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Abstract
This study addresses the links between the surface morphologies, internal structure, and
microtexture of basaltic lava flows. The AD 1783-84 Laki eruption in south Iceland
produced a 600 km2 basaltic lava flow-field dominated by rubbly pahoehoe surface
morphology. Field observations and aerial photograph interpretation show that the lava
surface gradually changed from spiny to slabby and then to rubbly along single flows
through repetitive crust disruption at the active front. The rubble was compressed into
ridges when lava advance was obstructed and during large lava surges that coincided with
the opening of new eruptive fissures. Fluid lava was transported in an extensive network of
tubes that formed within the flows.
Petrological study of Laki near-vent tephra and lava surface samples shows that, during the
eruption, the magma lost - 1 wt. % of water during ascent, which induced melt
undercooling and triggered groundmass crystallization. This caused an - 10% anorthite
gap across plagioclase phenocrysts and drove considerable microlite formation (up to 30
vol.%) in the early stages of flow. It is estimated that fluid lava was transported from the
vent to the most distal active front, 60 km from the vent, with cooling rates of < 0.5°Clkm.
Young lava flow-fields in the Reykjanes Peninsula (Iceland), and some flows from the
flood basalts of the Columbia River Province (USA), have surface and internal structures
intermediate between rubbly pahoehoe and 'a'a. The increasing size and decreasing number
density of plagioclase microlites with increasing depth in these flows, as in the Laki lavas,
indicate that solidification rates decreased sharply inwards. Differences between sections
are attributed to variations in lava bulk composition and the transport mode, duration of
emplacement, and interaction with surface water of the fluid lava. Pahoehoe and 'a'a have
low and high plagioclase number densities respectively, with an inverse correlation with
the average size and aspect ratio of plagioc1ases. Rubbly pahoehoe lavas have intermediate
characteristics. This correlation between lava surface morphologies and plagioclase
textural characteristics provides a tool that may be useful for inferring eruption and
emplacement processes from textural measurements of flow interiors in ancient basaltic
lava flow-fields.
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Chapter I
Introduction

Figure 1.1 : Pictures of Laki lava: (a) Extract of aerial photo of di stal margin of fl ow-field
(E ldhraun ): (b) picture of ri ve r cut throu gh marginal lobe (Eldhraun , location E3); (c)
photomicrograph of lava core texture (lava core sample L7 -5).

This study addresses th e links between the sillface morphologies (Fig. l.la),
illternal structure (Fig. l .lb ), and microtexture (Fig. i.l c) of basaltic lavaj7ows.

Chapter J - Introduction

1.1

GENERAL INTRODUCTION
Basaltic lavas are the most common volcanic product on Earth and their eruption

represents a frequent volcanic hazard that has important social and economical impacts,
sometimes causing significant property and infrastructure damage. There is still a
considerable challenge in accurately predicting lava flow trajectories during their eruption
and emplacement.
Lava flows are, indeed, extremely complex phenomena. Molten lava is a mixture of
silicate melt, crystals, and bubbles, and its properties vary in space and time due to the
formation of viscosity gradients caused by cooling at the margins of the flow. A myriad of
interconnected processes such as cooling, degassing, and crystallization controls the
dynamics of lava flows, interacts with their surface morphology, and links strongly to
eruptive conditions and the local topography (e.g., Peterson & Tilling, 1980; Crisp et aI.,
1994; Soule et aI., 2004). Thus, the emplacement of lavas during an eruption can have
extremely variable dynamics, showing fluctuations in the rates of advance of the flows and
changes in their direction of propagation, resulting in the formation of complex lava flowfields (Lipman & Banks, 1987; Mattox et aI., 1993).
There are many ways to study lava flow processes, which include rheological and
thermal measurements on the field or in the laboratory (e.g., Pinkerton & Norton, 1995;
Hon et aI., 1994; Bailey et aI., 2005; Gottsmann et aI., 2004), analogue and theoretical
modelling (see reviews by Griffiths (2000) and Costa & Macedonio (2005); also Harris et
aI., 2004, 2005), and observations of active flows (e.g., Peterson & Tilling, 1980;
Kauahikaua et aI., 2003). This study proposes to link the surface morphologies and internal
structure of solidified lava flows to investigate flow emplacement processes, and to
investigate the way the flows are influenced by eruption parameters. This is achieved by
combining field and aerial photo observations to petrological and textural studies.

2
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The surface morpho logy of basa ltic sub-aeri al lavas (herea fte r simpl y called lava)

IS

ge ne rall y cia ified into pahoehoe (helluhraun in Ice landi c) and 'a'a (apalhraun in Icelandi c).
These te rms were taken fro m th e language of the H awa ii an and th e Ice land ic people who
referred to th e contra t between the smooth and easy-to- walk-on surface of pahoehoe lavas
and the dark, irregul ar, and jumbled surface o f 'a'a lavas th at makes the m diffi c ult to cross
(Fig. 1.2, see also Fig. 1.3) . Thi s study has deve lo ped from the wo rk of T. Thord arso n, S.
Se lf. and L. Keszth elyi in Ice land on lavas from th e 1783 -84 Laki e rupti on, and fro m
hi storic fi ss ure eruptions o n Reykj anes Pe nin sul a (T . Thordarso n, pe rs. co mm. 2002), and
also on lavas fro m th e C olumbia River Basa lts in the USA. At all these pl aces. the y
observed th at a large fracti on of th e lava w as covered by a surface layer of fragmented
pahoehoe slabs, whi ch they called " rubbly pahoehoe lava" ( Keszthe lyi & Tho rd arso n,
2000, Keszthe lyi et a\. , 2000, 200 I).

Figure 1.2: Photograph of thin acti ve pahoehoe sheet fl ow (left) going over older 'a'a fl ow (ri ght ).
Photograph on bottom left shows inflatin g small (20 to 30 cm-th ick) pahoehoe lobe breaking out
fro m margin of acti ve fl ow. Note small -scale shatterin g of surface crust of the lobe caused by
cooling- induced contracti on of elasti c skin. Pi ctu re taken by auth or in September 2000 on Kil auea
coastal plain .

Thi s doctoral study is a imed at un derstanding th e ori g in of basa ltic lava flow text ures,
with a spec ial e mphas is on rubbl y pah oehoe lavas. The three pl aces where rubb ly
pa hoehoe lavas have been observed have di stin ct c haracteri sti cs in terms of the age and
3
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duration of the eruptions, the size of the lava flow-fields, and their conditions of exposure
(Table 1.1). It is noteworthy that this variety represents a major component in my attempt
to address the origin of basaltic lava flow textures.
The main part of this work (Chapters 2 and 3) was conducted on lava flows from the
Laki eruption because their surface is exposed almost in its entirety, and of the independent
information that is available on the eruption chronology and timing of lava flow
emplacement from previous work on historical accounts (Thordarson & Self, 1993;
Thordarson et al., 2003). Also, the excellent state of preservation of lava selvages allowed
detailed analysis of variations in the crystallinity of the flows during transport. The internal
structure of the flows is only exposed along the flow margins that are covered by a thin
layer of rubble. In contrast, the much larger-volume lava flows of the 15 to 16-Ma-old
Columbia River basalts can only be studied in vertical section. These lavas, dominated by
pahoehoe sheet lobes, represent longer emplacement times, and so are of added interest to
decipher the plausible link between crystal textures and emplacement processes. Finally,
the significance of Reykjanes Peninsula lava flow-fields relies on their smaller extent, and
thus easier investigation, the wide range of surface morphologies displayed, and the
presence of some good sections through the flows. In Chapter 4, the field characteristics of
flows from Reykjanes Peninsula and the Columbia River Basalts will be introduced and
compared to those of Laki in a detailed study of sections through each set of flows studied.
Finally, some conclusions on which factors and processes control the formation of rubbly
pahoehoe textures will be presented.
Table 1.1: Comparison of characteristics of lava flow-fields investigated
Location

Size of individual
lava flow-fields

Laki, south Iceland (1)

-15 kml, 600 kml

Reykjanes Peninsula,
south-west Iceland (2)

0.07-0.26 km
3-7km 2

3

,

Maximum
thickness of
single flows
40m

Surface
exposure

Intemal
exposure

Age; duration of
individual eruptions

Very good

Poor

1783-84; 8 months

10m

Very good

Poor to
good

11-13'" century;
months/years?

2,000-3,000 km 3,
100 m-1 km
Absent
Very good
Columbia River basalts
Washington state,
104_10 5 km2
USA (3)
(estimate)
Sources: (1) Thordarson & Self (1993), (2) Jonsson (1978), (3) Tolan etal. (1989) and Self etal. (1997).

4

15-16 Ma,
decades?
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1.2

LAVA FLOW SURFACE MORPHOLOGIES
Figure 1.3 presents some of the features that are commonly observed at the surface of

well-defined pahoehoe and a'a flows, and will be referred to in the text. One of the main
tasks of this study was to infer the mode of emplacement of lavas that present surface
morphologies and internal structures intermediate between pahoehoe and 'a'a flows, and
are called rubbly pahoehoe lavas. The main distinctive features of these are the
predominance of angular vesicular clasts (pahoehoe crust fragments) in the top rubble and
the common absence of rubble at the base of the flows (in contrast to a'a).
The first part of this study, presented in Chapter 2, is dedicated to the study of the Laki
lava surface morphologies and aims to propose a physical model for the formation of
rubbly pahoehoe along the flows. For that purpose, a total of 2 months of fieldwork was
completed and combined with the study of aerial photographs to understand the
organization of the lava flow-field at different scales. The samples collected during
fieldwork were then studied petrologically, the results of which are presented in Chapter 3.
In Chapter 4, the results of a similar investigation of the surface morphologies of lava
flows observed on Reykjanes Peninsula in South Iceland (2 weeks of fieldwork) are given,
along with the study of sections across - 50-m-thick lavas from the Columbia River Basalt
Group (part of a 2-week expedition to the Columbia River Plateau). The author also spent a
few days on Kilauea volcano (Hawaii, USA) before her PhD and also on Etna (Italy) and
La Reunion (France) during the course of her PhD (see field pictures shown in Fig. 1.2 and
1.3).
This study is largely based on the recognition of specific features across the lava flowfields and in the interior of the flows. It thus firmly builds on the extensive work that has
been conducted over the past 50 years on the mode of emplacement of active lavas. This
latter has been principally based on the observation of the persistently active Hawaiian
volcanoes and on Mt Etna. The work that has shaped the current understanding of the
5
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e mpl acem e nt o f la va fl o w s is s ummari zed be low , k e epin g to the chron o log ica l order o f the
studies a nd foc u sin g o n lava s urface morpholog ies and controlling factors . Th e early w o rk
b y Ein arsso n ( 1949) on Hekla 1947-48 lavas should al so be acknowledged .

Figure 1.3 : Surface features o f typi ca l pahoehoe a nd 'a'a fl ows produced during e rupti on of Mt
ELn a (Sicil y) in Sep 2004 (a, b). a nd observed on Piton de la Fo urn aise (PF) volcano (Indi a n Ocean:
c to f). (a) 2-days -old 'a'a lava fl ow - 100 m fro m source, note c hann eli zed fl ow centre and
tagnant margins cove red by c linkers. Vi ibl e degass in g of lava ex posed to air. (b) Down-slope pa rt
of th e sa me fl ow whi c h cascade down old dikes. a te detachment o f lava in bl oc ks th at coalesce
bac k int o a lava fl ow at botto m . (c) Few-days-old olidifi ed 'a'a fl ow fro m the M ay 2004 PF
erupti on whi c h deve loped insid e fl ows initi all y e mpl aced as shin y he ll y pahoe hoe. (d) C loser view
o f c linkery surface of 'a'a fl o w . Bloc ks show viscous de formati on and include pi eces with she ll y
pahoe hoe urface. (e) Smooth a nd glas y surface o f shell y pahoe hoe. a te fo rma ti on of th in
threads of glass on lava surface; c ut in half, these show long inte rnal tubes. (f) Surface o f ex tensive
th
sheet pahoehoe fl ow- fi e ld th at formed durin g peri od o f sustained ac ti vity in the 18 century (Le nat
e t al.. 200 I). Simil ar features Occ ur o n Kil a uea coastal pl ain . Picture by a uth or.
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Fundamental observations on Hawaiian pahoehoe and lala were made by Wentworth &
MacDonald (1953) who accurately described the morphologies and mode of advance of
each lava type, underlining the more viscous character of lala flows and their low
vesicularity when compared to pahoehoe. Studying the field characteristics of active
pahoehoe flows at different distances from the vent, Swanson (1973) and Swanson &
Fabbi (1973) highlighted the influence of gas loss during fire fountaining and tube
transport on the rheology and thus surface morphologies of the lavas. Later, building on the
rheological measurements by Shaw et al. (1969), Hulme (1974) modelled the flow of lava
as a Bingham fluid and proposed that yield strength, ground slope, and lava flux are the
main factors controlling the pahoehoe-Iala transitions. The well-known impact of volatile
degassing on raising magma liquidus temperatures and forcing crystallization was used by
Sparks & Pinkerton (1978) to explain the eruption of crystal-rich viscous lala lavas from
volcanoes such as Mount Etna that have high initial volatile content and thus are submitted
to large undercooling upon eruption, as compared with the volatile-poor tholeitic magmas
typically erupted at Hawaiian volcanoes. The impact of this phenomenon has increasingly
been recognized from a large variety of settings (e.g., Cashman & Blundy, 2000).
Observing transitions from pahoehoe to lala along single Hawaiian flows, Peterson &
Tilling (1980) defined shear strain and viscosity as the main causes of morphological
changes, thus accounting for the often-observed formation of lala flows on steep slopes and
during periods of high lava effusion rates. In his comprehensive work on pahoehoe
morphologies, Walker defined and explained the formation of tumuli, lava pits, and many
other vesicular features in the lavas, stressing the interconnected roles of lava internal
pressure, underlying topography, and local supply rates (e.g., Rowland & Walker, 1987;
Walker, 1989; Walter, 1991; Wilmoth & Walker, 1993). Many of the terms used in this
study derive from his work (see Chapter 2).
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The latest eruption of Mauna Loa in 1984 was intensely studied, and produced a wealth
of information on the growth of an 'a'a-dominated lava flow-field (e.g., Lipman & Banks,
1987). In particular, the process of degassing-induced crystallization of the erupted lava,
initially proposed by Sparks & Pinkerton (1978), was recognized from the textural and
petrological study of near-vent quenched lava samples and its role on the increase in the
bulk lava viscosity quantified (Lipman & Banks, 1987; Crisp et al., 1994).
During the last two decades, the Pu'u' 0'0 eruption of Kilauea has provided a natural
laboratory for the study of the growth of a large pahoehoe-dominated flow-field; the range
of lava features formed was recently reviewed by Kauahikaua et al. (2003). The seminal
work by Hon et al. (1994) on the growth of active sheet flows emplaced on sub-horizontal
slopes led to the recognition of inflation (endogenous growth) as the main process
governing the emplacement of pahoehoe lavas and formation of an extensive network of
tubes in sheet flows. They empirically defined a simple relation that links the thickness of
the crust formed over the lava to the root of its duration of uplift by inflation, which is
consistent with uniform conductive cooling of the lava in the crust. Features typical of
inflation were subsequently identified from exposures through the very large (> 50 m
thick) lava flows of the Columbia River Basalts (Self et al., 1996, 1997; Thordarson &
Self, 1998) and the application of the empirical relationship between time and crustal
thickening defined by Hon et al. (1994) allowed the former to demonstrate the long
duration of emplacement of the flows, which favours long-lasting and steady eruptive
episodes. Inflation was thus defined as a general mechanism by which lava can be
emplaced and transported for long distances under near-isothermal conditions (Thordarson,
1995; Self et al., 1996, 1997, 1998; Keszthelyi & Self, 1998). Self et al. (1997) and
Thordarson & Self (1998) defined general terms for describing the organization of lava
flow-fields, which will be used here.
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Studying variations in lava groundmass crystallinity along active channelized flows,
Cashman et al. (1999) revised the relation established by Peterson & Tilling (1980) by
stressing the role of groundmass crystallinity on morphological changes through its impact
on yield strength. This link was subsequently strengthened by textural data collected along
a set of Hawaiian flows (Polacci et aI., 1999; Soule et al., 2003), and modelling of the
impact of crystals on flow rheology (Saar et al., 2001; Soule & Cashman, 2005). The
recognition of the formation of different surface crusts from similar batches of magma led
Hon et al. (2005) to recommend that the use of the words of pahoehoe and 'a'a should be
restricted to flows which have a solidified crust. Scaling the Peterson & Tilling (1980)
relation to actual data, he also shows that the range of morphologies lava that can develop
under different shear rates depends on its composition, crystal content, and temperature.
Hawaiian lavas seem to show the "perfect combination" to develop a wide range of
morphologies under slightly different shear rates. It should be noted that the data they
show is solely from Hawaiian lavas. Finally, the most recent progress is towards the
development of a new range of thermal imagery techniques to accurately measure
temperature changes along lava flows and model them (e.g., Pinkerton et aI., 2002; Harris
et al., 2004, 2005), which will hopefully help to improve poorly-constrained models of
lava flow emplacement, and may allow us to review ideas on lava cooling.

1.3

LAVA TEXTURES AND PROCESSES OF COOLING, DEGASSING, AND
CRYSTALLIZATION
A fundamental control upon the way lava flows are emplaced is the cooling of the lava

during transport (e.g., Crisp & Baloga, 1990; Griffiths, 2000). This influences the rheology
of the lava by acting on lava viscosity, and reflects the thermal efficiency of the lava
transport system, relating to crust formation, shear rates, and surface morphologies. The
effect of degassing dominates over cooling when the magma ascends to the surface, erupts
at the vent, and when the lava is transported over the first hundred of meters from the vent
9
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(e.g. , Sparks & Pinkerton, 1978; Lipman et aI. , 1985 ). Crystallization is the produ ct of
cooling and degassing; in turn , it acts upon lava rheology, by creating crystal networks in
the melt that further increase s viscosity and impedes flowa ge. Crystal textures record these
processes, which are used in thi s thesis to understand rubbly lava emplacement. Figure 1.3
summarizes the main factors that cau se lava to cool , lose gas , and thu s crystallize, and
locates them on the path of the magma and lava durin g an eruption . Four main stages can
be defined: 1) magma maturation at depth; 2) magma ascent to the surface; 3) lava
transport at the surface, that can be separated into a near-vent region and medial and distal
zones; and 4) the solidification of lava within the flow s during and after emplacement (i .e.,
after flowage).

3

effusion
rates

crystallization

eruption
dynam ics

T

gas loss

2

Itopog raphy I

magma
system

Figure 1.4: Sketch of the processes that affect magma and lava during transport. Arrows show the
major links. Numbers are menti oned in the text.

The way the above stages influence the shear rate impacted on the lava, and its
viscosity is reported in Fi g. 1.5 (redrawn fro m Peterson & Tilling, 1980, and Ho n et aI. ,
2003). Pahoehoe and 'a'a field s, in such di agrams, define the type of cru st that will fo rm o n
the lava when it is quenched on contact with the air. Hence a single batch of lava, when
transported (i .e., in fl uid state), can go from one side of the di agram to the other (i.e., fro m
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left to right) , which reali stically accou nts for the fo rmation of different surface
morpholog ie

depending o n the imposed

hea r rate (see H on et a I. , 2003 fo r more

explanatio ns). Changes in the crystal content of the lava and its induced effect on the lava
viscosity would obvious ly not be reve rsible. It is worth notin g th at the viscosity ca n
however decrease due to the relea se of latent heat fo ll owing crystallization, thu
counterbalancing the impact of crystal conte nt on lava fluidity. Another counterac tin g
factor is the evolution of the liquid in response to crystalli zation, which acts to enhance the
viscos ity of the residua l liquid . One aim of thi s study is to specify the location of so-called
rubbly pahoehoe morphologies in such representations of the rheological path of lava.
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Figure 1.5: Diagram of shear-strain-rate versus apparent Newtoni an viscosity redrawn from Hon et
aJ. (2003) how in g relati on of pahoehoe and lala lavas wi th respect to the positi on of an element of
liquid lava in thi s represe ntati on (see also Peterson & Tilling. 1980). Note th at thi represe ntati on is
based on a mode l of rheo logy of Bingham type. Grey domai n defines T ransi ti on Thre hold Zone
whi ch is broad limit betwee n pahoehoe and lala fie lds (Peterson & Tilling (1980)) . It does not
necessaril y re prese nt rubbl y pahoe hoe fie ld. Thin blac k line repre ents particul ar pos ition of liquid
lava with give n yie ld strength and Bingha m viscosit y with arrows howin g po ible rheological
evoluti on of an e leme nt of fluid lava during transport due to changi ng shear rate (see Hon et a I. ,
2003). The major factors th at cause changes in th e position of an e lement of liquid lava in thi
diagram are show n. ote that the ran ge of x-y valu es we re defined by Hon et aJ. (2003) using data
on Hawa ii an lavas . Hypothetical position of rubbl y pahoehoe field by auth or.
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How this thesis will approach the different processes represented on Figure 1.3 is now
defined. The first part (Chapter 2) will focus on stage 3 of the emplacement of Laki lavas
from the point of view of the mode of transport developed by the flows and the physical
processes that affect surface morphologies, such as effusion rates, shear strain, and
topography. The second part (Chapters 3 and 4) will address the coupled role of cooling,
degassing and crystallization on the lava during all stages defined above. Chapter 3 will
concentrate on their role during the eruption and emplacement of the Laki lava during the
stages 1,2, and 3. In Chapter 4, the internal cooling and solidification processes (stage 4)
are tackled, grouping field, petrological, and textural work on flows from Laki, Reykjanes
Peninsula, and the Columbia River Basalts. This part will expand on other studies done on
Hawaiian lavas, and thus address the differences between pahoehoe and 'a'a crystal
textures.
In order to unravel the role of cooling and degassing processes on lava rheology,
crystal and glass compositions were analysed and crystal textures were quantified. Crystal
compositions can be interpreted in terms of the chemistry of the magma during
crystallization, and coupled with glass (liquid) compositions, they can provide information
about the conditions of temperature, pressure, and water content prevailing during their
formation (e.g., Putirka, 2005). Chapter 3 shows how this method was employed to
reconstruct the crystallization history of the Laki magma during eruption. The size, shape,
zoning pattern of the crystals and their distribution in the products were further used to
infer the rates of crystallization. In Chapter 4 these observations are coupled with the
analysis of the textures using the CSD method, Crystal Size Distribution.
The interpretation of crystal textures is based on the concept of magma undercooling
and its link with crystallization kinetics. The following sections review the processes
involved and their signature in the texture of magmatic products. Nucleation and growth
are competing mechanisms, whose rates are controlled by the thermal regime of the
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syste m. The drivin g fo rce is the bulk chemical free energy between crystal and melt, which
is proportional to the difference between the liquidus temperature (T 1iq ) and the magma
temperature (T m) (i.e., deg ree of unde rcooling,

~T )

(e.g., Dowty, 1980b). Theory and

ex periments consistentl y show that nuc leation a nd growth rate functions define a bell~T ,

shape relationship with

w ith the nucleation rates defining a hi gher peak than growth

rates (see Fig . 1.6) (e.g., Brandeis et aI. , 1984; Kirkpatrick, 1981 ; Couch et aI., 2003).
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Figure 1.6: Variati on of nucleati on and growth rates with degree of undercooling. Note dominance
of growth over nucleation rates at low degrees of undercooling (green domain), and dominance of
nucleati on rates at hi gher degrees of undercooling (blue domain). Vertical scale is logari thmic.
Shape of curves was taken from model presented by Brandeis & Jaupart (1987a). Typical crystal
shapes at low and hi gh undercooling conditions (e uhedral and dendritic respecti vely) are show n
schematicall y.
Crystal nucleation is thou ght to largely control the final texture of an igneous rock, in
that it determines the initial di stribution of crystals in the melt, which then co ntrol s the
maximum size each crystal can reach (e.g., M arsh , 1988; C as hman, 1990). As shown in
Figure 1.5 , nucleation is very sensitive to unde rcooling; nucleation rates thus show large
variations in mag matic products (Cashman, 1990). Experiments show th at a finite amou nt
of energy (or unde rcooling, a

shown above) is required for nucleati o n to proceed.

Commonly called nucleation delay, thi s barrier represents the energy required fo r nuclei to
reach a critical size at which they are stable and thu s grow . This holding effect is partly
13
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reduced in natural melts by the presence of heterogeneities that provide sites for nuclei and
substrates for crystal growth such as bubbles or pre-existing crystals (i.e., heterogeneous
nucleation, Lofgren, 1983). The abundance of these nuclei and the nature of the substrates
available can then control the pattern of crystallization. Varying these parameters in
experiments, Lofgren (1983) showed that the entire range of basaltic textures could be
reproduced.
Even though nucleation is critical for crystallization, the ensuing growth of the crystals
is fundamental in that it controls the chemical evolution of the residual melt, and also
governs the amount of latent heat released. For growth to be effective, elements have to
diffuse from the liquid to the interface (volume diffusion), across the interface (interface
diffusion) and atoms to be finally attached onto the crystal surface (surface diffusion). The
limiting factor in these transfers will thus define the mechanism and rates of growth.
These processes are important in that they determine the response of the magma to
processes that destabilize the system, and thus drive re-equilibration (Le., reduction of free
energy). In the case studied, these are mainly rapid degassing events during magma ascent
and the cooling of the lava during transport (Le., Fig. 1.4). Brandeis et al. (1984) note that
the latent heat released by crystallization can buffer the cooling rates and result in the
attainment of an equilibrium state at which crystal growth rates are low. Consistent with
this observation, Keszthelyi (1995) measured a sharp temporary decrease in lava cooling
rates through the first few centimetres of active pahoehoe lobes, which he attributes to the
initiation of crystallization.
The impact of cooling rates on the mode of crystallization of basaltic melts, and more
particularly on plagioclase formation that is the dominant phase in crystallising basalt
melts, has been well studied experimentally, especially by Kirkpatrick, Lofgren, and coworkers (e.g., Kirkpatrick, 1981; Lofgren, 1983). They showed that the shape of
plagioclases, in particular, varies widely with the degree of undercooling (or cooling rates)
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because of changes in the growth mechanisms of the crystals in diffusion-limited
conditions (see above and Fig. 1.7). Thus, the skeletal shape of crystals is a definite
indication of high cooling rates. Also, the formation of zoning across the crystals may
reflect disequilibrium growth (high growth rates), which may not involve chemical
disequilibrium. Inclusion of matrix glass and microlites in the crystal rim may occur due to
the breakdown of planar surfaces along the crystal borders with formation of embayment
later closed by crystal overgrowth (e.g., Kohut & Nielsen, 2004). By contrast, the
formation of planar, crystallographic faces commonly called "euhedral shape" is indicative
of interface-controlled growth and suggests low temperature gradients and equilibrium
conditions (slow growth rates). Other aspects of plagioclase crystallization and the use of
crystal size distributions are presented in Chapter 4 and reviewed by Cashman (1990,
1993).

undercooling (degree & rate)
growth rate

low

high

screw
dislocations

surface
nucleation

Figure 1.7: Schematic representation of combined effect of crystal growth rates and degree and
rate of undercooting on dominant growth mechanism of crystals (redrawn from Kirkpatrick, 1981).
Arrows indicate direction of crystallization steps (or growth increments). Low to medium degree of
undercooling (interface-controlled growth): Screw dislocation mechanism whereby the crystal
layer grows from the centre of the faces outwards, and achieves planar surfaces (low surface
energy). High degree of undercooling (diffusion-controlled growth): Surface nucleation mechanism
that favours crystallization from crystal comers (better diffusion at comers due to larger contact
with fluid) and migration of crystallization steps towards the centre of the faces.
Crystallization kinetics can also impact on the phase equilibria of magmas because of
their high dependence on the structure of the minerals. They can change the sequence of
phases crystallizing out of a melt because of the differential nucleation and growth rates of
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separate minerals. In other words, different mineral phases may react in a different way to
a single undercooling imposed to the system (e.g., Cashman, 1993). Olivine,
clinopyroxene, and feldspar were experimentally shown to have increasing reluctance to
nucleate and grow in that order (Gibb, 1974; Walker et aI., 1976, 1978; Grove & Bence,
1977; Lesher et aI., 1999; Donaldson, 1979), which is thought to relate to the increasing
degree of complexity of their structures (Dowty, 1980a) and hence higher surface energies
(Gibb, 1974). For plagioclase, the necessity oflarge structural re-arrangement for changes
in the chemical range

An30-An90

may explain the crystallization delays and the tendency of

the crystals to be irregularly zoned (Allegre et aI., 1981, referring to Samoylovitch, 1979).
Olivines show predictable nucleation delays of ~T < 13°C from basaltic melt (Donaldson,
1979), although plagioclase nucleation is highly variable (Gibb, 1974).
The effect of processes of cooling and degassing on crystallization kinetics, that this
study most specifically tackles, will now be addressed. The role of the former on
increasing the undercooling of the melt seems obvious. Perhaps less evident, however, is
the fact that exsolution of water from the melt, that almost invariably occurs when magma
decompresses when rising to the surface, is a major factor for causing large degrees of ~T.
It produces a large increase in magma liquidus temperatures that is unlikely to be

compensated by some crystallization or cooling before the magma reaches the upper parts
of the conduit, or even the surface, just because of the restricted amount of time available.

An additional effect of water degassing and cooling is that they increase the viscosity of
the residual liquid, which will slow the diffusion rates of elements through the liquid, in
turn favouring disequilibrium crystallization and large crystallization rates.
As well as water content, crystallization kinetics will also be affected by magma
chemistry and specific conditions of pressure and temperature. Grove et aI. (1992) and
Gaetani et aI. (1992) clearly showed the large impact of water content on the stability of
mineral phases. Hammer & Rutherford (2002) and Couch et aI. (2003) have focused on
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using dynamical petrological experiments to quantify pressure effects on crystallization
kinetics that are applicable to the eruption of Pinatubo dacite and Montserrat andesite. The
starting material in both experiments had -71 wt.% Si02 and a calculated viscosity of _10 4
Pals at liquidus temperature (PELE model; Boudreau, 1999). It is to be noted that the
evolved composition of the material used by Couch et al. (2003) compared to a typical
andesite comes from that they used a material representative of the groundmass
composition of Montserrat andesite. These two sets of experiments consistently_show a
correlation between decompression rates and thus timing of degassing with the
composition, morphology, size, and number density of forming crystals. Nucleation and
growth rates peak at fl. T -150°C for the groundmass composition of Montserrat andesite in
Couch et al. (2003) experiments, while the maximum nucleation rate is at fl.T -210°C for
Pinatubo dacite as shown by the experiments of Hammer & Rutherford (2002). The
crossover of each curve detimitates a region of dominant growth rate at low fl.T, and large
nucleation rates at higher fl.T (fl.T 34-93°C and fl.T >139°C, respectively, see Hammer &
Rutherford, 2002). Larsen (2005) obtained the same trends from similar experiments on
Aniakchak rhyodacite, but for lower fl.T (maximal nucleation rates for fl.T

=

95°C). For

basaltic melts, the peaks of nucleation and growth rates are expected to occur at lower
undercooting due of the higher diffusivity of elements in those compared to andesitic and
dacitic melts (Lowry et aI., 1982).
The specific subjects approached in each Chapter will now be re-stated, showing how
they link together to unravel the questions raised.
SUMMARY

1.4

•

This study attempts to characterize the mode of emplacement of rubbly p~hoehoe
lavas. Those have surface characteristics different from the typical pahoehoe and
'ala lava types, and their study therefore may provide fundamental information
about the factors controlling lava rheology and surface morphologies.
17
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•

This work was separated into three main parts that represent the chapters forming
the main body of the thesis:
Chapter 2: The Laki lava flow surface morphologies are examined through
a combination of field study, aerial photograph mapping, and examination
of historical accounts. This investigation aims to develop a physical model
for the formation of rubbly pahoehoe morphologies for the Laki lavas.
Chapter 3: The petrology and petrography of glassy samples of tephra and
lava that represent different stages in the evolution of the Laki magma and
lava during eruption is studied in order to understand the role of degassing
and cooling processes on the morphological features described in Chapter 2.
Chapter 4. The surface characteristics of rubbly lavas observed along some
flows on Reykjanes Peninsula and in sections through the Columbia River
basalts is described, using a similar approach to that used in Chapter 2. This
part focuses on the description of sections through the flows, including
some from the Laki lavas and others from Hawaiian lavas, and uses
petrographical observations assisted with CSD analysis to characterise the
cooling and solidification processes that take place inside flows with
distinct surface morphologies. The link between lava textures, eruption
parameters and emplacement processes is finally addressed.
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Chapter II
Morphology, surface structures, and emplacement of lavas
produced by Laki, A.D. 1783-1784

This chapter is published as:
Guilbaud, M.-N., Self, S., Thordarson, T., and Blake, S., 2005, Morphology, surface
structures, and emplacement of lavas produced by Laki, A.D. 1783-1784, in Manga, M.,
and Ventura, G., eds., Kinematics and dynamics of lava flows: Geological Society of
America Special Paper 396, p. 81-102.

Some of the information included was used in the following co-authored paper:
Keszthelyi, L., Thordarson, T., McEwen, A., Haack, H., Guilbaud, M., Self, S., Rossi, M.,
2004, Icelandic analogs to Martian flood lavas: Geochemistry, Geophysics, Geosystems, v.
5, no. 11.
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2.1

ABSTRACT
The A.D. 1783-1784 Laki eruption in Iceland was one of the largest basaltic eruptions

in historical times. In only 8 months, > 14 km 3 of lava was erupted, creating a -600 km 2
lava flow field. The flow field presents a wide range of surface morphologies that can be
subdivided into shelly, spiny, slabby, and rubbly pahoehoe types. This report constitutes
the first comprehensive description of the Laki lava flow field, and links the overall flow
field organization seen on aerial photographs with key textural features observed in the
field. By examining the transitions between the different surface morphologies, a
conceptual model for the fonnation of a rubbly pahoehoe surface during the emplacement
of a lava flow could be presented. Patterns in the distribution of surface morphologies in
the Laki flow field are combined with infonnation from historic accounts to detennine the
impact of pre-existing topography and changes in lava supply rate on flow morphology.
The majority of Laki flows were initially emplaced as inflating pahoehoe sheets with
hummocky margins. These gradually developed rubbly pahoehoe surfaces through
progressive disruption of crust immediately behind the hummocky margin or at the active
flow front. This sequence was repeated when fluid lava stored within the interior of the
inflating sheet lobes broke through at the flow front to advance the flow. The quasiabsence of 'a'a-type clinkery crusts shows that the lava never reached the point of
continuous surface defonnation by tearing of core lava at the leading edge of the flow. The
Laki lavas have surface characteristics different from pahoehoe and 'a'a, and the tenn
rubbly pahoehoe is appropriate for the dominant surface texture on the Laki flow field.
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2.2

INTRODUCTION
During the AD 1783-84 Laki eruption, 14.7 km3 of lava was erupted in only 8 months,

which is considerably larger than the volume of lava produced in common historic basaltic
eruptions. By comparison, the Pu'u '0'0 eruption has only produced -2.2 km3 of lava in 20
years of near-continuous activity (Heliker & Mattox, 2003). Thus, lava eruption and
effusion rates at Laki were exceptionally high, and the largest values estimated have been
compared with those involved during flood basalt eruptions (Thordarson & Self, 1993; Self
et aI., 1997).
The surface morphology of the Laki lava field shows a number of characteristics that
depart significantly from classic pahoehoe and 'a'a, which were themselves initially defined
from Hawaiian lava flow-fields (Wentworth & Macdonald, 1953). Its characteristic feature
is an extensive cover of fragmented, but typical, pahoehoe crust, hence the designation of
this crust type as "rubbly pahoehoe" (Keszthelyi & Thordarson, 2000; Keszthelyi et al.,
2001). Moreover, this surface morphology has been identified in many other Icelandic lava
flow fields (Keszthelyi et al., 2004). Interestingly, it also characterizes some lava flows in
the Columbia River flood basalts (Self et al., 1997), and lavas in drill cores through the
Kerguelen plateau (Keszthelyi, 2000, 2002), whereas it does not appear to any large extent
in Hawaiian lava flow-fields. The large-scale surface features on Laki lavas have
similarities to those seen on images of some lavas flows on the surface of Mars (Keszthelyi
et al., 2000, 2004).
The Laki eruption sequence is well constrained (Thordarson & Self, 1993 and
references therein), and because the surface of the lava is accessible almost in its entirety,
the Laki lava flow-field represents an ideal site to study rubbly lava textures in relation to
emplacement dynamics. Understanding these textures will increase our knowledge of the
products of large-volume basaltic eruptions and lava transport processes.
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This account constitutes the first comprehensive description and map of the Laki lava
flow-field. It concentrates on linking the global flow-field organization observed from
aerial photographs with key textural features observed in the field. Combining these
observations with eye-witnesses accounts (Steingrimsson, 1788), a conceptual model of
rubbly pahoehoe formation can be presented. The distribution of surface morphologies is
explored to determine the impact of topography and variations in lava supply rate on the
morphological features.
The general setting of the eruption, the characteristics of the magma involved, the
eruption chronology, and terminology used is first introduced. Next, the basic surface and
internal characteristics of shelly, spiny, slabby and rubbly pahoehoe lava types on the Laki
flow-field are defined. The distribution of lava types in separate sectors of the flow-field is
then presented, the morphological transitions are examined, and, in some places, the
evidence is interpreted and the processes that formed them are discussed. This section
contains detailed field descriptions that some readers may wish to pass over, going straight
to the general interpretations given in the section entitled "Model of emplacement of the
Laki lavas". Finally, a brief set of conclusions is presented. A detailed description of the
petrology and petrography of the Laki lava, and an analysis of the role of degassing and
cooling in the origin of specific textures, will be presented in Chapter 3.

2.3

BACKGROUND

The Laki eruption is thought to be part ofa 2-year-Iong volcano-tectonic episode on the
Grimsvotn volcanic system, in the East Volcanic Zone of south Iceland (Thordarson &
Self, 1993 and references therein, Fig. 2.1). The eruption took place along a volcanic
fissure-swarm linked to Grimsvotn central volcano, and created a NE-trending 27 km-Iong
fissure, along which more than 140 vents were opened (see Thordarson & Self, 1993;
Thordarson et aI., 1996, 2003). The cause of the eruption is thought to be related to the
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building of compressive stresses and subsequent failure of the crust above the feeding
magma reservoir (Gudmundsson, 1987), while the fissure follows the principal direction of
shear stress generated by plate-pull in Iceland (Gudmundsson, 2000). The cause for the
migration of the eruptive activity along the fissure from SW to NE, thus towards the
central volcano, is not known.
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Figure 2.1: Location and general map of the Laki lava flow-field. A) Location map of Laki fissure
and lava flow-field (filled in black) in Iceland; EVZ, NVZ WVZ refer to approximate extent of
East, North and West Volcanic Zones, respectively. B) Map of the Laki lava flow-field with
location of places cited in the text; extent of highland lavas in grey; Sidujokull is part of the
Vatnajokull ice-cap. C) Outline of extent of Pu'u '0'0 lava flow-field in 2004 at the same scale as
Fig. lB.

2.3.1

Petrology of the lava

Products of the eruption are quartz-tholette basalt of uniform composition, implying
efficient magma homogenisation in a large reservoir prior to eruption (e.g. Sigmarsson et
aI., 1991; Thordarson et aI., 1996). Mineral phases are plagioclase (An95-40), clinopyroxene
(W024-42 E n 31-S\ FS\4-3S), olivine (Fo 7S -4o) and Fe-Ti oxides (mainly titanomagnetite) (e.g.,
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Gronvold, 1984). Total lava crystallinity varies between 20 and 35 vol.% in glassy
selvages, and rises to 90 vol. % in samples from the core of the lava. Phenocrysts (> 100
pm) comprise <3 vol.% of the rock and between 5 and 30 vol.% of the groundmass matrix

is occupied by microphenocrysts (20-100 pm) and microlites «20 Jlm). Tephra clasts are
poorly crystalline (0 to 10 voI.% total crystallinity, Thordarson et aI., 1996) and do not
contain microlites, which suggests that these formed during flowage. Fe-Ti oxides are
absent in lava glassy selvages indicating that the emplacement temperature of the lava is
above their temperature of appearance in the melt. Geothermometres give a temperature of
emplacement between 1110 and 1130°C (Thordarson et aI., 1996).

2.3.2

Chronology of the eruption

Thordarson & Self (1993) and Thordarson et al. (2003) present a detailed eruption
chronology, on the basis of the eyewitness accounts of Steingrimsson (1788). The mode of
magma discharge from the fissure and the major episodes in construction of the lava flowfield are more specifically reported here, along with an assessment of the extent to which
the lava interacted with water, snow or ice. Localities cited and lava flow-field boundaries
are given on Fig. 2.1, using the same terminology as Thordarson & Self (1993). The

Eldhraun branch refers to the part of the lava that reached the coastal plain by flowing
down the Skafhl gorge. It does not include lava that now fills the gorge. The term

Brunahraun branch designates, in the same way, the lava emerging out of the Hverfisflj6t
gorge, and spreading onto the flat coastal plain.
The fissure can be divided into 10 partially overlapping segments that opened
successively from southwest to northeast during the eruption. The fissure system cuts
across the older hyaloclastite hill of Laki. This hill has been taken as a reference point to
differentiate between the SW cone row and the NE cone row of the fissure (Thordarson &
Self, 1993). Fissure segments 1 to 5 are part of the SW row; 6 to 10 are part of the NE row.
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Each fissure segment corresponded to a separate eruptive episode, and each eruptive
episode began with sub-plinian activity followed by vigorous Hawaiian-type lava
fountaining associated with a high gas- and ash-loaded eruption column. Magma discharge
3

rate increased rapidly from the fissure, at eruption rates from 1 to 5 x 10 m3 S-I, and lavas
quickly spread onto the highlands at effusion rates from 2 to 8 x 103 m3 S-I. Relatively late
during each episode, the fissure vent segments evolved into a row of single vents in the
form of tephra-spatter cones (there are also two tuff cones along segments 4 and 6). Lavas
were then produced at much lower rates at each fissure, probably mainly from breaches
through the cones, while the main activity shifted north-eastwards. Thordarson and Self
(1983) discuss the sub-surface mechanisms for the eruption.
The eruption started on the 8th of June 1783. During episodes 1 and 2 (8 to 14 June)
lavas invaded the Skafia river bed on the north of the Hnuta ridge and filled partially its
gorge to emerge on the coastal plain as a lava surge on 12 June, forming the beginning of
the Eldhraun branch. Magma discharge peaked during the opening of fissure 3, when
segments 1 and 2 were still active (Thordarson & Self, 1993). The lava partly covered the
Varmardalur valley, reached the Skafta gorge and emerged onto the coastal plain a few
days later, enlarging the Eldhraun coastal branch (for more details see Thordarson et al.,
2003). Episodes 4 and 5 (23 June-20 July) delivered surges of lava to the coastal plain,
further expanding the lava flow-field. During episodes 6 to 10, lava covered the Skafta
flood plain at the south of Stakafell and then headed southwards towards the Hverfisflj6t
river gorge. Lava emerged from the gorge on 7 August. The coastal lava branch of
Brunahraun was formed in five main surges lasting until the end of October. The fissure
emitted lava until 7 February 1784.
In summary, accounts show that advance of the flows was intermittent and strongly
related to fluctuations in magma discharge. Throughout the eruption, lava was delivered to
the coastal plain in major surges. In the periods between each surge, the lava supply was
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lower and steadier. The lavas produced during the early fountaining episodes are those that
reached the coastal plain, whereas the flows formed later in each episode produced short
flows now covering the highlands.
Historical accounts and field evidence testify of the interaction of lava flows with water
at many stages of their emplacement. The first lavas emplaced over an area interacted
explosively with the water-loaded substratum, producing extensive groups of rootless
cones (see Thordarson & Self, 1993, and references within, and Thordarson et aI., 1998).
These are now partially covered by later-emplaced lava flows. The water outflow from the
Skafta and Hverfisfljot river gorges onto the coastal plain was reported to dwindle and then
to stop completely just before the arrival of the first lava surge out of each gorge, which
occurred the 10 June for Skafta river gorge and the 3 August for Hverfisfljot river gorge
(see Thordarson & Self, 1993; Thordarson et aI., 2003). According to accounts, the river
outflow from the Skafta river gorge resumed just before the emergence of lava from the
Hverfisfljot river gorge (14-29 September), and then stopped again. Lava flows were
reported invading river streams during their emplacement on the coastal plain, which must
have caused major disruption of the course of the rivers. As for the potential contact of the
lava with snow, accounts do not mention any snow fall during the course of the eruption.
They do not report, either, of lava flowing over snow or ice, hence, the area is presumed to
have been devoid of snow cover when the eruption started. Further pertinent details will be
given when describing separate zones of the flow-field.

