long-term water-rock interactions in 

hydrothermal regions, therefore potentially reducing the lifetime of the hydrothermal activity on 

Enceladus.  

The subsurface of Enceladus is a potential habitable environment. The hydrothermal regions on 

Enceladus are comparable to alkaline hydrothermal vents on Earth in terms of temperature, pH, 

salinity and the availability of bio-essential elements. This study has shown the likelihood of sulfur-

bearing species present in the subsurface ocean, which is a key bio-essential element, and sulfate 

reducing metabolic pathways would be feasible. This study also suggests that hydrogenotrophic 

methanogens could also survive under the physicochemical conditions at the Enceladus ocean 

floor.  

8.1 Future Work 

In addition to the conclusions made from this study, new areas of potential research have been 

identified to expand on the results presented in this thesis. They are discussed below.  

8.1.1 Development of Water-rock Experimental Simulations  

The preliminary results of the experimental water-rock simulation showed proof of the 

methodology and the initial results presented some very interesting findings (Chapter 6). However, 

an expansion of this work was not possible within the COVID-constraints. 

These experiments should be run again, over the range of temperatures and pressure used for the 

water-rock modelling work in Chapter 4, both for the inorganic and the organic-bearing 

experiments. The sampling experiments should also be carried out for all the different physical 

parameters (90 °C/80 bar, 120 °C/80 bar and 250 °C/150 bar). This will provide a more 

comprehensive overview of the water-rock interactions on the ocean floor. Using a wider range of 

physical parameters (90 °C to 250 °C and 80 bar to 150 bar) will allow for a more in-depth 
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investigation into the effect temperature has on the dissolution and reprecipitation of minerals, 

and whether high temperatures do inhibit long-term dissolution of the solid phases as suggested in 

the results from Chapter 6. Furthermore, in-situ pH measurements should be incorporated into the 

experimental design in the sampling experiment, which would allow for the pH of the fluid to be 

monitored over the duration of the experiment. This is particularly important for understanding the 

role of organic species in the simulated system.  

Building on the results of modelling, the post-experimental fluids could be used to investigate the 

formation of the silica nanoparticles detected in the plumes (Hsu et al., 2015; Sekine et al., 2015). 

This could be achieved through filtering (to remove any traces of simulant) and then cooling the 

hot fluid after the simulation experiments. These solutions could then be stored at a constant and 

cool temperature (~ 4 °C). These samples would then be filtered and analysed with SEM or through 

liquid SEM analysis to assess the formation of silica colloid particles from the fluid. Each of the 

different fluids should be left for a different duration of time, which will allow for an assessment on 

the growth rate of the colloids.  

8.1.2 Establishing Organic input into the Carbon Cycle 

To fully understand the geochemical cycling on Enceladus, more emphasis needs to be given to the 

organic species. Organic molecules are the basis for life on Earth and understanding the behaviours 

and availability of different organics is crucial in understanding Enceladus’ potential habitability. 

Therefore, carrying out thermochemical water-rock modelling of the ocean floor of Enceladus but 

including organics would be very beneficial. Organic species have been detected by Cassini (Frank 

Postberg et al., 2018), therefore are known to be present in the subsurface ocean of Enceladus.  

The experiments could also be expanded by carrying out further simulations with organics. These 

could potentially use a variety of different organics from macromolecular species to short chained 

organics, such as hydrocarbons, alcohols and carboxylic acids. Having comprehensive gas head 

space analysis would be beneficial to allow for the identification of volatiles produced. 

Furthermore, the experiments could be repeated using a sample of a carbonaceous chondrite, 

providing the most realistic analogue for the type of mineralogy and the organic material that would 

be appropriate for the silicate interior of Enceladus. Some effort to miniaturise the system would 

be required in order to accommodate a more limited mass of sample given constraints in using 

extraterrestrial samples. 

8.1.3 Understanding the Relationship between the Ocean and Plume Material  

To make the data collected from the experimental data more comparable to the Cassini data, 

freezing experiments with the post-experimental fluid need to be carried out. The post-

experimental fluid could be taken and then frozen at different rates, to produce different ice 
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structures from amorphous ice to the crystalline. The different composition and the structure of 

these ice grain could then be analysed and then be compared back to the Cassini data. This might 

be able to inform on the freezing rate of the ice grains in the plumes of Enceladus. Comparison of 

the ocean fluid and the resultant ice grains will also provide information about compositional 

changes during the freezing process, which could allow for the Cassini data to be extrapolated 

better towards an ocean composition.  

8.1.4 Assessing Energy Available to Life 

Finally, based on the water-rock modelling work carried out in this thesis (Chapter 4), Gibbs free 

energy calculations could be carried out to assess free energy in the system that could be potentially 

utilised by any microbial life. This would expand on the habitability aspect of this project and allow 

for a more in-depth analysis of the potential redox pathways that might be able to occur on 

Enceladus.  
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Appendix 1 Modelling Set-up  

Figure 9.1 shows how CHIM-XPT runs, with the initial fluid composition being generated in Geocal, 

which is then inputted into a CHILLRUn.dat file. This programme can run and produce different 

result files. These can be combined to produce one final tabulated result file for the entire run. The 

step-by-step running of MINTAB.xpt is displayed in Figure 9.2 below.  

 

Figure 9.1 The step-by-step process of running CHIM-XPT from initial fluid composition through to the final results  
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Figure 9.2 Step-by-step process of running MINTAB-XPT 
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Appendix 2 Component Analysis for Simulant  

Table 10.1 shows the calculations from the elemental weight percentages of the average CI 

chondrite composition to the oxide weight percentages. This was the target composition for the 

simulant.  

Table 10.1 Calculations to get from the elemental weight percentage for the average CI composition to the oxide weight 
percentage.  

