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Research objectives  

 

This research aims to evaluate the use of automated mineralogy systems on drill cutting 

samples in regard to geothermal energy exploration and CO2 sequestration.  To achieve this, 

cutting samples from well NJ-18 in the Nesjavellir geothermal field in Iceland were analysed 

using AMICS automated mineralogy software by Dr Matthew Power and Vidence Inc 

(Canada), which was then used alongside the analysed thin sections and cuttings to 

characterise the geothermal reservoir by the candidate.   
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Abstract 

Drill cutting analysis provides a cheaper and less time consuming alternative to the collection 

of core samples during geothermal exploration, although providing less lithological detail than 

cores.  In this study, drill cuttings collected from the Nesjavellir geothermal field in Iceland 

were analysed using SEM based automated mineralogy to determine any benefits this 

methodology may provide for drill cutting analysis in geothermal exploration, such as 

identification of minerals used in geothermometry, as well as any possible benefits in 

understanding CO2 and H2S sequestration projects.  209 cutting samples were analysed using 

SEM-EDS and processed using AMICS software at 10m intervals through the NJ-18 well, 

producing quantitative data for 40 phases, made up of compositionally similar minerals, as 

well as amorphous material such as volcanic glass.  Alongside the quantitative data, mineral 

maps were produced for each sample, showing the distribution of the different compositional 

groups which can be directly compared to the analysed thin sections. In addition the data is 

compared with microscope imagery produced of the cuttings along with XRD data for a 

selection of samples.  Comparison between the samples and the automated mineralogy 

results appears to show a high degree of accuracy, with textures observed in thin section 

being well represented in the mineral maps, although some possible overlap is observed 

between compositionally similar minerals such as zeolites and plagioclase.  Using the 

quantitative automated mineralogy data it is possible to interpret the depths of alteration zones 

ranging from the smectite-zeolite zone to the epidote-actinolite zone, however, this is hindered 

by a lack of specific compositional groups for key minerals such as epidote or actinolite, 

although these may be interpreted from changes in other compositional groups and improved 

in future studies.  A simplified stratigraphic log can also be constructed using the quantitative 

data for primary phases, comparing samples by abundance of crystalline basalt minerals 

versus volcanic glass in order to identify lava flows/intrusions, hyaloclastites and mixed 

lithologies.  Accurate quantification of calcite and pyrite also appears to be achieved using this 

method and may be beneficial for identifying depths where both minerals form readily, which 

can be used for determining injection depths for CO2 and H2S sequestration.   
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1. Introduction  
 

In Iceland, geothermal energy production makes up 62% of primary energy supply, with over 

90% of in home heating supplied by geothermal energy, providing an alternative to fossil fuels 

and reducing the nations impact on climate change (Ragnarsson et al., 2021).  The use of 

geothermal energy is possible due to Iceland’s location along the Mid-Atlantic Ridge and 

above a mantle plume (Spice et al., 2016), providing geothermal gradients high enough for 

economic energy production.  Iceland contains a number of active geothermal fields, with this 

study focusing on the Nesjavellir high temperature field within the Western Volcanic Zone, in 

close proximity to the Hengill volcano (Stefansson, 1985).  The lithologies within the Hengill 

region are predominantly composed of a mix of basaltic hyaloclastites and lavas, with 

intrusions increasing in frequency with depth (Franzson et al., 2010).  A by-product of 

geothermal energy production within volcanic zones such as those surrounding the Hengill 

volcano is the production of CO2 and toxic H2S gases released from steam brought to the 

surface (Clark et al., 2020).  However, within the basalt lithologies in this region it is possible 

to reinject these gases for long term storage as hydrothermal minerals, with CO2 being 

mineralized into carbonate minerals such as calcite, while H2S can be mineralized into pyrite.  

Early results of CO2 and H2S injection in projects such as the CarbFix2 site in the Hellisheidi 

geothermal area appear to be successful, with possible implications for reinjection of 

atmospheric CO2 into basalt lithologies in order to combat climate change (McGrail et al., 

2006).  

 

During the drilling process for geothermal energy production, collection of geological samples 

in the form of drill cuttings and drill cores is completed in order to identify different lithological 

facies which may be used to determine key reservoir characteristics such as porosity and 

diagenetic processes (Steiger et al., 2015).  Drill cores provide the best samples for analysis 

as the original lithology is not disturbed, however, collection of drill cores is typically limited to 

key intervals due to the increased cost and time associated with their collection, with drill 

cuttings being a faster and more economical alternative.  Within the oil and gas sector, the 

collection of drill cuttings has been paired with the use of automated mineralogy which allows 

for the quantitative analysis of the sample mineralogy, as well as producing mineral maps 

aiding in textural analysis of the sample (Butcher and Botha, 2010).  Automated mineralogy 

systems use a mix of scanning electron microscopy and X-ray spectrometry to collect 

compositional data which can be compared to a library of known minerals in order to identify 

the minerals present within samples (Pirrie and Rollinson, 2011).  Typical cutting analysis 
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requires skilled geologists in order to interpret the mineralogy of cutting samples, however, 

even the analysis by a highly experienced geologists may be subjective and will not provide 

as accurate quantitative data as that produced through a system such as automated 

mineralogy.   