2.4

METHODS AND TERMINOLOGY

2.4.1

Terminology for flow-field organization and lava emplacement

The structure of the Laki lava flow-field is complex and its largest-scale elements are
best observed in aerial photographs. A few terms have been selected to describe the
organization of the flow-field. They are lava flow-field, lava flows and lava lobes. These
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were adopted from others by Self et aI. (1997) and are adapted here for the Laki case. In
the text below, morphological keys that allowed us to distinguish the limits of each
different flow element are described. The term branch is used here as a non-specific
geographical term referring to distinctive parts of the flow-field. It can describe individual
lobes, flows or simply separate parts of the flow-field, and does not have a genetic
implication.
The term lava flow-field designates the entire lava product of the eruptive event. The
extent of the Laki lava flow-field is easily traced since it is the most recent volcanic
product in the area (apart from ash deposits), and because its relatively young surface has
suffered limited post-emplacement erosion and coverage by sediments.
A lava flow is a lava body formed by the solidification of an individual outpouring of
lava from the vent. It would then correspond, ideally, to a single episode of magma
effusion during the eruptive event. Morphologically, a lava flow has steep monoclinal
margins and a continuous top. It rarely forms a single stretch of lava but consists of a
succession of lobate segments that represent the sequential emplacement of the lava flow
("lobe by lobe emplacement" described in Hawaii, see Hon et aI., 1994). These lava flow
segments are what the term lava lobes refers to here. An outbreak lobe is a lava lobe that
originated from local breakage of the front of a source lobe by release of the lava contained
in its core. Finally, it should be noted that lava lobes occur on several scales. For instance,
a metre- or kilometre-scale lava lobe defined on aerial photographs can be found to be
composed of cm- to m-scale lava lobes in the field. Toes are small, centimetre- to
decimetre-sized, budding lava lobes.
When lobes are produced by outbreaks from along the margin of a single large source
(generally a larger lobe), they may merge laterally by coalescence of their individual
surfaces into a continuous crust and then expand the surface of the source lobe. Continual
inflation of the homogenized lobe typically produces a broad lava body with a very flat

27

Chapter 2 - Morphology, surface structures, and emplacement ofLaki lavas

upper surface and steep monoclinal uplift margins (Hon et al., 1994). This type of lobe is
called here a sheet lobe, referring to its morphology. The term hummocky describes the
highly irregular upper surface of a lava flow composed of numerous lava lobes which
failed to coalesce completely and underwent differential inflation, creating features called

tumuli (dome-shaped features, singular, tumulus) and lava-rise pits (circular depressions)
(Walker, 1991). Lava rise pits are common in sheet lobes and form when the lava initially
flowed as a thin layer around an obstacle, and then inflated around it. The initial obstacle
appears then as a depression bounded by very steep up-lifted margins, which is often
covered by breakouts that emerged from underneath the surrounding inflated crust
(Walker, 1991). The fractures and open gashes created by inflation processes and
propagating through the interior of the lava crust will be called inflation clefts, following
Walker (1991). The term crack will be reserved to describe long fractures of km scale that
are not specifically related to inflation processes. When the cracks are associated with an
extensional component, therefore exposing the lava underneath, they will be called

extensional cracks. Also common in many flow-fields, sUrface breakouts emerge from the
interior of flows, breaking through the upper crust and spreading over the surface.

2.4.2

Thickness of upper lava crust as a chronometre

As illustrated in the next sections, the interior structure of the flow is dominated by the
division into an upper lava crust and a lava core (as defined in Self et al., 1997). Several
studies of many other basaltic lavas have shown that the upper crust is formed during
active inflation and on-going degassing of the flow (Hon et al., 1994) and that this
structure is indicative, alone, of an inflation-dominated emplacement (Cashman &
Kauahikaua, 1997). Hon et al. (1994) found that the thickness of the crust in active
Hawaiian sheet flows is proportional to the square root of the time during which fluid lava
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is continuously supplied in the interior of the flow. To calculate the time during which the
flow inflated, it is only needed to invert their equation, giving:
t= 164.8 C2,
where t is the time (hr) and C the upper crust thickness (m).
This has important implications for our work and useful applications. It allows us to
estimate the amount of time needed to form a given crust fragment in the flow-field, and
therefore it tells us the amount of time elapsed before the disruption of the surface took
place. The only assumption that is made in applying this "chronometre" is that the thermal
properties and heat transfer processes of Laki lava flows were sufficiently close to
Hawaiian lavas such that they show a similar cooling rate. This condition has been
examined by Keszthelyi et al. (2004), using the model presented by Keszthelyi &
Denlinger (1996). They found that any realistic differences in thermal properties should
not result in more than a 25% uncertainty. Accordingly, forming a I-em-thick crust
requires -1 min, although it takes about 1.5 hour (± 20 min) to build a crust of 10 cm in
thickness and about 7 days (± 1.4 days) to form a I-m-thick crust. A 5-m-thick crust would
need -5 ± I months of inflation.

2.5

DESCRIPTION OF LAKI LAVA TYPES

Lavas of the Laki lava flow-field can be classified according to their surface
morphology on the basis of the characteristics of the outer surface of the lava and on the
type of fragments covering that surface. Spiny, slabby, and rubbly pahoehoe types are
distinguished (Table 2.1). The text refers briefly to a shelly pahoehoe type, which
possesses a very vesicular outer surface and is typical of near-fissure Hawaiian flows
(described by Wentworth & Macdonald,

1953; Swanson,

1973). The general

characteristics of these lava types are described below but it is worth noting that, at Laki,
there is often complete transition between these types. The characteristics of each of these
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types also vary within the flow-field. A practical issue in studying the lava in the field is
the presence of a green moss (Racomitrium) which covers almost the entire lava surface,
commonly forming a 5-1O-cm-thick carpet. When accustomed to it, it appears that this
moss highlights the morphological differences between the surface types rather that hiding
them: it can also be lifted up to uncover the surface of the lava, when necessary. The
surface textures of the Laki lava is first presented, followed by details of the internal
structure. The features described will then be interpreted towards the end of the paper.
Table 2.1: Summary oflava types and process of formation
Lava type

Formation process

Figure number

Shelly pahoehoe
Spiny pahoehoe

Flow of gas-rich lava along fissure
Small-volume breakouts of lava through active flow
front

Slabby pahoehoe

Extensive surface deformation of large inflated flow
by fragmentation of thin outer crust
Repeated cycles of inflation and surface crust
brecciation of slabby pahoehoe lobes; compression of
fragments at surface creates ridges of rubble

2.2A
2.28. 2.2C, 2.4. 2.5A,
2.Se, 2.5D, 2.9, 2.10A.
2.1 08, 2.1lD
2.2E, 2.3A, 2.78, 2.8C.
2.9, 2.1 OAt 2.1 OB, 2.11 C

Rubbly pahoehoe

2.5.1

2.2H, 2.2F, 2.2G, 2.38,
2.3C, 2.58, 2.8C, 2.9

Surface morphologies

Shelly pahoehoe texture occurs on small lobes or large flat-topped sheet lobes with a
smooth vesicular surface (Fig. 2.2A) which are restricted to the proximal sector around the
fissures. These surfaces quickly evolve to spiny pahoehoe away from source.

Spiny pahoehoe lavas typically consist of multiple lobes 5-20-m-Iong, to larger-scale
sheet lobes with a coherent crust, smooth at metre scale and rarely fragmented (Figs. 2.2B,
2.2C, 2.2D). Sheet lobes bordered by hummocky marginal lobes compose the larger-scale
morphology of a flow branch dominated by spiny pahoehoe surfaces. The surface of sheet
lobes is typically buckled, with evenly distributed polygonal inflation clefts. Lava rise pits
are common within the sheet lobes and along their margins (Fig. 2.2D). Marginal inflated
lobes form tumuli with deep axial and lateral inflation clefts. Centimetre- to decimetrescale coarse ropes are common and, on a centimetre scale, the surface of the lava is slightly
irregular, covered by numerous millimetre- to centimetre-long spines.
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Slabby surfaced lava is characterized by a jumble of large tabular to curved pieces of

spiny pahoehoe crust, dislocated and tilted-up on the flow surface (Fig. 2.2E). Lava rise
pits and inflation clefts are also common on these flows. The thickness of individual
crustal slabs ranges from a few centimetres to several decimetres but is most commonly
20-50 cm and sometimes the slabs are imbricated. Smaller-sized rubble is often mixed in
between the slabs as a minor component (see next section for description of this rubble).
The external surfaces of the slabs may be coherent and slightly spiny or convoluted with
ropy features and stretched toes attached to the slab interior. Some slabs have undersides
covered by numerous glassy protrusions typical of gas blister walls. In other cases scrape
marks are present (Fig. 2.3A) and many slabs have a reddish contorted base.
Rubbly pahoehoe lavas differ from slabby-surfaced lavas by being largely dominated

by loose blocks of pahoehoe lava crust generally <10 cm in size (Figs. 2.20, 2.38, 2.3C,
see also Keszthelyi et al., 2004). These are often piled in metre-sized mounds forming
elongated and sinuous ridges (ridged rubbly type, see Fig. 2.20) along margins of
individual lobes or in front of obstacles. A large variety of types of rubble has been
observed, changing around the Laki flow-field and also within the same pile. Usually
present at the top of the pile, the largest blocks are commonly 20-50 cm thick and 1-2 m
across, similar to these described above. Coherent slabs > 1 m thick are uncommon and
often form collections of slabs with almost identical thickness and basal-scrape marks.
Filling the gaps are smaller fragments of slabs with similar characteristics. Fragments of
pahoehoe toes can be also found. Denser blocks are also observed, typically 10-20 cm in
thickness. They have angular edges and resemble slow-cooled lava from the inner part of
the flow, and their outer faces may correspond to cooling joints. A minor component of
centimetre-size rubble (usually the smallest fragments found at a given place) shows
evidence of deformation by plastic tearing. Their shape is irregular and they are intensely
fragmented.
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The larger scale features described below are common to slabby and rubbly pahoehoe
surfaces. The term plate refers here to a specific feature, a rounded to polygonal-shaped
flat area of intact surface of lava crust, from 10m to 1 km across, and surrounded by a ring
of disrupted slabs (slabby pahoehoe surface type) or mounds of rubble (rubbly pahoehoe
type, see Fig. 2.2F). Grooves form linear depressions (Fig. 2.2H) with an upstream tip
characterized by curved ridges, and they have also been described as wakes (Keszthelyi et
al., 2000). Cracks form sigmoid-tipped lineaments on the lava surface, easily seen on aerial
photographs, and 1-5-m-wide, linear depressions on the ground. They are often
characterized by squeeze-ups of crystalline and degassed lava along their axis.

2.5.2

Internal structure

The internal structure of shelly, spiny, and rubbly pahoehoe types is now described.
Internal subdivisions are based mainly upon the vesicularity of the lava. A thick vesicular
upper lava crust (with or without rubble), a dense lava core and a thin vesicular lower lava
crust (with or without rubble) are distinguished. Complete cross-sections through the flows
were found only at 10 locations along river cuts at the margin of the flow-field on the
coastal plain, where the flow is dominated by 1-4-m-thick pahoehoe lobes with 20-50-cmthick vesicular surface rubble (Fig. 2.4).
Shelly pahoehoe-surfaced lavas are thin-crusted flows «30 cm thick) with a very
vesicular upper crust (>70 vol.%) underlain by a gas blister, a large cavity occupying the
lobe interior and starting about 10 cm below the upper surface. Because of this feature,
Swanson (1973) referred to this lava type as cavernous flows.
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Figure 2.2 (previous page): Representati ve photographs o f different surface morph o log ies (on
most ph otographs the lava is covered by moss), A) Shell y pahoehoe lavas near fi ss ure 4, loo king
nort h; note cavi ti es in lava . B) Small pahoe hoe lobes in vadin g rootless cone fi e ld on foregro und ,
labby-surface d fl ow in bac kground , and upl and scarp (in di stance), along marg in o f the Eldhraun
branch. C) Spin y-s urfaced pahoehoe sheet lobe ove rridden by fl ow with tumulu s; note loca li zed
di sruption of sheet lobe surface into thin slabs and di srupti on o f sides of tumulu s, margin of the
Eldhraun fl ow-field locall y uncovered with moss. Day- pack for sca le. D) O verview o f large
pahoehoe sheet lobe with - 20-m-wide and - 2-m-deep lava ri se pits; Eldhraun northeast margins
looki ng north towards upl and scarp. E) Sl abby fl ow with -30-cm-thi ck she lly pahoehoe s labs, near
cones fro m fi ss ure 7. F) Pl ate fo rming fl at de press ion in between ridges of rubble; Eldhra un ce ntral
area. G) Road cut through 5-m-hi gh ridge of rubble, Eldhraun central area. H) Groo ve feature
fo rming km-scale linear de press ion in rubbl y surface, Eldhraun ce ntral area (photograph courtesy
of L. Keszthe lyi).

Figure 2.3: Photographs of surface fragments. A) Sc rape marks at base of pahoehoe slab
overturn ed at front of fl ow: note latera l continuit y of marks (> 70 cm long). B) Close-up of -S-c ms ize rubb le composi ng the ridge in Figure 2.2F ; note ves icularit y of c lasts. C) Sec ti on th rough
s li ghtl y contorted rubb le: note vesic ul arit y o f interi or and stretchin g of vesicles paralle l to th e
urface.
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A

B Description section L 1
Rubble (up to 50 em thick) :
disjointed 5-1O-em-thick vesicular (vs) slabs with convoluted
surface and basal scrape marks : lower rubble made of smaller
vs clasts welded at flow upper crust; undulated limit.
Upper crust (up to 90 cm thick) :
-1CH:m-thick finely vs upper zone .
- 8CH:m-thick more coarsely vs zone; gas blisters : 5-cm-thick ,
S-em-Iong cavities, better developed near limit with core
Core (up to 1.7 m thick) :
sparse , coalesced vesicles; segregation vs zones
Lower crust (up to 20 em th ick) :
poorly defined , coarsely vs lava
Base:
no rubble , contorted base

Figure 2.4: Photographs and sketch of ex posure through 7-m-long and 6-m- wi de lobe, Eldhraun
margin_ Th is lobe is co mposed of 3 individual lobes (l abe lled L1 , L2, L3) partiall y merged
together, whi ch, in secti on, have di stincti ve upper c rusts (the dashed line indicates the limit
between upper crust and rubble- see in A), The cores of Ll and L2 merge into a single body. L3
for ms an independent lava body but its upper cru st is linked to the lateral margins of L2 by
interleaved sheets of lava (a feature called lava suture-see tex t for descripti on and close-up
photograph 4C). Characteri stics of L I, in secti on, are desc ribed in the lower left corner of the
Figure (B).

For lobes with spiny pahoehoe surface, the upper cru st is less vesicular (20-30 vol. %)
and fo rms 30-50% of the total unit thickness_ Gas bli sters often separate thin slabs of
upper cru st fro m the underl ying lava. Vesicles are small , closely spaced, almost spherical,
and often coalesced. The average size of vesicle increases inwards and the upper cru st can
be divided into an upper finely vesicular zone and a lower more coarsely vesicular zone,
the proportion of each varyi ng_ The limit of the upper crust with the core is often marked
by the presence of megavesicJes which fo rm in horizontal layers. The core of the fl ow is
formed by dense, poorl y vesiculated to non-vesicular lava_ In lobes <1 m thick, the inner
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part of the lava is coarsely vesicular. Segregation features are common characteristics of
the cores of thicker lobes, but can be observed in smaller lobes. The lower crust of the flow
units appears to be invariably -30 cm thick. The base of the sections is generally spiny and
coherent or composed of small toes.
At the junction between two adjacent spiny pahoehoe lobes, or lobes with thin rubble,
vertical stacks of interleaved lava plates connected to the lateral margins of each lobe were
found (Fig. 2.4C). Underneath this suture, the crust and core of the two lobes in contact is
connected (Fig. 2.4A). Sheet-like protrusions of lava were seen in several parts of the flowfield, either emerging from the core of the flow and dipping outwards in lava rise pits, or
vertical and inside the axial cleft of a tumulus structure (Fig. 2.5). These protrusions
commonly have a lamellar structure with imbrications of thin layers of lava and, often,
vertical lineations on their surfaces (Fig. 2.5D).
Lobes that show some rubble at the top have the same internal structure as described
for spiny pahoehoe lobes. Some rubble is present at the base of lobes with thick top rubble.
To my knowledge, complete sections through Laki flows with thick (>2 m) rubble (i.e.,
from the middle part of the flow-field) do not exist. It is, however, possible to observe the
upper part of the flows (rubble and upper crust) in features such as lava rise pits or
inflation clefts. The features described here were found at the western margins of the
Eldhraun flow-field but are very likely to be found in other parts of the flow-field. In one
typical section exposed in a 20-m-wide lava rise pit, the base is formed by a 2.3-m-thick
vesicular upper crust which is characterized, in its lowest part, by sheet-like protrusions of
lava attached to the outer surface and plunging inwards (towards the core of the flow). A
1.5-m-thick rubble layer lies on top of the crust. The lowest rubble clasts (5-10 cm in size)
are strongly welded and connected down to the crust, with fingers of largely degassed lava
crust rising into the rubble. When small (a few cm wide), these intrusions are finely
crystallized and vesicle-poor. Larger intrusions sometimes show a chilled margin (a few
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cm thick ) that i virtually vesicle free (Fig. 2.5). B y contrast, the inte rior of the intru s io n is
ves icular (-10-20 vol. % vesic les). The transition be twee n the upper crust and thick rubble
is often undulating a nd , lying over the rubble, there are 30-S0-cm-thick pahoehoe-like
crustal labs, tilted-up on the surface. At another location exposed along an inflati o n cleft
at the fro nt margin of th e sa me flow , surface breakouts were seen, intruding th e upper
rubbl e (Fig . 2.SA) .

A

extrusions

IIiii

direction
_ _ outline

Figure 2.5 : Photograph of different types of intrusions of lava into fl ow-top rubbl e. A ) Surface
breakout. B) Close- up of 30-cm-thi ck intrusion in thi ck rubbl y part of th e Eldhraun branch. C)
Vertical ex tru sions expo ed in ide axia l inflation cleft of a tumulu s. D) Imbricated verti cal
ex tru ions: note lineations on urface of lava and sheet morph ology of ex tru ions (arrows indicate
directi on of ex tru sions) .
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2.6

DISTRIBUTION OF LAVA SURFACE MORPHOLOGIES IN THE FLOWFIELD
Different surface types on the Laki flow are easily recognized on aerial photographs

due to the lower degree of light reflectance of irregular surfaces compared to smooth ones;
rubbly surfaces appear darker on the photographs than pahoehoe surfaces. By a
combination of field and aerial photograph interpretation, the description of surface types
is separated into three main geographic zones (Fig. 2.1): 1) near-fissure and highlands, 2)
river gorges, 3) coastal plain, i.e., the Eldhraun and Brunahraun branches. These areas are
distinguished by their distance from the vent and the pre-eruption topography. On the
highlands and near the fissure the terrain was variable, from flat and open to channelled
and steep. The pre-existing gorges were narrow and probably had a relatively regular
slope. The areas on the coastal plains were nearly flat and open, although covered by
historic and pre-historic flows pre-dating the Laki eruption.

2.6.1

Near-fissure and highlands

Early-formed flows. Lavas exposed near the fissure were mainly produced by small
effusion-rate flows during the late stages of eruptive episodes. However, early-formed
flows are exposed in a narrow zone located on the north side of the southwest part of the
cone row, along the south flank of the Ulfarsdalssker mountain, and are identified by a
cover of Laki tephra (Fig. 2.2A). They emerge in broad sheets from fissure segments, and
later-formed cones, bombs, and spatter rest on their proximal part. These flows form fanshaped sheet lobes with patches of slabby surface. Disruption of the surface crust is
observed at localities where the flow edges encountered barriers (previously-formed cones
or hyaloclastite mounds). The lavas are often shelly near source but change down-flow to
spiny in a few ten metres. These lavas are the most pahoehoe-like on the Laki flow-field.
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Figure 2.6: Oi tributi on of lava surface types near fissure and on surro undin g hi ghland s. A)
Struc ture map of lava fl ows. B) Aerial photograph s of an open -channel linked to co nes of fi ss ure 3.
C ) A ridged rubbly fl ow surface deve loped be hind a rootless cone fi eld ; areas described in tex t are
indi cated.
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Later-formed flows. The source of the later-formed flows generally shows <l-km-Iong
open channels emerging from breaches through the cones. The channels developed in the
centre of pre-established shelly to spiny pahoehoe flows and commonly lead down-flow to
rubbly-surfaced lobes. The surface of a fan-shaped lava flow emerging from the NE cone
row on the north side of Innrieyrar hill (Fig. 2.6) shows, in its proximal part, rafted blocks
a few tens of m across made of spatter piles. The lava surface around these blocks is made
of stacked shelly pahoehoe crustal fragments (Fig. 2.2E).
Lavas produced by the SE and NW cone rows are distinctly different in terms of
dominant surface type. In the Varmardalur valley and downstream towards the entrance of
the Skafta gorge, surfaces of lavas from the SE cone row are largely slabby to rubbly even
though there can be large changes in surface type along single flows. The front of thick
rubbly-surfaced flows often buts against rootless cones or hyaloclastite hills, with presence
of higher ridges at the contact. Important breaks in slope in that area follow a SW-NE
direction and are associated with hyaloclastite hills and mounds. Along these steep slopes
the lava flows often have open channels with formation of short, fan-shaped, rubblysurfaced flows at the base of scarps. Sheet- and hummocky-surfaced flows are mostly
located in marginal areas of the valley.
By contrast, lavas produced from the NE row, and which flowed into the flat area south
of the Stakafell hyaloclastite mountain, are mainly composed of hummocky lavas and
sheet lobes with some minor patches of lava with slabby surfaces. Prior to the eruption,
this area was a floodplain connecting the rivers Skafta and Hverfisfljot to the glacier,
which is consistent with the abundance of rootless cones formed there in the Laki lavas.
Lava that flowed south from the western end of the NE row first filled a long valley
located west of Blrengur and west of Innrieyrar and Fremrieryrar. They form a kilometrescale lobe there with surface characteristics grading from slabby to rubbly down-flow.
Flows that were produced from the east-end of the fissure row and flowed towards the

40

Chapter 2 - Morphology, surface structures, and emplacement of Laki lavas

Hverfisflj6t river gorge are mainly of hummocky and sheet pahoehoe type, although some
lobes show slabby to rubbly surfaces in areas where the flow was laterally confined.
To improve the understanding of transitions in surface morphologies, a 5-km-Iong flow
derived from fissure segment 6, east of the Laki hill (Fig. 2.7) was investigated. First, the
surface characteristics are described, and then interpreted in terms of emplacement of the
whole flow. The most proximal part (1 on map in Fig. 2.7) has a surface composed of thick
rubble and is linked to the breached vent cone by a -50-m-wide channel. Surface rubble of
the flow issuing from the channel is accumulated into ridges perpendicular to the flow
direction and which increase sharply in height from the source to the flow front. Rubble
ranges from 5-cm-Iong fragmented blocks to 50-em-thick slabs of pahoehoe crust. In the
central part of the flow, the rubble ridges pile up behind a kipuka of low bumpy ground
composed of tephra layers from eruptions predating the Laki eruption, which had been
surrounded by early-formed hummocky pahoehoe lobes. Downstream of the rubble ridges
(2 on Fig. 2.7), the lava surface is composed of a wide sheet of pahoehoe-surfaced lava
with marginal, smaller lobes. The transition between the two different surfaces is marked
by disruption of the sheet-like pahoehoe surface. Upstream from the transition, along the
southern edge (3 on Fig. 2.7), the margin of the flow is composed of tumuli of various
sizes with thick slabs of disrupted surface crust showing basal scrape marks (Fig. 2.7A).
The thickness of the slabs varies from a few centimetres to 1 m and spatial relationships
between slabs indicate that the crust was compressed perpendicular to the flow (Fig. 2.7B).
A few hundred metres downstream from the transition, the surface of the centre of the flow
becomes markedly more disrupted, changing from areas with tilted slabs and large plates,
to rubbly-dominated areas (4 on Fig. 2.7). There, the lateral margin of the flow is
composed of sheet lobes and successions of pahoehoe lobes, separated from the main body
by long cracks. The flow gets narrower in that part of the flow-field, laterally constrained
by the adjacent hyaloc1astite mounds. In the very narrow and steep area, a small channel
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developed in the centre of the fl ow and rubble was piled into ridges. At the bottom of th e
steep slope, the lava flow becomes wider and has a slabby to rubbly-d ominated surface (5
o n Fig . 2.7). The flow te rmin ates behind a fi eld of rootless cones .

®

small pahoehoe flows from cones along fi ssure
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Figure 2.7 : Map (A) and photographs (B , C) of di srupted margin of fl ow described in text. On
map. circled numbers are locati ons described in the text; on photographs, fill ed arrows indicate
directi on of compression as inferred from field features. B) Large-scale view of margin ; people for
scale. C) Close-up view of slabs; thin arrows point towards the la p of each slab as in fe rred fro m
downward ve icle coarsenin g; slabs are -60 em thi ck.

The e mplacement of thi s lava fl ow is envi sioned as follo ws. First, as the proximal
ru bble is made of di srupted pahoehoe cru st; pahoehoe lavas had to fo rm initi all y. Lava
fou ntainin g alo ng th e fi ssure may have produced rapidly spreadin g, broad thin fl ow s of
flu id lava fo rmin g sheet pahoehoe lobes with frontal breakout lobes . At the acti ve front,
flow growth by infl ati on proceeded as lava ke pt being supplied. The presence of thick
pahoehoe slabs on th e lava surface and alo ng the margin s suggests empl acement durati ons
of several days. The sudden confine me nt of the fl ow as it progressed dow nstream may
accoun t for the surface disru ption of the central part of the flow du e to the effect of
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increased internal pressure (4 on Fig. 2.7). At a late stage, the proximal surface of the flow
(Ion Fig. 2.7) was highly fragmented and the fragments compressed. It is speculated that
the brecciation may have coincided with the breaching of the feeding cone, giving rise to
the formation of an open channel in the centre of the flow and therefore increasing the
internal flux of lava. Along the margins, where the extent of the flow was restricted by the
surrounding hyaloclastite mountains, sudden augmentation of the internal lava flux caused
brittle disruption and lateral compression of the disrupted fragments.

2.6.2

River gorges

During the eruption, the gorges of Skafta and Hverfisflj6t were partially filled with
lava, causing the stream flow from the gorges onto the coastal plain to cease.
Contemporary accounts do not give clear descriptions of the flow of lava in the river
gorges (e.g., ifit was covered by a crust, or forming a channelled flow) because these areas
were difficult to access during the eruption. Most descriptions refer to the flow as it
emerged from the gorge onto the flat coastal areas. Soon after the eruption stopped, the
flow of water in the gorges resumed, eroding most of the surface. The river edges are now
extremely hazardous to investigate.
Aerial photographs show that, in the gorges, surface-exposed lava exhibits mainly
hummocky and sheet pahoehoe morphologies, with small lobes with rubbly surfaces. In the
upper part of the Hverfisflj6t gorge, an extensive system of tubes and various inflation
structures have been explored by Wood & Watts (2002). They also reported "fan-shaped
surface breakouts" with "a corrugated surface of transverse ridges", features that clearly
refer to rubbly pahoehoe surface breakouts. These flows are likely to be a late product of
the eruption.

43

Chapter 2 - Morphology, surface structures, and emplacement of Laki lavas

2.6.3

Coastal plain

Lavas exposed on the coastal plain constitute the main part of the total eruption output.
The Eldhraun branch, alone, contains -5 km 3 of lava (Thordarson & Self, 1993), one third
of the total volume erupted, and was produced when the effusion rate was the highest.
Eldhraun branch. Spatial relationships between the diverse lobes demonstrate that
the Eldhraun branch (Fig. 2.8) is formed of a single large lava flow composed of connected
breakout lobes, here called sub-branches. The main part of the flow was emplaced in -1
month, from 12 June to 20 July 1783 (Fig. 2.8D). Successively fed by fissures 1 to 5, this
flow covered -20 km from the fissure to the Skafta gorge, was confined for -20 km in the
gorge, and travelled -25 km from the gorge exit to the distal front, across the nearly flat
coastal plain, partially covering the older lava flow-fields of Eldgja and Botnahraun and
invading coastal distributaries of the Skafia River (Fig. 2.8D). The large-scale morphology
of the flow is that of a single lobe (here called the central lobe) developed at the exit of the
gorge that splits into three sub-branches (Fig. 2.8A). The eruption chronology suggests that
this central lobe was mainly constructed by lava produced during episodes 1 and 2 (from 8
to 14 June, see Fig. 2.8D). During episode 3, a main surge coming from the gorge was
followed by the formation of the SE sub-branch, which flooded a river plain and was
emplaced in 4 days (from 20 to 24 June). During episodes 4 and 5, the SW and NE subbranches were established.
Historical accounts describe the flow advance across the coastal plain. Arrivals of
lava surges out of the gorge were accompanied by large-scale surface disruptions; e.g.,
June 12: "a lava surge emerged out of the Skafta River gorge with enormous effluence,

cracking, din, and rumble" (from Steingrimsson's account, after Thordarson et aI., 2003).
It is likely that the disrupted lava mentioned was made of the crust of flows previously
emplaced on the plain. The lava is also described as invading cavities in older lava flows.
Descriptions also report that during the formation of the flow-field, periods of piling-up of
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Figu re 2.8: Surface feature on Eldhraun branch. A) Out line map of Eldhraun branc h with names
of different sub-branche as used in tex t. B) Structural map of lava fl ow surface of Eldhraun branch
howi ng major surface feature and arrange me nt of main lobes: boxes give locati on o f other
Figures as indicated; circ led number are locati ons referred to in text. In key, h-ph- hummoc ky
pahoehoe. C) eri a l photogra ph of area shown on B illu strating surface charac teri sti cs o f the three
components described in the tex t and their transiti on: BO indi cates source of large breakout
through the fronta l co mpressional be lt of central lobe. D) Outline of Eldhraun branch show ing preexi sting river cour es (grey ba nds) and date o f form atio n of main lava lobe (modi fied fro m
Thordar on et al.. 2003) .
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lava lobes alternated with periods of almost complete disruption of the surface
accompanied by rapid advance of the lava flow.
Surfaces from the up-flow end (gorge exit) to the terminus are rubbly to spiny
pahoehoe-dominated, respectively. The morphology of the central lobe, the sub-branches,
and then the distal margin will be described, and the formation of surface features at
specific areas will be interpreted. Figure 2.8C shows an aerial photograph that illustrates
the transitions across these three components.
Central lobe. The central lobe forms a fan-shaped structure about 5 km long and wide.
A belt of compressional ridges defines the front of the lobe (Fig. 2.8C). Kilometre-long
segmented cracks initiate from the centre of the lobe and extend towards the distal edges.
The predominant surface feature of the lobe is concentric ridges of rubble (Fig. 2.8C); the
surface is solely composed of rubble and sparse plates. Ridge height increases from 1 to 5
m, on average, from the up-flow end to the terminus of the lobe, and ridges are 30-40 m
wide. Within a single ridge, the rubble varies from small, broken, 10-cm-sized toes to 2050-em-thick slabs often with contorted surfaces and smooth edges. Some blocks are made
of imbricated slabs, and others of whole lobes with medial gas blisters (probably derived
from surface breakouts). A drop in level of the lava surface and a change in surface
morphology mark the limit of the central lobe, where sub-branches head off to the
southwest and south-east. The transition between the central lobe and the sub-branch to the
northeast is different and will be detailed below.
Down-flow sub-branches. The common morphological feature of these sub-branches

is a progressive increase in surface brecciation along single flow units, with formation of
plates, ridges, and cracks.
The SE sub-branch, which was formed in 4 days, can be divided into three distinct
large lobes (sources: 1, 2 and 3 on Fig. 2.8). The limit between each large lobe is marked
by a compressional ridge belt that is partially breached, probably due to frontal breakouts,
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and generally followed by a drop in topography. The ridge belt separating the most
proximal large lobe from the following one down-flow is located directly east of Botnar
farm (2 on Fig. 2.8). It is characterized in the field by a 10-m-high rubbly front carrying
slabs up to 1 m thick. Just down-flow from the belt, smaller breakout lobes -10-30 m long
emerge from both the rubbly front and from the large lobe downstream, and spread over
lava rises belonging to an older lava field partially covered by the flow. As seen on aerial
photographs, the central parts of the large lobes generally show numerous grooves and
cracks. Along the length of each large lobe, the surface changes from flat to slabby and
then to rubbly-dominated. The point of emergence of each large lobe (1, 2 and 3 on Fig.
2.8) is characterized by a large angular depression marked by transverse cracks (similar to
the distinctive dark grey patch on aerial photograph, Fig. 2.8C). This feature is composed
of a gently up-warped flat area covered by thin slabs, followed down-flow by disconnected
plates (see Keszthelyi et aI., 2004, for field observations and photographs).
The NE sub-branch was built in a period of at least 6 days. The surface of the lobe near
its source has numerous plates, ridges, cracks and grooves. Ridges formed after the plates,
deforming their edges; cracks were the latest structures to form. The transition of the
central lobe with the sub-branch (4 on Fig. 2.8) is marked by the presence of -6-m-high
ridges carrying up to 60-cm-thick crustal slabs. Along the north limit of the branch, just
south of Skat [ann, the ridges are orientated parallel to the upland scarp with large plates
between them. From the central lobe towards the east (5 on Fig. 2.8), the NE sub-branch
shows an alternation of 2-3-m-high ridges with -20-cm-thick slabs and higher ridges (5-6
m high) with 50-60-cm-thick slabs. Large plates 10-50 m across form a concentric
alignment (Fig. 2.8C). The eastern front of the branch, where it comes in contact with the
margin of the lateral breakout lobe described below (6 on Fig. 2.8), is a 15-m-high flow
front covered by rubble. From that front to -50 m up-flow, the rubble includes clusters of
1.5-m-thick slabs fonned by brecciation of highly inflated frontal breakouts.
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Three kilometres east of Skal farm, a large lobe breaks out from the northeast lateral
margin of the branch (7 on Fig. 2.8). It stretches eastwards for -S km and was formed in 6
days, filling a small river valley. The lobe is composed of a central part disrupted by plates
aligned along the flow centre and a hummocky dominated margin. The lobe's central part
is characterized by - 2 m-high ridges of rubble with large 2S-40 cm-thick crustal slabs.
Near the flow centre, a S-m-wide lava rise pit, linked to a crack, exposes -l.S m of upper
crust overlain by 2-m-thick rubble. Closer to the hummocky lateral margins, cracks form
segmented longitudinal depressions, 1-4 m wide and 1-2 m in depth. In these structures
the rubble is 2-3 m thick and is very often intruded by auto-intrusive dikes up to 2 m high.
Lava rise pits of 3-4 m in depth with 1-2 m of rubble were observed along the margin of
the main lobe. The southern marginal hummocky lobes interfinger with similar lobes
emerging from the main part of the NE branch (8 on Fig. 2.8), indicating that these two
large parts of the flow-field were emplaced at the same time.
South of Hunkubakkar farm, a 2-km-Iong lobe branches from near the eastern end of
the long lateral lobe and fills a narrow gorge located between the upland scarp and an
extensive Eldgja rootless cone field (9 on Fig. 2.8). This gorge was occupied by a river
before the eruption, and is now filled by an overflow from the Skafta River. The lobe
shows a remarkable range in surface morphologies (Fig. 2.9). First, starting from the small
road leading to Hunkubakkar and progressing eastwards, and ignoring the first slabbysurfaced lobe (probably a late breakout), the lobe has a central part with a flat uppersurface disrupted into lO-m-scale plates (the latter have tilted, I-m-wide and lS-20-cmthick slabs at their margins). The surface transforms towards the margin into rubble with
ridges parallel to the margin, and is separated from a hummocky outer margin by long
cracks, parallel to the front. Along the margin, inflated pahoehoe lobes from 30 cm to 3 m
high surround Eldgja rootless cones. The surface of the central part also changes downflow to rubbly. Where the gorge widens, the rubbly-surfaced lobe stops and thick, elongate
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pahoehoe sheet lobes emerge from underneath the rubble (Fig. 2.9B). Further down-flow,
the separate sheet lobes merge into a single lobe with a central part disrupted into large
plates (Fi g. 2.9C). Even further along. the surface changes to rubbly and the last flow
component is a 200-m-long lobe composed of a package of small sheet pahoehoe lobes that
are seen in section along the river (Fig. 2.9D). The building of thi s last lobe coincides with
a narrowing of the gorge. The internal structure of the front of the thick rubbly lobe is also
exposed along the river; it form s a single thick inflated flow with a thick homogeneous
core. Al so, the cores of the numerous lobes that are exposed along the flow margins show
hackly cooling joints, indicating lava interaction with water.

Figure 2.9: Surface features on -2-km-long lobe discus ed in tex t. A) Aerial photograph. Surface
type: s-ph- sheet pahoehoe lobe. sl-ph-slabby pahoe hoe lobe, h-ph- hummocky pahoe hoe lobes .
Photograph of specific surface morphologies: B) large breakout of sheet pahoehoe lobe through
front of rubbly lobe; C) plates di sruptin g centre of lobe; D) ri ver c ut through margin of most di tal
lobe, note superpo iti on o f small lobes.
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The succession of surface morphology along single lobes illustrates that separate stages
lead to the formation of a rubbly-surfaced lobe from smaller pahoehoe lobes partially
coalesced into sheet pahoehoe lobes. The sequence of brecciation appears to have been
repeated if fluid lava stored within the interior broke through at the flow front, generating a
succession of connected lobes with an increasing degree of surface brecciation along their
lengths. The ubiquity of lava rise pits and inflation clefts along the flow, and with every
type of surface morphology, shows that inflation was an important flow-growth
mechanism throughout emplacement. The successive large outbreaks through the flow
front correspond to locations where the river gorge filled by the lava becomes narrower.
The advance of the flow front may have been slowed when it approached this constriction,
leading to an increase in internal lava pressure, inflation, followed by deformation of the
flow surface, and finally lava outbreak from the flow interior when the internal pressure
overcame the resistance of the crust. Variations of crustal slab thickness across the lobe, in
the proximal part, were noticed by Keszthelyi et al. (2004) and attributed to two stages of
crustal disruption. The first stage of disruption affected the margins, producing 5-cm-thick
slabs (- 40 min of inflation). In the second stage, the surface crust of the central part of the
lobe was broken-up into 20-30-cm-thick slabs (after - 4 hr of inflation). This two-stage
disruption may simply reflect the processes described above, i.e., increase in lava internal
pressure caused by topographic constraints upon the flow of lava, pressure being released
by brittle fracture of the outer solidified lava crust, and outbreak of the liquid lava interior
at the flow front.
The SW branch consists primarily of a fan-shaped lobe that flowed from the front of
the central lobe southwards, spreading over Eldgja lavas (10 on Fig. 2.8). These are
exposed beyond its southern flow front (Fig. 2.1). The central part of the lobe is rubblydominated and its south margin is bounded by a sequence of small lobes with slabby to
rubbly surfaces (11 on Fig. 2.8). Along its southwest margin, south of Asar farm, th
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rubbly front of the central part of the lobe piled up behind rootless cones (12 on Fig. 2.8).
West of the cones, the area is covered by sheet pahoehoe and hummocky pahoehoe lobes
that emerged from the margins of the flow across the rootless cones, before the disruption
of the upstream part of the flow into ridges of rubble. South of that location, an elongate
lobe 1 km wide and 4.5 km long breaks out from the west margin of the main lobe, and
stretches to the south, following a valley previously filled by the Kudafj6t river (13 on Fig.
2.8). The surface of this lobe is slabby-dominated, with cracks and plates in the centre, and
hummocky lobes along the margin.
The distal margin. The distal margin of the Eldhraun lava flow is bordered by
numerous hummocky pahoehoe lobes (Fig. 2.8). Transitions from the central parts of the
main branches to the margin are diverse and investigation of these at several places
provides insights into processes involved in flow advance.
The front and lateral margins of the 5-km-Iong NE lobe (7 on Fig. 2.8) have been
examined in detail (Fig. 2.10). Along these margins, lava flowed around and over an
extensive Eldgja rootless cone field. The surface of the inner part of the flow is slabdominated. Long cracks extend from the inner part of this lobe towards the margin and
they connect downstream with the down-flow limit of the slabby part of the flow. The
terminus of the flow is formed of sheet lobes and complex sequences of smaller lobes
(described below). The nature of the transition between the slabby part of the flow and the
leading hummocky-dominated part varies. At the lobe front (Fig. 2.10B), it is marked by a
segmented 2~-m-deep inflation cleft around which surface breakouts intrude the 1-3-mthick top rubble (Fig. 2.5A). Large outbreak lobes branch directly from this margin and
overlap previously emplaced lobes. At a few locations, sheet lobes are directly connected
to the slabby part and the transition in surface type is more gradational.
The succession of surface morphologies is more variable and complex along the lateral
margin of the lobe (Fig. 2.10A). On the aerial photograph, at the very left and very right,
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there is no clear di stinction between the different types of surface morphologies, and
transition

cannot be pinpointed in the field: going towards the flow front , the ridged

slabby part of the fl ow grades into a flatter surface, with abundant la va rise pits and some
intact upper crust, from which emerge sequences of smaller lobes. Branches directly
connected to the slabby part of the flow have a hi ghly disrupted surface. Looking at the
centre of the aerial photograph, the limits are so mewhat sharper than at the very right and
very left of the photograph as just described. The upstream front of the slabby part butts
against Eldgja rootless cones, with formation of ridges of rubble on the upstream side of
th e cones. On the oppo ite side of the cones, the lava forms large sheet-lobes bordered by
infl ation cleft in direct contact with the cones. Away from the cones, the limit between the
two types of surface morphologies is c haracterized by lava rise pits and similarl y formed
seg mented inflation clefts.