  Wt. % Moles 
Moles of 

oxide 
Oxide 

Molecular 
mass 

wt.% 

Si 13.06837 0.465232 0.465232263 SiO2 60.09 27.95581 

Fe 16.2750 0.29140 
0.291407495 FeO 71.85 10.46881 

0.145703747 Fe2O3 159.7 11.63444 

S 2.094034 0.065296 0.065295719 SO3 80.07 5.228228 

Mg 10.75113 0.442251 0.442251237 MgO 40.31 17.82715 

Al 1.135356 0.042081 0.021040697 Al2O3 101.96 2.145309 

Cr 0.412509 0.007933 0.003966429 Cr2O3 152.00 0.602897 

Na 0.317875 0.013827 0.006913335 Na2O 61.98 0.428489 

K 0.16597 0.004245 0.002122375 K2O 94.20 0.199928 

P 0.040387 0.001304 0.000652026 P2O5 141.94 0.092549 

Ti 0.042352 0.000885 0.000884735 TiO2 79.87 0.070664 

Ca 0.289921 0.007234 0.007233551 CaO 56.08 0.405658 

Mn 0.133614 0.002432 0.002431999 MnO 70.94 0.172526 

Ni 1.571516 0.026777 0.026776549 NiO 74.69 1.99994 

 

Table 10.2 shows where each of the component minerals for the simulant were purchased from 

and their geological origin. Included is also a picture of a hand size sample of each of the minerals 

used.  

Table 10.2 An image of each of the minerals selected for the simulant, where each sample was purchased from and its 
geological origin 

Mineral Picture Purchased from Geological origin 

Olivine 

 

Scangrit Unknown  

Magnetite 

 

Geology Superstore Arendal, Norway 
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Serpentine 

 

Collected from The 
OU rock store 

Oman region 

Diopside 

 

Geology Superstore Gusdal Olivine Pit, 
Almklovdalen, Møre og 

Romsdal, Norway 

Talc 

 

Geology Superstore Egypt 

Quartz 

 

Geology Superstore Iveland, Norway 

Pyrite 

 

Geology Superstore Folldal, Norway 

Anhydrite 

 

Geology Superstore Cumbira, UK 
 

Apatite 

 

Geology Superstore Morocco 

Dolomite 

 

Geology Superstore Clitheroe area of 
Lancashire, UK 

Magnesite 

 

Geology Superstore Greece 

Calcite 

 

Geology Superstore Morocco 
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Below are the results from the analysis of each of the component minerals for the simulant. This 

includes the SEM, Raman, XRD and EPMA results.  

SEM Analysis  

  

Figure 10.1 The BSE SEM images for anhydrite, apatite, diopside, magnesite, magnetite and pyrite 
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Figure 10.2 The BSE SEM images for quartz, serpentine and talc 
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Raman Analysis  

Figure 10.3 Raman results for anhydrite, apatite and calcite 
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Figure 10.4 Raman results for diopside, dolomite and magnesite 
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Figure 10.5 Raman analysis of magnetite, pyrite and serpentine 
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Figure 10.6 Raman analysis of talc 
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XRD analysis  

 

Figure 10.7 XRD spectra for anhydrite, apatite, calcite, dolomite, magnesite and magnetite 

 

 

 

 



268 
 

 

 

Figure 10.8 XRD spectra for pyrite, quartz, serpentine and talc 
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EPMA results  

Table 10.3 Anhydrite EPMA analysis 

  

Anhydrite Analysis 

Wt.% Oxide 

Formula Na2O K2O MgO CaO FeO Cr2O3 TiO2 P2O5 SO3 Total 

1 / 1 .  0.03 0 0.04 41.50 ND ND 0.03 0.02 47.97 89.60 

2 / 1 .  ND 0 0.03 41.28 ND ND 0.04 0.03 48.21 89.60 

3 / 1 .  0.10 0.01 0.04 41.72 0.01 0.01 ND 0.01 47.93 89.83 

4 / 1 .  0.06 0 0.04 41.42 0.02 ND 0.01 ND 50.08 91.64 

5 / 1 .  0.13 0.01 0.04 41.18 ND ND 0.05 0.02 48.17 89.61 

6 / 1 .  0.04 0 0.02 41.51 ND ND 0.02 0.04 48.31 89.94 

7 / 1 .  0.01 0.01 0.03 41.29 ND ND ND 0.03 49.38 90.74 

8 / 1 .  0.04 ND 0.03 41.59 0.01 0.01 0.01 0.01 48.02 89.71 

9 / 1 .  0.07 ND 0.02 41.57 ND 0.01 ND 0.03 47.82 89.55 

10 / 1 .  0.02 ND 0.02 41.46 0.01 ND ND 0.04 48.89 90.45 

11 / 1 .  0.03 ND 0.03 41.65 0.01 ND ND 0.02 48.57 90.33 

12 / 1 .  ND ND 0.03 41.79 0.02 ND ND 0.04 48.41 90.29 

13 / 1 .  0.05 0.01 0.04 41.36 ND ND ND 0.02 48.35 89.83 

14 / 1 .  0.02 ND 0.03 41.21 0.01 0.01 ND ND 49.38 90.66 

15 / 1 .  0.02 ND 0.03 41.7 ND ND ND 0.02 47.77 89.54 

16 / 1 .  0.05 0.01 0.03 41.73 ND ND ND 0.01 48.17 90.01 

17 / 1 .  0.01 ND 0.03 41.64 ND ND ND 0.01 49.05 90.78 

18 / 1 .  0.01 ND 0.02 41.68 0.01 ND ND ND 49.17 90.91 

19 / 1 .  ND ND 0.02 41.87 ND ND ND 0.03 48.78 90.71 

20 / 1 .  0.01 ND 0.03 41.78 ND ND 0.03 0.01 48.24 90.13 

21 / 1 .  0.01 ND 0.03 41.59 ND 0.01 ND 0.03 49.31 90.98 

22 / 1 .  0.02 ND 0.04 41.66 0.02 ND ND 0.04 48.52 90.30 

23 / 1 .  ND 0.01 0.02 41.87 ND ND 0.01 0.01 48.02 89.95 

24 / 1 .  0.03 ND 0.02 41.67 0.03 ND ND 0.02 47.89 89.67 

25 / 1 .  0.02 ND 0.03 41.94 0.02 ND ND 0.03 48.10 90.15 
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Table 10.4 EPMA results for apatite 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Apatite Analysis 