 

For this project, cutting samples from well NJ-18 within the Nesjavellir geothermal field were 

analysed using the Advanced Mineral Identification and Characterization System (AMICS) 

with data provided by Dr Matthew Power (Vidence Inc., Canada).  In total 209 samples were 

analysed through the whole well at 10m intervals, with quantitative data for 40 compositional 

groupings and imagery for each sample being provided.  In this thesis the quantitative data 

and imagery for each compositional grouping is described, including the distribution through 

the well, common fabrics and textures, as well as direct comparisons between the identified 

areas and their appearance in thin section.  Using this data, interpretations of the depths at 

which different alteration zones occur is also produced, along with an interpretation of the 

geothermal gradient of the well and identification of hydrothermal minerals and any visible 

sequences.  The data are used to create a log of the well based on a simple set of parameters 

comparing the difference in crystalline basalt minerals and glass associated compositional 

groups, differentiating between hyaloclastite, lava and mixed facies, with the results compared 

to the automated imagery, thin sections and cuttings.  This in turn is compared with previous 

studies of well NJ-18.  The benefits of this method in regard to geothermal energy production 

and carbon sequestration projects is also discussed.  

 

2. Literature review  
 

2.1. Geothermal reservoirs  

Due to concern about the impact of climate change, there has been an increased demand for 

energy which does not involve the use of hydrocarbon sources (IPCC, 2021).  One of the 

potential sources for renewable energy that has been identified is geothermal, which is 

naturally produced within the planet, primarily through radioactive decay of unstable nuclides 

of potassium, uranium and thorium (Dye, 2012).  A geological formation where it is possible 

to use geothermal heat as an energy source can be described as a geothermal reservoir.  

Geothermal reservoirs with distinct characteristics and extraction methods can be 

differentiated into different types of geothermal systems (Stober and Bucher, 2013).  The most 

commonly used deep geothermal reservoirs are hydrothermal systems which consist of 
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naturally occurring aquifers at high temperatures where water can be brought to the surface 

via a borehole to be used, before being recycled back into the aquifer through another in a 

hydrothermal doublet (Figure 2.1).  It is also possible to extract heat energy where no aquifer 

exists through “hot dry rock” (HDR) systems in which water is injected into fractured rocks at 

depth (typically, granites or gneisses) before being transported back to the surface (Berger 

and Hendron, 1989).  The water from these deep geothermal systems can be used directly in 

heating grids or can be used to produce electricity by directing steam through a turbine, or in 

low enthalpy systems through the use of Organic Rankine Cycle (ORC) plants (Vetter et al., 

2013).   

Figure 2.1. Cross-sectional diagram 

of a hydrothermal doublet system, 

including both production and 

injection wells. Note that the wells are 

kept at a distance within the reservoir 

so as to allow reinjected fluid to reach 

useable temperature before 

extraction (Stober and Bucher, 2013).  

 

 

 

 

 

 

 

 

 

 

For a geothermal reservoir to be viable for energy production several key criteria must be met, 

one of which includes having an appropriate geothermal gradient.  This is important as 

limitations on drilling capability and cost mean a higher geothermal gradient improves the 

chances of a reservoir being economical for production.  Target temperatures are typically 

above 150oC for electricity production and above 100oC for producing hot water (Barbier, 

2002).  Due to the necessity of a higher geothermal gradient, regions near plate margins, hot 

spots or magmatic intrusions are more suitable for geothermal energy production than regions 
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within older continental crust.  The temperatures found in hydrothermal systems will also affect 

their classification and characteristics, with temperatures below 100oC producing hot water 

fields, while those above producing wet steam fields or vapour dominated fields, with the latter 

being produced in higher than atmospheric pressures (Diaz et al., 2016).  For geothermal 

reservoirs in which fractures are the dominant form of permeability, an upper temperature 

range may be controlled by the brittle-plastic boundary of the host lithology, which in quartz 

dominated rocks is between 370oC to 400oC (Muraoka et al., 1998). 