Figure 2.10: erial photographs of northern margin (A) and frontal termi nation (B) of 5-km-l ong
lateral lobe, E ub-branch of the Eldhraun branch (also indicated on Fig. 2.8); surface feature
di scu sed in text: s- ph-sheet pahoehoe lobe, sl-ph-slabby pahoehoe lobe, rc- Eldgj a rootless
cones. lrp--l ava rise pit, ck--crac k, ie- inflation cleft; box C on B indicates location of complex
equence of di stal lobe described in text.
The followi ng cenario i proposed to form these feature . First, it i clear that the
advance of the flow front and formation o f new crust (and " new" rubble) wa achieved by
formation and thickenin g of pahoehoe lobes at th e leadin g edge of the fl ow. While that was
occurring. the labby inner part of th e flow was still actively infl atin g (a proved by the
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presence of inflation clefts and lava rise pits). The formation of ridges on its surface was
probably achieved by compression of the surface rubble by building of pressure in the fluid
part of the flow, and was helped by the presence of obstacles such as the rootless cones.
Cracks were formed at a late stage, as lava was still fed from the inner part of the lobe,
flowing in pathways established underneath the slabby surface.
The following section will describe the complex organization of pahoehoe lobes
defining the terminus of the flow (for instance, box C on Fig. 2.10B). A typical sequence is
composed of whaleback-shaped lava lobes, connected along their central axis to form a
main lava body that is often bounded by laterally spreading lobes. Individual lobes range
from 1-20 m long and 0.5-3 m thick, and the main lava body is usually thicker and longer
than the lateral lobes. Axial and lateral inflation clefts develop along the thickest lobes,
separating the steep flanks from the flat-topped central lobe axis. At the transition from one
lobe to another, the surface of the distal front of the source lobe is often twisted and
disrupted. The breakout lobe emerges from underneath the crust, causing a drop in
topography. The surface of the lobes is also partially disrupted along the flanks with
formation of some rubble along inflation clefts. This rubble is made of detached blocks
from the uplifted upper crust.
Examination of the organization of these frontal lobes provides evidence that in any
one area they formed almost simultaneously, and so contributed to the advance of the lava
flow front. For instance, lava rise pits formed between adjacent inflating lobes that
originated from the same main lava body but from different breakout sources. Also, some
of the lobes overlap or are in direct contact, while other lobes unambiguously diverted the
advance of others, and kept inflating. Sections through the front of individual lobes show
that they are often composed of partially or completely coalesced smaller lobes that were
emplaced side by side (illustrated in Fig. 2.4), or which piled up at the same location.
These smaller lobes are generally produced by outbreak of lava from a single inflating
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lobe. If these outbreaks of lava are separated in time, they can form a pile of lobes each
with cooled outer crust. Finally, spreading in a radiating system from the main body,
groups of such lobes manage to entirely cover the ground surface. During this process, the
lava flux in the internal pathway within the main lava body is progressively delivered
further down-flow, advancing the active front.
Brunahraun branch. This branch is composed of three separate lava flows which were

emplaced sequentially, fed from lava surges out of the Hverfisfljot gorge: the NE, SW and
SE flows (Fig. 2.11). The margins of these are hummocky. At the exit of the gorge, sheet
pahoehoe and hummocky pahoehoe lobes cover the surface. These are likely to have come
from late effusion of lava at low rates.
The SW flow was the first emplaced. Its surface morphology is, in its central part,
slabby (Fig. 2.11 C) and formed by a heterogeneous pile of angular blocks varying from
small vesicular toes to 10-15-m-thick vesicular slabs overlain with ropy lava, and with
denser finely vesicular clasts. Sparse in the flow-field, tumuli form rises where large parts
of the crust are up-lifted and overlain by rubble (Fig. 2.11C).
The NE flow was the second large lava body to form. Most of the surface of this flow
is covered by black aeolian sand, making the whole structure difficult to see. On aerial
photographs, the centre of the flow appears slabby to rubbly with ridges and cracks.
Formed by flow of a final surge of lava in between the two existing branches, the
central part of the SE flow consists mainly of thick pahoehoe sheet lobes with numerous
lava rise pits (Fig. 2.IID). The upper surface is mainly coherent, but is disrupted into thin
slabs in some patches. In the centre of the flow, lava rise pits are 5-10 m deep. Seen in
section in the lava rise pits, the upper crust of the flow is undulating. It preserved the shape
of the smaller lobes that were initially emplaced, before the inflation of the whole lava
surface.
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Figure 2.11: Organi zati on and surface characteristi cs of Brunahraun branch. A) Structural map.
Surface type: s-ph-sheet pahoehoe surface , sb-ph-slabby pahoehoe, h-ph- hummocky
pahoehoe, rb-rubbl y pahoehoe. B) Aeri al photograph of sheet pahoehoe characteri stics desc ri bed
in text. C) Photograph of SW fl ow surface , lookin g east, with at ri ght a tumulu s. D) Photograph of
IO- m-deep lava ri se pit, characteri sti c feature of SE fl ow.
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2.7

MODE OF EMPLACEMENT OF LAKI LAVAS
The analysis of diverse zones in the flow-field has revealed patterns in the structure

of the flows expressed in the succession of surface morphologies. Below is described how,
from these observations, the emplacement mode of lavas during the Laki eruption can be
conceptualised (see Figs. 2.12, 2.l3, 2.l4).

2.7.1

Sequence of emplacement

There is no doubt that the flows were initially emplaced as thin lobes of pahoehoe
(Figs. 2.12A, 2.13A). During a period that varies from days to weeks, the thin lobes
gradually coalesced into larger sheet lobes due to continued supply oflava from an up-flow
source (Figs. 2.12B, 2.13B), as detailed above. At some time after that period, the surface
was subjected to intense brecciation (Fig. 2.12C).
Along single kilometre-scale lobes, the degree of surface brecciation vanes (as
described, for instance, along the SE sub-branch of Eldhraun). At the up-flow end of the
lobe, from the point of breakout and downstream, plates are produced by detachment of
large intact pieces of previously formed crust, rafted along with the flow (Fig. 2.l3C).
Displacement of these rafts of crust exposes fluid lava underneath, forming collapse plates
(as described along the Eldhraun SE sub-branch). Extensional cracks form along the
margin, accompanying the extension and lateral spreading of the central part of the flow.
Towards the flow front, deformation generally disrupts the flow surface into tilted slabs
and mixed small rubble, and causes compression of rubble into ridges at the front. Then,
after the major episode of disruption and when lava is still being supplied, the whole
surface of the now rubbly-surfaced lobe starts inflating again, creating inflation clefts
along the front and lava rise pits inside the flow (Fig. 2.12D). Repetition of the whole
sequence leads to an increase in the thickness and diversity of the top rubble (Fig. 2.12E).
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Figure 2.12: Representati on of rubbl y pahoehoe fl ow e mpl ace me nt sc heme in secti on: A)
emplace ment of thin pahoehoe lobes in sequence. B) Thickening of the fl ow by coalescence of
small lobes into broad sheet lobes while sma ller lobes begin to fo rm at the acti ve front. C)
Disrupti on of the fl ow with rafting of large plates at the back and co mpression of the brittle outer
surface at the front; so me inj ections of lava from the core may for m surface breakouts and
protrusions. D) Renewed inflati on of the whole surface du e to continuing lava suppl y. E) Repeated
brecc iation of the surface producing thi cker rubble at the top and progression of the "front of
di ruption".
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Figure 2.13: Representation of rubbly pahoehoe flow emplacement scheme in plan view. Surface
feature s: lrp-Iava ri se pit, ck-crack, ie-inflation cleft. A) Emplacement of thin pahoehoe lobes
(shaded area) along the active flow front. B) Coalescence of thin lobes into thick and broad sheet
lobes (inflation surface in white on figure) with formation of lava rise pits in the centre of the flow ,
around rootless cones, and inflation clefts along the front. C) Large-scale disruption of surface
causing detachment of plates (p) at back and compression (cp) at front; disrupted lobes partially
override frontal lobes.

A

rootless cone

o

B

rootless cone covered

Figure 2.14: Representation of rubbly pahoehoe flow emplacement in plan view, showing
empl acement and brecciation of a lava flow coming in contact with an obstacle (here a rootless
cone): A) thin lobes flow around the rootless cone. B) Thickening of flow by inflation and
formation of inflation clefts (ic) around the rootless cones. C) Brecciation of lava flow surface
upstream of rootless cone, and along its side. D) Creation of wake (w) at surface of flow and filling
of depression by lava.
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More detailed information on the processes involved in the surface brecciation comes
from the diverse characteristics of the surface slabs and rubble. Undersides of slabs have
characteristics indicating that they were disrupted by passive uplift of the upper crust
followed by gentle brecciation (undersides characteristic of gas-blister roofs), or by
dragging of hot, fluid lava underneath (scrape marks, Fig. 2.3A). Also, partial welding of
plastic lava under the upper crust often occurred (reddish irregular base of slabs). To
satisfy all these characteristics, the following sequence of events is proposed. During
inflation, the brittle upper crust of individual lobes is already fractured by various clefts
that expand through the solid crust and connect down to the viscous part (Hon et aI., 1994,
and also observed on Laki lava margins, see above). Gas pockets may accumulate
underneath the crust, separating it from the moving core. In the absence of gas pockets,
frictional stresses at the limit between the upper crust and core (producing scrape marks)
lead to brittle failure of the Crust. When lava breakout from the interior occurs, releasing
the internal pressure, the crustal fragments are transported on top of the flow. Such crustal
failure might be caused by a dramatic increase in lava input, or simply by continuous
building of lava pressure that finally overcomes the tensile strength of the crust.
The low abundance of viscously tom fragments produced by auto-brecciation of lava
before formation of a continuous crust indicates that, soon after disruption of the crust, a
new crust begins to form, underneath the rubble. The undulating transition between the
rubble and the upper crust suggests that the lower rubble partially sank into the flexible
lava underneath, before or while the new crust formed. Sections through the upper crust of
lobes with thick rubble demonstrates that their internal structure is very similar to
pahoehoe flows, and other features such as lava rise pits and lava sutures (Walker, 1991)
suggest that they grew by inflation. During the process of inflation, sheet-like bodies of
lava emerged from the interior of the flows and protruded the top rubble, probably taking
advantage of existing openings in the upper crust. Formation of a chilled margin seems to
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depend on the thickness of the intrusion and may be present when the lava came into
contact with (possibly wet) rubble. This feature, very common in viscous flows, was
referred to as a spine by Wentworth and Macdonald (1953).
The thickness of the slabs is indicative of the period of time during which the flow was
steadily growing by the slow addition of lava to its interior, before disruption. In the
descriptions given above, 5-cm-thick slabs are often referred to: these require 20 min of
steady inflation before disruption. Forming thicker slabs requires an amount of time that
increases with the square of the crust thickness. The thickest slabs observed reach 1.5 m,
which is consistent with a two-week-Iong inflation period. The variety of rubble type and
size commonly found at a single location then implies that the emplacement of the lava
flows involved repetitively cycles of inflation and disruption of the surface of the lobes, as
sketched in Figure 2.12. It should be noted that the time of formation of the flow upper
crust when it is overlain by thick rubble may not follow the simple equation after Hon et aI.
(1994), presented above. The thick rubble may indeed act as an insulator against
conductive heat loss through the flow surface and may then itself facilitate inflation
(Keszthelyi et aI., 2004). Also, the infiltration of substantial amounts of water through the
fractured rubble and upper crust in the event of, for example, heavy rainfall or river runoff,
could have enhanced the rates of downwards solidification of the lava; this would promote
the formation of thicker upper crusts in limited amounts of time (see Chapter 4).

2.7.2

Influences on flow surface morphology

The effects of external parameters on the structure and disruption of the lava that were
introduced in different parts of the above description are now revisited here in an effort to
explain the large-scale distribution of surface morphologies.
Surges in lava supply rate. Variations in the rate oflava supply, together with the general
topography of the area prior to eruption, have undeniably influenced both the shape and
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volume of the flows and the location and intensity of the surface brecciation. Eruption
dynamics modulated the volume and rate of lava emission, and the amount of degassing,
along the fissure. Shelly pahoehoe lavas were probably produced early during the opening
of each fissure, at conditions of low effusion rates and relatively low fountaining (cf. the
fonnation of shelly pahoehoe on Hawaii; see Swanson, 1973). As magma discharge
increased from the fissure, lava fountains increased in height and produced largely
degassed lava that fonned spiny pahoehoe lobes which in places evolved into rubbly
pahoehoe lobes.
The link between the opening of new fissures and surges in lava from the gorge, on the
coastal plain, is categorically established from historical accounts (Thordarson and Self,
1993). During high production rates, lava was able to rapidly reach the river gorges that
channelled the lava towards the coastal areas. After each new fissure opening, large
influxes of lava from the gorge to the coast mainly re-occupied the internal pathways
established in the coastal lava flows, dramatically increasing the lava internal pressure.
This forced the disruption of the flow surface by increasing friction stresses along the base
of the upper crust, dragging large pieces of crust at the top of the flow, and producing
compression of fragments at the front. If the lava supply was large enough, large frontal
breakouts were generated by localized failure of the flow front, fonning new lava flows,
which probably covered smaller-volume frontal lobes. This mechanism must have
prevailed throughout the fonnation of the Eldhraun branch: in the central part, multiple
influxes of large volumes of lava caused repetitive large-scale disruption of the surface,
producing the morphological characteristics of the central lobe. Vertical sections through
the lava in the central zone of the Eldhraun branch, near the exit of the gorge, would
probably reveal a stack of flows formed progressively with time, as each lava surge (three
in total) emerged from the river gorge. Intermediate periods of low production rate were
dominated by construction of the flow-field by inflation and lava surface disruption
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progressed by increasing lava pressure in the large sheet lobes, near the flow front. The
complex characteristics of plates and ridges in the central part of the NE sub-branch
(described above, 5 on Fig. 2.8) may indicate several successive stages of brecciation of
sheet pahoehoe lobes formed along the active flow front. The morphology of the SE subbranch records the progressive emplacement of large-scale lobes by merging of smaller
lobes, followed by late and large increases in internal lava flux inside each lobe causing
surface brecciation. For the Brunahraun branch, the arrival of each surge on the coast was
separated enough in time to cause formation of distinctive lava flows, piled on top of each
other at the exit of the gorge. In this case, an internal lava transport system was developed
into the newly-formed flows, without replenishment of pre-existing pathways. Formation
of the SW flow as the eruption waned can explain the absence of large-scale surface
brecciation and domination of sheet pahoehoe morphology, because of decreasing stress
rates. Formation of these sheet lobes indeed requires a few months of sustained lava
supply, probably lasting from the end of October 1783 until the end of lava production at
the beginning of the following February.
Barriers to flow advance. In the highlands, mountain ridges and early-formed groups of
rootless cones served as barriers to the advance of the flows produced in lower volumes
during the waning stage of each eruptive episode. They forced the front of the short flows
to come to a halt, inflate behind the barrier and then deform by compression of the viscous
lava inside the flow, and cause piling-up of surface fragments at the front. In some cases,
continued influx of lava from upslope formed new pahoehoe lobes by breaking through the
rubbly front and spreading around the obstacles. On the coastal plain, the initially
emplaced pahoehoe lobes flowed around Eldgja rootless cones (Fig. 2.14A). When the lava
surface gradually inflated, the rootless cones formed lava rise pits (Fig. 2.14B). Further
supply of lava from behind produced disruption of the flow surface behind the cone (Fig.
2.14C) and when the flow was thick enough to move as a coherent body over them, the
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surface was disrupted at the contact of the cone, creating a linear fracture (groove or wake)
at the surface of the flow (Fig. 2.14D). A map drawn in 1771 by Holm (see Thordarson et
al. 2003) suggests that, at the location of the front of the central lobe, there were some
topographic rises, which could be the border of the large Eldgja rootless cone field exposed
along the edge of the Laki flow-field to the east (Fig. 2.1). This might then explain the
formation of a large compressional belt and the temporary halt of the flows at that location.
The upland scarp constituted an obstacle to the advance of the Eldhraun NE sub-branch,
forming rubble ridges at the surface of the flow (4 on Fig. 2.8). The advance of the
proximal, fan-shaped lobe of the SW sub-branch (10 on Fig. 2.8) was limited by the
presence of Eldgja lavas in the south (11 on Fig. 2.8) and rootless cones in the west (13 on
Fig. 2.8), causing the surface of the upstream part of the flow to be compressed into ridges
and lava to break out at the southwest edge (13 on Fig. 2.8).
Ground slope. It is clear that the mode of emplacement and deformation of the flows was
influenced by the ground slope on which the flows are emplaced. The nearly flat slopes of
the coastal plain may have greatly favoured the lateral spreading of the lava and the
coalescence of the flows into single fan-shaped lobes while rapid and continuous growth of
the flow-field was permitted by efficient lava supply from the gorge. On the highlands, the
flowage of lava down the rough and confined terrains of the Varmardalur valley favoured
formation of elongate and rubbly-dominated flows whereas the lava flows emplaced on the
flat and open terrains along the NE cone row mainly developed hummocky and sheetpahoehoe surfaces. This contrast in lava morphology could also be caused by the overall
decline in magma discharge rate as the activity migrated towards the northeast.
River gorges. During most of the Laki eruption, fluid lava was transported from the
highlands to the coastal plains through the river gorges which were completely filled by the
lava up to the point of overflow (see Thordarson & Self, 1993, and references within). The
lava in the gorges is now covered by late surface breakouts, which does not allow direct
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investigation of the lava surface and mode of transport. Some inferences can although be
made. The lateral restriction of the flows in the gorges (originally 150-160 m deep and
400-500 m wide, see Thordarson & Self, 1993, and references within) must have led to
increased central flow rates and enhanced cooling at the margins. Consequently, a major
channel may have formed in the central part of the flows, at least in an early stage. It is
although likely that an efficient network of internal pathways rapidly developed. This was
probably influenced by the continuous supply of large volumes of lava in the gorges which
would have sustained low cooling rates, and also, mostly, to the down-flow spreading of
the flows on the coastal plain, which probably lowered upstream flow rates, favouring
formation of a coherent surface crust over the lava. Moreover, by focusing the flow, the
river gorges may have allowed the lava to be emitted in large surges on the coastal plain,
leading to periodic large-scale surface disruption of the sheet lobes already emplaced. The
long distances reached by the lava and the pahoehoe morphologies of the coastal flows
argue against an increase in cooling rates during lava transport through the gorges.

Interaction of lava with water. The interaction of lava with water, as it invaded river
streams, or flowed onto wet sediments, may have increased locally the lava internal
solidification rates (see Chapter 4). It also led to lava fragmentation, and construction of
fields of rootless cones which formed barriers to the flow advance (see above). It had
however probably little direct impact on the efficiency of lava transport, the main lava
transport system been established inside large sheet lobes, well upstream from the active
flow front.

2.8

CONCLUSIONS
During the Laki eruption, large volumes of lava were delivered from lava fountaining

along the fissure. Most of the lavas have surface morphologies significantly different from
typical pahoehoe and 'a'a, and are defined as rubbly pahoehoe. Detailed examination of the
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surface morphology of the lava across the flow-field gives important insights into the mode
of emplacement of the flows. Rubbly pahoehoe lavas were initially emplaced as small
pahoehoe lobes but quickly developed a thick top layer made from brecciation and
compression of the early-formed pahoehoe crust behind (or at) the active front, principally
by shearing at the base of the upper crust. This thick layer acted as an insulator for the
liquid lava which was still being fed to the active front, therefore the advance of the flows
was highly thermally efficient, and the final reach of the flows was mostly controlled by
the duration of supply. Fed by a considerable volume of magma expelled almost
continually along the fissure, the flows eventually formed one of the largest and most
morphologically diverse basaltic lava flow-fields generated in historical time.
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Chapter III
Role of syn-eruptive cooling and degassing on textures of lavas
from AD 1783-84 Laki eruption, south Iceland

Cones aLong Lakifissure (nea r Laki mount)
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3.1

ABSTRACT
Degassing-induced undercooling caused by decompression during magma ascent can

produce key changes in the crystallization kinetics of basaltic magmas, controlling the
phase proportions, style and amount of microlite crystallization, and thus the rheology,
surface morphology, and final extent of the erupted lava. The AD 1783-84 Laki eruption in
South Iceland is one of the largest and most explosive basaltic fissure eruptions of
historical times. About 15 km3 of homogeneous quartz-tholeiite magma was produced
during 8 months of sustained Strombolian to Hawaiian activity. The flows gradually
developed rubbly pahoehoe surface morphologies through repetitive crust disruption at the
active front. To study the role of syn-eruptive degassing and surface cooling on lava
crystallinity and flow emplacement mechanism, the petrology and texture of glassy
samples of tephra and lava were studied. Tephra and lava selvages consist of < 5 vol. % of
phenocrysts and 7-30 vol.% of groundmass crystals made of plagioclase, olivine and
clinopyroxene. Crystal and groundmass glass compositions were used to constrain
crystallization conditions. The inferred evolution of the magma and lava during the
eruption is as follows. Phenocryst cores formed when the magma was stored at the base of
the Icelandic crust (at a depth of -10 km), at near-liquidus temperature (-1150°C) and
water-under-saturated conditions. As the eruption started, the magma rapidly ascended and
degassed at shallow levels, losing -1 wt. % of water. This caused the melt liquidus
temperature to increase, triggering near-surface crystallization of microphenocrysts and
forming a 10 mol. % anorthite gap at the margin of plagioclase phenocrysts. A considerable
amount of microlites (up to 30 vol.%) formed in the flows, near the vent, as a result of a
delay in the re-equilibration of the melt to the undercooling. This increased lava yield
strength, causing the lava crust to fracture at a degree controlled by the amount of stress
applied and the crust thickness. It is estimated that fluid lava was transported from the vent
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to the most distal active front, 60 km from the vent, at cooling rates <0.2°Clkm, similar in
thermal efficiency to tube-fed lavas on Hawaii.

3.2

INTRODUCTION
The AD 1783-84 Laki eruption along the Grimsvotn volcanic system in South Iceland

is one of the largest and most explosive basaltic eruptions historically recorded. The
eruptive activity lasted for 8 months and produced -15 km3 of homogeneous quartztholeiite magma from a 27-km-Iong fissure opened along the East Volcanic Zone of
Iceland (Gronvold, 1984; Sigmarsson et aI., 1991; Thordarson & Self, 1993; Thordarson et
aI., 1996). The lavas produced by the eruption differ from the classical Hawaiian pahoehoe
and lala lava flow types as defined by Wentworth & Macdonald (1953) in that they are
covered with a thick layer of fragmented vesicular crust (rubble) developed by repetitive
surface disruption during flow emplacement (Keszthelyi et aI., 2004; Chapter 2). One of
the goals of this study was to determine the origin of the formation of rubbly pahoehoe
surface morphologies on the Laki lavas.
Lava viscosity and imposed shear are major controls on lava surface morphologies
(Peterson & Tilling, 1980). The abundance of groundmass crystals in the lava has a
determinant impact on the former since it causes the development of yield strength at
crystal concentrations above 20-30 vo1.%, which influences the mode of flow of the lava,
its surface morphology, and thus its cooling regime (e.g., Cashman et aI., 1999; Philpotts &
Carroll, 1996; Hoover et aI., 2001; Saar et aI., 2001). It is well known that degassing of
magma in the upper levels of a conduit can result in significant groundmass crystallization
because water exsolution from the melt raises liquidus temperatures and increases
crystallization rates (Sparks & Pinkerton, 1978). This effect can be important even for the
small amounts of water generally dissolved in basaltic magmas

«

1 wt.%). For example,

Lipman et al. (1985) showed that during the Mauna Loa 1984 eruption degassing-induced
undercooling (-20-30°C) of the magma caused a 0.5-30 vo1.% increase in the groundmass
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crystallinity of the erupted lava. This resulted in a five orders of magnitude increase in the
apparent viscosity of the flows as the eruption progressed (Crisp et aI., 1994).
During the Laki eruption, large amounts of volatiles were released at the vent
(Thordarson et aI., 1996). This study aimed to determine the role played by degassing and
cooling of the magma during the Laki eruption on the extent of crystallization of the lava
and thus on its emplacement mechanisms. For that purpose, a set of glassy tephra and lava
samples was collected to track the evolution of the magma from where it was quenched at
the vent, and along the lava flow as magma was transported at various distances downflow. To track compositional and textural variations, the major and trace element
composition of groundmass glasses and their water concentration were analysed, as well as
the composition of all crystal phases. Crystal shapes, numbers, and sizes were
characterized.
This chapter describes successively: first, the texture of tephra and lava samples, the
shape, size and composition of crystals present in the samples, and second, the composition
of the tephra and lava groundmass glasses. Using calibrations of mineral-melt equilibria,
the conditions of growth of the crystals are quantified in terms of temperature, pressure and
water content. Textural information is interpreted in terms of crystallization kinetics. A
model for the evolution of the magma during the first 5 episodes of the Laki eruption is
then proposed. Finally, the implications of this work in terms of lava flow emplacement
mechanisms and surface morphologies are discussed.

3.3

THE LAKI ERUPTION: BACKGROUND
The Laki eruption is thought to have been part of a 2-year-Iong volcano-tectonic event

on the Grimsvotn volcanic system, in the East Volcanic Zone of south Iceland (Fig. 3.1a,
Thordarson & Self, 1993 and references therein). The eruption involved the successive
opening of 10 fissure segments along which > 140 spatter and tephra cones formed. The
eruption intensity decreased during each eruptive episode and over the course of the
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eruption. The lava flows produced developed different surface morphologies that are
separated here into shelly, spiny, slabby and rubbly pahoehoe types. Their main features
and emplacement conditions are summarized in Table 3. 1 (for more details see Chapter 2).

(a)

(b)

-100km

Figure 3.1: Laki lava flow-field. (a) Location of Laki fissure and flow-field in Iceland. (b) Map of
Laki lava flow-field, location of samples analysed for glass and/or crystal compositions. (c) Aerial
photograph of single lava lobe at distal margin of flow-field that was analysed for down-flow
compositional and textural variations, and location of samples collected (L63).
Lava production rates were highest during the first 3 episodes, forming high lava fountains
and reaching peak production rates of 200~000 m 3/s. At the very start of these episodes,
the lava formed < I-km-long flows with proximal shelly pahoehoe surfaces that are
exposed at the north of fissure segments 3 and 4 (Near-Vent Early Formed flows- NVEF).
As production rates peaked, the flows formed large lava branches that were emplaced on
the coastal plain, developing spiny to rubbly pahoehoe surfaces (Fig. 3 .1 b). With
progressive decline in magma production rates, fissures evolved into single vents, and lava

70

Chapter 3 - Role of degassing and cooling on the textures of Laki lavas
was produced at lower rates and in smaller volumes, forming shorter flows with spiny to
rubbly pahoehoe surfaces piling up on the highlands near the source fissures. Lavas
defined here as Near-Vent Late-Formed flows (NVLF) are < I-km-Iong flows with spiny
pahoehoe surfaces (similar in surface morphologies to NVEF) produced from late outflow
of small volumes of lava from the cones.

•

16-08-83

Ulfarsdalssker

Varmardalur

!. __ .1 ____

1 - 1_ :

-=2~--,,-~ _______________~ ________________
~.

. . Cone and crater outli nes

~~

.I ::

4

Individual fissure segments attributed to each eruptive episode
Scoria and spatter cones

_

Proximal tephra exposure0

Laki graben
Older faults

Figure 3.2: Detailed map of near-vent area, location of tephra and near-vent lava samples. The
segments labelled I to 6 indicate extent of each fi ssure segment. Tephra sample 18-08-83 was
collected on Hnuta ridge, slightly to the left of limit of map drawn (see arrow on figure) .

Table 3.1: Surface morphological terms used in this Chapter (see Chapter 2 for details)
Process of formation
Lava flows formed early in the eruptive
episodes by low or absent fountaining
along fissure

Shelly

Surface morphology
Gas-rich (> 30 vol.% vesicles and
intemal cavities) lava flows along fissure,
proximal part of early-formed flows

Spiny

Upper surface of the lava covered by
mm-size protrusions

Hummocky spiny

Interconnected 5 to 30-m-long lobes
with largely coherent surface, forming
lava field with complex mUltibranching spiny pahoehoe lobes

Breakout of lava through active flow
front, forming successions of
interconnected spiny pahoehoe lobes

Sheet spiny

Lobe> 10m in size , with flat and
mainly coherent upper surface ; often
bordered with monoclinal inflation clefts

Coalescence of inflated individual
breakout lobes into broader sheets

Slab by

Lobe which surface is formed by 20 to
50-cm-thick spiny pahoehoe slabs

Extensive surface deformation of large
inflated flow (sheet lobe) by
fragmentation of surface lava crust

Rubbly

Lobe wh ich surface consist of > 1-mth ick rubble made of slabs and cm size spiny pahoehoe clasts often piled
up in ridges

Repeated cycles of inflation , surface crust
brecciation and compression of slabby
pahoehoe lobes

Pahoehoe type
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3.4

METHODS

3.4.1

Sampling

The location of all the samples analysed is shown on Fig. 3.1 and 3.2. Table 3.2

IS

organised to show samples with, roughly, increasing distance from the vent source.
Table 3.2: Sample list with number of compositional analyses of each type
Sample no.
Method (see text)
L13-4A
L3-1-4
L4-4
L7-6
15-08-83
16-08·83
18-08-83
22-08-83
L 14-3
L14-6
L14-7
L17-1
L17-3
L17-5
L17-6
L18-1
L3-01
L21-1
L29-10
L29-13
L29-15
L29-18
L33-1
L43-2
L4-2
E3-5
L7-1
L7-11
L55-10
L63-10
L63-1
L63-5
L63-6
L63-7
L63-8
L63-9
L66-3

Sample location

o (km) Sample type

Unit S2, section 98, Eystrisker
Unit 53, section 114, Vikradalur
Unit 51, section 144, Hnuta
Unit 52, section 94, Eystrisker

0
0
0
0

tephra
tephra
tephra
tephra

Near-vent early-formed

0.05
0.2
0.05
0.25
0.1
0.01
0.3
0.08
3
0.5
2
2
2
2
6
20
30
45
50
50

lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
tephra (rc)
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage
lava selvage

Coastal plain (Brunahraun)
Coastal plain (Eldhraun)

w-r
XRF

H2 O
FTiR

Plag Oliv Cpx
EMPEMPEMP

Glass
EMP

lava core
lava crust
lava crust
lava core

Coastal plain (Eldhraun)
Coastal plain (Eldhraun)
Coastal plain (Brunahraun)
Coastal plain (Eldhraun)

Near-vent late-formed
Highlands

Surface type

54
49
49
48
48
48
48
48
55

1
4

shelly
spiny sheet
shelly
spiny sheet
spiny hcky
shelly
spiny sheet
spiny hcky
spiny hcky

3

61
22

103 80

34

195 22

50

80 86
55 10
129 34
1
8

11
17
15

3

7

spiny hcky
spiny hcky
spiny hcky
spiny hcky
spiny sheet
slabby
spiny hcky
spiny hcky
spiny hcky
spiny hcky
spiny hcky
spiny hcky
spiny hcky
rubbly
spiny sheet
slabby
slabby
rubbly
sein~ hck~

187
50
175
24

4

TOTAL

8
6

65
89

19

67
24
223
11

46
24
159
12

11
5
10
10
6
5
4
7
6
7
5
8
7
6
9
7
5
7
10
5

34

39

15
29

14
17

9
9
6
5
4
5
8
14
7

1248656 453

207

14

D-distance from the vent. Location of tephra samples refers to Thordarson & Self (1993). Surface
type: hcky-hummocky. Compositional data: w-r-whole-rock, H2O-dissolved total water in
groundmass glasses, Plag-plagioc1ases, Ol--olivines, Cpx--clinopyroxenes, Glass-groundmass
glasses.
Samples of strombolian tephra corresponding to units S 1, S2 and S3 produced by
fissures 1 to 5 were collected and analysed to infer textural and compositional variations in
the magma quenched at the vent during the first five episodes, the most productive period
of the eruption (Thordarson & Self, 1993). They will be taken as representing the state of
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the magma before surface transport. The tephra consists of glassy lapilli made of brown
pumice, black scoria, and achneliths (Thordarson et aI., 1996). Small glassy pumice clasts
were selected for glass analysis, as they are likely to have been least affected by cooling
during flight; they thus preserve the state of the magma when emitted at the vent. For
simplification, the tenn of tephra will refer to these types of clasts in the following text.
Glassy lava selvages preserve the composition and crystal content of the lava when
quenched at the surface at any location, which was thus used to track the evolution of the
fluid lava during transport. Three types of sampling were conducted. 1) NVEF flows
observed at two locations from along the fissure (labelled LI7 and LI4) were sampled
along their length to track down-flow variations in the lava properties at close distances to
the vent (Fig. 3.2). These represent the lava produced shortly after the opening of fissure 3
and 4 respectively. Sample LI8 was collected from a lava flow covering the flank of a
cone built along fissure 3; it was thus produced at the end of episode 3 (NVLF, see Fig.
3.2) and its characteristics will be compared to lava produced early in the episode (i.e., LI7
samples). 2) Lava glassy selvages were sampled from marginal hummocky lobes emplaced
at different parts of the flow-field to track variations in the lava crystal content with
distance travelled from the vent and thus infer the thennal efficiency of the Laki lava
transport system. 3) A -I-km-Iong lava lobe emplaced on the coastal plain was selected for
extensive down-flow sampling to infer syn-emplacement cooling processes correlated with
surface defonnation (sample numbers starting with L63-, see Fig. 3.1c). The surface of this
lava lobe changes from smooth and coherent, to slabby, and then to rubbly along its length;
hummocky lobes branch from the most distal front. Different types of surfaces and rubble
were sampled to study a plausible link between the lava crystal content and the lava
surface morphology at centimetre and metre scale, and infer the evolution of the lava as it
flowed under a thickening layer of rubble. Viscously tom fragments could not be analysed,
however, because they did not preserve any quenched glass.
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3.4.2

\Vhole rock, glass and crystal compositions

Whole rock major and trace elements were analysed for a selection of lava core
samples from different locations in the flow-field, using ARL Fisons wavelengthdispersive X-ray fluorescence spectrometry (XRF). Analyses were carried out using fused
glass discs and pressed pellets, following a standard procedure used routinely at the Open
University, and described in detail in Ramsey et aI. (1995). Crystal and groundmass glass
compositions (hereafter simply called glass) were analysed using a Cameca SX 100
electron microprobe (EMP), with a 20 kV accelerating voltage, 20 nA beam current, and a
beam of 20 11m and 5 11m for glass and crystal analysis respectively. A summary of the
analyses is shown in Table 3.2. For glass analysis, chips of USGS glass standard BHVO-2
were analysed at the beginning and the end of each run to assess the accuracy and
repeatability of the measurements. Each run was composed of a maximum of 10
consecutive analyses of natural glass (probe points). Na was analysed first using a short
counting time to minimize loss by volatilisation. Crystal-glass profiles were measured by
programming a traverse through the crystal-glass boundary, using 10-Jlm beam diameter.
The reproducibility of crystal microprobe analyses was of the order of ± 2 moI.% An, Fo
and Wo for plagioclase, olivine, and clinopyroxene.

3.4.3

Water content of glasses

The H20 content of the glass of selected tephra and glassy lava selvages was measured
from doubly polished wafers using a Thermo Nicolet Nexus Fourier-transform infrared
(FTIR) spectrometer coupled with a Continuum IR microscope. Standard EverGlo midinfra-red source optics, a Ge-on-KBr beamsplitter, and a MCT-A detector (11,700-750 cmI) were used. The aperture was positioned so as to analyse patches of clear brown glass

avoiding (as best as possible) crystals, microcrystalline areas that reflect post-emplacement
cooling, vesicles, and areas previously analysed by EMP. Several points were analysed on
each wafer, to assess the special homogeneity of the glasses and detect anomalous analyses
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of crystalline material. The Beer Lambert law was applied to derive the total water content
(H20 + OH-) following the method explained in Stolper (1982). The law is expressed as: C
= aw/(epd),

with C the total water content, a the intensity of the broad asymmetric peak

measured graphically at -3530-3550 cm- I (OH stretching vibration, Scholze, 1959), w the
molecular mass of H20 (18·02 g.mor l),
I,

€

the molar absorption coefficient (61 L.morl.cm-

after Dixon et al., 1988), and p the glass density (2'75 ± 0·1 g.cm-3, taken from Metrich

et al., 1991). The thickness d of the sample was measured with a Mitutoyo Digimatic
Indicator micrometer with ± 3 J.l.m uncertainty. Uncertainties due to inaccuracies in the
determination of molar coefficients and to limitation of the background method are
typically -10 % (Dixon et al., 1988). The characteristic peak of molecular water at -1630
cm- I was absent on the resulting spectra, which is a common feature of basaltic glasses
with low water contents (Dixon et al., 1988; Dixon et al., 1995).

3.4.4

Textural analysis

The methods used are described in detail in Appendix A and briefly summarized here.
Point-counting techniques and automatic analysis of backscatter (BSE) images were used
to estimate crystal type and mineral phase proportions, respectively, from thin-sections of
selected samples. Crystal numbers and sizes were manually quantified from BSE images
using the hand tool of Scion Image (the procedure consisted in drawing lines across the
crystals using the appropriate tool of the software, the software reporting the accurate
length of the line drawn, which was taken as a precise measure of the crystal dimension).
Crystal size distributions (CSD) were derived from manual crystal size measurement of
plagioclase crystals (over 300 crystals per BSE image) which were corrected for
stereological effects using the program ©CSDCorrections 1.36 by Higgins (2000) and an
estimated crystal aspect ratio of 1:3:10 (calculated using Morgan & Jerram, 2006).
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3.5

RESULTS

3.5.1

Lava and tephra textures

Figures 3.3 and 3.4 illustrate the texture of the glassy samp les of tephra and lava
analysed in this study. Results from point counting, plagioclase size distribution and BSE
image analysis, and quantification of plagioclase shapes in selected tephra and lava
samples are shown in Figs. 3.5 to 3.8 and Tables 3.3 to 3.6. Raw data on CSD is shown in
Appendix B.

Figure 3.3: Electron microprobe backscatter images of glassy tephra (a) and lava (b) samples (1808-83 and L 17-1-1 respectively). Note different abundances of microphenocrysts and microlites
between two samples. The tephra sample shown here is more crystalline and less vesicular than
average.
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Vesicularity. Tephra contains 50 to 80 vol.% of numerous round vesicles (Thordarson
et aI. , 1996). Lava vesicularity ranges from 15 to 40 vol. % (Table 3.3; Fig. 3.5 ) and
vesicles increase in size, abundance and degree of coalescence away from the outer glassy
margin (Fig. 3.4). Three textural zones can be distingui shed across the few outer
centimetres of the lava surface (Fig. 3.4), corresponding to sharp gradients in the cooling
rates of the lava surface (e.g ., Oze & Winter, 2005). The outermost part « 5 mm) (zone 1)
corresponds to a glassy selvage where crystals are set in a groundmass made of optically
clear brown glass. In that zone, the solidification rate of the liquid lava exceeded the rates
of crystallization. In zone 2 (transitional zone), dendrites cover the outer faces of the
crystals (more particularly plagioclases, see Fig. 3.4); these were formed at high cooling
rates. In the lava interior (zone 3), the groundmass is opaque, entirely cryptocrystalline due
to inten se crystallization during solidification.

Figure 3.4: Tex tural zones in the outer margi n of lava surface ample. (a) Photograph of 1 x 1.5
c m thin -secti on th rough oute r marg in of g lassy sample Ll 7-3; identification of tex tural zones
discussed in text. (b) Photomi crograph (detai l of figure a) of ou ter transitional and g lassy zones
(2 .8 x 2. 1 mm). (c) Photomicrograph of dendrites developing from tips of plagioclase mi cro lites in
tran sitional zone.
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Crystallinity. Three crystal types composed of plagioclase, clinopyroxene, and olivine
were identified in the eruptive products, primarily on the basis of their size. Phenocrysts
are typically 100-500 pm in size, microphenocrysts 20 to 50 f.lm across and microlites <20
f.lm (Fig. 3.3). The limit between microphenocrysts and microlites is somewhat arbitrary

and those are henceforth referred to as groundmass crystals. Phenocrysts compose 0 to 7
vol.% of the lava whereas microphenocrysts vary from -10 to -30 vol.% and microlites
from -15 to -45 vol.% (Fig. 3.13, Table 3.3). Further along it will be shown that microlites
spread a larger compositional range than microphenocrysts, which can be used to identify
the two crystal types on backscatter images or using compositional analysis. Microscopic
observations indicate that the lava contains more microphenocrysts than the tephra and that
these are more abundant in samples collected from late-formed flows that cover the
highlands (e.g., L29 samples). Plagioclase crystal size distributions (CSD) were measured
for selected tephra and lava glassy samples to infer the relative rates of formation of each
crystal type (e.g., Cashman & Marsh, 1988; Crisp et aI., 1994). The size range defined by
each crystal type is reflected by changes of slopes in the CSD plots (Fig 3.6); phenocrysts,
microphenocrysts and microlites form straight lines in the CSD plots that decrease in slope
and intercept in that order.
The total groundmass crystal content estimated by BSE image analysis is 5-8 vol.% in
the tephra, and 20-40 vol.% in the lava (Fig. 3.7, Table 3.4). Plagioclase is the dominant
mineral phase, varying from -15 to -25 vol.% in the lava, while clinopyroxene ranges
from -5 to -15 vol.%, and olivine from -2 to -5 vol.%. It is noted that the higher
estimation of groundmass crystals by the point counting technique is due to a postemplacement crystallization during solidification in the opaque lava zone, i.e., zone 3 in
Fig. 3.4; on the other hand, it is possible that microphenocryst abundance may be
underestimated by BSE imaging (see Appendix A).
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Table 3.3: Proportions of vesicles and crystal types in selected lava samples.
Sample no.

Vesicularity

Microlites

Microphenocrysts

Phenocrysts

Total crystallinity

40.0
37.0
39.0
31.4
32.0
24.7
15.4
27.6

32.8
42.9
29.3
31 .0
27.5
39.9
14.7
27.3

8.2
11 .1
26.3
27.6
26.6
18.5
12.3
14.9

0.0
0.0
2.3
1.3
0.7
6.3
7.6
4.1

41 .0
54.0
57.9
59.9

L7-1
L7-1
L7-1
L7-1
L7-1
L4-1
L4-2
L 13-1

54.9
64 .7
34.5

46.4

Results from point counts (vol.%). Crystal proportions normalized to 100% on vesicle-free basis.
Table 3.4: Modal proportions of selected samples determined using BSE image analysis
Sample no.

N

22-08-83
L17-1
L18-1
L21-1
L43-2
E3-5
L55-10
L63-5
L63-6
L63-7
L63-8
L63-10
L63-1

4
9
10
4
5
2
10
9
7
12
10
8
10

Area (mm
16.7
17.1
16.2
9.8
9.5
4.2
12.4
17.5
15.6
24.3
21.7
17.7
16.3

2

)

Plagioclase

Clinopyroxene

Olivine

Total crystallinity

6.3 (3.7)
14.5 (1 .9)
17.6 (2.3)
19.4 (0.8)
18.0 (2.3)
17.5 (3.3)
17.7 (2.5)
14.7 (1 .6)
19.2 (1 .3)
17.5 (1 .8)
19.2 (1 .4)
21.6 (2.0)
19.9 (1 .9)

1.6 (2.1)
4.8 (1 .9)
5.8 (2.1)
9.8 (2.0)
8.3 (2.8)
14.1 (1.6)
9.7 (1 .8)
8.8 (2.6)
14.5 (2.4)
10.7 (2.1)
9.2 (2.8)
10.4 (2.2)
12.4 (3.0)

<0.1
2.1 (0.8)
2.3 (0.6)
4.6 (0.7)
2.5 (1 .1)
2.5 (0.9)
2.4 (0.4)
2.4 (0.7)
4.7 (1 .6)
3.0 (1 .1)
3.0 (0.5)
3.7 (1 .2)
4.6 (1 .1)

7.9 (4.3)
21.4 (3.2)
25.8 (2.6)
33.8 (1 .7)
28.9 (4.5)
34.1 (4.2)
29.3 (3.7)
25.9 (3.5)
38.5 (2.9)
31 .2 (2.2)
31.4 (3.0)
35.7 (3.0)
36.8 (2.2)

All'proportions normalized to 100% on vesicle-free basis . N-number ofBSE images analysed.
Area-total area analysed. Average of multiple analyses for each sample reported with standard
deviation in brackets.
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Crystal number densities and shapes. Plagioclase and olivine number densities were
quantified for tephra and lava samples representative of the entire range in groundmass
crystal content (Table 3.5). Plagioclases range from 160-450 crystals/mm2 in the lava
2
compared to 34 crystals/mm in the tephra. Barely found in the tephra, olivines are
abundant in the lava (20-80 crystals per mm2); this also applies to clinopyroxenes. These
observations agree with the higher proportion of small microlites in the lavas (Le., Fig.
3.3). Plagioclases and olivines cover a wide range of size and show average aspect ratios
(width/length) of 0.3 and 0.7-1 respectively (Table 3.5). It is worth noting that the average
crystal size increases with decreasing number densities (Table 3.5), which is a direct
consequence of mass balance constraints in the crystallization process (e.g., Marsh, 1988).
More than 70% of plagioclase crystals, in both lava and tephra, display some fonn of
clustering, branching, and/or intergrowth with other phases (Fig. 3.8, Table 3.6).

Table 3.5: Results of manual measurements of crystal sizes and numbers from BSE images
Area
(mm 2 )

N

Plagioclase
tephra
L17-1
L18-1
L66-3

16.43
2.04
2.75
1.84

Olivine
tephra
L17-1
L18-1
L66-3

16.43
4.93
2.75
1.84

Sample no.