Wt.% Oxide 

Formula Na2O MgO CaO MnO FeO NiO Al2O3 Cr2O3 SiO2 TiO2 P2O5 SO3 Total 

1 / 1 .  0.06 0.05 54.31 0.01 0.06 0.02 0.13 0.01 0.65 0.02 40.03 0.59 95.93 

2 / 1 .  0.07 0.04 54.34 0.01 0.03 ND 0.05 0.02 0.72 0.01 39.87 0.75 95.92 

3 / 1 .  0.10 0.05 54.16 0.02 0.02 ND ND ND 0.75 ND 39.38 0.75 95.24 

4 / 1 .  0.09 0.06 54.31 0.02 0.06 0.01 0.07 0.01 0.76 ND 39.43 0.79 95.61 

5 / 1 .  0.08 0.06 54.27 0.01 0.03 ND ND ND 0.72 ND 39.72 0.77 95.65 

6 / 1 .  0.08 0.05 54.17 0.01 0.03 ND ND 0.01 0.72 0.01 39.68 0.64 95.40 

7 / 1 .  0.12 0.05 54.40 0.01 0.03 0.02 0.04 ND 0.67 0.03 39.35 0.63 95.33 

8 / 1 .  0.07 0.05 54.46  ND 0.02 ND 0.05 0.01 0.72 ND 39.64 0.54 95.56 

9 / 1 .  0.11 0.05 54.24 0.03 0.05 0.01 ND ND 0.69 ND 39.89 0.61 95.67 

10 / 1 .  0.12 0.06 54.43 ND 0.05 ND ND ND 0.72 0.02 39.73 0.74 95.87 

11 / 1 .  0.09 0.04 54.34 0.01 0.02 ND ND ND 0.75 ND 39.56 0.69 95.50 

12 / 1 .  0.11 0.05 54.32 ND 0.08 ND ND ND 0.69 ND 39.73 0.65 95.64 

13 / 1 .  0.15 0.04 54.34 ND 0.03 ND ND ND 0.80 ND 39.50 0.74 95.60 

14 / 1 .  0.07 0.06 54.51 0.01 0.05 ND 0.01 ND 0.73 0.02 39.84 0.79 96.08 

15 / 1 .  0.05 0.05 54.17 0.019 0.04 ND ND ND 0.71 0.05 39.53 0.75 95.37 

16 / 1 .  0.10 0.03 54.14 ND 0.06 0.01 ND 0.01 0.66 ND 39.49 0.58 95.06 

17 / 1 .  0.12 0.06 54.28 ND 0.07 ND ND ND 0.63 ND 39.61 0.70 95.47 

18 / 1 .  0.09 0.05 54.33 ND 0.06 0.01 ND ND 0.67 0.02 39.26 0.72 95.21 

19 / 1 .  0.13 0.04 54.75 0.01 0.10 ND ND ND 0.69 ND 40.00 0.64 96.35 

20 / 1 .  0.08 0.06 54.30 ND 0.05 ND ND ND 0.74 0.01 39.63 0.74 95.62 

21 / 1 .  0.05 0.07 54.09 0.01 0.04 0.01 ND ND 0.74 ND 38.96 0.76 94.74 

22 / 1 .  0.07 0.06 54.44 0.01 0.05 ND ND 0.01 0.76 ND 39.54 0.76 95.69 

23 / 1 .  0.10 0.06 54.38 ND 0.09 0.01 ND ND 0.76 0.01 39.56 0.76 95.73 

24 / 1 .  0.06 0.05 54.42 0.01 0.04 0.01 ND ND 0.65 ND 39.39 0.72 95.35 

25 / 1 .  0.10 0.03 54.35 0.02 0.03 ND ND 0.01 0.66 ND 39.75 0.65 95.59 
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Table 10.5 EPMA results for Calcite 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Calcite Analysis 

Wt.% Oxide 

Formula Na2O MgO CaO MnO FeO Al2O3 P2O5 SO3 Total 

1 / 1 .  ND 0.41 57.33 0.30 0.08 ND 0.03 0.03 58.17 

2 / 1 .  ND 0.41 56.66 0.230 0.04 ND 0.02 0.01 57.44 

3 / 1 .  ND 0.43 56.96 0.35 0.04 ND 0.02 0.02 57.84 

4 / 1 .  ND 0.20 57.36 0.31 0.04 0.01 0.03 0.01 57.97 

5 / 1 .  0.02 0.44 57.45 0.32 0.04 ND 0.02 ND 58.28 

6 / 1 .  ND 0.40 57.31 0.31 0.05 0.01 0.01 ND 58.10 

7 / 1 .  ND 0.40 57.47 0.32 0.06 ND 0.02 0.01 58.29 

8 / 1 .  0.04 0.43 57.14 0.30 0.05 ND 0.01 ND 57.98 

9 / 1 .  0.02 0.40 57.54 0.32 0.08 ND 0.01 0.01 58.40 

10 / 1 .  0.02 0.41 57.64 0.30 0.05 ND ND 0.10 58.53 

11 / 1 .  0.03 0.40 57.45 0.32 0.06 ND 0.03 ND 58.28 

12 / 1 .  0.02 0.43 57.50 0.31 0.06 ND 0.02 0.02 58.35 

13 / 1 .  0.01 0.42 57.33 0.31 0.03 ND 0.03 0.04 58.17 

14 / 1 .  0.01 0.42 57.55 0.29 0.07 ND 0.04 0.03 58.41 

15 / 1 .  0.05 0.44 57.47 0.30 0.05 0.01 0.02 0.07 58.40 

16 / 1 .  0.01 0.39 57.19 0.30 0.08 ND 0.05 ND 58.03 

17 / 1 .  0.01 0.34 56.54 0.33 0.07 ND 0.04 0.06 57.39 

18 / 1 .  ND 0.41 57.60 0.30 0.03 0.01 0.03 ND 58.38 

19 / 1 .  ND 0.42 56.98 0.32 0.09 0.01 0.03 0.01 57.88 

20 / 1 .  ND 0.42 57.70 0.30 0.11 ND 0.03 ND 58.56 

21 / 1 .  ND 0.45 57.13 0.32 0.06 ND 0.03 ND 58.00 

22 / 1 .  ND 0.36 57.01 0.33 0.07 ND 0.04 0.01 57.86 

23 / 1 .  ND 0.41 56.79 0.31 0.04 ND 0.04 ND 57.60 

24 / 1 .  0.01 0.38 57.37 0.30 0.07 ND 0.01 0.01 58.15 

25 / 1 .  0.04 0.42 57.08 0.34 0.05 ND 0.04 0.06 58.05 
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Table 10.6 EPMA results for Diopside 

Diopside analysis 

Wt.% Oxide 

Formula Na2O K2O MgO CaO MnO FeO NiO Al2O3 Cr2O3 SiO2 TiO2 P2O5 SO3 Total 

1 / 1 . 1.89 ND 15.50 22.33 0.08 1.99 0.01 1.34 2.08 55.23 0.07 0.01 ND 100.53 

2 / 1 . 2.50 0.49 19.20 12.16 0.05 3.24 0.10 7.07 2.01 50.18 0.63 ND 0.06 97.68 

3 / 1 . 2.44 0.50 19.40 11.73 0.07 3.11 0.09 6.78 1.54 50.63 0.51 0.02 0.03 96.83 

4 / 1 . 1.76 ND 15.67 22.50 0.07 2.14 0.02 1.32 1.68 55.46 0.07 0.02 ND 100.71 

5 / 1 . 1.67 ND 15.85 22.50 0.08 2.11 0.05 1.33 1.45 55.60 0.06 0.01 0.01 100.70 

6 / 1 . 1.60 ND 15.74 22.57 0.07 2.25 0.04 1.36 1.57 55.54 0.06 0.01 ND 100.81 

7 / 1 . 1.85 ND 15.41 22.15 0.07 2.19 0.04 1.46 1.88 55.27 0.07 0.05 ND 100.44 

8 / 1 . 2.57 0.60 19.10 11.60 0.08 3.39 0.08 7.49 2.10 50.13 0.59 0.03 ND 97.75 

9 / 1 . 2.72 0.62 19.06 11.61 0.08 3.47 0.09 7.49 2.03 50.21 0.61 0.01 0.01 98.01 

10 / 1 . 2.81 0.75 18.97 11.37 0.09 3.48 0.11 7.52 1.84 49.83 0.52 0.03 0.03 97.34 

11 / 1 . 2.45 ND 14.66 21.09 0.07 2.36 0.03 2.20 2.23 55.49 0.05 0.02 0.01 100.67 

12 / 1 . 2.37 0.09 16.15 18.29 0.06 2.53 0.04 3.75 2.32 53.69 0.24 ND ND 99.54 

13 / 1 . 2.67 ND 14.56 21.17 0.08 2.25 0.04 2.44 2.21 55.42 0.06 0.02 0.02 100.94 

14 / 1 . 2.67 ND 14.50 21.01 0.06 2.30 0.03 2.47 2.23 55.02 0.10 0.01 0.01 100.42 

15 / 1 . 2.44 0.36 18.91 12.12 0.06 3.07 0.06 7.65 2.08 49.88 0.54 ND 0.02 97.19 

16 / 1 . 2.41 ND 14.40 21.62 0.07 2.30 0.03 2.27 2.20 55.34 0.14 0.02 ND 101.11 

17 / 1 . 2.78 ND 14.34 20.90 0.06 2.15 0.04 2.67 2.25 55.00 0.12 0.02 ND 100.35 

18 / 1 . 2.47 0.05 15.27 19.55 0.06 2.32 0.05 3.48 2.21 54.52 0.21 ND 0.01 100.20 

19 / 1 . 2.90 0.39 14.80 19.69 0.05 2.23 0.04 3.19 2.24 54.82 0.16 0.02 ND 100.17 

20 / 1 . 2.40 ND 14.60 21.47 0.05 2.17 0.02 2.22 2.21 55.23 0.10 0.03 0.01 100.50 

21 / 1 . 2.74 ND 14.54 20.77 0.07 2.22 0.03 2.60 2.27 55.22 0.08 0.02 ND 100.54 

22 / 1 . 2.45 ND 14.85 21.50 0.07 2.35 0.02 2.08 2.14 55.16 0.06 ND ND 100.68 

23 / 1 . 2.27 ND 14.73 21.45 0.08 2.35 0.03 1.95 2.14 55.12 0.07 0.01 0.01 100.21 

24 / 1 . 2.09 ND 14.94 22.03 0.06 2.17 0.03 1.71 2.01 55.27 0.06 ND 0.11 100.48 

25 / 1 . 2.32 ND 14.69 21.26 0.07 2.13 0.03 2.21 2.21 55.25 0.07 0.04 0.01 100.28 
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Table 10.7 EPMA results for Diopside 