Number density
(mm·2 )

W

Crystal sizes (J1m)
L

W/L

560
918
435
356

34
450
158
194

14.3 (12.2)
8.1 (6.5)
15.4 (10.9)
12.5 (7.3)

58.2 (41.3)
32.8 (25.1)
50.8 (39.3)
54.1 (36.3)

0.3 (0.2)
0.3(0.2)
0.4 (0.2)
0.3 (0.2)

0
289
54
61

0
59
20
33

14.5 (6.9)
21.6(9.4)
19.6 (16.4)

21.8 (10.2)
32.4(18.1)
30.0 (29.6)

0.7 (0.2)
0.7(0.2)
0.7 (0.2)

Measurements from tephra done from BSE images ofsamp\es 16-08-83, 18-08-83 (all results were
added). Lava samples chosen are representative of entire compositional range. Area-total area
measured, N-number of crystals counted. Average of crystal width (W) and length (L) are
reported with 1 standard deviation in brackets. Raw data was used to derive CSD plots.
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Figure 3.8: Proportion of plagioclase crystals with specific intergrowth pattern in tephra and lava
samples. Oliv-olivi ne, cpx-clinopyroxene (data in Table 3.6).
Table 3.6: Manual quantification of plagioclase shapes and intergrowth pattern
Sample

Crystals
in clusters

Crystals
branching

Crystals
in intergrowth
with cpx

Crystals
in intergrowth
with olivine

Microphenocrysts

Phenocrysts

158
177

104
215

121
152

4
86

15
21

7

Tephra
Lava (L17)

Number of crystals of each type. cpx-clinopyroxene.

3.5.2

Crystal morphologies and compositions

Phenocrysts, microphenocrysts and microlites are different in terms of shape,
compositional range and zoning pattern , and crystal s in the lava are typically more evolved
than in the tephra. Figure 3.9 summarizes these differences, Table 3.7 reports the
representative composition of each crystal type (all data in Appendix C), and Figure 3.10
shows histograms of compositional ranges in terms of the cation ratios: An*=
An/(An+Ab)=

CaJ(Ca+Na);

Mg/(Ca+Mg+Fe);

Fs=

Fo=

Mg/(Mg+Fe);

Fe/(Ca+Mg+Fe);

and

En*=

Wo=

CaJ(Ca+Mg+Fe);

En/(En+Fs)

see Table

En=
3.7).

Representati ve microprobe profiles across individual crystals are shown in Fig. 3.11 .
Pl agioclases characteri stically show small internal fluctuation s in composition that are
described as

0

cill atory zoning, and observed in phenocrysts, microphenocrysts and

microlites. In the following , the characteristics of each crystal type are success ively
presented, but providing most details about plagioclases since these are the most abu ndant.
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Phenocrysts

M icrophenocrysts
100 11m

zoning

100 Mm

Color legend
Clinopyroxenes (cpx)
Wo 32-41 En 32-49

o

Plagioclases (plag)

Olivines (oliv)

[EJ An/(An+Ab) -75

D

Fo70-80

[::::J

Fo 65-70

_

An/(An+Ab) 60-65

Figure 3.9: General characteristics of each crystal type. Compositional contours and crystal shapes
were drawn from backscatter images. Location of profile across olivine phenocryst reported in Fig.
3.11 f.
Table 3.7: Representative compositions of crystals
Plagioclases
Crystal type
Location of analysis
Si0 2
Ti0 2
AIzOJ
Cr2 0J
MgO
CaO
MnO
FeO
NiO
Na 2 0
K2 0
Total
Formula
Si
Ti
AI
Cr
Mg
Ca

Mn
Fe
Ni
Na
K
Total
Fo
Wo
En
An
Or

Olivines

Clinopyroxenes

ph
ph
ph
xeno
rim mantle core core
54.16 52.09 50.14 46.52
28.78

29.74

31 .55

33.78

0.17
12.02

0.19
13.44

0.16
14.96

0.09
17.43

0.78

0.77

0.74

0.62

4.41
3.66
2.84
1.44
0.13
0.07
0.05
0.03
100.45 99.95 100.44 99.91
2.443

2.372

2.283

2.145

1.530

1.596

1.693

1.835

0.012
0.581

0.013
0.656

0.011
0.730

0.006
0.861

0.029

0.029

0.028

0.024

0.386
0.008
4.989

0.323
0.004
4.993

0.250
0.003
4.998

0.129
0.002
5.002

mp
ml
rim
core
50.15 50.42
1.65
1.22
3.17
3.49
0.03
0.23
14.69 15.66
16.78 19.39
0.32
0.23
12.65 9.08
0.01
0.01
0.31
0.31
0.00
0.01
99.76 100.04

ph
core
51 .43
0.96
2.94
0.28
16.15
20.02
0.20
8.12
0.02
0.30
0.00
100.40

ph
rim
51 .55
1.23
2.15
0.01
13.92
17.05
0.32
13.54
0.01
0.29
0.01
100.09

xeno
core
52.63
0.77
2.10
0.19
16.50
19.84
0.20
7.88
0.02
0.24
0.00
100.36

mp
rim
37.51
0.08
0.03
0.03
33.53
0.38
0.38
28.88
0.06
0.02
0.00
100.90

1.887
0.047
0.141
0.002
0.824
0.677
0.011
0.398
0.000
0.023
0.000
4.007

1.875
0.035
0.153
0.006
0.869
0.773
0.008
0.282
0.000
0.023
0.000
4.023

1.898
0.027
0.128
0.008
0.888
0.792
0.006
0.251
0.000
0.021
0.000
4 .019

1.937
0.035
0.095
0.000
0.780
0.687
0.011
0.426
0.000
0.021
0.000
3.992

1.935
0.021
0.092
0.006
0.905
0.782
0.006
0.242
0.000
0.017
0.000
4 .004

0.999 0.996 0.999 1.006
0.002 0.001 0.000 0.000
0.001 0.002 0.000 0.001
0.001 0.000 0.000 0.001
1.332 1.390 1.471 1.549
0.011 0.009 0.008 0.008
0.009 0.008 0.007 0.007
0.643 0.594 0.512 0.419
0.001 0.002 0.002 0.003
0.001 0.001 0.000 0.000
0.000 0.000 0.000 0.000
2.999 3.002 3.001 2.993

35.7
43.4

40.2
45.2

41 .0
46.0

36.3
41 .2

40.5
46.9

67.4
59.6
0.82

66.7
0.41

74 .3
0.31

mp
core
37.79
0.05
0.05
0.00
35.37
0.33
0.38
26.94
0.08
0.01
0.00
100.99

70.1

ph
core
38.05
0.00
0.00
0.02
37.59
0.28
0.33
23.33
0.11
0.00
0.00
99.71

74.2

xeno
core
39.04
0.00
0.03
0.04
40.32
0.30
0.30
19.47
0.14
0.00
0.00
99.64

78.7

86.8
0.20

Major elements in wt.%. xeno-xenocryst, ph- phenocryst, mp-microphenocryst, ml- microlite.
Formula based on 8 oxygens for plagioc1ases, 6 oxygens for clinopyroxenes, 4 oxygens for
olivines.
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Clinopyroxenes form large W036-42 E14I-49 prismatic crystals often with sector and patchy
zoning that show clearly in BSE images (Figs. 3.13a and b). A typical crystal shown on
Fig. 3.13b features a distinct irregular Wo....u En*78-80 xenocryst core, a W036-41 En*76-78
mantle with straight outer faces, an evolved rim (WO...36 En* -71), and a -20-llm-thick Ferich overgrowth (reaching En* -65)' Other crystals show alternating bands of WO-39 En* -70
and WO-38 En*-75 (Fig. 3. 13 a), and sectors with distinct compositional pattern (Figs. 3.111
and 3. 13a).
Microphenocrysts. Microphenocrysts consist mainly of -I OO-pm-size intergrowths of
plagioclase and clinopyroxene, with rare olivines. Plagioclase microphenocrysts mainly
form branching tabular laths 20-50 /lm in width and 50-100 /lm in length, typically An*6164

(Fig. 3.10), with polysynthetic twinning and oscillatory zoning (Fig. 3.lld). Many

crystals have skeletal overgrowths mostly developed at the corners, forming fine
swallowtails or complex, blocky extensions (see Fig. 3.14b). Some have vesicles attached
to or enclosed in the outer face. Round to irregular glass inclusions are common and may
be abundant in some crystals, often occurring near the crystal centre and both aligned and
elongated parallel to the outer faces. Olivine microphenocrysts are 60-100-/lm, diamond to
round in shape, and typically F069-72 (see Fig. 3.10), with normal zoned rims reaching F0 65
at the margin (Fig. 3.llg). Numerous crystals have skeletal to hopper morphologies at their
corners, and rims enclose glass pockets (Figs. 3.l5a-c). Clinopyroxene microphenocrysts
typically form clusters of 20-50 p.m granular crystals with radiating plagioclase laths. They
are W0 36-41 E140-51 in the tephra, and slightly more evolved in the lava (W0 34-42 E140-5\).
Some crystals show alternating bands of WO-39 En* -70 and WO-38 En* -75. Sector zoning is
commonly seen (Figs. 3.l3d and e), and the zoning is often patchy and highly irregular
(i.e., Fig. 3.13c). Rims are evolved, forming a thin <10 p.m light-grey band in BSE (Fig.
3.13c). In the lava, they often show re-entrants and anhedral, dendritic outgrowths, with
some rounded to elongated -IO-p.m-wide glass inclusions (Fig. 3. 13 f).
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200 J-lm

Figure 3. 12: Characte ri sti cs of plagioc lase phenoc rys ts. Numbe rs re fer to co mpOS itIon of
pl ag ioc lases in An *. Sa mpl e numbers are indi cated on fi g ures. (a) Pl agioc lase a nd oli vin e
phe noc ryst clu ste r. Photomi crogra ph in pola ri zed li ght and BSE image o f clu ste r on top a nd botto m
left , re pec ti vely. Note rounded indi vidual c rystal s in c luded in large r tabul ar c rystals in clu ste r:
xe noc ryst form s ce ntral part o f cluste r (see tex t). Photo micrograph in non-polari zed li ght (b) a nd
co rres pondin g BSE im age (c) of numerous inclu sions prese nt in xe noc ryst core of pl agioc lase
ph e nocryst (w hite on BSE). (d) Plane- polari zed li ght ph oto mi crograph of phe noc ryst with corroded
core and thin evo lved ove rgrowth rim . Note nuc leati on of mi crolites on corroded surfaces. (e)
Pl a ne- pola ri zed ph otomic rogra ph of angul ar ph enoc ryst with primiti ve core and wide ove rgrowth
rim inc ludin g mi cro lite and poc kets of ground mass g lass. Co mpositi onal profi les shown in Fi g .
3. 11 a. b. and c are located on photog raph . (f) Plane- polarized photo mi crogra ph o f c luste r shown in
Fi!!. 3.3b and sketc hed in Fi g. 3.9 . ote anh edral bl oc ky morph ology of ove rgrowth s along
ph~ nocryst face on top ri ght corne r of ph otograph .
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Figure 3.13: Charac teri sti c of clinopyroxene phe nocrysts and mi crophenoc ryst. Numbers indi cate
crystal co mpositi ons in En*. c px-c lin opyroxe ne. (a) BSE o f phenoc rysts, note sec tor zonin g of
large r crystal, and of sma ller crystal attached on the edges (sample Ll7-1 ). M g-rich areas fo nn
darker patches. Plagioc lase phenoc ry ts in intergrowth show e longated inclusions. (b) BSE of
phenoc ryst with xenoc ryst core desc ribed in text (sampl e L 7-5). (c) BSE of irregul arly zoned
mic rophenoc ryst c luster (sa mple LI 7- 1). Note li ghter co lour (more Fe-ri ch) and mail er ize of
surroundin g microlites . Plane-po lari zed photo mi crograph (d) and correspondin g BSE (e) of
microphenoc ryst c luster with di stinct hourg la s ec tor zonin g ( ample Ll 4-6). (f) Photo mi crograph
of microphenoc rysts with inco mplete and angul ar outgrowth and irregul ar g las inc lu ions
(sa mple LJ 4-6) .
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Microlites. Microlites are subhedral to anhedral crystals that are dispersed in the

groundmass or attached to microphenocryst and phenocryst rims. Similar in composition to
microphenocrysts in the tephra (An*61-64, Fo n -75 , W032 -41 En32-49), they are more evolved in
the lava (An*53-64, F063-69, W032-41 En32-49) (Fig. 3.10), where they commonly have high
concentrations of minor elements (see Fig. 3.16 and caption). Plagioclases mainly form
parallel branching laths, with swallowtail ends (irregular, V-shape extremities), and small
glass inclusions parallel to the outer faces (Fig. 3.14a). Some form very thin tablets with
irregular inclusions of glass and microlites that are defined as hopper shapes; others are
high aspect ratio laths (Fig. 3.l4a). Olivines are 5-40 11m, commonly polyhedral, with
round to oval central glass inclusions (Figs. 3.15e-h). Some have skeletal outgrowths and
irregular outer faces (Figs. 3.15e-h); others have incomplete outer faces with irregular
glass

inclusions,

angular re-entrants

and/or

round

embayments

(Figs.

3.l5d).

Clinopyroxenes are <10-p.m granular crystals that form clusters of light-grey grains on
BSE images (Fig. 3.13c).
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microlites

(c)

glass
inclusions
Figure 3.14: Skeletal habits of plagioclase microphenocryst rims and

microlites. (a)
Photomicrograph of skeletal to blocky hopper habits shown by microlites, note irregular inclusions
of ground mass glass and microlites in the crystals, and ac icular habits of some laths. (b)
Plagioclase mi crophenoc ryst with thin , irregular-shaped outgrowths. Note that microlites and
ground mass glass are incorporated in the outer rim of the crystals from which the outgrowths
branch (see sketch on c).
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10~m

Figure 3.15: Ske letal habits of oli vine mi crophe noc ryst rims and microlites. (a) Evol ved outgrowth
at microphenocry t com ers (sketc h from BSE image). (b) Crystal enclosing oval cavity partly filled
with large vesic le a nd patch of c lear glass with microlites; external face is incomplete, with Cshape and smooth re-entrants along late ral faces and hook-shaped outgrowth on corners (po larized
li gh t, sa mple Ll 7- 1). (c) Microphenocryst with pointy irregular outgrowth enclosing round- shape
crystal (sa mple L14-6). (d) Crystals with V -shaped end hosting inclu sions of simi lar shape, and
howin g a tai l wi th blocky ex tensions and abundant microlites attached on surface (sampl e Ll7-3).
(e) Touching mi cro lites with round inclusions and po inty outgrowth s (sample Ll4-6). Crystal faces
are see n by transparency. (f) Microlite with irregular tail grow ing around tiny granular mi cro lites
(sa mple L17-1 ). (g) Triangular-shape mi cro lite with inclu sions of ground mass glass (L14-6).
O~ ~(a--)-o---'-----te-~~rn~~-~'
o
mlcrolnes ~
0

o

mlcropheno

0 1 ~----~~---------.

<> 0

Olivines

0

00

0.2

Fe

O~

01

60

65

70

Fo

75

00

o Plagioclases

(c)

1/4

Ti
Ca

0 3 ~-----------------.

Clinopyroxenes

(b)

01

02

AI

0.3

04

o

0 0
o 0

o
0

Oo~
55

65

75

An/(An+Ab)

Figure 3.16: Minor elements in ground mass c rystals. Caption for symbo ls is on (a). Ca. Ti a nd A l
measured in number of atoms per for mul a unit. Note commonl y hi gh concentrati ons o f Ca in
olivine microlite (a). Fe in plagioclase mi crolites (b), and TiJAI in c lin opyroxene mi crolites (c).
Distribution of peak ' in min or element concentration is irregular across individual c rystals.
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3.5.3

Compositional variations of tephra and lava groundmass glasses

Compositional variations. Figure 3.17 plots results from whole-rock and groundmass
glass compositional analyses against MgO wt. % as a differentiation index. The data is
reported in Tables 3.8 and 3.9 and in Appendices D and E.
The four lava samples analysed in this study for bulk composition (XRF) fall in a small
compositional range (50.41 ± 0.17 Si02 wt.%; 5.75 ± 0.01 MgO wt.%, see Table 3.8).
Thordarson et af. (1996) and Thordarson (unpublished data) conducted additional bulk
rock analyses of samples of lava and strombolian tephra using ICP-MS, and the average of
their data plots closely to the results from this study (black square with bars on Fig. 3.17).
The range of eruptive products of the Laki eruption can thus be considered as
compositionally homogeneous for the purpose of this study, which agrees with previous
work (e.g., Sigmarsson et al., 1991). Hence, variations in the composition of groundmass
glasses can be used to infer the extent of groundmass crystallization of the magma upon
transport, considering a closed system.
Whole-rock data, and tephra and lava glass compositions define a typical magmatic
differentiation trend of decreasing MgO with increasing Ti02, FeO, MnO, K20, P20S,
decreasing Ah03, CaO, and constant to slightly decreasing Si0 2 and Na20 (Fig. 3.17). It is
worth noting that, although most elements vary linearly with MgO wt.%, CaO is constant
for tephra glasses and the least-evolved (Mg-rich) lava glasses. In addition, CaOIAh03 is
significantly lower for tephra glasses than for lava glasses that show a constant ratio
(CaOIAh03

= 0.75-0.80).

Groundmass glasses of tephra and lava selvages contain an average of 0.1 wt.% of
dissolved H20, as estimated by FTIR (Table 3.10, Fig. 3.18). The high H20 wt.% (0.3-0.4)
detected by two of the repeated FTIR measurements in a highly crystalline sample (L 18-1)
is probably an artefact of the analysis of glasses at close distance from crystal borders and
thus relatively enriched in volatile component. It is likely that the glass analysed was
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located in the lava transitional zone (Fig. 3.4), where crystal boundary layers are thick and
highly evolved (see below). The amount of water dissolved in tephra and lava selvages is
thus considered to be roughly similar, and less than 0.1 wt.%.
Figure 3.19 plots tephra and lava glass compositions in terms ofMg# [Mg/(Mg+Fe}Fe calculated from total FeO] as an index of liquid differentiation, against distance from
the vent. Liquid differentiation increases sharply close to the vent, which is related to the
tephra-lava glass compositional gap shown above. NVEF lavas are distinctly less evolved
than lavas that travelled to further distances from the vent or were produced later in the
eruption (also shown in Fig. 3.18); they show a slight down-flow increase in differentiation
that seems to correlate with the location of the transition from shelly to spiny pahoehoe
surfaces defined in the field (Figs. 3.20a and b). Away from the vent area, the range
covered by lava glass compositions is small and does not vary systematically with distance
from the vent (Fig. 3.19) or along single lava lobes (see Fig. 3.20c). There is no correlation
between groundmass crystallinity and sample type (Fig. 3.20c). Glasses of samples that
showed evidence for partial micro-crystallization during solidification (Le., belonging to
lava transitional zone) spread over a large compositional range, following the same trend
as other lava glasses, but towards distinctly more evolved compositions in all elements (see
L63-9: Figs. 3.20d and e). The absence of Fe-oxide formation in that sample is notable,
given Ti02 concentrations of 4-5 wt.%.
Table 3.8: XRF whole-rock analysis of selected lava core samples
Sample no.
Si02
Ti02

AI20 3
FeO
MnO
MgO
CaO
Na20

K2 0
P20S
LOI

Total

l13-4
50.54
2.78
13.93
13.66
0.23
5.76
10.50
2.72
0.43
0.30

l3-1
50.34
2.81
13.82
13.75
0.23
5.73
10.40
2.57
0.41
0.30

l4-4
50.21
2.74
13.97
13.32
0.22
5.76
10.46
2.71
0.41
0.30

l7-6
50.55
2.83
13.83
13.76
0.23
5.77
10.44
2.74
0.43
0.30

-0.85

-0.35

-0.09

-0.88

100

100

100

100

Average (stdev)

50.41 (0.17)
2.79 (0.04)
13.89 (0.08)
13.63 (0.21)
0.22 (0.00)
5.75 (0.01)
10.45 (0.04)
2.69 (0.08)
0.42 (0.01)
0.30 (0.00)
100.55

Major elements in wt.%. Stdev-l standard deviation, LOJ-Loss On Ignition.
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Table 3.9: Average composition of glass standards and natural groundmass glasses.
Sample no.
Sample typeJ1ocation
(km)
N
SiO,
TiO,
AI,O,
FeO
MnO
MgO
CaO
Na,O
K,O
P,O.
Total
Mg#"

BHVo-2
Glass standard

Glass standard

lS.Q8-83
tephralvent

0

0

0

295
SO.42 (0.401)
2.75 (0.045)
13.54 (0.164)
11.02 (0.131)
0.17 (0.010)
7.24 (0.095)
11.21 (0.123)
2.20 (0.062)
0.51 (0.014)
0.28 (0.018)
99.32 (0.518)
53.95 (0.43)

11

5

49.90 (0.600)
2.73 (0.040)
13.SO (0.200)
11.07 (0.200)
0.17
7.23 (0.120)
11.40 (0.200)
2.22 (0.080)
0.52 (0.010)
0.27 (0.020)
99.01
54

SO.58 (0.122)
3.01 (0.032)
13.17 (0.038)
14.11 (O.OSO)
0.23 (0.006)
5.60 (0.061)
9.65 (0.067)
2.84 (0.043)
0.46 (0.014)
0.35 (0.014)
99.37 (0.192)
41.42 (0.26)

50.72 (0.045)
2.99 (0.054)
13.07 (0.051)
14.06 (0.094)
0.23 (0.007)
5.59 (0.042)
9.71 (0.066)
2.84 (0.030)
0.46 (0.006)
0.34 (0.013)
99.04 (0.164)
41.48 (0.22)

10
50.66 (0.107)
2.97 (0.027)
13.10 (0.062)
14.49 (0.096)
0.24 (0.012)
5.43 (0.046)
9.49 (0.061)
2.82 (0.030)
0.46 (0.010)
0.34 (0.021)
99.10 (0.126)
40.07 (0.26)

10
SO.49 (0.087)
3.05 (0.036)
13.09 (0.105)
14.25 (0.084)
0.23 (0.009)
5.49 (0.037)
9.83 (0.093)
2.76 (0.042)
0.46 (0.011)
0.35 (0.028)
99.12 (0.224)
40.74 (0.24)

Sample no.
Sample typellocation
(km)

E3-5
lavalcoastal plain
45

LI4-3-1
lavaiNVEF
0.05

L14-6
lavaiNVEF
0.2

L14-7
lava/NVEF
0.05

L17-1
lava/NVEF
0.25

L17-3
lavaiNVEF
0.1

5
SO.14 (0.262)
4.07 (0.035)
11.49 (0.027)
17.10 (0.541)
0.27 (0.015)
4.29 (0.112)
9.05 (0.142)
2.52 (0.097)
0.59 (0.015)
0.47 (0.009)
99.24 (0.164)
30.93 (1.21)

6
SO.49 (0.157)
3.SO (0.053)
12.26 (0.107)
15.32 (0.096)
0.25 (0.011)
4.99 (0.094)
9.79 (O.OSO)
2.48 (0.078)
0.52 (0.015)
0.39 (0.015)
98.93 (0.320)
36.75 (0.47)

5
SO.63 (0.097)
3.57 (0.041)
11.68 (0.076)
15.SO (0.056)
0.27 (0.012)
4.82 (0.051)
9.57 (0.050)
2.85 (0.027)
0.52 (0.006)
0.39 (0.020)
99.18 (0.203)
35.67 (0.32)

4
50.42 (0.057)
3.54 (0.042)
12.41 (0.148)
15.16 (0.126)
0.24 (0.016)
4.90 (0.122)
9.79 (0.124)
2.60 (0.100)
0.52 (0.011)
0.40 (0.030)
98.48 (0.341)
36.58 (0.39)

7
SO.40 (0.072)
3.63 (0.043)
11.92 (0.040)
15.77 (0.110)
0.25 (0.011)
4.79 (0.052)
9.58 (0.060)
2.72 (0.075)
0.53 (0.020)
0.40 (0.019)
99.31 (0.175)
35.16 (0.29)

6
50.43 (0.095)
3.61 (0.044)
11.99 (0.140)
15.65 (0.143)
0.25 (0.009)
4.86 (0.062)
9.53 (0.040)
2.75 (0.040)
0.54 (0.014)
0.39 (0.017)
98.96 (0.205)
35.63 (0.28)

L17-5
lavaiNVEF
0.01

Total
Mg#"

LI8-1
lava/NVLF
0.08
8
SO.04 (0.200)
4.08 (0.041)
11.42 (0.131)
16.75 (0.100)
0.27 (0.010)
4.41 (0.070)
9.17 (0.039)
2.80 (0.062)
0.60 (0.008)
0.45 (0.017)
99. SO (0.453)
31.94 (0.38)

L21-1
rc tephra/highlands
0.5
7
50.40 (0.106)
3.85 (0.051)
11.73 (0.127)
16.22 (0.085)
0.25 (0.016)
4.57 (0.038)
9.42 (0.047)
2.57 (0.025)
0.57 (0.011)
0.42 (0.021)
99.05 (0.096)
33.43 (0.21)

L29-13
lava/highlands
2

SO.40 (0.079)
3.51 (0.062)
12.14 (0.104)
15.61 (0.118)
0.26 (0.007)
5.02 (0.056)
9.55 (0.041)
2.61 (0.147)
0.52 (0.021)
0.38 (0.033)
98.68 (0.352)
36.44 (0.37)

L17-6
lava/NVEF
0.3
5
50.SO (0.080)
3.73 (0.019)
11.99 (0.083)
15.53 (0.094)
0.25 (0.011)
4.80 (0.055)
9.45 (0.042)
2.80 (0.038)
0.53 (0.013)
0.41 (0.021)
98.80(0.211)
35.54 (0.37)

SO.10 (0.099)
4.02 (0.048)
11.53 (0.087)
16.74 (0.136)
0.26 (0.013)
4.44 (0.077)
9.10(0.092)
2.75 (0.077)
0.60 (0.010)
0.47 (0.025)
100.22 (0.187)
32.13 (0.40)

L29-15
lava/highlands
2
9
SO.14 (0.067)
3.97 (0.031)
II.SO (0.026)
16.65 (0.109)
0.27 (0.010)
4.51 (0.033)
9.25 (0.045)
2.68 (0.099)
0.58 (0.016)
0.45 (0.020)
99.25 (0.239)
32.59 (0.20)

Sample no.
Sample typeIIocation
(km)

o

L29-18
lava/highlands
2

l33-1
lava/Highlands
6

l4-2
lava/coastal plain

l43-2
lava/highlands
20

l55-10
lava/coastal plain
54

l63-1
lava/coastal plain
49

N

7

5

10

SO.22 (0.042)
3.94 (0.037)
11.66 (0.053)
16.55 (0.141)
0.26 (0.010)
4.45 (0.022)
9.12 (0.104)
2.79 (0.101)
0.58 (0.019)
0.44 (0.023)
99.62 (0.288)
32.41 (0.18)

SO.23 (0.115)
3.86 (0.054)
11.72 (0.036)
16.26 (0.115)
0.25 (0.012)
4.62 (0.053)
9.31 (0.062)
2.75 (0.091)
0.56 (0.010)
0.44 (0.018)
99.13 (0.225)
33.63 (0.20)

SO.30 (0.249)
3.98 (0.185)
11.46 (0.173)
16.93 (0.211)
0.26 (0.010)
4.41 (0.073)
8.80 (0.161)
2.77 (0.068)
0.62 (0.026)
0.47 (0.020)
98.98 (0.266)
31.72 (0.30)

50.21 (0.165)
3.68 (0.038)
11.68 (0.042)
16.20 (0.178)
0.27 (0.011)
4.75 (0.108)
9.SO (0.062)
2.52 (0.228)
0.54 (0.024)
0.44 (0.019)
98.74 (0.200)
34.36 (0.67)

9
SO.13 (0.218)
3.85 (0.076)
11.56 (0.095)
16.48 (0.140)
0.27 (0.008)
4.63 (0.058)
9.25 (0.102)
2.82 (0.085)
0.56 (0.019)
0.43 (0.027)
99.39 (0.163)
33.40 (0.39)

SO.35 (0.116)
4.02 (0.056)
11.58 (0.018)
16.39 (0.130)
0.28 (0.015)
4.SO (0.049)
9.31 (0.021)
2.54 (0.090)
0.57 (0.022)
0.45 (0.019)
99.47 (0.134)
32.85 (0.30)

l63-10
lava/coastal plain
49

l63-5
lava/coastal plain
48

L63-6
lava/coastal plain
48

l63-7
lava/coastal plain
48

l63-8
lava/coastal plain
48

l66-3
lava/coastal plain
55

o

o

N
SiO,
TiO,
AI,O,
FeO
MnO
MgO
CaO
Na,O
K,O
P,O.
Total
Mg#"
Sample no.
Sample typeJ1ocation
(km)
N
SiO,
TiO,
AI,O,
FeO
MnO
MgO
CaO
Na,O
K,O

o

p,o.

SiD,
TiO,
Ai,O,
FeO
MnO
MgO
CaO
Na,O
K,O
P,O.
Total
Mg#"
Sample no.
Sample typeIIocation
O(km)
N
SiO,
TiO,
Ai,O,
FeO
MnO
MgO
CaO
Na,O
K,O
P,O.
Total
Mg#"

USGS'

16.Q8-83
tephralvent

0

7

30

18.Q8-83
tephralvent

6

22.Q8-83
tephralvent

6

9

5

4

5

6

7

SO.39 (0.201)
3.95 (0.083)
11.54 (0.071)
16.62 (0.145)
0.27 (0.010)
4.47 (0.047)
9.01 (0.080)
2.74 (0.059)
0.59 (0.014)
0.43 (0.021)
99.15 (0.344)
32.39 (0.37)

SO.27 (0.047)
3.76 (0.049)
11.76 (0.082)
16.20 (0.079)
0.26 (0.014)
4.67 (0.099)
9.48 (0.060)
2.63 (0.075)
0.55 (0.020)
0.44 (0.019)
99.55 (0.248)
33.94 (0.55)

SO.29 (0.114)
4.02 (0.081)
11.SO (0.071)
17.01 (0.110)
0.28 (0.007)
4.49 (0.064)
9.14 (0.040)
2.21 (0.177)
0.60 (0.029)
0.46 (0.005)
99.27 (0.248)
32.02 (0.28)

50.11 (0.036)
3.91 (0.049)
11.58 (0.045)
16.39 (0.085)
0.27 (0.015)
4.67 (0.049)
9.32 (0.033)
2.72 (0.067)
0.59 (0.031)
0.45 (0.021)
99.23 (0.181)
33.72 (0.33)

SO.26 (0.146)
3.68 (0.058)
11.73 (0.176)
16.47 (0.126)
0.25 (0.019)
4.62 (0.015)
9.29 (0.054)
2.SO (0.191)
0.57 (0.014)
0.43 (0.019)
99.06 (0.266)
33.35 (0.21)

SO.17 (0.094)
3.84 (0.043)
11.82 (0.089)
16.36 (0.038)
0.25 (0.007)
4.64(0.029)
9.19 (0.051)
2.73 (0.025)
0.56 (0.017)
0.43 (0.026)
98.78 (0.136)
33.59 (0.16)

Data in wt.%, normalized to 100% (except totals). Standard deviation in brackets. FeO is in total
iron. Mg** = Mg/(Mg+Fe). D-distance from vent. N-number of analyses averaged for each
sample. Sample type and location: NVEF- near-vent early-formed, NVLF-near-vent lateformed, rc-rootless cone. Column USGS* reports recommended value for BHVO-2 (available
from: http://minerals.cr.usgs.gov /geo_chern_standlindex.html).
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Figure 3. 17: Major e le ment compos ItIOn of tephra and lava groundmass glasses. plotted with
who le roc k analyses. Black squ are with error bars show average and standard deviati on of whole
rock analyses of both lava and tephra samples by Th ordarson et al. ( 1996) and T. Thordarson
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(un publi shed) EMP analysis of stro mboli an tephra glasses (note sim ilari ty with data fro m thi s
study) . The cross o n eac h di agram represent s I stand ard dev iati on of standard glass co mposition
repon ed in T able 3.9.
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Figure 3.18: Histogram of total water content of lava (black) and tephra (grey) groundmass glasses
(FTIR). High water concentrations detected in some glass patches analysed in sample LJ S-l (line
on fi gure) is attributed to volatile enrichment in boundary layers close to crystals (see text).

Table 3.10: Results from FTIR analysis of tephra and lava glasses
Sample no.

Tephra glass
16-08-83
18-08-83
18-08-83
18-08-83
18-08-83
Lava glass
L14-6
L14-6
L14-6
L17-3
L17-3
L17-3
L18-1
L18-1
L18-1
L18-1
L1 8-1
L18-1
L18-1
L43-2

Absorbance

Thickness

(a)

(Pm)

2/1
1/1
1/2
1/3
2/1

0.066
0.062
0.05
0.084
0.073

72
85
85
85
93

0.096
0.076
0.061
0.102
0.082

2/1
2/2
2/3
1/1
117
1/3
3/1
3/2
3/3
4/1

0.113
0.101
0.142
0.08
0.08
0.01
0.051
0.042
0.137
0.126
0.101
0.101
0.088
0

130
130
130
67
67
29
65
65
65
182
171
30
30
22

0.090
0.081
0.114
0.123
0.123
0.036
0.081
0.067
0.219
0.072
0.061
0.352
0.307
0.000

Analys is no.

4/2
3/1b
3/2b
1/2

H20 +OH- calculated using Beer Lambert equation (see equation in
text). Large variability of repeated measurements in single samples
(e.g., LJS-\) is ascribed to enrichment of ground mass glasses close
to crystals (boundary layers) in volatiles.
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Crystal-glass compositional gradients. In the lava transitional zone, a few millimeters

away from the outermost glassy selvage (see Fig. 3.4), many crystals (mostly plagioclases)
developed a compositionally distinct zone in the surrounding groundmass glass, which
fonn crystal boundary layers (e.g., Schiffman & Lofgren, 1982). These are obvious on
high-contrast BSE images where they form white haloes around plagioclases that are
thickest along curved and irregular surfaces along the crystal faces, and fill the V or Ushaped zone formed between dendritic arms at the crystal tips (Fig. 3.21). Similar gradients
were rarely detected at the margin of olivine and clinopyroxene crystals; those form small
dark patches on high-contrast BSE images.
The boundary layers correspond to distinct compositional gradients in the glass that
were sometimes detected by microprobe profiling across crystal-glass interfaces in the lava
transitional zone. The most marked profiles measured are shown on Figs. 3.22 and 3.23. It
is noted that although the profiles reported on Fig. 3.22 around plagioclases were common,
those along clinopyroxene and olivine (Fig. 3.23) were rare. The gradients typically define
a 5-IO-J.lm-thick zone in the glass margins that is enriched in elements which are refractory
with respect to the mineral phase in question (e.g, MgO, FeO, TiO l , MnO, P2 0s, and K20
for plagioclases) and depleted in elements taken by the mineral (e.g., Ah03 for
plagioclases ).
The fact that these gradients only developed in the lava transitional zone (they are very
thin and not detectable using EMP in the outermost glass margin, i.e. zone 1 on Fig. 3.4)
signifies that they formed at sub-solidus temperature, during the rapid quench of the outer
lava margin. The concurrent growth of dendrites branched on plagioclase surfaces in this
zone is consistent with extremely rapid cooling rates leading to conditions of rapid,
diffusion-limited, growth of crystals, where constitutional undercooling occurs at the
crystal border and surface instabilities form (e.g., Kirkpatrick, 1975, 1981; Schiffman &
Lofgren, 1982). Dendrites are too thin to be compositionally analysed using EMP. They
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although display a dark grey colour on BSE images (Fig. 3.21 d) that is suggestive of a high
concentration in Fe-Mg mineral s. This is consistent with the growth of dendrites from
boundary laye rs growing around plagioclases that are enriched in these elements. The
chemical oversaturation occurring in boundary layers could in fact facilitate dendritic
growth (e.g., Schiffman & Lofgren , 1982; Oze & Winter, 2005) . It is worth noting that the
high temperature and thus low viscosity of the fluid lava during flow, as well as its
mechanical stirring, favour the diffusion of elements to and from the crystal-liquid
interfaces, preventing the fomlation and preservation of boundary layers (e.g., Kouchi ,

1986). It results that the gradients detected here and shown in Figs. 3.22 and 3.23 cannot be
used to derive crystal growth rates during lava emplacement.

Figure 3.21: High-contrast backscatter images of tephra and lava selvages revealing compositional
gradients around plagioclase borders that form white boundary layers. Images are from tephra
glassy margin (a) and lava transitional zones (b, c, d; see Fig. 3.4). Plagioclases (plag) and ve ic1es
(vs) show in black (see a), olivines (01) in white with some with light-grey cores (see c), and
clinopyroxenes (cpx) and dendrites in dark grey (see d). Sample number indicated on figure. ote
extremely thin layers around crystals in outermost glassy margin of tephra (a). Layers are best
developed in lava transitional zones that display dendrites (b, c, d) . White arrows point to thick
boundary layers that are preferentially concentrated at crystal tips and along curved faces.
Plagioclase microphenocryst in (c) shows numerous small (> 10 J.Lm) glass inclusions wi th
composi tional gradient at their edges. Spatial distribution of dendrites suggests that these are
synchronous, and maybe correlated, with formation of boundary layers (see rectangular area
outlined with dashed line in d).
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Figure 3.22: Compositional gradients at plagioclase boundaries: representative profiles. Symbols
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Interpretation of compositional variations. The pattern defined by major elements in
whole-rock and lava glasses (i.e., Fig. 3.17) is consistent with the formation of tephra and
lava glasses by in-situ fractional crystallization of a melt with initial whole-rock
composition that is progressively depleted in plagioclase, olivine and clinopyroxene
components, and is in accordance with the correlation between the groundmass crystal
content and the MgO content of glasses (Fig. 3.7). The variation of CaO with MgO in the
glasses typically mirrors the variation of clinopyroxene crystallization from the melt
whereas Ah03 varies according to the amount of plagioclase crystallization. The constant
CaO between tephra glasses and Mg-rich lava glasses (Fig. 3.17) thus indicates that
clinopyroxene crystallization was suppressed during the evolution of the melt from tephra
to lava glass composition, whereas in the lava the increase in CaO with decreasing MgO
and the constant CaO/Ah03 of the glass compositions indicate co-crystallization of
plagioclase and clinopyroxene.
Mass balance calculations were completed using the least squares program of Herrman

& Berry (2002) (Tables 3.11 and 3.12) and compared to results from textural analysis
presented above (Fig. 3.24). Tephra glasses are compositionally related to whole-rock after
removal of 8-10 vol.% of slightly variable amounts of plagioclase, clinopyroxene and
olivine (Fig. 3.24; relative proportions of 65:27:8, plagioclase/clinopyroxene

= 2.5). These

proportions are similar to results from textural analysis, thus showing that the contribution
of phenocrysts to the compositional difference between whole-rock and tephra glasses can
be neglected, which is consistent with them being present in small amounts. The relatively
larger amounts of olivine (> 0.5-1 vol.%) estimated by least squares calculations in
comparison with textural analysis can be explained by the similarity in colour of olivine
and glass in BSE images, which makes them difficult to detect by textural analysis.
Least squares calculations relate lava glasses to whole rock after removal of 20-30
vol.% of plagioclase, clinopyroxene and olivine. In the lava glasses, plagioclase and
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olivine proportions decrease with decreasing MgO wt.%, whereas clinopyroxene relatively
increases in proportion. The compositional gap between the average of tephra glass
compositions and Mg-rich lava glasses (L 14-7) is accounted for by plagioclase,
clinopyroxene,

and olivine

(plagioclase/clinopyroxene

crystallization

= 9.4).

in

the

relative

proportions

73:8: 19

The range in lava glass composition (Mg-rich to Mg-

poor) is reproduced by crystallization of the same phases in the relative proportions of
65:27:7. The range of glass compositions in sample L63-9 is modelled by least squares
calculation by

32~2

vol.% crystallization of variable amounts of plagioclase (-20-26

vol.%), clinopyroxene (-8-12 vol.%) and olivine

(-3~.5

vol.%) from whole-rock

composition. These proportions are inconsistent with the observed amount of crystals in
the lava selvage (similar to sample L63-8), which is attributed to the formation of strong
compositional gradients in the liquid due to the limited diffusion of elements away from
the crystal-liquid interfaces during constitutional undercooling (see above and Kirkpatrick
(1975».
The relative variations in the crystallizing amounts of plagioclase over clinopyroxene
in the lava glasses can also be examined using Pearce element ratios (Fig. 3.25). With this
method, the transition from tephra to Mg-rich lava glass can be modelled by extraction of
clinopyroxene and plagioclase in weight proportions of 1: 10, compared to proportions of
1:3 to form tephra glasses from whole rock; and -1:2 to reproduce the compositional range
in lava glasses starting from the least evolved glasses. The results from the least squares
calculation and the Pearce element ratios are similar, and the former compare well with the
textural data, except for clinopyroxene, which is attributed to an overestimation of the
clinopyroxene content by textural analysis to up to 10 vol.% (see grey-shaded area on Fig.
3.24a). This causes the large scatter in the total groundmass crystallinity estimated by
textural analysis. When referring to the crystal content of the lava in the following text, the
abundances and proportions given by the mass balance calculations will be used.

104

Chapter 3 - Role ofdegassing and cooling on the textures ofLaki lavas
Table 3.11: Least squares calculations of mineral proportions (vol.%)
Sample No.
15-08-83'
16-08-83"
18-08-83"
22-08-83'
L14-3"
L14-6"
L14-7"
L17-1"
L17-3"
L17-5"
L17-6"
E3-5"
L4-2"
L18-1"
L21-1"
L29-13"
L29-15"
L29-18*
L33-1"
L43-2"
L55-10"

Plag
5.46
5.88
6.63
5.81
14.24
15.63
13.35
16.32
15.78
14.75
15.85
21.51
20.24
20.11
18.24
19.72
19.57
19.04
18.11
17.98
18.79

Cpx
2.24
1.69
3.26
2.18
3.50
3.94
3.69
4.54
4.50
4.37
4.58
7.46
7.59
6.78
5.50
6.97
6.36
6.78
5.89
5.14
6.13

Oliv TolalC ~2
0.65 8.35 0.14
0.99 8.56 0.16
0.74 10.64 0.08
0.62 8.61 0.08
2.76 20.49 0.06
3.13 22.70 0.04
2.72 19.77 0.05
3.04 23.89 0.03
2.88 23.15 0.03
2.44 21.55 0.03
3.07 23.50 0.07
3.62 32.58 0.04
3.20 31.02 0.02
3.35 30.25 0.10
3.39 27.14 0.05
3.21 29.90 0.07
3.26 29.19 0.07
3.21 29.03 0.04
3.08 27.09 0.05
3.07 26.18 0.09
3.01 27.94 0.06

Sample No.
L63-10'
L63-1"
L63-5"
LS3-S*
L63-7"
L63-8"
L66-3"
L63-9-1 gl05
L63-9-3 9I01
L63-9-3 gl06
L63-9-39131
L63-9-4 9120
L63-9-4 gl21
L63-9-4 gl22
L63-9-4 9123
L63-9-4 9125
LS3-9-4 gl26
L63-9-4 9141
L63-9-4 9142
L63-9-4 9143
L63-9-4 9144

Plag
19.57
19.19
17.78
20.40
18.60
18.49
17.85
23.10
23.31
20.03
21.92
22.30
21.69
19.80
24.95
23.52
25.82
21.28
24.96
22.78
21.67

Cpx
6.79
5.90
5.37
6.87
5.83
6.12
6.42
9.44
10.18
8.66
10.46
8.97
10.17
9.01
10.56
10.21
11.94
8.62
9.67
10.95
8.36

Oliv Tolal C
3.33 29.70
3.52 28.61
3.11 26.25
3.30 30.56
3.02 27.46
3.06 27.67
2.82 27.09
3.52 36.07
3.28 36.77
3.68 32.37
3.05 35.43
3.34 34.60
3.91 35.76
4.40 33.22
3.69 39.20
4.45 38.18
4.32 42.08
3.85 33.75
3.63 38.27
3.30 37.02
3.72 33.75

~2

0.02
0.07
0.05
0.20
0.08
0.07
0.04
0.31
0.40
0.06
0.30
0.15
0.14
0.14
0.36
0.17
0.29
0.12
0.44
0.29
0.10

Sample no. indicates glass composition used for calculations. *-average composition used. Total
C-total crystallinity. Results from calculations were converted from weight % to volume % using
density of 2.6 for plagioclase (Plag), 3.3 for clinopyroxene (Cpx), 3.4 for olivine (Oliv) and 2.5 for
glass. Compositions used as parent composition and mineral components (including the glass
considered) are reported in Table 3.12. Program by Herrmann & Berry (2002) iteratively adjusts
proportions of mineral components to provide good fit with input parent composition. It returns
sum of residuals squared (lR2 on table), which has to be <0.5 for the results to be acceptable.

Table 3.12: Parameters used in the least squares calculations
Analysis no.

Si0 2 Ti02 AI 20 J

Sample type

Sample composition
whole rock
Minerals
PH plag
L7-5 12/6
MP plag
L63-766
MLplag
L63-929
PHoliv
L7-53
MLoliv
L63-933
MPcpx
L7-1 146
MLcpx
L63-730

50.41

WR2

An*76
An*66
An*55
Fo71
Fo64
En*76
En*74

2.79

FeO

13.89 13.63

MnO MgO

CaO

Na20

K20

PzOs Total

0.22

5.75

10.45

2.69

0.42

0.30 100.00

0.00
0.20
0.28
35.50
31.34
15.20
15.07

15.72
13.30
10.84
0.28
0.45
20.35
19.57

2.66
3.79
4.82
0.00

0.05
0.10
0.19
0.00
0.00
0.00

99.70
100.50
99.65
99.15
100.28
99.64
100.47

49.09 0.00 31.46 0.73 0.00
52.74 0.00 29.48 0.91 0.00
55.63 0.00 26.73 1.16 0.00
36.64 0.00 om 26.36 0.37
37.00 0.11 0.05 30.86 0.46
50.55 1.13 3.28 8.65 0.21
51.37 1.20 3.28 9.42 0.24

om

0.29
0.32

om

Major elements reported in wt.%. Sample type: PH-phenocryst, MP-microphenocryst, MLmicrolite, plag-plagioclase, oliv-olivine, cpx-dinopyroxene. End-member mineral
compositions were chosen, avoiding primitive, xenocryst-type composition and crystals showing
high amounts of minor elements. Small variations in crystal composition used had negligible
impact on the results.
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Figure 3.24 : Res ults fro m least squ ares calcul ati ons. (a) Co mpari son between calcul ated mineral
phase proport ions (in vo l. %) using least-squ ares calculations (MINSQ) and results from tex tural
analysis (BSE). Plag- plagioc lase, Oli v-oli vine, Cpx--c linopyroxene, and Sum- total
crystall inity. (b) Plots of crystal phase proporti ons versus average glass M gO wt. %. Note diffe rence
be tween teph ra and lava and evo lution of plag a nd cpx proporti ons with degree of glass
di ffere nli ation.
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Figure 3.25: Pearce element rati o di agram used to di stingui sh betwee n effect of pl agioclase and
clin opyroxene frac ti onati on on th e evoluti on of the liquid (glass). NV EF- near-vent early-formed
lava (see tex t). In thi s di agram, liquids related through crystalli zati on of clin opyroxene and
pl agioc lase hould define a line whose slope is a direct functi on of the relati ve fracti on o f eac h
min eral phase (Russe ll et aI., 1990). T o ca lcul ate the rati os, the co mpositional data were first
ave raged to simpli fy the plot, and then converted to cati on fracti ons (ox ide % multipli ed by number
of cati on in fo rmul a and di vid ed by mo lecul ar weight). A plot of P/ K agai nst Ti/ K (inset in fi gure)
was used to veri fy th e non-correlati on between conserved elements used as denominators (l arge
overl ap of the data), as recommended by Ru se ll & Nicho ll s ( 1988). T o directl y co mpare thi s
method and the re ults fro m least-squ ares ca lcul ati ons, it is necessary to consider the slope of the
lines linking any give n glass compositi on to the who le-roc k; th e difference between wt. % (thi s
method) and vo l. % (corrected results from least-squares calcul ati ons) may account fo r small
diffe rences.

3.6

MAGMA CRYSTALLIZATION HISTORY DURING THE LAKI ERUPTION
Building on the above observations, a model describing the evolution of the magma

and lava during transport and emplacement during the first five erupti ve episodes of the
Laki eruption is now presented. The model addresses: (1) the difference in the textural
and compo iti onal characteristics of phenocry ts, microphenocry ts and mjcrolite , (2) the
range of glass compos ition , crystal content and phase pro porti ons di spl ayed by the tephra
and lava. These two main aspects are ummari zed in the nex t section, and interpreted in the
fo llowing text.
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3.6.1

Petrographic evidence

I) The Laki lava contains three populations of crystals that have distinct distribution,
morphology, composition, and zoning pattern (Fig. 3.9). The rare phenocrysts are sparse
and record the largest compositional range (Fig. 3.10). Occasionally enclosing strongly
resorbed xenocrysts, phenocryst cores are euhedral and covered by a mantle of distinct
composition preferentially grown around corners (Figs. 3.9, 3.12a), with formation of an 10 mol.% An gap across plagioclases (Fig. 3.1la), continuous zoning across olivine (Fig.
3.lle), and irregular zoning across clinopyroxenes (Fig. 3.111). Smaller and more abundant
than phenocrysts, microphenocrysts are mainly composed of aggregates of irregularly
zoned clinopyroxenes intergrown with radiate plagioclase laths and minor olivines (Fig.
3.13c). These have compositions similar to phenocryst mantles (Fig. 3.10) and have tiny
glass inclusions (Fig. 3.13£). Although rare and of primitive composition in the tephra,
micro lites are abundant in the lava and consist of skeletal plagioclase (Fig. 3.10),
polyhedral to hopper olivines with round to irregular central inclusions (Figs. 3.11e-h),
and clusters of granular clinopyroxenes (Figs. 3.9c, 3.1 Ob).
2) The textural and compositional differences between glasses of tephra and lava are

attributed to an episode of intense crystallization that occurred in the lava flows, as they
travelled from the vent. At that stage, there was formation of abundant microlites of
plagioclase and olivine, with a relative suppression of clinopyroxene formation that is
shown by the constant CaD content of lava and tephra glasses (Fig. 3.17). The magma was
largely degassed at that stage (0-0.1 wt.% H20). The restricted range of composition of the
lava glasses quenched at various distances from the vent, and from along flows with
evolving surface morphology, shows that the magma underwent limited amounts of
crystallization during transport, without any direct correlation with the distance travelled or
the brecciation of the surface crust (Fig. 3.19). The proportion of plagioclase and olivine
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fractionated decreased with differentiation of the residual melt (lava glass) whereas the
proportions of clinopyroxene relatively increased.

3.6.2

Magma crystallization conditions

In this section, the constraints that can be put on the conditions of growth of each
crystal type, and the location within the magma eruption system where crystallization took
place, will be presented. In a first step, the morphological characteristics of the crystals and
their zoning pattern will be interpreted, building on the recognized link between crystal
morphology, growth rate, and the degree of undercooling of the melt (see Chapter 1 and
Dowty, 1980b; Kirkpatrick, 1981).
The euhedral shapes and homogeneous composition of phenocryst cores suggest
crystallization under low degrees of undercooling with synneusis of crystals (Vance, 1969)
and regular oscillatory zoning of plagioclase (Allegre et at, 1981). By contrast,
microphenocrysts and compositionally similar phenocryst mantles have textures and
internal zoning indicative of higher crystallization rates under diffusion-limited conditions.
These are 1) the preferred growth of plagioclase mantles around comers (e.g., Kirkpatrick,
1981),2) the irregular and sector zoning across clinopyroxene microphenocrysts indicative
of differential rates of crystal growth (see Downes, 1974; Tsuchiyama, 1985), and 3) the
occasional entrapment of glass inclusions along growth planes. The shapes and
composition of plagioclase and olivine microlites are indicative of high rates of nucleation
and growth (skeletal morphologies, entrapment of glass inclusions and minor elements)
that are consistent with undercooling of the melt by 20-40°C (e.g., Longhi et aI., 1976;
Kirkpatrick et aI., 1979; Lofgren, 1980; Kouchi et aI., 1986; Faure & Schiano, 2004). The
granular morphology of clinopyroxene micro lites and their small size differs strongly from
the large zoned microphenocrysts, suggesting high nucleation rates and low crystallization
times. The higher crystallization rates of phenocryst, microphenocryst and micro lite
populations inferred from their texture are consistent with them describing lines with
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increasing slopes and intercept in CSD plots (Fig. 3.6), following the classical CSD theory
(see Cashman & Marsh (1988) and Crisp et aI. (1994); developed in Chapter 4).
These textural observations can be fitted together into a sequence of events that
characterise the evolution of the magma during the eruption. These will be subsequently
quantified using calibrations of crystal-liquid equilibria. During the eruptive activity, the
magma migrated from a deep reservoir to the surface, undergoing decompression and gas
exsolution as evidenced by the vesicularity of the products and the low water content of
tephra and lava glasses. The conditions of crystallization of phenocrysts and
microphenocrysts can be inferred from plagioclase composition.
The -10 mol. % higher An content of plagioclase phenocryst cores can be related to
higher H20

contents in the melt because of the well-know sharp increase of

(CalNa)PlagioclasJ(CalNa)Liquid with melt H20 content (e.g., Yoder & Tilley, 1956; Sisson &
Grove 1993; Panjasawatwong et aI., 1995). Conditions of relatively high dissolved water
content and low undercooling (as inferred from crystal shapes) are typically met in large
magma reservoirs at depth, which suggests that phenocryst cores grew in the magma
chamber. The high abundance of plagioclase as phenocrysts in comparison to the olivine
and clinopyroxene phases may arise from their low-density contrast with the melt, and thus
represent preferential "sampling" from the top of the magma chamber by the magma that
ascended to the surface.
By contrast, the texture of microphenocrysts and their low An content suggest that they
formed along with phenocryst mantles after the exsolution of H 20 from the melt. Water
loss from the magma increases its liquidus temperature, driving undercooling and
increasing crystallization rates, which can, in tum, explain the crystal textures (see above).
For low-viscosity basaltic magmas, this would typically occur in the upper level of the
magma conduit (e.g., Lipman et aI., 1985). The Laki eruption involved large magma ascent
rates and intense lava fountaining that was driven by shallow magma degassing and
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released large amounts of gas at the vent (Thordarson et al., 1996). These are conditions
favourable for rapid gas loss and subsequent undercooling of the magma in the last stages
of conduit ascent.
In the following, an attempt is made to quantify these processes using experimentally
determined calibrations of mineral-liquid equilibria. The parameters used in the
calculations are listed in Table 3.13. First, the eruptive temperature of the melt was
calculated to derive its degree of undercooling relative to experimentally determined
equilibrium conditions (i.e., Bell & Humphries, 1972). Using the composition of
plagioclase microphenocrysts and tephra glasses as input into the plagioclase-liquid
calibration of Putirka (2005) (this assumes equilibrium between the phases), temperatures
of -1150-1160 ± 23°C are obtained (1 in Table 3.13). In the anhydrous I-atm-experiments
of Bell & Humphries (1972) on Laki lava, plagioclase formed at 1170-1180°C, olivine at
1I 50-1 160°C, and clinopyroxene at 1140-1 150°C. This signifies that when erupted, the
bulk magma was undercooled to up to 30°C relative to plagioclase, 10°C for olivine, and
<10°C for clinopyroxene. Using the same calibration on the composition of lava glasses
and plagioclase microlites, the maximum range of temperature at which the lava
crystallized can be constrained to be 1110-1150 ± 23°C (2 and 3 in Table 3.13). Applying
the experimentally-obtained MgO-based glass geothermometers from Mauna Loa lavas
(Montierth et aI., 1995) and Kilauea Iki lava lake (Helz & Thornber, 1987) gives lower
temperature estimates (l0-20°C lower), which can be attributed to the higher MgO content
of the samples used for the experiments compared to the Laki magma (10 to 12 in Table
3.13).
An important parameter that it would be interesting to quantify is the pre-eruptive

water content of the melt. To derive that information using the calibration of Putirka
(2005), the pressure and temperature of phenocryst crystallization need to be independently
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estimated, which was done using calibrations of olivine- and clinopyroxene-liquid
equilibria.
The temperature at which phenocrysts formed was calculated using the composition of
olivine phenocryst cores and whole rock as input into the olivine-liquid geothermometer by
Beattie (1993) (7 in Table 3.13). A quartz-fayalite-magnetite (QFM) oxygen buffer was
used (see Table 3.13 caption). The derived crystallization temperatures are similar to those
estimated above for the eruptive temperature of the magma (1140-1160 ± 10 0 e), which is
consistent with isothermal magma ascent.

Table 3.13: Parameters and results used in calculation of crystallization conditions based on
mineral-melt equilibria.
Liquid
Ref
Plagioclase-liquid equilibria
Tephra glass (avg)
(I)
(2)
(3)
(4)
(S)
(6)

Lava glass (Ll4-3)
Lava glass (L 18-1 )
Whole-rock
Whole-rock
Whole-rock

Olivine-liquid equilibria
Whole-rock (avg)
(7)

T(°C)

H20 (wt.%)

P (kbar)

Model used

a
A11(,3 - A11(,8

1147-1160

(0-0.1)

(0.001)

AI1(,3"-An68
An76
An7S
An76

1137-1149
Illl-lllO
lIS2-1162
117S-1185
1187

(0-0.1)
(0-0.1)
( I)
(O.S)

(0.001)
(0.001)
(2-4)
(2-4)
(0.001)

Putirka (2005) model A (table 2).
T± 23°e
like (I)
like (I)
like (1)
like (1)
like (I)

F074

1I40-1160

Mineral

AnS7.S

Clinopyroxene-liquid equilibria
Whole-rock
(8)
Enn-78
(9)

Tephra glass

En66-67

(O)

(0.001-2.S) Beattie (1993)", T ± 10 °e. QFM d

(1140-1160)

3-4

(l140-1160)

4-S

Liquid equilibria
Tephra glass
(10)

1123-1126

o

0.001

(11)
(12)

1137-1141
1113-1127

0
0

0.001
0.001

Tephra glass
Lava glass range

Putirka et al. (1996. 2003)\
P±1.7kb
Putirka et al. (1996. 2003}b

Helz and Thornber (1987).
T± lO oe
Montierthetal.(199S}.T±10oe
like (II)

Parameters used as inputs in calculations are in brackets. Ref-reference number mentioned in text.
An and En are equivalent to An· and En* in text. Model used-precision of model as established
by authors. avg-average.
a --composition used is average of groundrnass plagioclases analysed in tephra samples.
b-using pressure-dependant equations (see model A in table 4 for Putirka et at. (2003) and model
P I in table 5 for Putirka et at. (1996}-both equations gave same result).
c--calculated using spreadsheet by Putirka (unpublished-from the internet); KFelMg(oliv-melt) -0.28
(calculated as molar (FelMg)olivinJ(FelMg)Liquid, using total FeO) which is typical of equilibrium
conditions (e.g., Sisson & Grove, (993).
d-oxygen fugacity along quartz-fayalite-rnagnetite buffer (QFM). Calculated using program of
Sugawara (2000) on plagioclase-olivine equilibria, conditions of I bar and I 140°C.
Crystal compositions used for calculations had limited content in minor elements (i.e., such as K20
in clinopyroxene and elements plotted in Fig. 3.(6) and were therefore susceptible to have grown
under equilibrium conditions.
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Crystallization pressures were then constrained using calibrations based on
clinopyroxene composition because these do not vary (significantly) with melt water
content (see Putirka et al., 1996, 2003). Using condition 8 in Table 3.13, the calculated
pressures are in the range 3-4 ± 1.7 kb. This is consistent with the inferred evolution of the
Laki magma at the base of the crust prior to eruption, at a minimum depth of 10 km, i.e., >
2.5 kbars (Sigmarsson et al., 1991). Applying the same calibration to the composition of
clinopyroxene microphenocrysts and tephra glass (9 in Table 3.13) yielded similar to
higher-pressure estimates. This discrepancy may indicate a lack of re-equilibration of
clinopyroxenes to surface conditions, in accord with the irregular zoning displayed by the
crystals. Clinopyroxene thus does not appear to be a reliable geothennometer, which is
consistent with the fact that its composition varies greatly with the rates of crystal growth
and thus the degree of undercooling of the melt (e.g., Tsuchiyama, 1985).
From the above constraints, the amount of water dissolved in the magma at depth can
then be addressed. A preliminary estimate can be made using the work by Metrich et al.
(1991), who analysed the water content of glass inclusions hosted in olivine xenocrysts
contained in the Laki tephra. The inclusions are at equilibrium with an olivine-tholeiite
melt and have 0.47 wt.% H20. Assuming that the Laki magma is derived from an olivinetholeiite melt of this composition, as suggested by Sigmarsson et al. (1991), a crystal
fractionation model was applied to the composition of these inclusions, to detennine the
H20 content of the residual melt when it reached the composition of the Laki magma

(PELE program by Boudreau (1999) conditions of 2.5 kb, QFM buffer). Doing so, it is
estimated that the Laki magma contained -1 wt.% H20 (equivalent of the extraction of -50
wt. % of clinopyroxene, olivine, and plagioclase from olivine tholeiite).
The calibration of Putirka (2005) was finally applied using the composition of
plagioclase phenocryst cores and whole-rock, using pressures in the range calculated above
(2-4 kb), and testing the influence of a range of 0-1 wt. H 20 wt.% on the calculated
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crystallization temperature, with the aim of reproducing the temperature range determined
above (3 and 4 on Table 3.13). The results are consistent with formation of An-rich
phenocryst cores at equilibrium with a melt containing> 1 wt.% water content. Using
lower H20 contents results in temperatures that are much higher than the previously
estimated magma temperature (> 1175°C, 5 and 6 on Table 3.l3) but are in agreement with
the l-atm-anhydrous plagioclase liquidus temperatures determined by Bell & Humphries
(1972). It should be noted that this calibration suffers from the paucity of direct
measurements of H20 in experiments (Putirka, 2005).
In conclusion, crystal textures, compositional zoning, and mineral-melt equilibria are
consistent with 1) formation of Laki An-rich phenocryst cores at 1140-1160°C in a
relatively deep reservoir (2-4 kb) and from a melt containing> 1 wt.% H20, and 2)
degassing-induced crystallization of An-poor microphenocrysts as magma rose to the
surface. In the next section, the evolution of the lava as it travelled away from the vent is
addressed.

3.6.3 Lava crystallization during transport
Microlites formed as the lava flowed away from the fissure, causing the residual melt
composition to evolve as shown by the gap between tephra and lava glass compositions.
Using major element trends and least squares calculations, this gap can be modelled by an
abundant crystallization of plagioclase and olivine from the melt, with relative suppression
of clinopyroxene. The skeletal shape and high number densities of microlites imply that the
lava was markedly undercooled when crystallization occurred.
This rapid crystallization in the lava is inconsistent with crystallization driven by
cooling. Instead, it is proposed that microlites formed as a result of the delayed response of
the melt to the undercooling induced by shallow degassing. Small degrees of undercooling
can have large effects on magma crystallization as nucleation and growth rates increase
exponentially with undercooling (Brandeis & Jaupart, 1987a; Hammer & Rutherford,
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2002; Couch et aI., 2003; Larsen, 2005}. Beyond a certain degree of undercooling, crystal
nucleation may dominate over growth (e.g., Hammer & Rutherford, 2002); this is partly
because small crystals have a larger fraction of their volume in contact with the
surrounding liquid compared to large crystals. Sato (1995) experimentally showed that the
undercooling of a basaltic melt by 20°C before cooling may cause a 5-order-of-magnitude
increase in the number density of plagioclases formed, whereas a 2-order-of-magnitude
difference in cooling rates brings less than l-order-of-magnitude difference in plagioclase
number density.
The textural differences between microlites and microphenocrysts imply an increase in
the effective undercooling of the melt. This may be related to a delay in the crystallization
of plagioclases following melt degassing, as plagioclase has notoriously slow
crystallization kinetics and is strongly affected by water loss (controlled by large surface
energies and the required structural re-adjustment, e.g., Gibb, 1974). In addition, water loss
would increase melt viscosity and decrease element diffusivities, thus slowing crystal
growth (e.g., Watson, 1981). The relative suppression of clinopyroxene crystallization can
be explained by the low degree of undercooling of the melt relative to this phase as
previously calculated, which decreases the driving force for the growth of the crystals. It is
interesting to note that experiments show that decreasing pressure and H20 content
together increase plagioclase and olivine stabilities, at the expense of clinopyroxene (e.g.,
Gaetani et aI., 1992; Sisson & Grove 1993; Danyushevsky, 2001), which supports this
explanation.
Trends in lava glass compositions indicate that, after the degassing-induced burst in
crystallization that occurred in the lava as it flowed to -100 m from the vent, the lava
crystallized only <5 vol.% of plagioclase, olivine, and clinopyroxene further down-flow,
with little compositional evolution of the residual melt. This suggests that the lava
underwent low amounts of cooling, causing equilibrium crystallization along the
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plagioclase-clinopyroxene-olivine cotectic. It is noted that the emplacement of the lava at
relatively high temperatures, despite its degree of differentiation due to previous
degassing-induced crystallization, may have delayed Fe-oxide crystallization.

3.6.4 Model of the evolution of the magma during eruption
Combining all the evidence, a model for the evolution of the Laki magma and lava
during the eruption is now presented (Fig. 3.26). The main stages in this evolution are
briefly described. Phenocryst cores grew prior to eruption in a > 10-km-deep magma
chamber equilibrated at 2-4 kbars, 1140-1160°C, and> 1 wt.% dissolved H20 as inferred
by the high An of plagioclases (A on Fig. 3.26). At the start of the eruption, the magma
ascended to the surface, undergoing decompression, and degassing at shallow levels « 200
m depth, Thordarson et aI., 1996). Rapid gas loss from the melt caused a rise in the
liquidus temperature of the melt, generating magma undercooling (Fig. 3.26b) and a
subsequent rise in crystallization rates that favoured crystal nucleation (increase of
nucleation/growth, Fig. 3.26c). The bubbles formed in the melt may have favoured
crystallization by providing sites for crystal nucleation (Davis & Ihinger, 1998) as shown
by the inclusion of vesicles in some crystals (Fig. 3.15b).
The eruption started by intense lava fountaining along newly opened fissure segments,
releasing large amounts of gas (e.g., Thordarson & Self, 1993). The fragmentation of the
magma in fire-fountains at the vent due to gas expansion generated pyroclasts that were
efficiently quenched in the air, producing glassy vesicular tephra clasts. These clasts
contain some microphenocrysts (-10 vol. %) that have textures indicative of relatively high
crystallization rates. The An content of the plagioclases intergrown with the
clinopyroxenes is -10 mol. % lower than the phenocryst cores at equilibrium with high
water contents and identical to phenocryst mantles. This shift in plagioclase composition
can be interpreted as the signature of the degassing-induced crystallization of the
microphenocrysts that occurred just before magma fragmentation (B on Fig. 3.26, Fig.
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3.26d). The residual melt evolved subsequently to crystallization (tephra glass
composition, Fig. 3.26e). As lava travelled away from the vent, compositionally evolved
microlites formed (C on Fig. 3.26). To account for the texture of the microlites, it was
inferred that the magma must have been 20-40°C below its liquidus temperature, which is
attributed to a delayed response to the undercooling induced by near-surface degassing
(Fig. 3.26c). This is consistent with a lack of clinopyroxene crystallization in the least
crystalline lavas (NVEF) as documented by the constant CaO content of the liquid
quenched in tephra glass compared to lava selvages (Fig. 3.26e), because gas loss increases
plagioclase and olivine stabilities at the expense of clinopyroxene. Finally, minor
crystallization of the lava during transport from 100 m from the vent to the most distal flow
front, 60 km away, caused further differentiation of the residual melt with crystallization
along the plagioclase-olivine-clinopyroxene cotectic at low undercooling (C to D on Fig.
3.26). The liquid was by then (i.e., from 100 m of the vent down-flow) fully re-equilibrated
(Fig.3.26c).
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Figure 3.26: Evolution of the magma and lava during the first 5 episodes of the Laki eruption. T temperature, p-pressure, pi- plagioclase, ol-{)Iivine, cpx-clinopyroxene. a) Location of
crystallization of each crystal type during transport and conditions of crystallization in terms of
pressure, temperature, and gas content as inferred by this study. Note that, although it is known
from tephra samples that microphenocrysts started to form below level of fragmentation, it is
believed that some formed in lava flows . b) Coupled evolution of melt liquidus temperature with
water exsolution near the surface. Magma is inferred to have undergone (near) isothermal transport.
c) On sketch, impact of degassing-generated undercooling (curve at top) on crystallization rates is
represented by peak in importance of nucleation over growth rates happening after time lag (second
curve down) . This lag is thought to result from decreasing element diffusivities for crystal growth
and inefficiency of plagioclase formation responding from high degrees of supersaturation. Impact
on melt crystal content is shown on bottom curve. d) Impact of H20 loss on plagioclase
composition shown as shift in equilibrium liquidus and solidus of melt relatively to plagioclase
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crystallization rates. e) Effect of delayed microlite crystallization on composition of residual melt
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3.7

DISCUSSION
In this section, the implications of this work in terms of lava emplacement processes

during the Laki eruption are discussed. Considerations about the thermal efficiency of the
transport system of the Laki lava are first presented, before a discussion on the role of
groundmass crystallinity as affected by the eruption dynamics on the formation of rubbly
pahoehoe surface morphologies.
Cooling rates of the lava during transport can be estimated using temperatures derived
from glass compositions, keeping in mind that these represent maximum values as
crystallization may release latent heat that can buffer the bulk magma temperature (e.g.,
Crisp et aI., 1994; Helz et aI., 1995; Thornber, 2001). The most distal sample that was
analysed is L66-3 which was collected from the front of the Eldhraun coastal branch, 5560 km from the source vent. Considering the chemical difference of this sample to the
glass composition of the least crystalline lava (NVEF, LI4-3), a maximum temperature
change of 10°C can be estimated using liquidus temperatures calculated by MELTS
software. An average cooling rate of -0.2°CIkm can thus be calculated. This lava flow was
fed successively by fissure 1, 2 and 3 that opened between the 12 June and the 20 June, and
reached its final distance on the 24 June (Thordarson et aI., 2003; Chapter 2). This gives a
maximum of 12 days of transport, and thus an average cooling rate ofO.03°Clhr at average
advance rates of 0.06 mls. These rates of cooling are comparable with the cooling of lava
transported in active Kilauea lava tubes

«

0.6°CIkm, Helz et aI., 2003; 0.9°C/km,

Thornber, 2001), and significantly lower than those reported for the transport of active lava
in open-channels (6-7°Clkm, Cashman et aI., 1999).
These low cooling and crystallization rates support the emplacement model derived
from field observations in Chapter 2 in which the surface rubble acted as an insulator for
the transport of the liquid lava (e.g., Keszthelyi et aI., 2004). Of interest in this context are
thick viscous dacitic flows with blocky surface that can also have slow cooling rates, as
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observed by Harris et aI. (2004). Over a period of three years, the front of these dacitic
lavas advanced at much lower rates than the Laki lavas (2-15 m1day) but with similar
average core cooling rates (0.03-0.09°C/h). The piling of broken-up crust on top of lava
emplaced under low shear rates can thus form a cool, nearly stagnant carapace under which
the core lava can flow without cooling. The higher cooling rates of 'a'a flows are typically
attributed to I) the incorporation of cool surface fragments in the lava core that increases
the volume of lava exposed to cooling, and 2) high radiative heat loss due to large
exposure of core lava to the air as the surface lava is continuously tom, dragged and
fragments rolled on top and from the flow front (Cashman et aI., 1999; Crisp et aI., 1994).
Field evidence confirms that both of these mechanisms were absent during the
emplacement of Laki lavas, which explains their low cooling rates.
The factors that may have caused the formation of rubbly pahoehoe lavas during the
Laki eruption are now discussed. The two main factors thought to control lava flow surface
morphologies are 1) shear rates (topography, effusion rates), and 2) lava viscosity (liquid
chemistry, lava groundmass crystallinity, vesicle content) (Pinkerton & Sparks, 1976;
Rowland & Walker, 1990; Peterson & Tilling, 1980; Cashman et aI., 1999; Polacci et aI.,
1999; Soule et at, 2004; Hon et at, 2003; Soule & Cashman, 2005). The ubiquitous smallscale surface roughness of the Laki lavas (spiny surface), except for near vent shelly
pahoehoe lobes, documents the presence of a yield strength that was caused by the
degassing-induced formation of> 20 voI.% of groundmass crystals (mainly plagioclase) in
the lava (Philpotts & Carroll, 1996; Hoover et aI., 2001). In fact, Laki lavas have
groundmass crystallinity (19-32 voI.%) at which many Hawaiian lavas develop 'a'a surface
morphologies (e.g., Polacci et aI., 1999; Soule et aI., 2004), yet they have plagioclase
vol.% and number densities (15-20 voI.% and 100-500/mm2) similar to Hawaiian
pahoehoe lavas (see compilation of recent studies by Katz & Cashman, 2003). The closely
similar Ah03 content of the two magmas can explain their similar vol. % of plagioclase
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(Soule et al., 2004) despite the higher plagioclase liquidus temperature for the Laki magma
(1170-1180°C, Bell & Humphries, 1972) compared to Hawaiian tholeiites (-1160°C, Helz
& Thornber, 1987). The small number densities of the crystals can be attributed to

equilibrium crystallization during emplacement and low cooling rates (e.g., Cashman,
1993) by contrast to 'a'a flows that show large crystal nucleation rates resulting from
disequilibrium crystallization (Cashman et al., 1999). Interestingly, during the 1984 Mauna
Loa eruption, lava was produced with a similar amount of groundmass crystals derived
from the response to degassing as the Laki lava at the same temperature (Lipman & Banks,
1987). Yet, the Mauna Loa flows transformed from pahoehoe to channel-fed 'a'a flows two
kilometres away from the vent.
In summary, Laki lavas seem to have a different correlation between crystal content
and surface morphology than Hawaiian lavas, which their similar bulk composition and
initial gas content cannot account for. It is thus probable that the specific surface
morphologies developed by the lava flows rely on the special characteristics of the Laki
eruption. Gross correlations between ground topography, lava effusion rates, and dominant
surface morphologies were shown in Chapter 2. Building on those, it can be noted that
during the most productive period of the Laki eruption, when vent lava outputs were high
and could have forced transition of the flows to 'a'a, the effective stress imposed on the
lava emitted at the active flow front was low. This is because, as effusion rates peaked, the
lava was emplaced as large sheet lobes on the flat terrain of the coastal plain (Eldhraun, see
Chapter 2), which caused the increased influx of lava to be distributed in the internal
pathways (tubes) established into the flows. Instead of forming channels, the lava surface
was pushed transversally to the flow direction, producing the large ridges of rubble that are
described in Chapter 2. Thus the surface was disrupted, but the rapid formation of a new
crust underneath the rubble, along with the persistence of lava influx in the lobes,
preserved the thermal efficiency of the transport of fluid lava from the vent to the active
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front. Hence, it is deduced that it was the combination of 1) the moderate viscosity of the
lava caused by intense degassing-induced groundmass crystallization, 2) the characteristics
of the eruption dynamics, and 3) the local topography that contributed to the formation of
rubbly pahoehoe surface morphologies on the Laki lava flows.

3.8

CONCLUSIONS
Numerous studies have suggested that crystallization induced by degassing during

magma ascent controls the eruption style and the mode of emplacement of the erupted
products (e.g., Sparks & Pinkerton, 1978; Lipman & Banks, 1987; Swanson et al., 1989;
Geschwind & Rutherford, 1995; Sparks et al., 2000; Hammer et al., 2000; Cashman &
Blundy, 2000; Couch et al., 2003). This study demonstrates the influence of ascent
degassing on magma crystallization kinetics and lava surface morphologies during a major
basaltic eruption. During the Laki eruption, the exsolution of > I wt. % H 20 from the
magma rapidly rising from -10 km depth to the surface undercooled the melt by -2040°C. Crystallization was initiated close to the surface, and because of a delay in the
response of the melt to the undercooling, there was abundant nucleation of micro lites in the
erupted lava, thus increasing the lava viscosity, and leading to the development of a yield
strength in the erupted flows. This caused formation of spiny pahoehoe lavas along the
fissure, and favoured the repetitive breakage of the surface crust, forming rubbly pahoehoe
surface morphologies. Cooling-induced crystallization during emplacement was less
important because the core lava was insulated by the thick layer of rubble that formed by
repetitive disruption of the surface crust during emplacement. The lava was thus
transported up to 60 km from the vent with <0.2 °C of cooling per kilometre.
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4.1 ABSTRACT
Young Icelandic basaltic lava flow-fields produced by the AD 1783-84 eruption of
Laki and < 10,OOO-years-old fissure eruptions in the Reykjanes Peninsula, and sheet lobes
of the Grande Ronde Basalt from the Columbia River Province, are covered by a thick
layer of rubble formed by disruption of earlier-formed pahoehoe lobes. Petrographic and
textural analysis of sections through the flows and tephra and lava surface samples for the
Icelandic flows are reported. The results reveal correlations between the average size,
number density, and aspect ratio of groundmass plagioclases in the lava. In tum, these
correlate with the eruptive style and emplacement mechanisms of the flows inferred from
field study of lava surface morphologies and internal structures, and analysis of the flowfield organization using aerial photographs for the Icelandic flows. Patterns of increasing
average size and decreasing number density of groundmass plagioclase with increasing
depth in these flows indicate sharply decreasing inwards solidification rates. Calculated
from crystal size distribution (CSD) analysis, plagioclase growth and nucleation rates
changed from about 10-7 to 10-10 cmls and 10 1 to 10-1 no.lcm4 s, respectively, as the
solidification front propagated through the lava interior, indicating decreasing degrees of
melt undercooling that promoted interface-controlled crystal growth. Clear textural
differences between sections are attributed, in part, to the role of the degree of
undercooling of the erupted lava and the mode of transport of the flows in controlling the
extent and mode of groundmass plagioclase crystallization in fluid lava. Lava solidification
rates were mainly controlled by duration of lava inflation, incorporation of rubble in the
lava's core, and water infiltration in fractures through the lava's upper crust. Building on
other textural studies, a model correlating lava surface morphologies with textural
parameters derived from CSD analysis of groundmass plagioclase in samples from flow
interiors is presented. Pahoehoe and 'a'a have low and high plagioclase number densities
respectively

«

9

4

10 no.lcm compared to > 10 11 no.lcm4 ), which are inversely correlated
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with plagioclase average size and aspect ratio through the total crystal content; rubbly
pahoehoe lavas have intermediate characteristics. This method may prove a useful tool for
interpreting the mode of eruption and emplacement of ancient lava flow-fields.

4.2 INTRODUCTION
Two main lava types are generally recognized within basaltic lava flow-fields:
pahoehoe and 'a'a. These are primarily defined by the strikingly different character of their
surface crust. Pahoehoe have, typically, smooth, regular to ropy, blue to silvery surfaces
whereas 'a'a lavas are covered by an unstable pile of dark jagged fragments (e.g.,
Wentworth & MacDonald, 1953). Studies have related this dichotomy to the balance
between the shear stresses imposed to the lava and its capacity to viscously deform or
break that is related to the bulk viscosity of the fluid lava and its yield strength (e.g.,
Peterson & Tilling, 1980; Kilburn, 1989; Cashman et al., 1999; Soule et aI., 2004). An
important factor controlling that balance is the abundance of crystals in the lava that 1) acts
on the lava surface morphology by changing the mode of response of the lava to shear
stresses (e.g., Kilburn, 1989; Soule & Cashman, 2005), and 2) reflects the evolution of the
thermodynamic properties (temperature, gas content, undercooling) of the magma before
extrusion and of the lava during surface transport (e.g., Sparks & Pinkerton, 1978; Kilburn,
1989; Crisp et aI., 1994; Cashman et al., 1999). It follows that the lava surface morphology
at m- to km-scale is, to some extent, related to the texture of the lava at Jlm- to mm-scale,
restricted to the characteristics of the microlite population. This has been documented by
changes in the texture of the lava in samples collected along single flows which show
evolving surface morphologies, whether active (Crisp et al., 1994; Cashman et aI., 1999) or
solidified (Polacci et al., 1999; Soule et aI., 2004), and by distinct differences between the
mode of cooling of the lava at depth depending on its surface crust characteristics, which
was inferred from the study of samples from cross-sections (e.g., Friedman, 1998; Bucker
et al., 1999; Katz & Cashman, 2003). Recognizing the former could help monitoring of the
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evolution of active lava flows, whereas defining the latter would be particularly useful for
interpreting the conditions of emplacement of ancient lava flow-fields. The information
such studies provides helps to understand the role of the many parameters that act on the
mode of flow of the lava, and eventually govern its final length, which is especially crucial
for hazard assessment.
The mode of transport of the lava and its thermal efficiency control the kinetics of lava
crystallization, which may feedback on the lava surface morphology by affecting lava
rheology. Textural studies on lavas have shown that pahoehoe lavas are characterized, in
general, by low total crystal contents, limited heat loss and crystallization during transport
(Helz et aI., 2003), and a large increase in groundmass crystal sizes through cross-sections
because of low internal cooling rates (Friedman, 1998; Bucker et aI., 1999; Katz &
Cashman 2003). In contrast, lala lavas show measurable down-flow changes in surface
temperature (Harris et aI., 2005) and crystal content (Crisp et aI., 1994; Cashman et aI.,
1999), and limited internal textural variations which can be attributed to rapid internal
cooling (Friedman, 1998; Bucker et aI., 1999; Katz & Cashman 2003).
This chapter aims to characterize the mode of transport and internal cooling of rubbly
pahoehoe lavas. Observed in Iceland (Kesthelyi et aI., 2004, 2006; Guilbaud et aI., 2005)
and recognized from Columbia River basalts (Self et aI., 1997; Kesthelyi et aI., 2006), and
in drill cores from the Kerguelen plateau (Keszthelyi, 2000, 2002), rubbly pahoehoe lavas
show a wide range of surface and internal features that are transitional between pahoehoe
and lala. More specifically, they display spiny to rough lava surfaces, have a brecciated
flow top and a smooth pahoehoe base, and in cross-sections present a structure that is
similar to that of pahoehoe lavas.
In Chapters 2 and 3, the surface morphologies and petrological characteristics ofrubbly
pahoehoe lavas produced by the 1783-84 Laki eruption-hereafter simply called Laki-in
South Iceland were presented. The purpose of this chapter is two-fold: 1) describe the
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surface characteristics of rubbly pahoehoe lavas from -1 OOO-years-old fissure eruptions on
Reykjanes Peninsula (RP; southwest Iceland) and from sections through sheet flows of the
Columbia River Basalts (CRB; Washington State, USA), compare them to features
observed in the Laki lava flow-field, and interpret them in terms of emplacement
processes; 2) examine the textures of these flows in cross-section and compare them to
understand the relationships between the chemical composition of the lavas studied, their
structural and morphological characteristics, and the rates of cooling and crystallization of
the flow interiors in specific emplacement conditions.
To retrieve quantitative information about crystallization kinetics during solidification,
the method of crystal size distribution (CSD) analysis was used. Plagioc1ases are abundant
in the rocks studied and their mode of crystallization is inherently sensitive to undercooling
conditions; they thus best record the cooling history of the rocks (e.g., Cashman, 1993).
Petrographical observations were thus combined with CSD analysis of plagioclase
micro lites in a selection of samples collected from sections through the flows. The
variations observed were then analyzed in relation to the chemical composition of the
different lavas studied, their pre-existing cooling history as recorded in surface samples of
tephra (spatter) and lava, and their structural and morphological features. This data set was
then compared to the available data on variations across other lavas, lava lakes, and sills to
understand what the data means in terms of the cooling regime of the flows. As a result of
this investigation, a diagram is presented in which the impact of eruption, transport, and
solidification processes on basaltic lava textures (plagioclase size and number density) can
be analysed.
The approach adopted here contributes to a better understanding of the links between
lava textures and emplacement mechanism, in particular by providing new data on the
internal textures of lavas that is currently sparse in the literature. It also strengthens the
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case for studying lava flows which show characteristics between the two recognized endmembers pahoehoe and 'a'a.

4.3 LAVA

FLOW-FIELDS:

SURFACE

MORPHOLOGIES,

FIELD

OBSERVATIONS AND SAMPLING
The location and respective extent of all the lava flow-fields studied are shown on Fig. 4.1,
along with the location of the complete cross-sections examined in detail. This section
aims to describe the flow-fields studied and introduce the structure of the lavas in the
cross-sections. In the first part of this section, the tenus used to characterize the lavas in
cross-sections are introduced. The structure and morphology of the lava flow-fields are
then described using field observations and aerial photo analysis for Reykjanes Peninsula
lavas. For each flow-field, simplified sketches of the structure of the sections studied
(graphic logs) are presented with representative electron backscatter (BSE) images of the
lava groundmass texture acquired on the microprobe. Photographs of each section and of
some general features of the flow-fields are also shown.