Dolomite Analysis 

Wt.% Oxide 

Formula Na2O K2O MgO CaO MnO FeO NiO Al2O3 Cr2O3 SiO2 TiO2 P2O5 SO3 Total 

1 / 1 . ND ND 20.48 30.40 0.15 0.25 ND 0.56 ND ND ND 0.03 0.02 51.89 

2 / 1 . 0.03 0.03 21.08 30.51 0.16 0.34 0.01 0.08 ND ND 0.01 0.01 ND 52.24 

3 / 1 . 0.02 0.01 21.20 30.87 0.16 0.24 0.01 0.16 0.01 ND ND 0.03 0.05 52.74 

4 / 1 . ND ND 21.35 30.35 0.27 0.37 0.01 0.04 ND 1.10 ND 0.04 0.03 53.56 

5 / 1 . 0.03 ND 21.70 30.40 0.14 0.32 ND 0.06 ND ND 0.02 0.05 ND 52.72 

6 / 1 . ND 0.01 21.91 30.59 0.14 0.24 ND 0.04 ND ND ND 0.03 0.01 52.95 

7 / 1 . 0.03 0.01 19.02 27.72 0.21 0.89 ND 0.12 ND 8.25 ND 0.04 ND 56.30 

8 / 1 . ND ND 21.35 30.52 0.15 0.15 ND 0.19 ND ND ND 0.03 ND 52.39 

9 / 1 . ND ND 21.40 30.46 0.15 0.34 ND 0.01 ND 0.11 0.04 0.03 ND 52.53 

10 / 1 . ND ND 21.33 30.55 0.14 0.22 0.01 0.10 ND 0.10 ND 0.03 0.03 52.50 

11 / 1 . 0.01 0.01 17.26 26.94 0.13 0.34 0.01 0.42 ND 15.96 0.05 0.01 0.02 61.15 

12 / 1 . ND 0.02 20.40 29.77 0.15 0.26 ND 3.02 ND 0.03 ND 0.02 0.03 53.71 

13 / 1 . 0.02 0.08 15.77 24.21 0.13 0.74 ND 0.33 ND 20.64 0.01 0.30 0.03 62.26 

14 / 1 . 0.01 ND 21.32 30.75 0.16 0.21 ND 0.04 ND 0.09 ND ND 0.01 52.60 

15 / 1 . ND ND 21.19 29.99 0.14 0.26 ND 0.02 ND 0.01 ND 0.01 0.02 51.63 

16 / 1 . ND ND 21.39 30.66 0.16 0.22 0.01 0.08 ND ND ND 0.04 0.06 52.62 

17 / 1 . 0.01 0.01 20.93 30.19 0.13 0.39 0.02 0.02 0.01 1.92 ND 0.01 0.04 53.67 

18 / 1 . 0.01 ND 19.90 28.59 0.15 2.09 0.01 0.03 ND 2.48 ND 0.03 0.01 53.29 

19 / 1 . 0.02 0.03 21.91 30.77 0.13 0.22 ND 0.02 ND ND ND 0.03 0.03 53.16 

20 / 1 . 0.02 0.01 20.91 30.24 0.18 0.37 ND 0.28 ND 1.59 ND 0.03 ND 53.63 

21 / 1 . 0.03 ND 21.39 30.46 0.13 0.28 0.02 0.15 ND 0.43 ND 0.02 0.04 52.93 

22 / 1 . ND ND 21.17 30.59 0.14 0.24 ND 0.05 ND 0.69 0.02 ND 0.02 52.92 

23 / 1 . 0.01 ND 20.89 31.13 0.15 0.47 ND 0.49 0.01 0.01 0.01 0.01 0.05 53.22 

24 / 1 . 0.01 ND 21.64 30.26 0.14 0.29 0.01 0.05 0.01 0.58 0.01 0.02 0.05 53.07 

25 / 1 . ND 0.01 19.45 33.17 0.14 0.57 0.01 0.02 ND 0.03 ND 0.01 0.01 53.42 
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Table 10.8 EPMA results for Magnesite 