Figure 4.1 (next page): Maps oflava flow-fields studied and location of cross-sections studied in
detail (labels such as R15, AD etc). These will be located more precisely on aerial photographs
shown later on, and their GPS location will be reported. Numbers in ellipses indicate major roads at
proximity of exposures. Dashed lines with arrows indicate main flow direction. Lines with arrow
point to location of cross-sections. (a) Map of Iceland with location and outline of Laki lava flowfield. Rectangle shows location of Reykjanes Peninsula in (c). NVZ, EVZ, WVZ-approximate
extent of North, East, and West Volcanic Zones. (b) Simple map of Laki lava flow-field with
location of sections studied on coastal plain. (c) Map of Reykjanes Peninsula with major cities and
roads. Rectangles show location of separate maps of lava flow-fields studied. (d, e, f) Outline map
oflava flow-fields (different grey tones) presented in figures d, e, and f, showing the vent locations
and sections studied. **, note that this is not the whole extent of Hussfellsbruni but only of the
three lava flow-fields studied. The broken arrows indicate the main direction of flow. (g)
Approximate outline of Columbia River Basalts (CRB) with location of sections studied in detail in
inset. Dashed lines indicate location of dike swarms attributed to the Grande Ronde Formation
(Hooper, 1997). In inset, thick grey lines show roads along which rubbly flows outcrop. Dark-grey
patches on main map locate other areas where rubbly flows were seen exposed.
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4.3.1 Terminology
This section presents tenns that are used to describe the lava in sections; for describing
the large-scale feature of the lava surface morphologies, the tenns presented in Chapter 2
will be mainly used (see section 2.4.1). The tenn texture will refer in this chapter to the
characteristics of the groundmass crystals in the lava that are seen using optical
microscopy and electron backscatter imaging. By contrast, the tenn structure is reserved
for the characteristics of the lava at "field" scale, which means with a size ranging from a
few centimetres to a few meters. In section, this commonly refers to the vesicular and
jointing pattern of the flows that dictate the subdivision of lavas into vesicular upper and

basal crustal zones (UCZ and LCZ) enclosing a dense inner core (CO; e.g., Aubele et al.,
1988; Thordarson, 1995; Self et al., 1996; Cashman & Kauhikaua, 1997; Self et al., 1997;
Thordarson & Self, 1998). This "stratification" is generally poorly developed or nonexistent in 'a'a lavas; they are vesicle-poor compared to pahoehoe lava, without a coherent
crust, and characterized by a thick layer of clinkers (rough jagged fragments) at the top and
the base of the flow, with fragments often entrained into the core (Wentworth &
MacDonald, 1953).
The flows observed in section generally showed columnar jointing, as it is common in
basalt flows (e.g., Spry, 1961), with the uppermost part (few lOs of cm) sometimes
displaying small, closely-spaced joints referred to hereafter as prismatic joints. The crustcore boundary is sometimes marked by a sharp change in the jointing pattern with
distinctly more widely spaced joints in the lava core (see also Thordarson & Self, 1998).
These joints are products of the contraction of the lava upon cooling. Their spacing and
shape vary with the lava cooling rates and the internal stress regime; they thus provide
infonnation that may be correlated with the textural data (e.g., Degraff et al., 1989), and
related to the mode of emplacement of the flows (e.g., Thordarson & Self, 1998). A~so
used in the literature to refer to the jointing pattern of lava flows, the tenn colonnade is
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generally used to define a basal zone with regularly spaced well-defined columnar joints
whereas the term entablature is regularly used to describe irregularly jointed lava (e.g.,
Spry, 1961). Some confusion exists in the literature over the definition of these two terms
and their implications in terms of lava emplacement mechanism; their use will therefore be
avoided here. Characteristics that are specific to the sections studied will be presented in
the relevant parts ofthe text further along.
Terms referring to the vesicular pattern of the flows will now be presented, following
mainly the terminology defined by Thordarson & Self (1998) (Table 1). Vesicular features
are abundant across pahoehoe sections. In the crust there are numerous round-shaped
vesicles that generally decrease in number and size from the uppermost and lowermost
margins inwards (e.g., Aubele et al., 1988; Cashman & Kauhikaua, 1997). In the upper
crust there may be laterally persistent horizontal vesicular zones (HVZ on graphic logs)
that form during lava emplacement. These may correspond to variations in the gas content
of the lava being injected in the inflating lobe and subsequently quenched along the
inwards-propagating solidification front, or, alternatively, correspond to episodes of lava
breakouts from the active flow front or from the top of the flow that created sudden
depressurisation and resulting vesiculation events in the molten interior of the feeding lobe
(see Cashman & Kauhikaua, 1997; Thordarson & Self, 1998). Gas blisters are large
cavities (10-50 cm) that are sometimes present in the lava upper crust and are thought to
form by gas accumulation in large pockets at the base of the solidifying crust (Walker,
1989). In the systematically thinner lower crust, there may also be pipe-vesicles (PVon
graphic logs) that consist of vertical hollow tubes that form by segregation of gas at the
bottom of the solidifying lobes during emplacement, and are preserved when the lava is
emplaced on low slopes

«

4°, Walker, 1987) (see also Philpotts & Lewis, 1987, and

Thordarson & Self, 1998). Poorly vesicular, the lava core sometimes shows megavesicles
(MVon graphic logs), which are elongated cavities a few cm in size often concentrated at
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the core-upper crust boundary. These can reach tens of centimetres in the thick sheet lava
lobes of the Columbia River basalts (Thordarson & Self, 1998). Identified in many lobes
with clear pahoehoe surface morphologies and well-defined upper and basal crusts,
segregated vesicular features (e.g., Goff, 1996) consist of vertical cylinders (VC on graphic
logs) sometimes merging into horizontal vesicular sheets (HVS on graphic logs) of
vesicle-rich differentiated material. Their process of formation is distinctly different from
the formation of horizontal vesicular zones in the upper crust as presented above and
involves the density-driven migration of evolved, gas-rich interstitial liquids during the
slow cooling of the lava core, after the input of fluid lava in the lava core has ceased.
More specific of 'a'a flows, lava intrusions are sheet-like bodies of often vesicle-poor
lava originating from the lava core and piercing through the upper rubble (also called lava
spines, tongues or fingers; see Wentworth & MacDonald, 1953). Accretionary lava balls
are large masses of heterogeneous material often draped by vesicular layers of lava, which
are formed by rolling of crustal material on top of mobile lava in open-channels
(Wentworth & MacDonald, 1953). Other terms will be introduced along with the
descriptions.
4.3.2 Laki lava flow-field
The Laki lava flow-field is composed of shelly pahoehoe lavas near the vent and lavas
ranging from spiny, to slabby, and to rubbly pahoehoe elsewhere (see Chapter 2).
Complete cross-sections through individual lobes were observed in river cuts along the
flow-field margins, which were accessible only on the coastal plain. The sections studied
(L13 and L7: photographs in Fig. 4.2, graphic logs in Fig. 4.3) are located respectively
about 30 and 50 kIn down-flow from the vents. Section L7 cuts at an angle through a 20m-long, 4.3-m-thick lava lobe covered by a generally flat, -20-30-cm-thick layer of
vesicular rubble. The location of the lobe in the flow-field as determined using the aerial
photos and field observations, and a critical assessment of historical accounts (see Chapter
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2 and more specifically the inferred timing of lava flow emplacement shown in Fig. 2.8D),
suggest that this lobe broke out from the leading edge of the flow between the 12 and the
14th of July 1783, as the lava invaded a depression that was occupied by a branch of the
Skafia river before the eruption. Section L7 is characterised, from top to bottom, of an ~20cm-thick top rubble made of broken-up pahoehoe slabs underlying a vesicular upper crust
with a zone of larger, stretched vesicles at ~50 cm depth. The upper part of the upper crust
displays closely spaced prismatic joints, which merge downwards into more widely spaced
columnar joints. Megavesicles mark the inferred upper crust-core boundary at -1.8-1.9 m
depth. The core is sparsely vesicular, with some vesicle cylinders. At about 3 m depth,
there is a zone with irregular, crosscutting hackly joints (see Fig. 4.2) that can also be
observed in the core of adjacent lobes exposed along the same river cut. The lower crust is
finely vesicular (inwards coarsening) and displays a radial jointing pattern. A thin layer of
rubble is present at the base of the lobe.
Section L13 cuts through the margin of a large 3.8-m-thick sheet lobe that has a basal
overlying contact with sediments and lavas predating the Laki eruption (lavas from Eldgja
eruption, see Thordarson et aI., 2001). The sheet lobe was emplaced at the most marginal
part of the Eldhraun branch of the Laki flow-field to the west (probably in the period 1-12
July 1983, see Fig., 2.8D). The internal vesicular pattern of the lobe is remarkably similar
to that displayed by section L7 (see Fig. 4.2), and there is also a zone of irregularly jointed
lava (hackly joints) in the lava core. A sharp change in jointing pattern defines the limit
between crust and core. The lobe overrides small pahoehoe-type lobes. These may
correspond to small lava breakouts formed along the active flow front before the main lava
lobe was emplaced.
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L7

(a)

Figure 4.2: Photographs of Laki la va secti ons L7 and L1 3 studied in detail. L13 GPS : N63 °
40.331', WOI 8° 24.668'. Note zones with irregular jointing in lava cores (hackl y jointing) that may
be related to lava-water interacti on. Note also the di stinct jointing pattern between upper crust and
core. More details are reported on graphic logs show n in Fig. 4.3 .
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Figure 4.3: Graphic logs of sections L7 and L13. Representative backscatter (BSE) images of
samples collected at different levels of sections are reported (plagioclase shows in dark grey,
clinopyroxene in light grey, olivine in light-grey with white rim, oxides in bright white (needle
shape), and vesicles in black; note that plagioclase is the dominant mineral phase) . CSD-BSE
images studi ed by CSD analysis, UCl-upper crustal zone, CO-core, LCl- lower crustal zone,
MVs- megavesicles at inferred UCl-CO boundary, VCs-vesicular cylinders (segregation
feature). Vertical scale is shown in centimetres. Vesicles are not drawn to scale; their shape and
distribution si mply illustrate the general vesicular pattern of the flow s. BSE images are 1.3 x 1.1
mm in all graphic logs reported in this chapter.
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4.3.3

Reykjanes Peninsula lava flow-fields

These flow-fields were produced by fissure eruptions that mainly occurred in the 11 th
to 13th century. Flow volumes range from 0.07 to 2 km3 (see Table 4.1). Fig. 4.4 shows
some of the main surface features displayed by these flows. The margin of these flows is
often lobate, formed by short sequences of thick lobes with steep flanks directly connected
to the flow front (Fig. 4.4b). Along these flows, the lava generally presents a rough, often
disrupted, surface at cm to tens of cm in scale. Figure 4.5 shows photographs of the
sections and Figure 4.6 the constructed graphic logs. Complete cross-sections through the
flows were found in three of the six flow-fields investigated.

Table 4.1: Characteristics oflava flow-fields investigated on Reykjanes Peninsula
Name
Hellisheidarhraun D
1. Svinahraun
(Nyrdrieldborg vent)
2. Lambafellshraun
(Sydrieldborg vent)
2
Hussfellsbruni
Kapelluhraun
Obrysnnish61ahraun
lIIahraun
(Slue Lagoon)

Geological map

Age

H159

-1800 AD'
Christianity fires,
11th century (1000 AD)1
same as above

H149. H150, H154
H97

see text
Krisuvik fires

H99
H19

H158

Area
(km 2 )

Volume
(km 3 )

7.3

0.17

4.65

0.07

?

?
0.07

-1850 AD

13.7
1151-1188
13.1

th
13 century.

2.43

0.05

0.26

B-Brennisteinsfj611 volcanic system. H-Hengill volcanic system. K-Krisuvik volcanic system.
Information mainly from geological map by Jonsson (1978) (details in text). I, dated by 14C, see
Saemundsson (1995) and Sinton et a1. (2005).2, Hussfellsbruni is composed of lava flow-fields
produced by different eruptions. Only the younger ones (see labels in table and map on Fig. 4.9)
were studied.
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(a)
inflation clefts

Figure 4.4: Photograph of some surface fea tures of Rey kjanes Penin sul a lava de sc ribed in tex t. (a)
Large lava ri e feature in Hu ssfell sbruni fl ow -fi e ld nex t to secti on R I 9 (possibl y three
interconnected tum uli structures). Note the few- m-deep infl ati on clefts (c rac k ) and tilted fl anks.
Pe rsons for sca le (see a rrows). (b) La rge (- 200 m w ide) lava lobe branching fro m margin of
rubbl y flows in Hu ssfe ll sbruni fl ow-fie ld (locati on on ae ri a l photograph on Fi g. 4.9). ote frontal
3- to 5-m-thi Ck lava breakouts (bl ac k a rrows show fl ow direc ti on of indi vidu al lobe ). (c) Surface
o f ma rg ins of Ill ahraun fl ow-fi e ld as see n fro m Blue Lagoon pool touri st path , lookin g north. ote
di srupted character of fl ow surface (see tex t for details).
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F igure 4.5 : Photograph of cross-secti ons studi ed through Re ykj anes Pe ninsul a lavas (l ocated on
Fi g . 4. 1). (a, b) Hu fe ll bruni fi e ld ; (c, d, e) Kappe llhra un fl o w-fi eld ; (f) llI ahraun fl ow-fi eld. (a,
b) Person fo r ca le (arrows). (a) Secti on R9: note radi al cooling j o ints. (b) Sec ti on R 19: note that
core i coated by lava th at was viscously tom apart durin g c rac k ope nin g. (c) Secti on R15: note
we Il-mar ked coo ling j oi nt s th at c ut across uppe r cru t and core of fl ow, meetin g at middl e of
secti on (flow thi ckness is - 5 m). (d ) Secti on R 15: c lose view of lowe r cru t contact with basal
cli nke rs: note that con tac t of rubble with coherent lava is marked by 2- to 3-c m-thi c k ves ic le- poor
zone (c hill ed marg in ). (e) Secti on RI O: ce ntral part of fl ow con ists of sin gle . de nse zone with
simpl e jointin g patte rn . (f) Sec ti on R 17: note frag me nted charac ter of fl o w top. Part of fl ow below
the core is not ex posed. Height of ex pos ure is - 7 m.
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Figure 4.6: Graphic logs of Reykjanes lava cross-sections studi ed in detail. Representative
backscatter images for some sa mples are shown. Scale bar on images is - 500 ~m . UCZ- upper
crustal zone; LCZ- lower crustal zone; CO-core; MVs-mega-vesicles; PVs- pipe-vesicles;
HVS- horizontal vesic ular sheets; VCs-vesicle cylinders (see terminology section and
Thordarson & Self, 1998 for definitions).
(a) Graphic logs of sections R9 and R19 (sheet lobes, Hussfellsbruni lava field s). Note difference in
thickness of each lobe (base of section R19 not exposed). For section R19, vesicular zones in upper
crust not drawn to scale. Note large inwards increase in groundmass crystal sizes across both
sections.
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Figure 4.6 (continued): (b) Graphic logs of sections RIO and RI5 (marginal lobes from
channelized 'a'a flo\ ' Kapelluhraun flow-field) . phh- pahoehoe, aa- 'a'a. Note difference in
vesicular and jointing patterns between sections. Section RIO (top) is typical of 'a'a lobes with
single set of widely-spaced cooling joints and stretched vesicles in core. There is no clear crustcore transition and ve icular segregation features are absent. Section R IS shows characteristics that
are intermediate between typical pahoehoe and 'a'a sections with layers of top and basal clinkers
and vesicular segregation features in core (e.g., compare with sections RI9 and RIO).
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Figure 4.6 (continued): (c) Graphic log of section Rl7 (frontal lobes; Illahraun flow-field). Note
fragmenta l character of upper part of flow made of a stack of thin layers of vesicular lava probably
representing drifted and disrupted channel overflow levees. Some vesicular features in upper crust
are interpreted as blocks of spatter that were transported on flow surface and later incorporated in
the flow interior probably during inflation (i.e. zone of welded spatter on fi gure).

Hellisheidarhraun D (Nesjahraun flow-field: labeled Orrustuholshraun on recent
1:100 000 topographic map) . This lava field (outlined in Fig. 4.7) is the youngest of a
succession of flo\· s th at were produced from a short fissure segment trending NE
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(Nesjahraun flow-field, figure 4 in Sinton et al. 2005). It consists of single lava flow that is
3 km long and was emplaced on slopes of about 1° (see Fig. 4.7). According to
Kristjansson et al. (2003), this lava flow covers 32.7 km2 and its volume is about 0.26 km3•
The Nesjahraun flow-field has a

14C

age of 1865 BP (e.g., geological map by Saemundsson,

1995; figure 4 in Sinton et al. 2005) and lavas have a homogeneous bulk rock composition
with -7.75 wt.% MgO (Sinton et aI., 2005, from Saemundsson, 1992, 1995). An
examination of the aerial photos permits to divide the flow into 4 main branches that have
specific morphological characteristics (labelled A to D, see extent on Fig. 4.7). The flow
shows a central, 50- to 150-m-wide and up to 700-m-Iong open-channel. In branch A, the
open-channel is well developed, whereas along branch B, going down-flow, the limits of
the channel become unclear and the lava gradually develops a coherent surface. The lava at
the sides of the channel in branch A displays a smooth, bright surface on the aerial photos,
which suggests that it is covered by flat vesicular overflows from the channel. The margins
of the flow in branch B are formed by sequences of steep-flanked lobes partially coalesced
into large sheets (labelled lobate margins on Fig. 4.7). Branches C and D consists of two
fan-shaped lobes which are directed respectively to the south and to the east,
topographically constrained by older flows and hyaloclastite ridges. The lobes have a
central part with transversal ridges made of compressed rubble that are cross-cut by
discrete shear zones parallel to the flow direction, and lobate margins composed of 5-6-mhigh inflated lobes with vesicular upper crusts and steep flanks. The margins are separated
from the central part by long, well-defined shear zones. Exposed at a quarry located near
the flow front (see Fig. 4.7), the surface of the flow consists of a 2 to 3-m-thick layer of
rubble formed of fragments of vesicular pahoehoe-like crusts mixed with turned over slabs,
and grading into spinose 'a'a clinkers at the bottom of the pile. Protrusions of coherent lava
through the top rubble are common.
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Figure 4.7: Aeri al photograph of Hellisheidarhraun D. Ye llow line draws contours of lava fi e ld
described in tex t. Dark continuous lines indicate fl ow direc ti on. Margins of open channe ls in
dashed lines. Di stinct zones (o r domains, labeled A to D) are identifi ed and surface morph ologies
are described in tex t. Flow interi or was obse rved in quarri es near di stal-most part of fl o w (dark
areas on aerial photos).
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The type of the transition between the different lava branches provides information
about the flow emplacement style. More specifically, the channel becomes narrow at the
transition between branch A and B (see lobe shape termination of branch A on Fig. 4.7),
and the flow gets restricted at the limit between branch B and C, and branch C and D. This
feature is consistent with a lobe-by-Iobe emplacement according to which each branch
represents a distinct episode of large lava output followed by a major frontal breakout. It is
most likely that the channelized area in the centre of each lobe was established after the
episode of lava outbreak from the leading flow front, as this would have led to an increase
in the lava flux in the central part of the flow. A stable open-channel would have
developed in the proximal part of the flow, delivering lava to the most distal parts.
Svinahraunsbruni flow-field: Svinahraun and Lambafellshraun. The study area is

composed of two fissure-fed lava flows, Svinahraun and Lambafellshraun. These were
produced respectively from Nyrdri-Eldborg and Sydri-Eldborg vents (see Fig. 4.8).
According to Jonsson (1978, 1979), these two vents were formed during the same eruption,
and the two lava flows thus form a single lava flow-field. The eruption is dated at -1000
AD from historical accounts (e.g., figure 4 in Sinton et aI., 2005). The flows display a
proximal part formed by sheet lobes, leading down-flow to narrow lobes with prominent
central open-channels in the proximal and medial zones. The distal zone of the two flows
consists of branching, fan-shape lobes (see Fig. 4.8). These show transversal rubbly ridges,
shear zones parallel to the flow direction, and lobate margins formed sequences of -3-mthick inflated lobes with steep flanks and vesicular lava squeeze-outs along inflation cracks.
The surface of these consists of a thick upper layer of jagged spinose rubble mixed with
fragments of pahoehoe crust. There are some accretionary lava balls. Protrusions of
coherent lava are common, showing scrape marks on their outer faces, which attest of a
formation by late extrusion of lava from the interior of the flows into the rubble. The
presence of large masses made of piles of thin layers of vesicular lava can be linked to the
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di sruption and subsequent raftin g of parts of channel overfl ow levees during flow
empl acement.

Figure 4.8: Ae ri al ph otograph of Svin ahraunbruni . Ye ll ow lin e draws contours of the two se parate
lava flows desc ribed in text. SL- prox ima l fl ows with shee t-li ke surface morph ologies (some w ith
slabby or pl aty surfaces) . They are partl y covered by channel ove rfl ows near c hanne l margins ( ee
text fo r more details) . Note the ope n-c hannels that de fin e th e prox imal pa rt of eac h fl ow, a nd th e
lobate shape of th e di sta l fl ow front.
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Hussfellsbruni (or Husafellsbruni) lava flow-fields. Hussfellsbruni consist of at least
9 separate lava flow-fields (Jonsson, 1978). The extent and surface morphologies ofthree
of the youngest flow-fields labelled and referred to as H149, H150 and H154 on Fig. 4.9
after Jonsson (1978) were studied using aerial photos and field observations (see also map
by Vikingsson et aI., 1995). Kongsfellshraun flow-field (HI49, hu2 on map by Vikings son
et aI., 1995, red in map drawn on Fig. 4.9) is the youngest of the flows studied. Its exact
age is not known but it is historic and could have been produced in the 10th century or
earlier as it covers the Rjupnadyngjuhraun flow-field (HI54, blue on Fig. 4.9) which rests
on the settlement layer dated at 870 AD (Jonsson, 1978). The eruption that produced H149
occurred on a high plateau formed by pre-glacial hyaloclastite ridges and the lava was
emitted from a short fissure segment on which three spatter cones formed. Lava flowed on
either side of the Stora-Kongsfell (SK) Moberg ridge before spreading at the base of the
plateau and forming two main long branches oriented to the north and to the west,
constrained by the hyaloclastite ridges and pre-existing flows (Le., Hl54 and H150, see Fig.
4.9). In the near-vent area, the flows form large sheet lobes whose surface is sometimes
disrupted in large plates and meter-sized slabs (see area north of the SK Moberg ridge).
The two flow branches, on the east and west side of the SK Moberg ridge, display a central
open-channel formed on ground slopes> 1.5°. The flows spreading at the base of the
plateau form long and narrow, branching lobes that reach a maximum distance of 7 km
from the vents. They are typically 5-10 m thick and 100-500 m wide and were formed on
slopes> 2°. They show a central channelized area, with segmented, few-meters-high
channel walls and lobate margins made of short sequences of inflated lobes. A mixture of
heterogeneous rubble and rafts of stacked thin vesicular layers cover the floor of channels.
The most distal front of the flows consists of inflated flat-topped lobes branching from a
thick rubbly flow front. The flows display morphological evidence of lobe-by-Iobe
emplacement and it seems likely that the central open-channels formed after major
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breakouts from the leading flow front. In terms of lava surface type, they thus can be
considered as transitional to 'a'a, and defined as rubbly pahoehoe although they are
significantly different from the lavas observed on Laki (Chapter 2).
The Eldborgarhraun flow-field (HI50, green on Fig. 4.9, -18 km2 and -0.36 km 3 after
Jonsson, 1978) was produced by an eruption predating the formation of H149. The flows
mainly show surface morphologies transitional to 'a'a, with central open-channels and
lobate margins made of spiny to rubbly lava which are best developed in places where the
lava was emplaced onto flat terrain (see for example lavas emplaced on the western margin
of Sandfell hyaloclastite ridge). The flow surface is dominantly formed of a mixture of
various types of rubble ranging from em-sized rounded blocks to m-scale slabs with basal
scrape marks. Accretionary lava balls and drifted parts of channel overflow levees (stack of
shelly-type lava) are present on the flow surface. The flows forming the easternmost part
of this flow-field were emplaced onto slopes> 10° and define clear 'a'a morphologies with
open-channels bordered by 2-5-m-high channel walls. They have margins formed of
inflated slabby- to rubbly-surfaced lobes with steep flanks.
The Rjupnadyngjuhraun flow-field (HI54, blue on Fig. 4.9) was clearly formed before
H149, but its time relation with H150 is not known. According to Jonsson (1978), it covers
-20-25 km 2 and its volume is -0.5 km3• The upstream-most part of the exposed part of the
flow-field is formed of a lava field with large inflation features (lava rises as illustrated on
Fig. 4.4a, tumuli, and sheet lobes bordered by steep monoclinal uplift margins). The
surface of this field is very flat, and forms a distinct feature on aerial photos characterised
by a high refractive index (see area near location of section RI9 on Fig. 4.9). Section R19
was exposed by deep inflation cracks that propagated into the solidified part of a large
inflated sheet lobe in this area. The vesicular and jointing pattern of the flow across the
section is drawn in Fig. 4.6. The surface of the flow is formed by a mixture of em-sized
rubble and disrupted thin vesicular crusts. The upper crust is very vesicular with distinct
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horizontal vesicular zones. The lower part of the upper crust shows larger, stretched
vesicles. Cooling joints extend through the upper crust to the limit with the core. The core
of the flow is coated in its lower part by a more viscous layer that was tom apart when the
fracture opened. It is difficult to estimate the entire thickness of the flow in that area, but it
could be over 15 m as it was probably emplaced in a depression. Observed nearby, section
R9 is exposed along the main road and cuts through a smaller sheet lobe emplaced over the
sheet lobes just described, and subsequently covered by channel-fed flows. A study of the
location of this lobe in the flow-field using the aerial photos suggests that it belongs to the
H149 flow-field. The internal structure of this lobe is simple with vesicular upper and
basalt crust, and a core with large vesicles with uneven shapes. Joints meet at about the
middle of the flow.
Kapelluhraun and Obrysnnisholahraun. These two flow-fields were produced from

nearby fissure segments covered by spatter cones (Fig. 4.10). Kappelluhraun was produced
during the Krisuvik fires, -1150 AD (Johannesson & Einarsson, 1989, see also map by
Vikingsson et aI., 1995), about 3000 years later than Obrysnnish6lahraun (Jonsson, 1974,
1983). According to Jonsson (1978), it covers -13.7 km 2 and its volume is -0.07 km 3• The
flows reached the seacoast at a distance of -1 0 km from the vent. The area most proximal
to the source is composed of a complex field of superimposed flows that is labelled branch
A on Fig. 4.10. The westernmost side of the flows is cut by a 100- to 200-m-wide openchannel bordered by shear zones (inset on Fig. 4.10) which lead down-stream to a narrow
lava branch with a central channelized zone and lobate margins (branch B on Fig. 4.10; see
also Oskarsson, 2005). This flow is considered as representative of a typical 'ala flow
(Oskarsson, 2005). A quarry exposes the interior of the flow along its northern margin, -7
km from the vent, where section R15 was studied (see Fig 4.5c; same quarry as studied by

Oskarsson, 2005). At that location, the flows form up to 5-m-thick inflated lobes ranging
from oval-shaped tumuli to wide and flat sheet lobes (up to 30 m wide, see Oskarsson,
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Figure 4.9 (continued): Hussfe llsbruni lava fi eld . (b) Extent of each separate fl ow-field (H 149,
H l50 and H154) and as ociated ve nts (for HI 49 and HI50 onl y) described in the text. Contours
drawn from ae ri al photo .

2005 ). The lobes change from spin y to slabby and to rubbly along their length . The fl ow
top i formed of a mixture o f b roke n-up ves icu lar slabs, j agged lava frag me nts (clinke r ),
with so me blocks of patter and , in some pl aces closer to the central part of the fl ow, mscale acc re tionary lava balls . The lobe studi ed for textural analy is (section R I 5: graph ic
log on Fig. 4.6), pre e nt a top and ba al layer do minated by clinkers partl y entrai ned in
the core at the base (Fig 4.Sd ), and vesicul ar uppe r and b asal c ru stal zone . Some vesicul ar
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segregation features (vesicle cylinders) are present in the lava core. Basal clinkers show
evidence for formation by "in-situ" tearing of viscous lava at the base of the flow. The
jointing pattern is that of regular columnar joints cutting across the upper and basal part of
the flow, and meeting at the middle of the section (see details in Oskarsson, 2005).
Section RIO (Fig. 4.5e) was studied at another quarry located along the northern border
of branch A of the Kapelluhraun flow-field (see location on Fig. 4.10). The main flow
exposed in section (Fig. 4.6) is typically of 'a'a type. It is -2.5 m thick at most, and shows
thick basal and upper layers of rough jagged fragments (clinkers) enclosing a dense core
with scattered stretched vesicles and assimilated pieces of vesicular rubble. There are no
clear upper and basal vesicular crusts. It displays a single set of widely spaced columnar
joints that cut across the entire thickness of the flow. Along the same quarry face, a thin
(50 to 70 em thick), vesicular-rich pahoehoe lobe is exposed in section (base of section

RIO graphic log sho\\TI in Fig. 4.6). It shows a central gas blister and basal pahoehoe toes
intruding the rubbly top of the underlying flow unit.
Obrysnnish6lahraun flow-field (prehistoric, Vikingsson et al., 1995) is formed by a
major lava flow that branches from a near-vent area made of early-formed sheet flows later
disrupted into large plates (Fig. 4.10). The central part of the flow is formed by a mixture
of large vesicular slabs and smaller fragments that are piled in compressional ridges in the
channelized area next to the cones. In some places, there are large blocks, 1-5 m in size,
made of piles of highly vesicular lava and agglutinated spatter. Margins are formed by
sequences of spiny to slabby-surfaced pahoehoe lobes separated from the central part by
shear zones.
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Figure 4.10: Ae ri al photograph of Kapelluh raun and Obrysnnish61ahraun fl ow-fi elds. Lines draw
flow-field outlines and ma in shear zones. Sketch at bottom locates branches discussed in tex t.
Arrows labe lled t I and t2 show in fe rred emplace ment sequ ence of each lava fie ld . Locati on of
section RI 5 (GPS N6-t° 01 ' 19.3"". W021 ° 5 ' 605"") and RI O (G PS N6-t° 00'26.0". W021 ° 55"07.8"), and glassy
surface sample R29-3 . R41-1 (GPS 63 5676'. W021 ° 57.3-13'), R4 1-2 (GPS N63° 5875 1'. W02 1° 57.6IY ), R42I (GPS 6-t' 01.091". W021 ° 56. 232' ). R44-3 (G PS 63 00.933". W021 ° 5-1.78') and R44-4 (GPS 6-t 00.9-10'. W021
55.329') is shown . Kapellu hrau n distal front is not seen on photographs (inhabited area) . Flows
ex tend to the sea at left of area mapped (i.e. ge neral map shown on Figure 2. 1 in Thordarson &
Ho kuldsson. '2002) .
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IIIahraun (Blue Lagoon). Illahraun (see Johannesson & Einarsson, 1988) is formed of
a main 500- to 600-m-Iong lava flow that was emitted from a 100-150-m-Iong fissure.
Two main lava branches, A and B, can be distinguished on the basis of surface
morphological characteristics (Fig. 4.11). Along branch A, the surface of the lava is
formed by a mosaic of 10-50-m-wide plates (coherent domains with nearly-flat upper
surfaces). The organisation of the plates suggests that the flow was mainly directed to the
north. At field scale, the plates are composed of a jumble of metre-size slabs with ropy
surfaces that creates the small-scale bumpiness of the plates that can be seen on the aerial
photos (see Fig. 4.4c). Along branch B, the lava surface is clearly more disrupted and only
a few plates can be seen from the aerial photos. The main flow direction of this lava branch
is to the southwest, constrained along the eastern side by an elongated hyaloclastite ridge
(see Fig. 4.4). Near the vent, the lava forms a clear collapse structure made of a disrupted
central part bordered by longitudinal cracks that cut across the proximal area of branch A
lava (see Fig. 4.11). A sequence of emplacement can be proposed to explain the
morphological characteristics of the flows. Branch A most likely formed at an early stage,
whereas branch B was formed after a major lava breakout from the southern edge of the
flow. This implies that the formation of branch B was associated to an increase in the lava
pressure within the flows, which may have been caused by an increase in lava production
rates from the fissure or result from the blockage of the advance of the flows further to the
east by the hyaloclastite mount. The near-vent collapse structure may be the consequence
of the late drainage of the interior of the proximal part of the early-formed crusted flows.
The section studied (section R17) is located along the northern part of the flow, near to
the distal flow front, and is exposed along the path that leads to the Blue Lagoon pool (Fig.
4.11). The 5-m-thick section is composed of a thick vesicular upper crust and a dense core
with some vesicular segregation features (Fig. 4.6). The flow top is made of a 2-3-m-thick
layer composed of meter-sized stacks of vesicular lava (probably rafted parts of channel
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overflow Ie ee later di srupted by inflation of the underlying flow) mixed with em-sized
fragment of heJ\y pahoehoe lava and spatter material. Surface breakouts of pahoehoe
lobe

intrude the base of this fragmental upper layer. The upper erust of the lobe

incorporate a ve ieular zone of welded spatte r poss ibly assimilated in the flow interior by
inking of urfaee material into the flow prior to or during inflation.

Figure 4.11: eria l photograph of lli ahra un fl ow- field . Map o n lower ri g ht locates two different
la\"a branches de cribed in text. Oa he s o n sc hematic map (lowe r ri ght) locate collapsed area
prox imal to venb de~cribed in tex t. Note pl aty surface mo rphology of flow s. e pec ia ll y in proxi ma l
area (bran h ). Black arrow show ma in fl ow directi o n inferred from alignment of plates in
branch a nd c urvature of urface ridges in branch B.
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4.3.4

Columbia River Basalts (CRB)

The CRB range in age from 6-17 Ma but the bulk were erupted in 15-14 Ma, the
remnants now covering -164,000 km2 • The main plateau area of the Columbia River
Basalt Group is composed of numerous 1,000-3,000 km3 lava units (Tolan et aI., 1989)
that mainly consist oflarge sheet lobes (Thordarson & Self, 1996, 1998; Self et aI., 1997).
The interiors of the flows are exposed at different places in deep fluvially carved canyons.
They are exceptionally well preserved, which is important for completing an investigation
of the physical and chemical characteristics ofthe flows.
Field investigation of these sections reveals that at a number of places in the
stratigraphy the lava surface is formed by a thick layer of rubble made of fragments of
pahoehoe crust. Rubbly pahoehoe lavas are mainly observed in the Grande Ronde
Formation (GR) that forms -87 % of the total volume of the province (Tolan et aI., 1989,
Riedel et aI., 1989). The Grande Ronde lavas formed during the most productive period of
volcanic activity of the province, which makes the understanding of the mode of
emplacement ofrubbly pahoehoe lavas important for interpreting volcanological processes
during this major flood basalt eruption.
Where rubbly tops occur, they are laterally persistent and can be, in some places,
followed for several kilometres along the roads. They are present at the surface of thin
lobes that are a few m thick on thick sheet lobes up to 50 m thick, without any apparent
systematic variation with the thickness of the flows. However, very thick rubbly tops (> 5
m) are only present on top of the thickest lava lobes (> 30 m). Most of the lobes with
rubbly tops display a smooth pahoehoe-like, rubble-free base. Pictured in Fig. 4.12, the
rubble consists on partly weathered, contorted to angular vesicular fragments ranging from
-10 to 30 vol. % in vesicularity. The rubble often contains fragments of typical vesicular
pahoehoe toes with a stretched skin (Fig. 4.12) while jagged 'a'a-type clinkers are rare.
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Figure 4.12: Ph otographs of fea ture s seen in secti ons through rubbl y fl ows from the Grande Ronde
Form ati on. (a) Section AD: upper c ru stal part of fl ow ex posed along road . (b) Close view o n
surface rubble on sa me flow unit shown in (a); (c) Section BL: view of th ic k upper rubbl y part of
flow with few-m-hi gh fi nger- like protru sions of cohere nt lava into rubble (outlined on lower left of
photograph ). ote irregu lar o utline of protrusions; most of the m displ ayed ass imilated ves ic ul ar
rubble with wavy contours.

A detailed study of th ree secti ons through rubbl y pahoehoe fl ows fro m the GRN2 unit
wa completed and amples were collected at di fferent levels of their upper parts (ADArmour D raw, SL-Soap Lake, BL-B anks Lake, Fi g. 4.1 2; graphic logs are shown on Fig.
4.13). The GRN2 uni t represen ts an important mag netostrati graphic sub-uni t of the GRB
(Swan o n et aI. , 1979). The flow exposed in section AD is fo rmed of a thin 1-2-m-thick
top la yer of rubble, a very thick vesicular up per cru st, and a dense core that is onl y partl y
expo ed . The rubble i domi nated by angular frag ments of ve icul ar lava (sa mple ADS).
The upper crust can be divided into several units with different ves icul ar pattern s as
depicted in Fig. 4.13 . Sample AD4 was sampled fro m the base of a thick zone
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characterised by abundant gas blisters. Sample AD3 was collected from the base of a thick
vesicular zone about 1 m above the upper crust-core boundary. Hackly (irregular) joints
possibly related to lava-water interaction (see further along) were observed at one
stratigraphic level across the section (see Fig. 4.13). Columnar joints were observed in the
upper crust, typically less marked across vesicular zones. These vesicular zones are
laterally persistent (one could be followed for over 50 m laterally) and correspond to HVZ
(horizontal vesicular zones) as defined in the terminology above (4.3.1). They may
represent variations in the hydrostatic pressure maintained in the fluid portion of the
slowly-cooling lobes (Thordarson & Self, 1998) or be linked to variations in the rates and
amount of gas exsolution triggered by crystallization in the crystal mush trapped along the
solidification front (McMillan et aI., 1989). The exposed upper part of the core displays a
regular jointing pattern forming 2- to 4-m-thick sequences of vertically jointed lava
alternating with thinner "platy zones". Thordarson & Self (1998) accurately describe these
features as "horizons of closely spaced horizontal platy joints, splitting the lava into 2 to
20-cm-thick and 20 to 200-cm-Iong plates that show well-developed internal flow banding
paralleling the joints". They attribute the formation of this feature to the build-up of
mechanical stresses along the upper and lower crustal boundaries as hot fluid lava
continues to circulate in the core after the advance of the flow front has stopped. A similar
process was invoked by Spry (1961) and other authors referenced in this paper to explain
the formation of what they define as the entablature zone.
The two other sections studied have thicker rubbly flow tops (-5 m thick for section
BL and -15 m thick for section SL), and a more simple internal structure with poorly
vesicular and not well defined upper crusts overlying dense cores. Large, irregularly
shaped sub-vertical fingers of coherent lava form meter-scale protrusions (or intrusions) in
the rubbly top. The rubble trapped between large protrusions show wavy blended contours
that indicate that it was "cooked" and partially "digested" (or assimilated) by the intruding
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hot, still fluid lava. Samples of top rubble (SL8 and BL6), assimilated rubble (SL 7 and
BL8), and upper crusts (SL6 and BL7) were studied petrographically.
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Figure 4.13: Graphic logs of sections AD

(G PS N47° 35.059', W11 9° 41.793'), BL (GPS N47° 43 .456' , W119·
and SL studied through major rubbly pahoehoe flows of the Grande Ronde Formation of the
Columbia Ri ver Basalts. Note the thick upper crust and small thickness of top rubble of section AD
compared to the two other sections. By contrast, sections BL and SL show thick top rubble and
poorly-ve icular upper crusts without any clear crust-core transition. Base of sections BL and SL
was not exposed. UCZ- upper crustal zone; CO-core; MVs- mega-vesicles; HVZ-horizontal
vesicular zones.
15.178')
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4.3.5

Other lavas

Some sections across "strict" pahoehoe and 'a'a lava lobes were studied for comparison.
Pictures of the sections are shown on Fig. 4.14 and the derived graphic logs on Fig. 4.15.
The pahoehoe section was observed from a sea cliff exposure through the distal part of the
1990 Kalapana lava flow-field on Kilauea (see Mattox et aI. , 1993). Note the high vesicle

co ntent of the upper crust and the large inwards increase in crystal sizes. The 'a'a crosssecti ons were observed from the products of the 1907 eruption of Mauna Loa (samples
amiabl y collected by L. Keszthelyi) and the 2001 eruption of Mt Etna. These sections are
ch aracterised by low vesicular contents and limited internal textural variations. The top and
basal rubble con sists of jagged lava fragments that were torn apart from viscou s lava at the
fl ow top during emplacement and partly incorporated into the lava interior (core).

Figure 4.14: Field photographs of sections investigated for comparison with rubbly lavas. (a)
Section through 'a'a fl ow from 1907 eruption of Mauna Loa (referred to as ML in text and graphic
log, GPS N19° (}.l ' 22,2", Wl 5S +I '28T) . (b) Section through -1.8 m-thick 'a'a flow from 2001 eruption of
Etna. collected along road at Sapienza, about I km from vent (referred to as ETNA, G PS 33S 0500275,
UT 1 .m 2460) . (c) Typical pahoehoe lobe sampled from Kalapana lava flow -fi eld (samples K02).
Note different vesicul ar and jointing patterns across both lava types.
O
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Figure 4.15: Graphic logs of sections pictured in Fig. 4.14, with representative BSE images.
Sections through 'a'a lava do not display the crust-core separation typical of sections through
pahoehoe lava. Thickness of rubble at base of 'a'a sections is variable and not drawn to scale. Note
sparse elongated plagioclases at quenched base of K02 and large inwards increase in crystal size
despite small thickness of lobe (short emplacement time) . Samples collected across section ML
show limited increase in crystal size. As is common in Etnean lavas, lava in section sampled shows
large amounts of plagioclase phenocrysts, and some limited increase in crystal size in core
compared to surface. UCZ- upper crustal zone; LCZ- Iower crustal zone; CO-core; MVsmega-vesicles; PYs-pipe-vesicles; HVS- hori zontal vesicular sheets; YCs- vesicle cylinders.

160

Chapter 4 - Internal texture and cooling histories of rubbly pahoehoe lavas

4.4 TEXTURAL AND COMPOSITIONAL ANALYSIS
In summary of the above description, the Reykjanes Peninsula lava flow-fields studied

show surface morphologies which range from near-vent sheet pahoehoe-dominated lavas
to channelized 'a'a down-flow. The organization of each flow-field is different, which can
be related to eruptive parameters (eruption duration, lava production rates) and to the preexisting topography. Observed only in sections, the Grande Ronde rubbly flows display
features that are similar to those observed across the Reykjanes Peninsula lavas and Laki
lavas, although these occur on a much larger scale.
The aim of this section is to present a detailed description of the texture of the lava in
the sections above, which will be quantified by CSD analysis in the following section. This
will be examined in relation to the mode of eruption and emplacement of the flows as
inferred from their surface morphologies. Since lava textures are strongly controlled by the
lava bulk composition that determines the order of appearance of each mineral phase, and
also the bulk viscosity of the lava, results from bulk compositional analysis will be
described first. The texture of tephra and surface lava samples will then be presented as
those are related to the evolution of the fluid lava down-flow from the vent, and allow the
mode of formation of microlites in the lava to be inferred. Finally, the internal textural
variations across the lavas in section will be described. The last part of this chapter will
focus on the theory, method and results of the CSD analysis.
4.4.1

Bulk composition

The bulk chemistry of the lavas can account for some textural differences as it controls
the viscosity, phase relations, and liquidus temperature of the melt. Core samples from
some of the Laki and Reykjanes Peninsula lava sections studied for CSD were analysed for
bulk major and trace element composition using X-ray fluorescence spectroscopy (XRF)
(see Chapter 3 for operating conditions). Results are presented in Table 4.1 and plots of
some major elements on Fig. 4.16. The data shown for Grande Ronde lava samples was
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collected at Washington State Uni versity GeoAnalytical Laboratory (see Hooper et al. ,

1993). The data were recalculated in tenns of plagioclase , clinopyroxene, and olivine
components following Grove et al. ( 1992) and plotted in a pseudo-ternary diagram (Fig.
4 .17). Bulk viscosity, liquidus temperatures and phase rel ations were estimated for
anhydrous and surface conditions using the PELE model (Boudreau , 1999; see details in
Fig .

4 .18).

Schiffman

&

(1982)

Lofgren

present

phase

equilibria

determined

experimentally using a sample of Grande Ronde lava with nearly identical composition to
those reported here (see Fig. 4 .1 8). Their results are very similar to those given by the
PELE model and presented below.
The Grande Ronde lavas studied are silica-rich (Si0 2 -54 wt. %) basaltic andesites with
relati vely low MgO, FeO, CaO and Ah03 content (Fig. 4.16). Lab lavas have -50 wt. %
Si0 2 and Reykj anes Peninsula lavas (R 15 and R 19) are the least Si0 2 rich (-48-49 wt. %)
and the most MgO, CaO and Ah03 rich. Note that Reykjanes Peninsula lavas have MgO
contents similar to Hawaiian tholeiites, accounting for the common presence of olivine
phe nocrysts in these lavas.
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Figure 4.16: Major element plots of bulk composition of Laki lava (LJ 3, L7), Grande Ronde lava
(AD , SL, AD ) and Reykjanes Peninsula lava (RP: R 15, R 19). e 80S1: starting composition of
cooling experiments conducted by Schiffman & Lofgren (1 982) on Grande Ronde lava. Kil auea:
bul k composition of lava sampled across Kalapana lobe shown in Fig. 4.14 and 4.15.
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The higher Si0 2 content of Grande Ronde lavas accounts for their higher bulk viscosity
(see Table 4.1). Differences in other elements affect the crystallization sequence of the
lavas . Grande Ronde lavas are comparatively richer in the plagioclase component as
calculated using the scheme defined by Grove et al. (1992) than the other lavas (Fig. 4.17).
For all lavas plagioclase is the first phase on liquidus, when calculated using the PELE
model, followed closely by clinopyroxene and olivine (Fig. 4.18). Reykjanes Peninsula
lavas have significantly higher liquidus temperatures than Laki and Grande Ronde lavas.
Grande Ronde lavas crystallize at -1 130o e, and therefore reach solidification temperature
(-10S00e , Schiffman & Lofgren, 1982) after only 40% crystallization instead of 60% for

the other lava . In accord with their relatively lower MgO content, they crystallize higher
mass proportion of plagioclase over clinopyroxene (2.5-3 instead of 2-2.5 for the other
lavas).

cpx

Plag

Oliv

Figure 4.17: Projection of whole-rock compositional data in scheme developed by Grove et al.
( 1992) as a function of plagioclase (Plag), oli vine (Oliv), and clinopyroxene (Cpx) components.
RP- Reykjanes Peninsula (i n red); GR- Grande Ronde (in orange); Laki in green.