Magnesite Analysis 

Wt.% Oxide  

Formula Na2O MgO CaO FeO NiO Al2O3 Cr2O3 SiO2 P2O5 SO3 Total 

1 / 1 . ND 47.42 0.46 ND 0.04 0.29 ND 0.05 0.03 0.04 48.34 

2 / 1 . 0.01 47.28 0.49 ND 0.04 0.26 ND 0.04 ND ND 48.13 

3 / 1 . 0.02 47.49 0.46 ND 0.03 0.36 0.01 0.05 0.03 0.03 48.48 

4 / 1 . ND 46.87 0.50 ND 0.04 0.21 ND 0.03 0.01 0.03 47.68 

5 / 1 . ND 47.35 0.45 0.01 0.05 0.21 ND 0.03 ND 0.02 48.14 

6 / 1 . 0.01 47.24 0.50 ND 0.04 0.39 ND 0.05 ND ND 48.26 

7 / 1 . 0.01 47.43 0.51 ND 0.03 0.11 ND 0.04 ND ND 48.14 

8 / 1 . ND 47.75 0.45 ND 0.05 0.33 ND 0.07 ND 0.03 48.67 

9 / 1 . 0.01 48.07 0.49 ND 0.05 0.17 ND 0.05 ND ND 48.84 

10 / 1 . ND 46.95 0.52 0.01 0.03 0.21 ND 0.04 ND ND 47.77 

11 / 1 . 0.02 47.24 0.47 0.01 0.03 0.27 ND 0.08 0.02 0.04 48.21 

12 / 1 . 0.01 47.46 0.44 ND 0.03 0.20 ND 0.04 ND 0.02 48.23 

13 / 1 . 0.02 47.17 0.46 0.01 0.02 0.39 ND 0.06 0.01 0.03 48.19 

14 / 1 . 0.01 47.67 0.48 ND 0.06 0.07 ND 0.03 ND ND 48.32 

15 / 1 . 0.02 47.40 0.47 0.01 0.07 0.38 ND 0.06 ND 0.01 48.41 

16 / 1 . ND 47.24 0.50 ND 0.05 0.47 ND 0.04 ND 0.04 48.34 

17 / 1 . ND 47.18 0.49 ND 0.06 0.42 ND 0.03 ND 0.07 48.26 

18 / 1 . ND 47.52 0.47 0.01 0.03 0.49 ND 0.05 ND ND 48.57 

19 / 1 . ND 47.38 0.47 0.01 0.06 0.19 0.01 0.04 ND 0.02 48.17 

20 / 1 . 0.01 47.49 0.46 ND 0.04 0.17 0.01 0.04 0.01 ND 48.24 

21 / 1 . ND 46.89 0.53 ND 0.04 0.44 ND 0.05 0.01 0.04 48.01 

22 / 1 . ND 47.44 0.47 0.01 0.04 0.31 ND 0.05 0.02 0.05 48.42 

23 / 1 . ND 47.60 0.46 ND 0.05 0.20 0.01 0.03 ND 0.06 48.41 

24 / 1 . ND 47.26 0.46 0.01 0.07 0.20 ND 0.03 0.01 0.01 48.06 

25 / 1 . ND 47.46 0.49 ND 0.04 0.14 ND 0.05 ND ND 48.18 
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Table 10.9 EPMA results for Magnetite 

Magnetite Analysis 

Wt.% Oxide 

Formula Na2O MgO MnO FeO NiO Al2O3 Cr2O3 TiO2 P2O5 SO3 Total 

1 / 1 .  ND 0.04 0.20 88.71 ND ND ND 0.03 ND 0.02 88.99 

2 / 1 .  0.08 0.05 0.21 88.20 0.01 ND 0.01 0.05 ND 0.01 88.60 

3 / 1 .  ND 0.03 0.21 87.41 ND ND ND 0.09 ND ND 87.74 

4 / 1 .  0.03 0.03 0.19 87.43 ND ND ND 0.02 0.01 0.02 87.73 

5 / 1 .  ND 0.04 0.21 88.62 0.02 0.12 ND 0.08 ND 0.02 89.10 

6 / 1 .  0.05 0.02 0.21 87.74 ND ND 0.01 0.06 ND ND 88.10 

7 / 1 .  ND 0.04 0.23 88.05 0.02 0.08 0.01 0.07 0.01 0.01 88.51 

8 / 1 .  ND 0.03 0.19 86.88 ND 0.01 ND 0.04 ND 0.02 87.17 

9 / 1 .  ND 0.06 0.23 87.29 ND ND ND 0.06 ND 0.02 87.68 

10 / 1 .  0.02 0.08 0.19 88.41 0.02 ND 0.01 0.02 ND ND 88.74 

11 / 1 .  ND 0.05 0.19 89.52 0.02 ND ND 0.04 0.02 0.04 89.89 

12 / 1 .  0.05 0.04 0.22 89.24 0.03 ND ND 0.04 0.02 0.01 89.65 

13 / 1 .  0.03 0.12 0.21 87.53 ND 0.12 ND 0.08 ND ND 88.08 

14 / 1 .  0.07 0.06 0.23 89.55 ND ND ND 0.06 0.01 0.07 90.06 

15 / 1 .  ND 0.05 0.23 87.73 ND 0.01 0.01 0.05 ND 0.05 88.12 

16 / 1 .  0.09 0.07 0.28 86.93 ND 0.58 ND 0.10 ND ND 88.05 

17 / 1 .  0.03 0.07 0.22 87.76 ND 0.09 ND 0.04  ND ND 88.23 

18 / 1 .  0.04 0.07 0.21 88.86 ND ND 0.01 0.10 0.03 ND 89.31 

19 / 1 .  ND 0.05 0.19 90.25 0.01 ND 0.01 0.03 ND 0.03 90.57 

20 / 1 .  0.05 0.04 0.19 89.59 0.01 ND 0.01 0.07 0.01 0.02 89.97 

21 / 1 .  ND 0.03 0.20 88.99 ND 0.02 0.01 0.04 0.02 0.02 89.32 

22 / 1 .  ND 0.08 0.23 90.98 0.02 0.22 ND 0.03 0.02 ND 91.59 

23 / 1 .  0.01 0.05 0.21 88.50 0.01 0.03 ND 0.03 ND 0.08 88.93 

24 / 1 .  ND 0.04 0.20 89.75 ND 0.02 0.01 0.09 ND ND 90.10 

25 / 1 .  ND 0.10 0.11 89.39 0.01 0.62 ND 0.05 0.02 ND 90.68 
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Table 10.10 EPMA results for Quartz 

Quartz Analysis 

Wt.% Oxide 

Formula Na2O NiO Al2O3 Cr2O3 SiO2 TiO2 P2O5 SO3 Total 

1 / 1 . ND ND 0.01 ND 101.11 ND ND ND 101.12 

2 / 1 . ND 0.01 ND 0.02 101.07 ND 0.04 ND 101.14 

3 / 1 . 0.01 ND ND ND 100.62 0.01 ND ND 100.66 

4 / 1 . ND 0.01 0.02 0.01 101.17 ND 0.02 ND 101.23 

5 / 1 . ND ND ND ND 100.81 0.02 ND ND 100.84 

6 / 1 . 0.03 ND ND 0.01 101.21 0.02 0.02 ND 101.30 

7 / 1 . ND ND ND 0.01 100.85 ND ND ND 100.87 

8 / 1 . 0.01 ND ND ND 100.78 0.01 0.02 0.01 100.82 

9 / 1 . 0.01 0.01 0.11 ND 100.51 ND 0.02 ND 100.68 

10 / 1 . ND ND ND ND 100.39 ND ND 0.02 100.43 

11 / 1 . ND 0.01 ND ND 100.68 ND 0.01 ND 100.71 

12 / 1 . 0.03 0.01 ND ND 101.08 ND ND ND 101.14 

13 / 1 . ND ND ND ND 100.49 0.01 0.02 ND 100.53 

14 / 1 . ND ND 0.01 0.01 100.81 ND 0.01 ND 100.85 

15 / 1 . ND ND 0.13 ND 100.44 0.01 0.01 ND 100.63 

16 / 1 . 0.02 0.01 0.01 ND 100.43 ND 0.02 0.02 100.52 

17 / 1 . ND 0.01 0.02 ND 100.55 0.03 ND ND 100.62 

18 / 1 . ND ND ND ND 100.45 ND ND 0.03 100.49 

19 / 1 . 0.01 ND ND ND 101.07 0.03 ND 0.03 101.16 

20 / 1 . 0.02 ND ND ND 100.94 ND ND 0.04 101.01 

21 / 1 . ND ND 0.15 ND 100.57 0.01 0.02 0.03 100.78 

22 / 1 . 0.03 0.01 ND ND 101.40 0.01 ND 0.07 101.52 

23 / 1 . 0.01 0.01 ND ND 100.81 ND ND ND 100.85 

24 / 1 . 0.01 ND ND ND 100.51 ND ND 0.02 100.54 

25 / 1 . 0.02 ND 0.02 ND 100.80 ND 0.02 0.08 100.94 

 



277 
 

Table 10.11 EPMA results for serpentine 

Serpentine analysis 

Wt.% Oxide 

Formula MgO CaO MnO FeO NiO Al2O3 Cr2O3 SiO2 P2O5 SO3 Total 

1 / 1 .  38.29 0.01 0.07 2.90 0.26 1.03 0.43 44.01 0.01 ND 87.03 

2 / 1 .  37.84 0.02 0.06 2.72 0.24 1.01 0.50 44.40 ND ND 86.78 

3 / 1 .  38.22 0.02 0.06 3.07 0.29 1.21 0.40 43.64 ND ND 86.96 

4 / 1 .  37.23 0.02 0.06 3.95 0.26 1.03 0.42 43.25 ND 0.04 86.26 

5 / 1 .  36.99 0.01 0.06 2.16 0.24 0.48 0.21 47.70 ND ND 87.86 

6 / 1 .  42.05 0.08 0.70 2.23 0.12 0.20 0.07 17.00 ND ND 62.46 

7 / 1 .  42.22 0.13 0.63 2.16 0.10 0.18 0.03 16.73 0.01 ND 62.23 

8 / 1 .  28.95 20.04 0.45 2.32 0.17 0.30 0.08 21.65 0.01 ND 73.98 

9 / 1 .  38.91 0.06 0.21 2.35 0.22 0.47 0.14 38.84 0.01 ND 81.21 

10 / 1 .  39.04 0.04 0.35 2.43 0.19 0.34 0.10 34.18 0.01 0.01 76.72 

11 / 1 .  38.04 0.01 0.17 2.54 0.24 0.44 0.17 41.68 ND 0.02 83.32 

12 / 1 .  41.34 0.08 0.62 2.39 0.11 0.25 0.08 19.19 0.01 0.02 64.11 

13 / 1 .  37.78 0.04 0.37 2.26 0.20 0.45 0.16 37.11 0.01 ND 78.39 

14 / 1 .  39.44 0.07 0.48 2.41 0.14 0.31 0.14 29.31 0.01 ND 72.32 

15 / 1 .  38.51 0.03 0.13 2.48 0.24 0.42 0.11 42.61 0.01 0.04 84.56 

16 / 1 .  39.66 0.08 0.35 2.36 0.18 0.35 0.10 32.29 0.02 0.03 75.44 

17 / 1 .  39.42 0.04 0.34 2.46 0.21 0.41 0.17 34.35 0.03 ND 77.44 

18 / 1 .  33.82 10.04 0.32 7.45 0.20 0.40 0.12 36.69 0.01 0.04 79.10 

19 / 1 .  40.16 0.12 0.37 2.28 0.17 0.36 0.09 31.39 ND 0.01 74.98 

20 / 1 .  38.75 0.04 0.41 2.50 0.20 0.36 0.16 33.23 ND 0.01 75.66 

21 / 1 .  41.65 0.08 0.71 2.46 0.11 0.24 0.08 18.13 ND 0.03 63.49 

22 / 1 .  36.86 0.01 0.16 2.21 0.25 0.45 0.16 46.81 ND 0.05 86.97 

23 / 1 .  39.05 0.01 0.07 2.45 0.27 0.48 0.14 45.26 ND 0.03 87.77 

24 / 1 .  37.30 0.01 0.07 2.23 0.26 0.52 0.23 47.25 0.02 0.02 87.93 

25 / 1 .  38.18 0.01 0.08 2.52 0.25 0.47 0.17 45.73 0.02 ND 87.44 
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Table 10.12 EPMA results for Pyrite 