163

Chapter 4 - Internal texture and cooling histories of rubbly pahoehoe lavas

Table 4.2: Whole-rock compositions analysed using XRF.
Location
wt.%

Laki
L7-6

Nonnalized Results (Weight %):
50.11
Si02
2.80
Ti0 2
13.71
Ah 0 3
13.64
FeO
0.23
MnO
5.72
MgO
10.35
CaO
2.72
Na20
0.43
K20
0.30
P20S
Trace

Laki
L13-4A

RP
R15-3

RP
R19-4

50.11
2.76
13.82
13.55
0.23
5.71
10.41
2.70
0.43
0.30

49.54
1.51
14.45
11.90
0.21
7.66
12.28
2.12
0.18
0.14

48.49
1.86
14.75
12.36
0.21
7.99
11.83
2.12
0.22
0.18

elements in ppm (detection limts in brackets)

Rb(2)

1
235
406
187
18g
106

8

•

GR
GR
AD72-83 SL61-40

54.03
1.78
14.11
1\.38
0.204
5.21
8.85
2.98
1.16
0.31

GR
SL62-41

GR
GR
SL65-40 BL68-80

54.27
2.10
13.59
12.28
0.21
4.44
8.25
3.16
1.24
0.46

54.37
2.10
13.68
11.89
0.22
4.46
8.31
3.24
1.27
0.46

54.29
1.76
14.16
11.08
0.20
5.20
9.08
2.89
1.09
0.26

54.59
1.99
13.70
12.11
0.21
4.42
8.37
2.88
1.41
0.32

•

237
39.'
184
17.0
106
2
1
2
40
381
61
40
37
104
121
2'
0

158
24.9
78
8.6
62
0

5
86

2
56

.,

20

17

230

1161
1146
1146

1195
1185
1185

1190
1175
1185

1133
1132
1129

1130
1125
1130

1133
\129
1124

\135
\130
1126

1150
1145
1145

Projection Scheme - Gro\le et at. (1992)
23.3
23.4
Cpx
59.4
59.2
Plag
17.4
17.5
Oliv

26.4
55.5
18.1

23.6
56.5
19.9

19.6
62.9
17.4

18.8
63.8
17.5

19.2
64.1
16.7

20.3
62.9
16.8

19.5
62.9
17.5

Sr (2)
Y(20)
11 (2)

Nb(lS)

S. (12)
PO (5)
Th(4)

•
2

U(3)

0

Se(S)
VIS)
Ct (')
Co (2)
Zn(3)
Ga (3)

38
38S
59
38
40
105
128
20

"'" (2)
M(5)

1

"'(3)

Cu(4)

0

5(50)

98

'1 (Pa.s)

44

T Plag liquidus
T Cpx liquidus
T Oliv liquidus

\166
1145
1145

0
0
.3
341
131
42
79
187

90
18

0

191
26.2
92
10.'
19

0
1

0
38
345
255
41
109
184
91
17

0
0

Bulk viscosities (1'\) were estimated at liquidus temperatures using the PELE model (based on Shaw,
1972). Liquidus temperatures for each major mineral phase are results from fractional
crystallization calculations performed using PELE model (see text, results plotted in Fig. 4.18).
Plagioclase-clinopyroxene-olivine components were calculated following Grove et al. (1992) and
normalized to 100%. T-temperature eC), Plag-plagioclase, Cpx-<:linopyroxene, Oliv-olivine.
RP-Reykjanes Peninsula; GR-Grande Ronde.
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Crystal content (mass %)
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Figure 4.18: Crystallization sequence of different lava types calculated using PELE model. Results
are similar for Rl9 and R15, and Ll3 and L7. Oxygen buffer is QFM (Quartz-Fayalite-Magnetite),
as estimated in Chapter 3 for Laki magma and generally considered for Reykjanes Peninsula lavas
(i.e., Jakobsson, 1978) and Grande Ronde lavas (Schiffman & Lofgren, 1982). Crust-core limit
corresponds to 1070°C isotherm (see text). P1ag-plagioclase, Cpx --clinopyroxene, Oi--oiivine,
Ox-fe-oxides.

4.4.2

Crystallization during transport

The texture of lava preserved at any location down-flow is dependent on its history
before solidification. In particular, the location and timing of formation of microlites
(defined as anhedral crystals < 20 Jlm in size) will determine their abundance in the lava,
which will affect the resulting texture and determine the rheology during flow . Thinsections of spatter, near-vent lava, and distal lava surface samples from the Reykjanes
Peninsula lava flow -fields were examined to constrain the evolution of the groundmass
crystallinity of the lava during transport. Fig. 4.19 presents microphotographs of the
textures for samples from Hussfellsbruni (H149 lava field) and Kappelluhraun (the same
general pattern was found for Obrysnnish6lahraun and lllahraun). The textural variations
between the samples appear similar to those for Laki lavas, as presented in detail in
Chapter 3. Microlites are absent in the spatter and thus formed in the lava flow s, near the
vent, as shown by their abundance in proximal lavas (Fig. 4.19). They seem to increase in
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number with distance from the vent in the Kappelluhraun flows. Their maximum eruptive
temperature can be constrained at 1170°C for Reykjanes Peninsula lavas, 1140°C for Laki
lavas (see also Chapter 3), and 1130°C for Grande Ronde lavas. This is constrained by
considering the temperature-phase relationships defined above using the PELE model, the
observation that microlites consist of plagioclase, clinopyroxene and olivine often in
intergrowth, and thus that the lavas crystallized at the cotectic of these three phases.
The conditions of crystallization can be further constrained using crystal compositional
ranges. Fully exploited in Chapter 3, compositional zoning across plagioclase phenocrysts
(defined as euhedral crystals> 100 ~m) can record rapid changes in melt-dissolved water
content during crystallization that can be related to degassing during magma ascent.
Compositional data were collected for Kappelluhraun and Obrysnnish6lahraun lava
samples that contain plagioclase phenocrysts (Fig. 4.20, data reported in Appendix C).
These show a primitive core and an evolved rim compositionally similar to
microphenocrysts (subhedral, 20-100 ~m) and microlites, thus suggesting, in comparison
with Laki lavas (Chapter 3), that the primitive core of plagioclase phenocrysts was formed
at depth in a water-undersaturated magma, whereas the phenocryst rims, microphenocrysts
and micro lites formed after water exsolution, near the surface.
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Figure 4.19: Cross-polarized photo mi crographs of spatter and surface lava tex tures fro m
Hus fell sbruni (H 149) and Kape lluhrau n lava fie lds . All pictures are at cale 2.8 x 2. 1 mm (sca le
bar on pictures i I00 ~lm wide). Sa mples are located on aeria l photographs on Figs. 4.9 and 4 .10.
Crystal phases see n on photographs are plagioclase (white-grey), oli vine (ye ll ow-blue), and
clinopyroxene (s mall blue-red gran ul ar crystals in groundmass). Vesic les are outlined in white o n
pictures of patter sa mples (a and d). Note large abundance of groundmass crystals in surface lava
sa mple co mpared to patter sa mples and marked inc rease in number de nsi ty of gro un dmass
cry lals along Kapclluhraun flow (difference between samples R41 -2 and R 15-6).
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Figure 4.20: Plagioclase com positi ons In lava samples from Obrysnni sh61ahraun (a to c) and
Kappe lluhraun (d to f) . Sample analysed for Kapelluhraun are R 15-3, R 15-4, R 15-5 and R 15-6 (see
Fig. 4 .6). ampl es ana ly ed for Obrysnnish61ahraun are located on Fi g. 4. 10. Fi gure pre ent hi ghcontrast backscatter image of plagioclase phenocrysts and groundm ass. Variati ons in co lour on the
image (a and d) correspond to changes in An content of the pl agioc lases as shown by microprobe
co mpo iti onal profile (b and e). Compo iti onal ranges of eac h crystal type is show n on plot of Or
(KJ(Ca+ a+K)) again ( An/(An+Ab) (=CaJ(Ca+Na)) (c and f) . ph- phenoc ryst, mpmi c rophenoc ryst . ml- mi crolites. ote imilar co lour and thu s An conte nt of phenocryst rim s and
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cry tal s.
e
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4.4.3

Lava textural variations in cross-section

Lava groundmass textures show systematic variations through the cross-sections of
flow lobes studied and presented here. Textural differences between pahoehoe, 'a'a and
rubbly pahoehoe will be stressed. The modal data presented are reported on Table 4.3 (see
Appendix A for method and all the raw data on Appendix B). Samples for which textural
parameters were quantified are: 1) samples from each structural unit for sections L7 and
R15; 2) samples from the top surface, upper crust and core for sections AD and R19; 3)
samples from surface and core for sections RI7 and L13; 4) glassy sample from basal
pahoehoe toes at section RIO (RIO-9) for comparison purposes.
Lava textures follow a similar pattern across the sections. From the margins (top and
base of sections) to the core there is an increase in I) mineral phase proportions, 2) crystal
sizes, 3) degree of differentiation of crystal rims, and 4) degree of connectivity and mutual
intergrowth between crystals. Each of these characteristics is detailed below.
1) The proportion of micro lites, microphenocrysts, and phenocrysts has been quantified
for samples through section L7 (Laki) and plotted against depth on Fig. 4.21 with modal
proportions estimated by BSE image analysis. Both define a general pattern of sharply
increasing proportions near the lobe margins and a rather uniform profile through lava
crust and core. There is no sign of crystal settling. The distinctly higher proportion of
phenocrysts in the crust and core suggests the injection of a more phenocryst-rich lava
batch in the lobe interior after the margins had solidified. Microlites amount to > 60 vol. %
of the total crystallinity and are the only crystal type considered in the following.
The modal data for all sections studied is plotted in Fig. 4.22. Plagioclase forms> 50
vol.% of the groundmass phases (Fig. 4.22a), with -30 vol.% clinopyroxene and < 5 vol.%
olivine (Table 4.3). Core and crust samples cluster at 60-80 vol.% total groundmass
crystallinity while surface samples have 10-35 vol. % crystals. Plagioclase modal % is
plotted against sample depth for all sections in Fig. 4.22c. There is a sharp increase in
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plagioclase content at the margins (over -1 m), with a uniform profile through the crust
and core of the lobes (-40 vol.%). The plagioclase/clinopyroxene ratio is significantly
higher for samples from AD section compared to the others (Fig. 4.22d), which is
consistent with their bulk composition and phase relations as described above. Through the
other sections this ratio increases with depth in the upper 1 m (upper crust) and then
decreases inwards.
2) The increase in crystal SIze, for plagioclases in particular, is obvious from the
observation of the BSE images. Plagioclase crystal width/length is -113 and both crystal
width and length increase from surface to core (Fig. 4.22b). There are noticeable
differences between sections. For instance, the largest crystal size increase seems to be
across the l.4-m-thick Kalapana pahoehoe lobe (Fig. 4.15). The Reykjanes Peninsula 'ala
sections show, in comparison, little internal variation in plagioclase crystal size (e.g., RIO1, RlO-2, Fig. 4.6). The number of crystals visibly increases across the section through the

Mauna Loa 'ala section while the size of individual crystals remains -constant (Fig. 4.15).
The Etnean 'ala lobe shows limited internal coarsening (Fig. 4.15). Sections through rubbly
flows show, unsurprisingly, variations that are intermediate between these two endmembers, which will be quantified by CSD analysis below.
3) As observed in BSE images of internal samples, crystal rim zoning shows as pale
borders around clinopyroxenes and olivines, and dark irregular borders around plagioclases.
Microprobe analysis of micro lites was done for L 7 samples using the same operating
conditions as presented in Chapter 3. This revealed a general inwards increase in the
degree of differentiation of micro lites (i.e., decrease in Fo in olivines, AnI(An+Ab) in
plagioclases, and Wo/(En+Fs) for clinopyroxenes), with a sharp gradient at the margins
(Fig. 4.23). This trend was also found in samples from other sections (e.g. plagioclases are
An65-70

in surface sample R19-1 compared to Anso-75 in core sample R19-4). No significant
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variations in the concentration of minor elements in the crystals such as Fe in plagioclase,
Ca in olivine and Ti in clinopyroxene were found.
4) In lava selvages, crystals are usually detached and have clear, flat faces, and
relatively large number densities and elongated shape. In contrast, in the crust and the core,
crystals are significantly larger and form a dense touching and interconnected network of
generally more equant crystals. They have rims with irregular outlines (wavy, rounded)
that tend to fill the interstices between neighbouring crystals. As for differences between
sections, plagioclases have distinctly high aspect ratios in selvages of well-defined
pahoehoe lobes (K02-I, RIO-9, and to a lesser extent in R9-3). They form radiating
clusters intergrown with clinopyroxene in the internal samples from these same sections
(K02-3, K02-4, RIO-II, RIO-8 , see also AD3, AD2). Crystals in rubbly pahoehoe and 'a'a
lavas display more blocky shapes.
Crystal content vol.% (normalized to 0 % vesicles)
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Figure 4.21: Variations in crystal type proportions (point counts) and groundmass mineral phases
(backscatter image analysis) through cross-section L7 of Laki lava (see location of samples on Fig.
4.3). Note that phenocrysts are not considered for backscatter image analysis, and that the large
standard variations in data collected results from the irregular distribution of microphenocrysts
(especially clinopyroxene) in the groundmass. The surface sample studied (L7-1) was not glassy
(i .e., crypto-crystalline) and lava crystallinity at quenching stage is likely to have been 30-35 vol.%
instead of - 60 vol.% as reported here. The anomalously low total groundmass crystal content
reported for sample L7-3 results from low measured clinopyroxene contents, which is considered to
be an artefact of BSE image analysis. The distinctly higher phenocryst content of the lobe interior
may reflect change in phenocryst content of lava supplied (see text).
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Table 4.3: Textural data collected
Loca\Jon
Sample no.
Sample type
Depth (m)
2

Area (mm )
Plag%
Cpx%
Oliv%
Ox%
Total crystallinity
Plagio/Cpx
Location
Sample no.
Sample type
Depth (m)
2

Area (mm )
Plag%
Cpx%
Oliv%
Ox%
Total crystallinity
PlagiolCpx
Location
Sample no.
Sample type
Depth (m)
2

Area (mm )
Plag%
stdev
Cpx%
stdev
Oliv%
stdev
Ox%
stdev
Total crystallinity
stdev
Plagio/Cpx
Location
Sample no.
Sample type
Depth (m)
2

Area (mm )
Plag%
stdev
Cpx%
stdev
Oliv%
stdev
Ox%
stdev
Total crystallinity
stdev
Plagio/Cpx

RP
R10-9
surface
0

RP
R15-6
rubble
0

RP
R15-5
upper crust
-1

RP
R15-4
core
-3.5

RP
R15-3
lower crust
-4.4

RP
R15-1
base rubble
-4.8

RP
R19-1
top slab
0

1.33
10.4
12.8
0.0
0.5
23.2
0.8

0.77
13.8
9.5
2.2
0.5
26.0
1.5

0.65
21.2
6.3
1.9
2.1
31.5
3.4

1.39
39.8
26.8
4.1
2.7
72.9
1.5

0.67
22.4
8.2
3.8
2.9
37.4
2.7

0.30
8.7
2.8
1.0
1.2
13.7
3.1

0.77
28.5
13.8
3.7
1.5
47.6
2.1

RP
R19-2
crust
-1

RP
R19-3
crust
-3

RP
R19-4
core
-5

RP
R17-1
top rubble
0

RP
R17-3
core
-4.5

GR
AD5
rubble
0

GR
AD4
upper crust
-2

1.37
38.7
13.4
4.0
3.0
59.1
2.9

1.40
44.8
20.1
3.0
3.0
75.8
2.2

1.42
43.8
27.8
4.2
2.6
78.4
1.6

0.78
27.8
18.7
0.0
4.8
51.3
1.5

1.42
43.4
36.5
0.0
5.5
85.4
1.2

1.40
17.9
3.5
2.7
0.0
17.7
5.2

1.28
48.6
12.2
1.2
0.0
60.0
3.8

GR
AD3
upper crust
-5

GR
AD2
core
-12

Laki
L13-1
top rubble
0

Laki
L13-3
upper crust
-1.8

Laki
L13-4
core
-2.1

Laki
L7-1
rubble
0

Laki
L7-2
upper crust
-0.3

1.37
42.7

2.39
40.6

1.07
47.4

8.9

16.8

2.7

0.0

5.0

4.4

54.9

61.8

4.2
0.3
79.5

5.2
43.0
5.3
24.9
3.5
7.5
3.7
2.7
0.3
78.1

4.8

2.4

8.26
23.6
2.2
17.1
3.0
7.2
1.1
2.1
0.3
49.9
4.8
1.4

2.1

1.7

15.87
33.3
4.2
19.7
8.5
13.1
5.9
3.1
0.9
69.2
10.3
1.7

9.69
43.4
2.8
16.8
2.6
8.9
3.4
3.2
0.4
72.3
3.6
2.6

Laki
L7-3
upper crust
-0.5

Laki
L7-4
upper crust
-1.8

Laki
L7-5
core
-3

Laki
L7-6
core
-3.5

Laki
L7-7
lower crust
-3.75

Laki
L7-8
basal rubble
-4.3

13.13
41.2
2.8
14.1
2.6
7.2
1.8
3.6
1.4
62.5
3.9
2.9

5.13
44.7
2.1
29.3
2.3
5.5
1.6
3.0
0.6
82.5
1.7
15

11.37
41.8
5.6
26.6
5.1
7.8
1.5
3.4
1.0
79.6
3.2
1.6

7.67
44.0
5.2
26.7
2.7
7.9
3.6
2.7
0.7
81.7
7.4
1.6

7.00
28.4
5.3
22.2
8.2
13.8
2.7
7.7
4.9
31.5
12.4
1.3

6.56
32.0
1.6
22.1
10.2
12.7
3.1
0.7
0.2
32.5
14.4
1.5

22.8
5.1

Area-total area analysed, Plag-plagioclase, Cpx-dinopyroxene, Oliv-olivine,
Ox-oxides (in vol. %), stdev-standard deviation for multiple (-10) analyses ofL7
and Ll3.
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4.5 CRYSTAL SIZE DISTRIBUTION (CSD) ANALYSIS
4.5.1

Theory

Developed and used for some time in chemical engineering (Randolph & Larson,
1971), CSD analysis aims to give a better understanding of crystallization kinetics using
quantitative size and number density data on crystals. Marsh and co-workers (Marsh, 1988;
Cashman & Marsh, 1988) were the first to apply it to the study of crystallization kinetics in
natural igneous and metamorphic systems. In its simplest form, the theory uses the concept
of a balance between the number of crystals formed and their size for a given volume of
material crystallized. In the case of steady-state crystallization, the number of crystals per
unit volume within a size range will decrease linearly as the size increases, and the trend of
this evolution will reflect the growth and nucleation rates of the crystal population
averaged over the period of time during which crystallization proceeded. Assuming
crystal-size-independent crystallization rates, these relations were expressed by Marsh
(1988) as:
n = nO exp(-UGt)

(1)

or:
In(n) = In(nO)-UGt

(2)

where L is the crystal size; n is the crystal number density (number of crystals per unit
volume per size range); n° is the "theoretical" number density of crystal nuclei
(corresponds to n when L approaches zero); and G and

t

the respective growth rate and

residence time (or growth time) of a dominant crystal size Ld (Ld

= Gt)

across the

crystallization interval (see Cashman & Marsh, 1988; Marsh, 1988).
In practical terms, the function In(n) versus L is derived from crystal SIze
measurements by 1) calculating a frequency distribution choosing an appropriate size bin
(i.e. large enough not to have "gaps" in the distribution); 2) dividing by the total area
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studied and applying some correction to obtain a volumetric number density (i.e. number
of crystals per a given size range per volume); 3) calculating the cumulative distribution
and 4) deriving the numerical derivative of the distribution. The specific method adopted in
this study is specified in the following section ofthe text (4.5.2).
Arising from (2), a plot of In(n) against L (typically called CSD plot) gives a straight
line with a slope of -lIGt, and an intercept of nO, The dominant crystal size Ld can be
extracted from the measured CSD plot using:

(3)

Ld = -IICSD slope= G't
If

't

or G is known, the other can be calculated, and the nucleation rate J can then be

derived from:

(4)
Thus:

(5)
Hence, with everything else being constant, the slope of the line in the CSD plot will
decrease as a result of 1) extended crystallization time, 2) higher growth rate, or 3) lower
nucleation rate. On the other hand, the intercept of the line (nO) will increase with
increasing nucleation/growth rates (see equation 4), which corresponds to an increase in
undercooling (e.g., Shaw, 1965; Cashman & Blundy, 2000).

It is generally considered that any process that alters the balance of the system, such as
loss of crystals due to processes such as crystal settling or resorption, or sharp changes in
growth or nucleation rates will introduce some curvature and/or kinking in the measured
CSD plot (Marsh, 1988, 1998). A log-linear CSD plot should thus reflect a simple
crystallization history although Marsh (1988) accepts that many processes can produce this
linearity.
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The soundness of the method has been debated, for example by Pan (2001) who
questions the validity of the In(n) versus L plots and Eberl et al. (2002) who challenge the
independence of crystal growth rates on crystal size. Nevertheless, CSD analysis remains a
useful tool that is complementary to petrographic observations for studying rock textures.
Its interpretation should be relatively straightforward for the purpose of this study as lava
flows represent, like dikes, simple systems because of the constant bulk composition of the
magma and the predominance of conductive cooling (e.g., Brandeis & Jaupart, 1987b;
Cashman, 1990). Finally, it is noted that, compared to other studies based on
measurements of maximum or mean crystal size (e.g., Kirkpatrick, 1977), this technique
has the advantages of allowing investigation of the co-variation of crystal number densities
and size, and being less affected by textural heterogeneities as it considers a wide range of
crystal sizes.

4.5.2

Method used

The strict procedure followed to collect the raw crystal size data and, at the same time,
quantify crystal modes using part-automatic image analysis, is detailed in Appendix A. In
brief, plagioclase size data (apparent short and long axis, referred to as width and length
hereafter) was collected from scaled BSE images. Plagioc1ases were chosen because they
are abundant in the lavas studied, and in basalts in general, and are good indicators of
cooling conditions because of the sensitivity of their mode of crystallization to the degree
of undercooling of the melt (e.g., Cashman, 1993). The program by Higgins (2000) was
used to correct the crystal width data for 3D effects (see Appendix A for procedure) and
derive the CSD plots. The program by Morgan & Jerram (2006) was used to calculate the
crystal aspect ratio necessary to apply the correction method by Higgins (2000). Crystal
widths were used mainly because these are least affected by cut-sectioning effects, and
thus require minimum correction (Cashman, 1990; Higgins, 2000). They may also be in
longer contact with the liquid in comparison to the other directions that get preferentially
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impinged (Kirkpatrick, 1977). An alternative view is that plagioclase length is more
sensitive to growth kinetics, and its measurement would give the maximum crystallization
rates (Cashman, 1990). The effect of using either crystal width or length and the use of
different correction methods was thus tested for selected samples.
The method of Cashman & Marsh (1988) was used to derive crystal growth and
nucleation rates, normalizing crystal sizes and number densities to the most surficial,
crystal-poor samples, and nucleation rates to the amount of liquid available.
The equations they use are:

= lI(Otl- Oto} = lI(Ld l-Ldo}

(6)

nO norm = (nO I/Ld 1 - n°olLdo) x m'

(7)

J'

(8)

m'

=

J/(I-f)

where the subscripts 1 and 0 refer to the sample "normalized" and the reference sample
respectively, m' to the normalized CSD slope of sample 1, n° norm to the normalized
intercept of sample 1, and J' to the recalculated crystal nucleation rate. For this part, basal
samples (below core) were not considered; these should experience cooling rates 70%
higher (Hon et al., 1994).
Either growth rates or residence time had to be estimated to calculate nucleation rates
following equation 4, which was limited by the data currently available. Hon et al. (1994)
empirically derived an equation describing the evolution of crustal thickness with time at
the surface of active sheet flows from Kilauea, which was taken as identical to residence
time for the purpose of this study. Consistent with a conductive cooling model and with
data on Kilauea lava lakes (see Fig. 9 in Hon et al. (1994}), it is expressed as:

r= 164.8

x

C2

(9)

where r is the time in seconds and C is the thickness of the crust or the limit of the 1070°C
isotherm in meters. For this study, the distance from the surface was taken as C,
considering that the bulk of the crystallization was completed at 1070°C. It is, however,
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difficult to appreciate how this relation varies with crystallinity and emplacement style,
which currently limits the interpretation of the data.
Comparison of the results to other studies are not straightforward since almost every
study uses a different method which depends on the samples available and the specific
textures studied, and also on the debated choice of the method for 2D-3D conversion.
Table 4.4 summarizes the methods used by the studies that were compared to this work.
Table 4.4: Comparison of methods used by CSD studies referred to in the text.
Reference
Cashman &
Marsh (1988)

Samples
Crust and core lava from drill
cores through upper part of
1965 Makaopuhi lava lake

Measurement
Crystal length on
images from
optical microscope

Conversion 2D-3D Time constraint
Direct measure of
Nv=Na3ii
solidification rate
(Wright & Okamura,
1977)

Crisp et at.
(1994)

Quench lava from active
channelized 'a'a flows during
1984 Mauna Loa eruption

Crystal area (Ac)
on images from
microscope

L=4(Ac/n)1I2

Direct record flow
duration from flow
velocities and distance
from vent

Crystal width on
BSE images

Nv=Na3/2

Cooling rates calculated
using Keszthelyi &
Denlinger (1996) and
estimation of temperature
interval for crystallization

Burkhard (2002) Margin of pahoehoe lobes,
current eruption at Kilauea

Oze& Winter
(2005)

Margin of dense pahoehoe lobes, Crystal area from
current eruption at Kilauea
automatic BSE
image analysis

Nv=Nald
(d bin size)

Similar as Burkhard (2002)
(calculated for 0% porosity)

Zieg & Marsh
(2002)

Intrusions (norites, diabases)
from Sudbury igneous complex
and Ferrar dolerites

Crystal length on
digital image of
thin-section

CSD Corrections
1.1 (Higgins,
2000)

Simplified cooling
model

This study

Surface, crust, and core lava
from solidified rubbly pahoehoe
flows

Crystal width and
length on BSE
images

CSD Corrections
1.36 (Higgins,
2000)

Empirical conductive
cooling modc\ (Hon et
aI., 1994)

Na-number of crystals per unit area, Nv-number of crystals per unit volume, L-volumetric
crystal diameter defined by Crisp et al. (1994). Note different conversion method adopted by each
study.

4.5.3

Results

The CSD plots obtained (In(nV) versus L, see Fig. 4.24) can be fitted by a straight line
at 70 Jim < L < 500 Jim for surface samples and 100 Jim < L < 800 Jim for internal samples.
CSDs parameters (slope, intercept) were derived from the line fitted to the data using the
linear regression operation of Microsoft Excel (see raw data in Appendix B). They are
reported with results from crystallization rate calculations in Table 4.5. The scatter of the
data at L > 500-800 Jim (see Fig. 4.24) is attributed to 1) the occasional presence of
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microphenocrysts or phenocrysts on the BSE images that reflect the pre-emplacement
history of the magma and 2) the effects of crystal aggregation that can lead to an artificial
increase in the proportion of larger crystals (see Appendix A). The downward curving of
the data that was often observed for crystal sizes <70

~m

is attributed to limits of the

method in the detection of small crystals.

Table 4.5: Parameters of plagioclase crystal size distribution with calculations of growth and
nucleation rates.
Sample Depth
(m)

t
(hr)

eSD
t
(months) slope
(Ilm")

eSD
intercept
(Ilm")

R2

ld

nO

(Ilm)

(em"")

J

J'

1.26E-09
3.18E·10
3.95E-09

1.20E+01
3.10E-01
5.80E+OO

1.75E+01
1.15E+00
9.26E+OO

m'
(em")

nO norm
(em"")

G
(emls)

·1336
-433
·527

2.26E+1S
1.B4E+15
2.18E+15

(no.em·3Is) (no.em·3Is)

R10-9

0

0

0

-0.027

·16.62

0.996

37.3

6.07E+08

Rl5-6
Rl5-5
R15-4
R15-3
R15-1

0
·1
·35
-44
-48

0
165
2019
133

0
0.22
2.71
0.18

-0.037
-0.029
-0.020
-0.022
-0.039

·13.64
·13.87
·16.14
.15.73
·13.47

0.997
0.999
0.999
0.994
0.974

26.9
34.4
50.0
45.9
25.5

1.20E+10
9.49E+09
9.75E+08
1.47E+09
1.41E+10

Rl9-1
Rl9-2
R19-3
Rl9-4

0
·1
·3
·5

165
1483
4120

022
1.99
554

-0.023
-0020
-0015
-0.009

·15.89
·16.17
·17.34
·19.35

0.994
0.990
0.986
0.986

44.2
51.0
68.0
112.4

1.25E+09
9.48E+08
2.96E+08
3.95E+07

·1477
-421
·147

1.44E+14
1.01E+14
4.11E+13

1.14E·09
4.45E·10
4.59E·10

1.0BE+00
1.32E·01
1.B1E-02

2.65E+00
5.44E·01
8.41E-02

R17·1
RH·3

0
-4.5

0
3337

0
4.49

-0.025
-0.017

·15.69
·16.59

0.989
0.990

39.8
58.1

1.53E+09
6.23E+08

0
·546

1.51E+14

1.52E·10

9.4BE·02

6.50E·01

ADS
AD4
AD3
AD2

0
·2
·5
.12

659
4120
23731

0.89
5.54
31.90

-0.029
-0016
-0.015
-0.011

·15.38
·16.76
·17.25
·18.79

0.997
0.991
0.994
0.997

34.8
61.0
65.8
93.5

2.09E+09
5.27E+08
3.21E+08
6.90E+07

0
·383
·323
-171

1.97E+14
1.78E+14
1.01E+14

1.10E-09
2.09E·10
6.86E·11

5.80E·Ol
6.70E·02
4.73E·03

1.45E+OO
1.48E-01
1.24E-02

L13-1
ll3-3
ll3-4

0
.1.8
·21

534
727

0.72
0.98

-0026
-0014
-0.013

-15.86
·17.71
-17.99

0.984
0.993
0.995

38.8
71.9
77.5

1.29E+09
2.05E+08
1.54E+08

0
-301
-258

9.20E+13
8.10E+13

1.73E·09
1.48E-09

3.53E·01
2.28E-01

1.72E+00
1.04E+OO

l7·1
l7·2
l7·3
l7-4
L7·5
L7-6
L7·7
L7-8

0
-03
-0.5
-1.8
·3
·35
-375
-4.3

15
41
534
1483
2019

002

-0.020
-O.Q15
-0.015
-0.017
-0014
-0.013
-0021
-0.033

·16.25
-17.50
-17.24
-17.07
·17.31
-18.00
-15.95
-14.90

0.999
0.998
0.999
1.000
0.999
0.998
0.995
0.987

49.5
69.0
68.0
60.6
71.4
80.0
47.4
30.7

8.74E+08
2.51E+08
3.25E+08
3.87E+08
3.04E+08
1.52E+08
1.18E+09
3.38E+09

0
·514
·540
·901
-456
·328
4736
531

7.20E+13
6.95E+13
1.01E+14
6.11E+13
5.17E+13

3.64E-08
1.25E-08
5.7BE·10
4.11E·10
4.20E-10

9.16E+OO
4.0SE+OO
2.24E-01
1.25E-01
6.36E-02

3.31E+01
1.08E+01
1.28E+OO
6.10E-01
3.47E-01

-0.020
-0.031
-0.019
-0018

-18.62
-15.26
-16.88
-17.43

0.998
0.991
0.998
0.992

51.3
32.4
52.6
56.2

8.23E+07
2.35E+09
4.69E+08
2.70E+08

Lakl tephra 0
0
L17
0
L18
0
L66

0.06

0.72
1.99
2.71

2
t-time (calculated using equation 9); R -least square regression fit; m' -normalized slope
(equation 6); nO norm-normalized intercept (equation 7); G, J-growth and nucleation rates
(equations 3 and 4); J'-recalculated nucleation rates (equation 8). Note that n corresponds to the
number of crystals per given size range and per volume, accounting for a unit in cm'" (number per
cm4 )
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Figure 4.24: CSD plots acquired using program by Higgings (2000). In(nV) is in nO./llm4, Mid-Int
is in 11m (corresponds to middle of size interval defined by program). Each number on fitted line
represents sample number of each series. Lines fitted to textural data for core samples are thicker to
show the flattering of slopes with increasing distance from margins. Parameters used were: Log 10
scale, 6 bins per decade (results choosing 5 bins per decade were essentially similar, but gave linear
fits with lower squared residuals), box width, blocky crystal shape (tabular), and massive rock
fabric.
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CSD analysis was used here to quantify the textural variations observed within each
lava cross-section, and estimate crystallization rate variations during the inwards
solidification of the lavas. CSD parameters (Ld and nO, simply called crystal size and

crystal number density in the following) and the average crystal width and length are
plotted against depth through the sections in Figs. 4.25 and 4.26. The crystal nucleation
and growth rates derived from the CSD data are shown in Fig 4.27 along with data from
Crisp et al. (1994), Burkhard (2002) and Cashman & Marsh (1988). In this diagram, the
data of Cashman & Marsh (1988) was plotted as a function of the depth of their most
shallow sample, which is 13.5 m. It is worth noting that Crisp et al. (1994) and Cashman &
Marsh (1988) looked at samples which where collected at high temperatures (from active
lava) and quenched using water, whereas the samples analysed in that study cooled
completely. Thus, their results cannot be strictly compared to this data, although it is
known that the bulk of crystallization occurs during the first lOs of degrees of cooling
below the liquidus (e.g., Cashman, 1993). Moreover, Crisp et al. (1994) looked at posteruption samples and obtained similar results to those for quenched samples. To check for
differences that may arise from the use of different conversion procedures, CSD
parameters were re-calculated using crystal length data following the same procedure as
Cashman & Marsh (1988). The results are compared as a function of residence time in Fig.
4.28.
A few points can be made from the results of the CSD analysis and these are listed
below. It is reiterated that these results are fully consistent with trends inferred from
microscopic observations. The term crystal will refer only to plagioclase in the following.
1)

Crystal size increases and crystal number density decreases systematically with

distance from lava margins to core. The amplitude of the variations is largest near the
margins.
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2)

Samples from the crust and core of section R15 have crystal sizes markedly

lower than the other sections

«

50 Ilm) and number densities of an order of magnitude

higher (> 10 10 no./cm4 at margins to 109 no./cm4 in core). Similar trends were obtained
using Cashman & Marsh (1988) method (Fig. 4.28)
3)

Samples through section R19 show the largest range in crystal size (44-120 Ilm)

and number density (1.25

x

9

10

-

3.95

x

107 no.lcm4 ). It is noted that samples from the

Kalapana lobe showed, visually, larger variations (see above) but those were not quantified.
4)

The profile of crystal size and number density is flat across the crust and core of

section L7 (as for variations in modal %), except from a marked decrease in crystal size
(and increase in crystal number) in a sample collected from the base of the upper crust (Fig.
4.25).
5)

Samples through the sections show in general increasing width/length ratio with

margins to cores, except for samples from section AD that show a continuous increase in
aspect ratio (Fig. 4.26).
6)

There is a continuous decrease in crystal nucleation and growth rates with depth

(Fig. 4.27). Variations of crystal sizes in time through the cross-sections studied are similar
to those observed in the upper part of the Makaopuhi lava lake by Cashman & Marsh
(1988), except for section R15; yet plagioclase number densities are markedly lower for
the lava lake samples (Fig. 4.28).
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4.6 DISCUSSION
The textural and compositional data collected on the lava flow-fields studied will now
be compared with their mode of eruption, transport, and emplacement as inferred from the
o rgan izati o n of the flow-fields and the lava surface morphologies. At first, the field and
aerial photo ob servati ons presented in section 4 .2 will be used to interpret the mode of
emplacement of the flows and their eruptive condition s. The role of bulk lava composition

187

Chapter 4 - Internal texture and cooling histories of rubbly pahoehoe lavas

and erupted temperature will also be discussed, referring to data presented in section 4.3.1.
Next, the results from cross-section textural analysis presented in sections 4.3 and 4.4 will
be interpreted in terms of crystallization kinetics during lava solidification. Finally,
building on this work and other studies, a diagram linking the characteristics of plagioclase
microlite population to the lava type and the impact of eruption and emplacement
mechanisms on textural variations will be proposed.
4.6.1

Mode of emplacement of rubbly pahoehoe lava flow-fields

The mode of emplacement of Laki lavas was described in detail in Chapter 2. This
section focuses on the mode of emplacement of Reykjanes Peninsula and Grande Ronde
lavas and discusses how they compare to Laki lavas and active flows observed in Hawaii.
Reykjanes Peninsula lavas. In general, Reykjanes Peninsula lavas show evidence for
more "viscous" or 'a'a-like behavior than Laki lavas. They have many surface
characteristics that have been observed on active 'a'a flows from Hawaii (e.g., Wentworth
& MacDonald, 1953; Lipman & Banks, 1987). These are open-channels, steep flanks,

large masses of agglutinated material carried on top of the flows, which all signal that lava
had a significant yield strength. The abundance of lava intrusions into the top rubble
suggests significant lava viscosity, slow flow advance, and the inability of lava to thicken
markedly by inflation.
The lava features formed during the well-documented 3-week-Iong 1984 Mauna Loa
eruption represent a good analogue for the Reykjanes Peninsula lavas studied. Described
by Lipman & Banks (1987), the first days of the 1984 Mauna Loa eruption produced nearvent sheet pahoehoe lavas that transformed down-slope into channelized 'a'a-crusted flows
which are similar in surface structure to the lava fields of Hellisheidarhraun D and
Svinahraunsbruni. Lipman & Banks (1987) distinguish the following zones from vent to
flow front: 1) an upper stabilized channel, 2) a transitional channel zone with wide lateral
margins deformed by "shear lenses" and dynamic motion accompanying up-flow lava
188

Chapter 4 - Internal texture and cooling histories of rubbly pahoehoe lavas

surges, and 3) a zone of dispersed flow (flow toe), where "the movement of the upper
surface of the flow tended to occur along discrete shears, between which ridges of blocky
'a'a moved fairly coherently". The match between these features and those of the
Reykjanes Peninsula flow-fields is striking. The flow-fields of Kapelluhraun and
Obrysnnish6lahraun show the same general structure as those of Mauna Loa, although the
flows have a less viscous appearance that can be linked to larger proportions of pahoehoe
surfaces, in particular along the flow margins. For conditions of similar temperature and
lava viscosity, this could be related to the lower emplacement slopes of the lava or to lower
effusion rates.
Most of the flows studied in the Hussfellsbruni lava field display central open-channels
and evidence for lobe-by-Iobe emplacement, which makes them somewhat transitional
between pahoehoe and 'a'a in terms of emplacement style. The highly elongated shape
(high length/width ratio) of many of the flows can be related to the relatively steep ground
slopes on which these were emplaced, which would also have promoted the formation of
channels in the central parts of the flows.
The lava field with large inflation features that includes section R19 probably formed
during a period of slow and steady effusion rate near the start of the eruption forming the
Rjupnadyngjuhraun flow-field, when lava formed dominantly pahoehoe surfaces and
developed a system of tubes. This period could have lasted a few months to account for the
thickness of the flows upper crust (see time calculated following equation 6, plotted in Fig.
4.28). The extensive inflation of the flows at that location could have resulted from their
emplacement in a pre-existing depression.
Finally, the organization of Illahraun lava field suggests that the flows were initially
emplaced as large sheet lobes spreading on near-horizontal ground. The surface crust of the
sheet lobes was subsequently disrupted and rafted in large intact plates. This disruption
event could have been caused by a marked increase in lava production rates from the
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fissure, or be related to the high viscosity of the flows which would have led to an increase
in fluid lava pressure within the flows, leading to disruption of the near-stationary crust.
Furthermore, as suggested before, the hyaloc1astite mount located along the eastern margin
of the flows may have acted as a barrier to the advance of the flows, which could have
caused a temporary halt in the flow advance followed by pressure building inside the flows
and partial collapse of the lava crust in the proximal part of the flows when the lava finally
broke out along the southern margin to form branch B.
The characteristics of most Reykjanes Peninsula lava flows differ from Laki lavas,
where open-channels formed only in some of the small-volume late-erupted lava flows that
cover the Varmardalur area on the highlands (see Chapter 2). Several parameters can
account for these differences: 1) higher shear stresses imposed by the generally higher
emplacement slopes (1 to up to 10°) for the Reykjanes Peninsula lavas compared to the <
0.1 ° slopes on which the largest volume of the Laki lava field was emplaced (see Chapter
2), and 2) the shorter duration of the Reykjanes Peninsula eruptions and low volumes

erupted. These latter are factors promoting the formation of compound flow-fields in
contrast to the long duration and high volumes of the Laki eruption which favours tube
formation (e.g., Rowland & Munro, 1993; Calvari et aI., 2002). The viscosities of the
Reykjanes Peninsula and Laki lavas at liquidus temperature are similar (Table 4.2), thus
their viscosity upon eruption cannot account for their differences in morphology.
Columbia River basalts (CRB). There is evidence for the emplacement of CRB lavas
on very shallow slopes

«

0.1°, Tolan et aI., 1989) and frequent interaction of lava with

water, as documented by the presence of irregular jointing patterns (Long & Wood, 1986)
and basal pillow lavas (e.g., Schiffman & Lofgren, 1982). The large volumes of lava
erupted and the presumed long duration of individual lava outputs favoured the formation
of very thick, thermally efficient flows that grew by inflation (Self et aI., 1997, Keszthelyi
et aI., 2006).
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The Grande Ronde lavas are more silica-rich than Reykjanes Peninsula and Laki lavas,
and other lavas from the CRB (Hooper, 1997 and references within). Moreover, they were
probably erupted at relatively low temperature

« 1130°C) given their liquidus

temperatures (see Table 4.2). These parameters would have increased lava viscosity, thus
promoting crust disruption and formation of rubble at the flow tops. Nevertheless, higher
lava viscosities could favour lava inflation because of the higher strength of the lava. The
presence oflarge intrusions into thick rubbly tops can be attributed to the load of the rubble
that resisted the uplift of the upper part of the flow, thus causing the still fluid lava to
intrude the flow top. This feature was observed on a smaller scale in the middle of the
Eldhraun branch of the Laki lava flow-field (see section 2.5.2).
4.6.2

Mode of crystallization of lavas during internal solidification

Building on previous work on magma solidification and crystallization kinetics (e.g.,
Cashman, 1990, 1993), this section aims to describe the pattern of internal cooling,
crystallization and solidification of the lavas as inferred from the textural variations
observed in cross-section. In general, the temperature gradients will be the largest at the
margins of the cooling body, which will drive higher degrees of melt undercooling and
thus enhance crystallization rates.
The analysis shows that plagioclase crystallization rates rapidly decreased from the
lava margins to their cores (Fig. 4.27a, b), following an increase in the modal % and size of
the crystals, and a related decrease in the crystal number densities (Fig. 4.22, Fig. 4.25). It
is noted, however, that the shape of the trend in crystallization rates shown in Fig. 4.27 is
strongly controlled by the assumption of conductive cooling and calculation of residence
time as a function of the square of the distance from the margins (equation 9), which
introduces some bias to the results that cannot be resolved at present. Besides, the rates
calculated here should be taken as minima as they represent averages across the
crystallization interval (Cashman, 1990).
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These variations are consistent with the decrease in cooling rate and increase

III

crystallization time that occur concurrently during the inwards progression of the
solidification front, as the zone where crystallization takes place (mush) thickens due to
decreasing temperature gradients, reducing the amount by which the melt is undercooled at
any location and time. An alternative possibility is that of progressive changes in the
properties of the lava that is injected into the lobes over time and is subsequently solidified
at different levels. This is considered unlikely in the cases examined by this study given the
consistency of the trend in crystal sizes and number density observed, although it cannot be
completely ruled out for the thickest flows that were emplaced over significant amounts of
time. The bell-shape variation of the plagioclase/clinopyroxene modal ratio that is
observed it the upper part of the sections (Fig. 4.22d) can be linked to the large increase in
plagioclase modal % and crystallization rates in that same portion which rapidly stagnates
as the total crystallinity reaches> 80 vol.% (Fig. 4.22a).
Growth rates tend to level off in the lava core whereas nucleation rates keep decreasing
(Fig. 4.27c). This may reflect low degrees of melt undercooling, when crystallization
proceeds by growing the existing crystals rather than forming new ones, as consistent with
the blocky morphology of the crystals and their tendency to form aggregates so as to
reduce surface energies. The presence of thick evolved rims around crystals in the lava
cores is interpreted as resulting from slow crystal growth and liquid differentiation near the
crystal-liquid interface, while the irregular outline of the rims is attributed to the limited
space between crystals at the end of the crystallization. The decrease in crystal number in
lava cores reflects the increase in the size of individual crystals and the effect of crystal
aggregation.
The calculated plagioclase crystallization rates for the cross-sections studied are
bracketed by results from other studies (Fig. 4.27). Growth rates of _10- 10 cmls at depth are
consistent with existing data on equilibrium crystallization kinetics in shallow magmatic
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4.6.3