Pyrite Analysis 

Wt.% Oxide 

Formula Na2O MgO FeO NiO TiO2 P2O5 SO3 Total 

1 / 1 .  ND ND 58.25 ND ND ND 129.72 187.98 

2 / 1 .  ND ND 58.08 ND 0.01 0.02 129.56 187.66 

3 / 1 .  ND 0.02 58.72 ND ND 0.01 129.64 188.39 

4 / 1 .  ND 0.01 58.62 ND 0.01 0.03 129.40 188.07 

5 / 1 .  0.01 ND 58.54 0.01 0.04 0.01 129.87 188.49 

6 / 1 .  0.03 ND 58.00 0.01 ND 0.02 130.25 188.30 

7 / 1 .  0.01 ND 58.71 ND ND 0.02 129.88 188.61 

8 / 1 .  0.04 0.01 58.86 ND ND ND 130.22 189.13 

9 / 1 .  ND ND 58.73 ND ND 0.01 131.03 189.77 

10 / 1 .  ND ND 58.57 ND 0.01 ND 128.97 187.57 

11 / 1 .  0.03 ND 59.38 ND 0.01 ND 130.07 189.50 

12 / 1 .  ND 0.01 57.99 0.02 0.01 0.03 130.98 189.04 

13 / 1 .  0.01 ND 58.67 ND ND 0.01 131.68 190.37 

14 / 1 .  ND ND 59.30 ND 0.02 0.02 130.20 189.54 

15 / 1 .  0.06 ND 58.60 0.01 ND ND 131.32 190.00 

16 / 1 .  ND ND 59.43 0.02 ND 0.01 131.37 190.82 

17 / 1 .  ND 0.03 58.72 ND 0.01 0.02 132.25 191.03 

18 / 1 .  ND ND 59.39 ND 0.08 0.03 130.27 189.78 

19 / 1 .  0.01 ND 59.06 0.01 ND 0.05 131.65 190.77 

20 / 1 .  0.02 ND 59.23 ND ND ND 131.76 191.01 

21 / 1 .  0.02 0.01 58.57 0.01 ND ND 131.72 190.35 

22 / 1 .  0.05 0.02 58.84 ND 0.01 ND 130.58 189.49 

23 / 1 .  0.08 ND 59.01 ND 0.03 ND 131.21 190.34 

24 / 1 .  0.04 ND 58.73 ND 0.02 0.02 132.09 190.90 

25 / 1 .  0.02 ND 57.55 ND ND ND 130.68 188.26 
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Table 10.13 EPMA results for Talc 

Talc Analysis 

Wt.% Oxide 

Formula Na2O K2O MgO CaO MnO FeO NiO Al2O3 SiO2 TiO2 SO3 Total 

1 / 1 .  0.03 ND 31.04 0.01 0.01 0.07 ND 0.06 63.22 0.01 ND 94.45 

2 / 1 .  0.04 ND 30.92 0.01 0.01 0.08 ND 0.03 63.87 ND ND 94.96 

3 / 1 .  0.02 ND 31.06 ND ND 0.07 ND 0.04 63.44 ND ND 94.64 

4 / 1 .  0.02 ND 31.08 0.0 0.01 0.08 0.01 0.10 63.85 ND ND 95.14 

5 / 1 .  0.02 0.01 30.99 ND 0.01 0.07 0.02 0.03 64.03 ND 0.03 95.22 

6 / 1 .  0.02 ND 31.05 ND ND 0.05 ND 0.05 64.28 ND ND 95.45 

7 / 1 .  ND ND 31.00 0.01 ND 0.06 ND 0.02 63.57 ND 0.07 94.74 

8 / 1 .  0.04 ND 30.80 0.01 0.02 0.07 ND 0.05 63.29 ND 0.01 94.29 

9 / 1 .  0.04 ND 31.06 ND 0.02 0.08 0.01 0.05 64.45 ND 0.01 95.78 

10 / 1 .  0.01 ND 31.08 ND 0.01 0.08 ND 0.04 64.07 ND 0.03 95.35 

11 / 1 .  0.04 0.01 30.90 0.01 0.03 0.05 ND 0.12 63.78 0.05 0.03 94.99 

12 / 1 .  ND ND 31.32 ND 0.01 0.09 0.02 0.03 64.07 ND 0.03 95.58 

13 / 1 .  0.01 ND 31.26 0.02 0.02 0.08 0.01 0.04 64.09 0.02 0.03 95.56 

14 / 1 .  0.03 ND 30.80 0.01 0.01 0.10 0.02 0.07 63.96 ND 0.05 95.03 

15 / 1 .   ND ND 31.23 ND 0.02 0.07 0.01 0.06 63.97 ND ND 95.38 

16 / 1 .  0.02 ND 31.20 0.01 ND 0.06 ND 0.04 63.97 0.01 0.04 95.34 

17 / 1 .  0.01 ND 30.99 0.01 0.01 0.06 0.03 0.03 63.93 ND 0.07 95.17 

18 / 1 .  ND ND 30.63 0.01 ND 0.08 ND 0.03 63.60 0.05 0.05 94.44 

19 / 1 .  0.02 ND 30.93 ND ND 0.05 0.01 0.04 63.42 0.01 0.03 94.53 

20 / 1 .  0.01 ND 30.93 0.01 0.01 0.09 ND 0.07 63.74 0.02 0.02 94.89 

21 / 1 .  ND ND 31.18 ND 0.01 0.05 ND 0.14 63.64 ND ND 95.03 

22 / 1 .  ND ND 30.99 ND ND 0.10 0.01 0.03 64.09 ND ND 95.23 

23 / 1 .  0.02 ND 31.15 0.02 ND 0.06 ND 0.04 63.72 0.02 ND 95.03 

24 / 1 .  0.01 0.01 31.08 0.01 ND 0.06 ND 0.02 64.18 ND ND 95.37 

25 / 1 .  ND ND 31.13 ND 0.01 0.07 ND 0.03 64.01 ND ND 95.25 
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