The origin of textural differences/similarities between cross-sections studied

Although the general pattern of inwards solidification described above applies for all
sections, there are noticeable textural differences between the cross-sections studied which
were listed in section 4.4.3. The main parameters that may have caused these variations are
now discussed.
Lava bulk composition. Its impact on the lava textures is considered to be negligible
here, as all the lavas studied crystallized along the plagioclase-clinopyroxene-olivine
cotectic and formed plagioclase in similar volumetric proportions (Fig. 4.22). Nevertheless,
the lower amounts of clinopyroxene crystallized by Grande Ronde lavas can explain the
distinct intergranular to subophitic texture of the AD section crust and core samples (see
AD4, AD3 and AD2, Fig. 4.13). The abundance of plagioclase crystals can account for
their high degree of intergrowth, in comparison to conditions where clinopyroxenes
provide alternative sites for nucleation (Lofgren, 1983). In addition, the relatively low
liquidus temperature of the Grande Ronde lavas implies low emplacement temperatures
and a short crystallization interval, which would result in smaller amounts of
crystallization before solidification, and thus lower internal variations in crystal sizes.
Eruptive mechanism. The lava flows studied have relatively high amounts of
microlites that formed in large numbers as lava was emitted at the vent (see 4.3.2). In
Chapter 3, this burst of crystallization was attributed to the response of the Laki lava to the
undercooling generated by degassing during magma ascent. This process caused the
formation of a compositional gap at the margins of plagioclase phenocrysts that
corresponds to the shallow formation of groundmass crystals. Interestingly, this feature
was detected in lava samples from Kapelluhraun and Obrysnnish6lahraun that contain
plagioclase phenocrysts (see Fig. 4.20). The number density of microlites in the lava
erupted at the vent may thus be commonly regulated by the intensity of decompressiondriven magma degassing during eruption and the capacity of the magma to re-equilibrate
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quickly to the undercooling induced. The relative liquidus temperatures of the phases in the
melt, as controlled by the bulk magma composition, may playa role, as it will determine
the effective degree of undercooling of the melt. The amount of water dissolved in the
magma at depth may, however, have a stronger impact. It is a parameter that is difficult to
estimate in the absence of glass inclusions. The plagioclase compositional gap of -An 10
measured in the Laki lavas was attributed to the presence of> 1 wt.% water in the melt
(Chapter 3); this could also apply for the Reykjanes Peninsula lavas studied. Phenocrysts
being absent in the Grande Ronde lavas studied, this process cannot be unravelled for those.
Lava transport processes. The distinctly finer-grained texture of the surface sample
from section R15 may be related to the high cooling rates of the (fluid) lava during
transport. This could have been promoted by the circulation of the lava in an open-channel
(see Fig. 4.10) as this favours radiative heat losses and promotes lava cooling by entraining
surface fragments in the flow interior (Kilburn, 1989; Crisp & Baloga, 1994; Cashman et
aI., 1999; Harris et aI., 2005). Higher cooling rates of the melt can increase its effective
degree of undercooling and thus increase the relative importance of nucleation rates over
growth rates (e.g., Cashman & Blundy, 2000). Alternatively, this intense nucleation of
crystals during transport could result from delayed re-equilibration of the melt to the
degassing-induced undercooling as discussed above, which affected the lavas produced
during the 1984 Mauna Loa eruption (Lipman et aI., 1985).
Lava emplacement processes. As a given conductive model had to be chosen to
estimate the duration of crystallization in the interior of the flows, the significance of the
calculated crystallization rates is limited (see above). There appear to be, however,
distinctive patterns that can be related to the conditions of emplacement of the lava.
Distinctly high nucleatiOn/growth rates were calculated from samples through the
Kapelluhraun lava flow in section R15, as resulting from the large increase in plagioclase
content (Fig. 4.22) and number densities (Fig. 4.26) through the section. This suggests high
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crystallization rates driven by substantial degree of undercooling of the melt. Enhanced
cooling of the magma during transport as suggested above could have caused an increase
in the melt undercooling by lowering the melt temperature. This however may have been
balanced by the latent heat released by the crystallization observed (Crisp et aI., 1994). It is
also possible that the high cooling rates of the interior of the flow were caused by its mode
of advance, as the presence of basal clinkers evidences the continuous surface disruption of
the flow, with rolling of the fragments down along the flow front (Fig. 4.5). This could
have enhanced flow cooling at the margins, thus creating higher temperature gradients in
the lava interior and increasing cooling rates.
Samples through section Rl9 that cuts across the margins of a large sheet lobe at
Hussfellsbruni, display the largest range in crystal number densities and size that was
measured here, illustrating a large degree of inwards textural coarsening. This suggest low
internal cooling rates, which can be related to the long duration of emplacement of the
sheet flow, as inferred from its size and thick upper crust. The continuous influx of lava in
sheet flows can significantly lower their cooling rates and thus crystallization rates by
slowing the propagation of the solidification front, as empirically observed by Hon et aI.
(1994).
Sections L7 and L13 display limited internal variations in terms of crystal sizes, which
suggests that cooling rates did not vary significantly with depth in the flows, and stayed
relatively low. The presence of a zone of irregular jointing in the lava core across these
sections may provide evidence for enhanced core cooling due to interaction with surface
water infiltrated along open fractures through the upper crust, as it was observed, for
example, during the solidification of the Kilauean lava lakes (e.g., Hardee, 1980). Such
process has been proposed to explain the systematically finer-grained textures of irregularjointed lava (entablature zone) compared to regularly jointed lava (colonnade) across lava
sections in the Columbia River Basalts (Degraff et aI., 1989). Historical accounts of the
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Laki eruption provide valuable infonnation on the conditions of emplacement of the flows
that pennit the hypothesis of interaction of the lava with large amounts of surface water to
be tested. In fact, the accounts tell that, while spreading on the coastal plain, the Laki lava
invaded many distributaries of the major Skafhl River that drives the water outflow from
the Vatnajokull glacier to the ocean (see Chapter 2 Fig. 2.8c and related text, and extracts
of historical accounts in Thordarson et aI., 2003). This must have greatly disturbed the
local river system, damming some parts of the river streams and causing dramatic
overflows on lava lobes. It is thus likely that the surface of flows emplaced along the
margins of the Laki flow-field was periodically flooded. Textural infonnation, field
observations, and historical evidence thus consistently show that the rates of internal
solidification of some lava lobes at the margins of the flow-field were locally enhanced due
to the interaction of the flows with the local river system. However, this must have had
limited impact on the overall thennal efficiency of the lava transport system as it only
affected marginal lobes.
The limited increase in crystal sizes measured across the thick upper crust of section
AD may also be partly related to enhanced cooling due to water infiltration (in addition to
the effect oflow emplacement temperatures and small crystallization intervals, see above).
This is suggested by the presence of some irregular jointing across the section (Fig. 4.13)
and numerous evidence for the emplacement of Grande Ronde lavas in areas characterised
by shallow lakes and extensive river systems (see Long & Wood, 1986 and references
within). The extent of this process is difficult to assess without further comparative work
on other sections with different field and textural characteristics. For example, the
processes that create the complex vesicular pattern of the upper crust of section AD are
still not well understood, but are likely to result from variations in the conditions of growth
of the sheet lobe whose impact on the rates of cooling and crystallization of the lava is
unknown.
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4.6.4

An integrated model for the origin of basaltic lava flow textures

The textural data collected in this study, along with their interpretation in the context of
field-based observations, have been used to construct a general diagram that links lava
microtextures, through the characteristic crystal nuclei number density and dominant
crystal size measured by CSD analysis, to lava surface morphologies and eruptive
processes (Fig. 4.30a). Although the data on which this diagram is based is limited (more
data is needed on the pahoehoe and 'a'a endmembers), this representation provides a tool
that may be useful for inferring flow emplacement processes from CSD textural analysis of
lava samples. It is noted that, although this diagram only considers groundmass crystals
owing to their major impact on lava rheology and large abundance in basaltic melts,
phenocrysts can have a similar impact on lava viscosity and emplacement style, if
volumetrically important.
The agreement of this representation with other textural data and general
considerations on lava flow processes can be tested. Primarily, the position of the
pahoehoe and 'a'a field respectively at the low and high crystal number pole is in accord
with available textural data (Sato, 1995; Cashman et aI., 1999; Polacci et aI., 1999; Katz &
Cashman, 2003; Soule et aI., 2004). Also, the total crystal content globally increases from
the left side to the right and to the top of the diagram, i.e., as the characteristic number
density and dominant size of the crystals increase, which implies that 'a'a lavas will tend to
have higher crystal content. This has been observed in textural works (Kilburn, 1989;
Soule et aI., 2004; Soule & Cashman, 2005) and results from the fact that large crystal
contents increase lava viscosity and yield strength, factors promoting crust disruption and
formation of 'a'a lavas, and that, in tum, the disrupted crust of 'a'a flows allows high
radiative heat losses and subsequent down-flow cooling and crystallization (Cashman et
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Figure 4.30: Lava groundmass textures and majn controlling factor. (a) Diagram re prese ntin g lava
types in term of their variations in the size and numbe r dens ity of plag ioc lase mi c rolit es de rived
respectively from slope and inte rcept of CSD plots. Main factors controlling evo luti on o f tex tural
parameter are li sted in rectangles and di sc ussed in text. Ra nges of values along both axes are taken
from data presented in thi s work. Pl ot of any other data collected from spec ific lava fi e ld in thi s
diagram may all ow inferring flow emp lace ment mechani sm of lava a nd importance of
coolin gldega sing-crystalli zation upon e ruption. (b) Representati on of tran siti on be twee n pahoehoe.
spiny pahoehoe. labby pahoehoe. rubbl y pah oe hoe, and 'a'a field s in a sc he matic diagra m o f shear
/ strain rate ve rsus lava viscosi ty, followi ng Pete rson & Tilling ( 1980). Continuous arrow shows
th at. as demonstrated in C hapte r 3 for the Laki lava, a c hange in surface morph ology cau sed by an
increase in imposed hear rate may not be assoc iated wi th increase in fluid lava coolin g, and thu s a
subsequent c hange in lava viscos ity and groundmass tex tures (see tex t).
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aI., 1999; Harris et aI., 2005). This relation, however, is not systematic and some 'a'a flows
have low crystal contents (see for example, the low crystallinity of lava sampled across
section R1S). It is noted that, in apparent contradiction, the crust and core of pahoehoe
lavas are much more crystalline than the interior of 'a'a lavas, due to low cooling rates and
long crystallization times.
In comparison to the pahoehoe and 'a'a endmembers, rubbly pahoehoe lavas tend to
have "intermediate" number densities and crystal content. Consistently, they develop spiny
surfaces (see also Chapter 3), which reflect a subsequent viscosity or yield strength (Hulmc,
1974), but the lava is rarely tom apart in a partly solidified viscous state along the flow top,

which is a clear 'a'a characteristic. There is also ample field evidence, especially along the
Laki lava (Chapter 2), that the flow emplacement mechanism was dominated by inflation.
This is characteristic of pahoehoe lavas and leads to low cooling rates, high thermal
efficiency, and low down-flow crystallization.
An important remark is that because this representation is based on the impact of

groundmass crystals on flow rheology and vice versa, surface morphological transitions
will be represented by a single point if these do not involve changes in the properties of the
fluid lava (i.e., increase in cooling or degassing leading to crystallization). This case
applies for the transition from spiny to slabby and to rubbly pahoehoe surfaces along Laki
lavas as the petrological and textural analysis of lava selvages along the flows indicated
isothermal lava transport (see Chapter 3). In this case, changes in lava types are bettcr
represented in a diagram of shear rate versus lava viscosity, as illustrated in Fig. 4.30b
(isothermal path).
The discussion will now focus on the physical processes that induce crystallization
during magma transport and thus affect the resulting lava texture. An important concept to
recognize is that the vertical axis in the diagram, the number density of crystal nuclei nO,
varies with the degree of undercooling of the melt (Cashman & Marsh, 1988), and thus
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vary accordingly to cooling, degassing and crystallization rates. The major texturalcontrolling factors revealed by this work are reported in three main groups on Fig. 4.30a,
depending on their main impact on the lava texture (i.e., crystal-forming or crystal-growing
process). In the following these processes will be put in context of the evolution of the
magma at different stages of its transport. In the magma chamber, the magma typically
contains negligible amounts of groundmass crystals. Groundmass crystals (dominantly
plagioclases) will form mainly on the way to the surface, or in the flows erupted at the vent
as a result of degassing-induced magma undercooling (1 on Fig. 40a). The degree of
undercooling will control the size distribution of the crystals formed with, in general,
positive correlations between the initial amount of volatiles (mainly H20) dissolved in the
melt, the degree of magma undercooling, and the number density of plagioclase formed in
the erupted lava (see Chapter 3). Other factors that intervene are the magma bulk
composition that determines phase equilibria, and the magma temperature.
While being transported at the surface, the lava texture may evolve either because of
late re-equilibration to the degassing-induced undercooling, or to crystallization induced by
cooling during transport. The relative importance of nucleatiOn/growth rates will be
determined by the degree of exposure of the lava to the air that controls the amount of
radiative cooling. Channelized transport may cause a large increase in the number of
crystals in the melt (2 on Fig. 4.30), whereas the lava is more likely to undergo low cooling
rates when transported in tubes, which will increase the crystal size and relatively reduce
their number density (3 on Fig. 4.30).
Finally, when breaking out at the surface and emplaced as a single lava lobe, the lava
surface morphology as influenced by its viscosity and crystal content, and also by the local
supply rates and topography, will determine the rates of internal cooling of the lava and
thus the textural variations that are observed in solidified cross-sections. The duration of
emplacement will also playa role and will favour an increase in crystal size, while the
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involvement of water in locally increasing crystallization rates or stopping the
crystallization (quenching effect) will raise the crystal number density, and thus relatively
reduce the crystal size.
In a more general view, what the diagram shown in Fig. 4.30a recognizes and attempts
to quantify is the link between 1) microprocesses (crystal scale) that fundamentally reflect
the kinetics of crystallization and control lava rheology at small scale, and 2)
macroprocesses that are physical mechanisms linked to the eruption dynamics and the
environmental conditions which bring the system out of equilibrium, forcing crystallization.
This correlation is fundamental because, with further refinement, it may be used as:
1)

An interpretative tool: textural analysis of lava samples could be used to infer

the physical conditions of magma transport;
2)

A monitoring tool: lava microtextures or direct measurements of the heat and gas
budget of active flows could be used to follow down-flow changes in lava
properties that affect the mode of advance of the flows or, alternatively, syneruptive changes in the lava emitted at the vent, which may provide insights into
sub-surface processes;

3)

A predictive tool: based on an assessment of the chemical and physical
conditions of magma transport, one may be able to predict lava emplacement
style and major controls on flow-length.

4.7 SUMMARY AND CONCLUSIONS
Rubbly pahoehoe lavas show a wide range of surface morphologies that may be
attributed either to the pahoehoe or 'a'a lava types as they were classically defined (e.g.,
Wentworth & MacDonald, 1953). Among the Reykjanes Peninsula flow-fields these
variations can be attributed to differences in the eruption characteristics (eruption rates,
duration and volume erupted) and the local topography. The internal textures of the lava
examined in cross-sections show variations that are interpreted to reflect a sharp decrease
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in the lava cooling rates with increasing depth (and time). Differences between the crosssections studied can be attributed to the roles of lava bulk composition, pre-existing
crystallization history of the lava during transport to the point of surface quenching, and
the duration of emplacement of the lava. The main factor controlling the texture of the lava
is the initial number density of the crystals in the lava (i.e., dominantly plagioclase
microlites) because it controls the initial distribution of crystals in the melt, and thus their
maximum size and intergrowth pattern. The number density is also important through its
impact on the bulk viscosity of the magma and thus on lava rheology during transport. The
initial number density of crystals is governed by 1) eruption processes such as
decompression-induced degassing, or 2) the conditions of transport of the fluid lava away
from the vent such as the fonnation of open-channels or tubes. The size of groundmass
crystals appears to be mostly controlled by their residence time in the cooling lava, which
is mostly dependent on the duration of emplacement of the lava flows and on the distance
of the lava from the flow margins. Finally, the identification of a link between measurable
textural characteristics of the lava and the chemical and physical processes that affect the
magma and lava transport upon eruption provides means to interpret, predict and monitor
lava flow dynamics, which will be useful for hazard assessment and risk prevention.
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This study shows that the surface morphologies, internal structure, and texture of
basaltic lava flows are intimately linked through the processes of cooling, degassing and
groundmass crystallization that occur at different stages of the eruption, emplacement and
solidification of the magma and lava. In the following, the main outcomes of each chapter
are summarized (5.1). Those are then combined in a general scheme which links the main
processes that control the texture of solidified lava (5.2). The significance of this study is
finally highlighted (5.3), along with its implication for the understanding of basaltic
volcanic systems and the improvement of hazard assessment and risk prevention.
5.1

SUMMARY OF RESULTS

Lavas produced by the AD 1783-84 Laki eruption display a wide range of surface
morphologies. The lava surface changed from spiny, to slabby, and then to rubbly
pahoehoe during the emplacement of single flows, through crust disruption at the active
flow front and compression from the back. Shelly pahoehoe is a minor lava surface type
that formed during the outflow of gas-rich lava from the fissure at an early stage of the
eruptive episodes. During the emplacement of the flows, the rubble was piled up in ridges
when lava advance was obstructed or constricted, which led, in some cases, to large
breakouts of fluid lava from the flow interior. Episodes of intense lava production rates
along the fissure, which corresponded to the opening of new fissure segments, caused
extensive surface compression of rubbly sheet pahoehoe lobes emplaced on the flat terrain
of the coastal plain, and induced major lava outbreaks. After each episode of surface
disruption, a thick crust formed underneath the rubble during lava inflation, which allowed
an extensive transport system to develop within the flow interiors. Surface crustal slabs
range from 5 cm to 1.5 m in thickness, which suggest inflation durations of 20 minutes to 2
weeks before crust breakage occurred.
The Laki lavas contain 20-40 vol.% of microlites that mainly formed in the early
stages of flow, less than 100 m from the vent (Chapter 3). This sudden crystallization
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responds to the undercooling of the melt by 20-40°C driven by the shallow, <200 m deep,
ex solution of ~1 wt.% H 20 during magma ascent, which is recorded by the formation of a
~ 10%

anorthite gap across plagioclase phenocryst margins, and the delay of clinopyroxene

crystallization in the erupted flows. Microlites are dominantly composed of skeletal
plagioc1ases which impacted on the mechanical behaviour of fluid lava to cause the
formation of spiny lava surfaces and the repetitive fracture of lava crust. It is thus inferred
that degassing-induced groundmass crystallization was the dominant controlling factor for
the formation of rubbly pahoehoe surfaces along the Laki lava flows.
The shelly surface of early-formed gas-rich lava produced along the Laki fissure
changed down-flow to spiny as the lava lost gas and crystallized, acquiring a greater yield
strength. The small crystal content change of the fluid lava during further transport to up to
60 km from the vent implies that the lava was thermally insulated under the thick rubbly
layer that formed over the lava surface during flow emplacement. It is estimated from
down-flow changes in glass compositions and thermodynamic modelling that the lava
transport cooling rates averaged 0.2°CIkm. This suggests that, to a certain extent, the
temperature of the magma and liquid lava remained constant throughout the eruption,
which permitted the flows to travel to distances far from the vent. The ultimate length and
aerial extent of the lava flow-field were thus only limited by the volume of lava emitted at
the vent.
It is thus inferred that the main changes in the intrinsic properties of the lava occurred

close to the vent. Down-flow transitions in surface morphologies were correlated with
changes in the amount of stress imparted on the fluid lava which had acquired substantial
yield strength through microlite formation. The shearing forces imposed on the lava crust
during inflation resulted in detachment of small crustal slabs at the flow top. Increasing
lava pressure in the lobes, as induced by the resistance of the viscous layer at the base of
the crust to inflation, drove large crust disruption followed by major lava outbreak when
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the lava yield strength was overcome. Field evidence shows that this process occurred at
different scales that ranged from the surface brecciation of lobes forming at the active flow
front to the large-scale detachment of plates on top of large sheet lobes (Chapter 2). The
piling of rubble into ridges resulted from the large compressional forces induced by
obstacles to the flow advance or was linked to increases in lava input, as discussed above.
Rubbly pahoehoe lavas were observed among basaltic flow-fields other than Laki.
These were produced by eruptions with varied characteristics, causing the lava to develop a
wider range of surface morphologies and emplacement mechanisms (Chapter 4). Young
lava flow-fields in Reykanes Peninsula in southwest Iceland show surface and internal
structures that are intermediate between rubbly pahoehoe and 'a'a. The lava fields are
mainly composed of multiple overlapping flows with central open-channels and spatially
restricted hummocky margins that contrast with the large sheet lobes formed during the
Laki eruption. They were emplaced on higher slopes than the bulk of the Laki lava (1-10°
in opposition to <0.5°), which accounts, in part, for the formation of shear gradients across
the flows that led to channel formation. Their size and structure as compared, for example,
to products from the Mauna Loa 1984 eruption, suggest eruption durations of less than a
few months. Many pahoehoe sheet lobes exposed in the Grande Ronde Basalt from the
Columbia River Province in northwest United States feature a thick upper layer of
pahoehoe crust fragments. Flows with thick rubbly tops lack well-defined vesicular upper
crusts and have large intrusions of core lava into the rubble, which is typical of high yield
strength lavas. These lava fields formed over near-flat terrain during months of sustained
activity.
Vertical sections through Laki, Reykanes Peninsula, and Grande Ronde lavas were
studied using petrographical observations and crystal size distribution analysis of
groundmass plagioclases. Results reveal a common trend of increasing plagioclase average
size and decreasing number density with distance from the margins of the flows, which are
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balanced by the total crystal content. As calculated from the CSDs, plagioclase nucleation
and growth rates decreased from about 10 1 to 10- 1 no./cm3/s and 10-7 to 10- 10 cmls
respectively as the solidification front propagated inwards, which indicates that the degrees
of melt undercooling decreased during lava solidification, reaching near-equilibrium
conditions in the centre of the lobes. The bulk lava composition governed the proportions
of plagioclase crystallizing in the cooling lava, which was seen by the relatively higher
plagioclase/clinopyroxene content of MgO-poor Grande Ronde lavas compared to Laki
and Reykjanes Peninsula lavas.
Lava internal textures were also, to some extent, dependent on eruption processes since
those determined the initial amount and size of microlites in the flows, which controlled
the ultimate size each crystal could reach after total crystallization. The bulk of the
microlites present in Reykanes Peninsula lavas formed in the early stages of flow, as for
Laki lavas. In addition, when present in the lavas, plagioclase phenocrysts displayed an 10% anorthite gap similar to that observed in Laki lavas. This suggests microlite
crystallization driven by substantial lava undercooling at the vent, which may have been
induced by gas loss at a late stage of magma ascent (see above).
Textural differences between sections can be linked to flow emplacement processes as
inferred from flow-field organization, lava surface morphologies and internal structures.
Prolonged transport of lava in open-channels was linked to the formation of high number
densities of plagioclase microlites (> 1010 no./cm-4) with, consequently, low average sizes

« 30 Jlm), as shown by lavas forming the Kapelluhraun flow-field. The rapid internal
solidification rates of an open-channel outbreak (Le., section R15) was attributed to high
lava heat loss during transport and the incorporation of cool rubble in the lava core during
the 'a'a-style emplacement of the lobe. Alternatively, this pattern could have resulted from
large degrees of lava undercooling at the vent leading to melt re-equilibration through
intense crystal nucleation during lava transport and solidification. The emplacement of
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flows under low effusion rates and over a significant amount of time (i.e., section R19)
increased the duration of lobe growth by inflation, decreasing the internal solidification
rates of the lava and yielding important inwards textural coarsening. The infiltration of
water in fractures through the upper crust of lava flows emplaced in areas with extensive
river systems increased the lava internal solidification rates, coinciding with fonnation of
hackly jointing. This was observed in sections L7 and L13 through Laki lava and section
AD across Grande Ronde lava.

The textural study of rubbly pahoehoe lava lobes emplaced under different conditions
thus reveals the strong link between eruptive dynamics, lava flow emplacement
mechanisms, and the surface and internal structure and texture of solidified lava.
Plagioclase average size and number density are proven to be key parameters for depicting
textural variations across and between sections and relating them to emplacement
processes.
Pahoehoe, 'a'a, and rubbly pahoehoe morphological types can thus be readily identified
from the texture of groundmass plagioclases in the lava, which provides a tool for inferring
eruption and emplacement processes from textural measurements of lava samples from the
surface and interior of ancient flows. Plagioclases in pahoehoe and 'a'a lava typically have
low and high number densities (or crystal nuclei) respectively
> 1011 no.lcm

4

).

«

109 no.lcm4 compared to

Crystals tend to be more elongate (higher length/width ratios) in surface

samples from pahoehoe lavas compared to those from rubbly and 'a'a lavas due to lower
crystal number densities. The number density and the total crystal content detennine the
average size of the crystals. Accordingly, pahoehoe lava shows, typically, higher average
crystal sizes than 'a'a lava that may reach 100 Ilm in slowly-cooled lava core, by contrast to

<50 Ilm in cores of 'a'a lava lobes with similar thickness. Rubbly pahoehoe lava shows
intennediate characteristics that vary with eruption characteristics and flow emplacement
mechanisms as presented above.
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5.2

MAIN PROCESSES THAT AFFECT LA VA FLOW TEXTURES
Thi s study reveals th e processes th at have a maj o r influe nce o n the mode o f degass ing

and coolin g of mag ma and lava durin g erupti o n, and there fo re co ntrol the rates of
gro undmass crys tallization , and thu s th e fin al lava texture . Figure 5.1 presents in a
sche matic way these key facto rs and the ir link, hi ghli ghtin g th e main co ntro lling
parameters:
•

The amo unt of gas di ssolve d in th e mag ma at de pth ( 1), which de pends o n the
geodynamicaJ volcanic setting and the e vo lution o f mag ma at de pth. Fo r
in stance, mag ma differe nti ati o n can lead to hi g her proporti o ns of di ssolved gas
in the melt by concentratin g the gas into the liquid ph ase, whe reas gas ca n be
pass ively lost by the mag ma durin g stagnati o n at shallow de pth o r slow
mi grati o n to the surface.
(2)
(1) GAS LOSS

ERCOOLING

(3) MICROLITE

TOPOGRAPHY
(6) (ground slope,
confinement,
water interaction)
STRESS
(7)
(magnitude & duration)
(8) LAVA INFLUX
(duration & volume)

LAVA
CRYSTALLIZATION_--I.~ 1 SURFACE & INTERNAL
(rate & intensity)
TEXTURES
plagioclase
number density
& average size

I1

(4) FLOW RHEOLOGY
EMPLACEMENT MECHANISMS
SURFACE MORPHOLOGIES
(crust coverage & lava mixing)
LAVA COOLING

/

Figure 5.1: General sketch of the main processes that interve ne in the makin g of basaltic lava
textures. umber are referred to in text. Note major impact of asce nt degassing ( I) on melt
undercoo li ng (2), crystalli zati on kinetics (3) and thu s lava rheology (4). Other ac ting factors are
related to the impact of lava effusion rates (5) and topograph y (6) on lava deformation regime (7)
and charac teri tics of lava suppl y (8). Thi s stud y shows how lava tex tures, through the stud y of the
characteri sti cs of ground mass crystals (compositi on, shape, CSD parameters) and the co mposition
of groundmass glas e , can be used to determine the relati ve importance of eac h factor on the
res ulting lava rheology and emplacement style.
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•

The rate of gas exsolution (1) that will vary with magma ascent rates and the
viscosity of the liquid phase. This will determine the rate of magma
undercooling (2) and thus control the amount of crystallization required for
melt re-equilibration, and then the extent of micro lite formation in the flows (3).
Rapid gas loss will result in large degrees of over-saturation of the melt, which
favours high nucleation/growth rates when the lava finally crystallises.

•

The bulk composition of the magma and its temperature that will determine the
bulk viscosity of the lava and its degree of undercooling relative to plagioclase.

•

The rate and intensity of microlite crystallization (3) that will control lava
rheology (4) and increase the resistance of lava to flow (Le., yield strength).
Large micro lite contents will promote surface crust disruption, and thus
increase radiative heat losses and high lava cooling rates during transport. On
the other hand, crystallization releases latent heat, which can slow the rates of
lava cooling and lower the melt viscosity. It seems obvious that the rate of these
processes will determine their effect on the lava; these relations would deserve
further investigation.

•

The lava production rates from the vent (5) that govern, along with ground
slope (6), the lava flow rates and the stress imposed on lava during transport
(7). This may induce lava surface disruption (4), which may increase lava

cooling rates. It is to be noted that lavas produced by the Laki eruption, despite
their high degree of surface disruption, were transported with little cooling.
This was induced by the low shear stresses imposed on the lava that caused the
pile of surface rubble to behave as an additional crust, thus insulating the fluid
lava transported underneath. It is therefore deduced that the use of lava surface
disruption as an indicator of high lava cooling rates, which could imply
conditions of cooling-limited flow length, should be made with care.
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•

The duration of magma output (5) controls the structure of the lava flow-field
and the lava emplacement mechanisms. Lavas produced by long-lasting
eruptions develop, in general, thermally efficient transport systems that
correspond to a large network of crusted tubes. The volume of lava erupted and
thus emplaced at any location (8) may represent the controlling parameter in
this process. In large-volume inflated flows, the fluid lava in the interior is
positioned at large distances from the cooling margins, which leads to low
internal cooling rates and promotes the development of large internal pathways
for transporting fluid lava. Emplacement on low slopes (6) will also favour long
durations of lava supply at any location and the development of large sheet
lobes.

5.3

MAIN ACHIEVEMENTS AND IMPLICATIONS
This study has showed how lava flow characteristics at different scales (flow-field

architecture, surface morphologies, internal structure and vesicular and jointing pattern,
crystal and glass compositional variations, crystal shape and crystal size distributionCSD) can be used to characterize the mode of emplacement of lava flows. This section
stresses the main achievements of this study and their implications for the understanding of
basaltic volcanism and the assessment and monitoring of hazards around volcanoes.

5.3.1

Development of petrological tools to study lava flow emplacement and

controlling factors
First, this study has improved the way petrological data can be used to identify,
quantify, and model the processes that control lava flow rheology and emplacement style:
•

Compositional profiles across early-formed (phenocrysts) plagioclase crystals
inform about changes in the conditions of growth of the crystals. In particular,
in the absence of evidence for magma mixing or intense magma cooling, sharp
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gradients in the anorthite content may be related to the rapid depletion of water
from the melt (a gap of An=10% may represent lost of -1 wt.% H 20), which
suggest the occurrence of shallow, degassing-induced crystallization. The
additional presence of large amounts of small plagioclase crystals in the
groundmass which have the composition of phenocryst rims, suggest rapid,
nucleation-dominated groundmass crystallization in conditions of marked
undercooling (> 20°C), an expression of very shallow, decompression-driven
melt degassing.
•

The composition of groundmass glasses preserved in rapidly quenched tephra
clasts and lava selvages can be used to track the progression of groundmass
crystallization in the fluid lava during transport from the vent to the distal front
(in case of homogeneous bulk composition). This crystallization responds
primarily to the cooling of the liquid lava upon transport, and compositional
variations can thus be used to estimate the thermal efficiency of the transport
system established within the flows.

•

Textural and petrological analysis of lava samples collected at different levels
in vertical sections across flows can be used to study the mode of inward
cooling and solidification of the lava. A useful tool that permits to quantify
these variations is the CSD analysis of groundmass plagioclases observed on
backscatter images of thin-sections of these lava samples. Based on a
comparative study of sections across flows whose emplacement style can be
inferred from their surface morphologies, this can be used to interpret the mode
of emplacement of lavas whose surface is not exposed. It thus provides a way to
study the emplacement mechanisms of flows from ancient eruptions, although
other interfering parameters are involved such as the initial lava temperature
(liquid temperature), the bulk magma composition, and processes occurring
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during solidification such as the circulation of water within fractures in the
lava's upper crust. Additional work on a larger range of sections than those
studied here (see Chapter 4) could help identify more precisely the separate
effect of each of these parameters on the final lava texture.

5.3.2

Identification of new lava type: rubbly pahoehoe

Second, using these tools complemented by detailed field observations and aerial photo
analysis, this study has identified a "new" lava type, named rubbly pahoehoe. Rubbly
pahoehoe lavas are identified by a fragmented upper surface, an internal structure
characterised by upper and basal vesicular crusts and a dense lava core with or without
vesicular segregation features, and a smooth, pahoehoe-like base. Forming an important
fraction of lavas produced by the Laki eruption, the largest basaltic eruption ever
witnessed, these flows demonstrate low cooling and crystallization rates during transport,
similar to those measured along Hawaiian pahoehoe lavas. Also observed on small flows
on Reykjanes Peninsula in Iceland, and, perhaps more importantly, along the "giant" flows
of the Columbia River Basalts, they thus represent a mode of lava transport that has to be
considered for small basaltic eruptions as well as for dramatic, flood-like eruptions on the
Earth and other planets (e.g., Keszthelyi et aI., 2000, 2001, 2004, 2006).
Rubbly pahoehoe lavas represent an interesting lava type for that despite a fragmented
surface layer, they develop an emplacement mode dominated by endogeneous growth and
rapid formation of internal pathways, key features of pahoehoe lavas (e.g., Self et aI.,
1997). This implies that repetitive crust disruption at the surface of lava flows does not
necessary affect the temperature and thus viscosity of the fluid lava core that are critical for
the final distance reached by the flows. The increase in lava cooling requires that surface
fragments become spatially detached on the flow surface (and not piled up such as at the
surface ofrubbly pahoehoe lavas), so as to allow the lava core to be exposed directly to the
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air. This is of course promoted by high shear rates and low resistance of the lava crust to
the pull exerted by underlying moving lava. The mixing of cool fragments in the moving
lava and the stirring and shearing of the fluid lava during transport are additional factors
that enhance cooling and crystallization rates along 'a'a flows.
The starting question may be asked again: what is(are) the origin(s) ofrubbly pahoehoe
lavas? The major factor that this study highlights is the presence of a finite yield strength in
the lava that promotes crust brecciation and formation of velocity gradients and shear
zones. This in tum may be induced by intense groundmass crystallization triggered by
degassing during shallow magma ascent. Whether or not the lava will develop channels
during flow and adopt a more 'a'a-like behaviour with high heat losses and cooling-limited
flow advance is mainly determined by the pre-existing topography and the longevity and
continuity of the eruption.
Rubbly pahoehoe lavas are probably not restricted to Iceland. The observation of some
in the Columbia River Basalts (this study) and patches of spiny, slabby or "toothpaste"
pahoehoe lavas on Hawaii (e.g., Peterson & Tilling, 1980; Rowland & Walker, 1987)
suggests that this "intermediate" lava type may be present elsewhere. They seem to be, as
far as it is currently known, best developed along the Laki lava flows, although this
probably results from the good conditions of surface exposure of the flows and their
unusual size. Additional work on other lava flows in the world will thus probably reveal
other places where rubbly pahoehoe lavas formed, and help define the complete set of
conditions that lead to their formation. It is stressed that the identification of these flows is
important for the assessment of the emplacement style and heat budget of lavas that may
be about to be produced from a given volcanic centre. For example, until now, lavas with
fragmented surfaces were generally assumed to be of 'a'a type, and, more importantly,
associated with high down-flow cooling and crystallization, and COOling-limited advance.
This may not be the case. This study thus stresses the need of improved characterisation of
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lava surfaces and crust characteristics to better assess syn-emplacement cooling that may
lead to major rheological changes, and, by consequence, control flow paths and the final
length of lava flows.

5.3.3

Study of the dynamics of basaltic eruptions and hazard assessment

A third main achievement of this study is the identification of a clear link between the
textures, field characteristics, and thus emplacement mechanisms of lava flows, and the
eruption dynamics. This comes from the influence of shallow, degassing-driven processes
on the degree of undercooting of the melt and thus on the resulting amount of groundmass
crystals in the lava and its rheology. This study proposes some tools belonging to petrology
and textural analysis to understand these processes. With further quantification of the rates
at which these processes operate and how these vary with magma composition among
other parameters, it may be possible to use these relations to develop a multitude of
interpretation, prediction and monitoring tools (see also end of Chapter 4). For example, it
may be possible to predict the style of emplacement of lava flows from an assessment of
the dynamics of ascent of the magma. Inversely, studying the structure and microtextures
of the lava produced by an eruption may be used to infer the geometry of the shallowseated magma system that control magma ascent rates, and thus degassing and
crystallization kinetics. The study of these parameters during an eruption may permit to
predict changes in the eruptive activity and thus help in risk management and evacuation
procedures for areas susceptible to be inundated by lava.
Results from this study further emphasize that the down-flow evolution of lavas is
mostly dependant on cooling processes that are controlled by the initial properties of the
lava (temperature, degree of undercooling, composition and groundmass crystal content)
and the degree of disruption of the lava crust influenced by effusion rates and the
topography (ground slope, flow confinement). It thus supports the recent development of
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thermal imagery techniques to quantify the heat losses experienced by flowing lava (e.g.,
Harris et aI., 2005; Coppola et aI., 2005). Moreover, it stresses the need to combine these
studies with compositional and textural analysis of lava samples. It is indeed essential to
link thermal and rheological measurements to processes that occur in the lava at
microscopic scale, in order to improve our understanding of crystallization kinetics and its
sensitivity of response to measurable surface temperature changes. Also, a more accurate
quantification of the kinetics of groundmass crystallization during lava flow emplacement
would greatly improve the accuracy of physical models that often rely on other
thermodynamical models based on the assumption of chemical equilibrium, which is
clearly not maintained in rapidly emplaced flows, especially in near-vent areas. More
quantitative data needs to be acquired to constrain the timing of groundmass crystallization
and its rheological effects.
Finally, it is expected that the application of the methods developed in this thesis to
other lava flow-fields will help define more precisely what controls the conditions of
emplacement of lava flows, and provide adequate data to improve and constraints models
of eruption and lava flow dynamics. This would undeniably lead to more efficient
management of eruptive crisis. As the population living close to volcanoes is continuously
rising, there will be an increasing demand for accurate and real-time prediction and
monitoring procedures. In the future, it can be envisaged, for example, the development of
detailed hazard maps showing variations of flow paths and advance rates as a function of
eruption intensity or lava properties measured at the vent, and the development of
monitoring techniques allowing real-time measurement of lava core temperature and
rheological properties, and prediction of flow behaviour. These techniques will contribute
to reduce damages linked to lava flow hazards, and allow better planning of eventual
evacuation procedures and relocation for the endangered popUlation.
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At. Modal analysis

This technique is used in Chapters 2 and 3 to quantify differences in the texture of
tephra and lava samples. The proportion of each crystal type (Le., phenocrysts,
microphenocrysts, and microlites) was estimated using manual point counting under an
optical microscope. Modal analysis was conducted using automated image analysis of
electron microprobe backscatter images (BSE), using the software Scion Image.
Differences between the results both methods in total crystal content (see Tables 3.3 and
3.4) can be attributed to the distinct scales of the areas studied and related detection limits.
Point-counting. Point counts were done on selected thin-sections using count totals of 500
to 1000, and following a standard procedure. Soon after I started to use the equipment it
broke down, so that I had to develop the method of image analysis of backscatter images
instead (see below). Yet, the few measurements conducted provide reliable information
that is presented and discussed in Chapter 3.
Software-assisted analysis of backscatter electron (BSE) images. This method exploits
the difference in grey tone of plagioclase (dark), clinopyroxene (grey to light grey), and
olivine (light grey to white) on BSE images. BSE images were acquired on the microprobe,
using a beam of 1 J,lm and a resolution of 1024 x 768 pixels per image. About ten images
per thin-section were commonly analyzed to account for natural textural variability. The
software Scion Image (NIH version for PC) was used for automated analysis of the images.
Each separate mineral phase was treated separately. The procedure adopted is as follows.
The images were scaled at 0.4 pixlJ,lm using the function Set scale in the menu Analyse.
The range of grey values corresponding to the mineral phase analyzed was selected using
the Density Slice option in the menu Option. The pixels selected were then converted into
black and the background to white using the function Make Binary in the menu
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Process/binary. The function Analyze particles in the menu Analyse was then used to carry
out the automatic count of these objects and determine the area of each continuous object
in Ilm2. A minimum size value was specified to avoid overestimating the objects by
including small defects in the count. It was set at 3 Ilm2 for plagioclases and 5 Ilm2 for
clinopyroxenes and olivines. The remaining area (not counted as crystals or vesicles) was
reported as groundmass (crystal size < 5 Ilm2, or glass). Plagioclases were particularly
appropriate for that treatment, given that they have a distinctly-low atomic number
compared to the glass and the other crystals. By contrast, clinopyroxene and olivine spread
over a large and overlapping range of colour on BSE images, largely because of their
compositional zoning. This then results in higher uncertainties in their respective
proportion, which shows in the high standard deviations of the results (see Fig. 3.7, Table
3.4).
A similar procedure was used to estimate the vesicularity of some samples, using highresolution photographs of thin-sections. Limitations of this technique reside in the great
disparity of vesicularity between thin-sections from the same sample and in different
textural zones in the lava.

A2. Collection of crystal size data for Crystal Distribution Analysis
Used for CSD analysis of Laki surface samples in Chapter 3, and internal lava samples
in Chapter 4, the apparent short axis (width) and long axis (length) of all plagioclase
crystals present in a finite area were measured on selected BSE images, using the handmeasurement tool provided by Scion Image. The use of automatic image analysis was not
found appropriate for the precise quantification of crystal numbers and sizes because of its
high sensitivity to small defects on the images and also, more importantly, joined crystals
could not be resolved (i.e., they would be counted as a single crystal oflarger size).
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The size of the BSE image was chosen so as to over 300 crystals would be counted and
measured for each sample, in accord with the minimum sampling size of 200
recommended by Mock & Jerram (2005) from a comparative study of CSDs constructed
from 2D thin-sections to 3D analysis. Increasing the number of crystals measured (and thus
the area studied) generally resulted in some variations in the number density of crystals
because of natural textural heterogeneities, but this did not seem to have a significant
impact on the slope ofthe CSD curves obtained.
The main concern was about distinguishing individual crystals that are touching, and
may thus appear as a large individual crystal on the BSE images. This required some
subjective judgment. This dilemma could however be resolved in most cases from the
geometry of the aggregate, since individual crystals often have different length and slightly
different orientation, and also some small gaps between them. Parallel branching crystals
were generally considered are separate entities, although this is discussable. It indeed
depends on the time at which crystals were completely jointed, and thus grew as a single
entity, which cannot be known. Working on high-contrast BSE images appeared to be
helpful in reducing these possible sources of errors since the more evolved crystal rims
would often appear in a darker tone than their cores (see Fig. AI). The erroneous
interpretation of some crystal aggregates as single crystals probably shows in the scatter of
the CSD data at larger crystal sizes (also recognized by Cashman & Marsh, 1988). Crystals
that were truncated by the edge of the image were not considered in the analysis, which
may have caused some artificial decrease in the number of crystals measured in coarse
samples.
To limit the artificial variations introduced by these problems, a strict procedure was
followed that includes five major steps:
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1) Cropping of the central part of the selected BSE image to limit the effects of
photographic deformation along the edges. Saving of the image as greyscale and in
a tifformat. Printing of the image at large scale (A4landscape).
2) Importation of the image in Scion Image software. Definition of the scale (fixed
scale of 0.4 Jlmlpixel).
3) Measure of the total size of the image analyzed (in area) and modal analysis of each

mineral phase using threshold for vesicles, invert + threshold for oxides, and
density slice for plagioclase, clinopyroxene, olivine (see details above). Copy of the

results into an Excel spreadsheet.
4} Measure of each crystal short and long axis using hand tool, drawing white lines
across crystals. Writing of the set of measure by hand on a paper sheet. Saving of
the final image to allow later check (see Fig. AI).
5) Typing of the numbers (dimensions of crystals) onto excel spreadsheet (see data in

Appendix B). Plot of the CSD curves using parameters given by applying the
program by Riggings (2000) on crystal width data as explained in text (see Fig.
4.24 caption for details). Selection of range of size adequate (see text) and use of
the function Add trend-line in Microsoft Excel to get the slope and the intercept of
the line best fitting the data. Calculation of the textural parameters and rates of
crystallization using equations presented in text.
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Figure AI: Plagioclase dimensions measured on a high-contrast backscatter image (sample AD4).
Note zoning at border of crystals that was used to distinguish individual crystals in intergrowth.
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