 

The permeability of the host rock also plays a role in the viability of a geothermal reservoir as 

it affects both the potential yield that can be extracted and the fluid temperatures that can be 

achieved.  The quantity of fluid that can be extracted is linked to the reservoir permeability as 

it affects the natural recharge rate of the aquifer in hydrothermal systems, but also contributes 

to the effectiveness of reinjection wells in maintaining fluid volume and pressure (Diaz et al., 

2016).  Greater permeability can also be a drawback in certain cases where water from 

recharge or reinjection may not be sufficiently heated by the host rock before extraction, which 

can result in reduced temperatures in the extracted fluid (Abrigo et al., 2004).  The permeability 

of a reservoir can be affected by the form that the permeability takes, with fractured reservoirs 

typically producing much higher permeability than those based on porosity, which may be 

advantageous for production (Murphy et al., 2004).  HDR systems often require the use of 

hydraulic fracturing in order to increase the permeability of a reservoir, both to improve 

potential yield but also to give a greater surface area for heat transfer between the rock and 

fluid content (Zhang and Xie, 2020).  As well as hydraulic fracturing, fields with low 

permeability can be improved using acid treatments which can remove soluble minerals which 

may be restricting fractures and pore spaces in the host lithologies (Portier et al., 2009).  An 

impermeable or low permeability cap rock is generally advantageous in water dominated fields 

to maintain pressure and temperature, but is fundamental in a vapour dominated field in order 

to maintain a steam cap (Barbier, 2002; Scott, 2020).  

 

Another factor to consider is the effect of the hydrothermal fluid within the aquifer as it may 

alter the permeability through mineral alteration, dissolution, and precipitation.  Hydrothermal 

systems are likely to have undergone mineral alteration, during which the original minerals 

found within the aquifer have been replaced dependent on the temperature, pressure, and 

solution chemistry (Inoue, 1995).  Diagenetic clay mineralogy may affect the hydraulic 

properties of the geothermal system depending on the specific clay minerals present (Meller 

and Kohl, 2014).  The location of secondary minerals has the potential to produce void spaces 
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allowing for greater permeability, however, the clays produced have the potential to clog 

fractures and pore spaces which may reduce the overall permeability of an aquifer.  The 

presence of clay minerals produced through hydrothermal alteration also has the potential to 

reduce the intensity of any seismic events within the reservoir, making clay-rich zones 

preferable targets for hydraulic fracturing.  As well as causing the alteration of minerals, the 

presence of high temperature water within a hydrothermal system has the potential to dissolve 

minerals such as quartz and calcite (Pandey et al., 2015).  As mineral phases are dissolved 

the reservoir water may become saturated with these chemical phases, and this poses an 

issue with reinjection into the reservoir as the lower temperature of the reinjected water can 

cause the precipitation of the minerals, reducing the permeability of the reservoir as well as 

producing scaling within the wells and other plant systems.  The chemistry of the geothermal 

fluid may also affect production by causing corrosion of plant equipment which is often 

associated with the presence of hydrogen sulphide (Regenspurg et al., 2020).  Hydrogen 

sulphide is commonly found in areas with high volcanic activity, but also commonly occurs due 

to anaerobic bacteria converting sulphur or sulphate into hydrogen sulphide.  

 

2.2. Regional geology of the Nesjavellir geothermal field  

The focus of this study is the Nesjavellir geothermal field, located in SW Iceland near the 

capital of Reykjavik, situated between Hengill volcano to its south and Þingvallavatn lake to 

its north.   The geothermal plant at Nesjavellir has been in operation since 1990, originally 

intended to supply hot water to Reykjavik, but also producing electricity from 1998 onward 

(DiPippo, 2012).  Currently, the plant is capable of producing 300 MWth of hot water as well 

as generating 120 MWe of electricity through a system of 25 boreholes ranging in depth from 

1 – 2.2 km (Mannvit, 2020).  The field is located within a high temperature region of Iceland, 

producing both single and two phased liquid dominated systems with varying temperatures 

and pressures occurring across the field (Stefansson, 1985).  Well NJ-18 which was used for 

this study is located within the Northern end of the Nesjavellir field, furthest from the Hengill 

centre of all the wells within the field but following along NNE orientated faults and volcanic 

fissures surrounding the volcano (Gislason et al., 2005; Gunnarsdottir et al., 2020; Figure 

2.2).” 
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Figure 2.2. Map of the Nesjavellir geothermal 
field showing the relative position of well NJ-18, 
appearing at the northern end of the field 
following the NNE strike of volcanic fissures 
emanating from the Hengill volcano (Gislason et 
al., 2005).  

 

 

 

 

 

 

 

 

 

 

 

Iceland is found along the Mid-Atlantic Ridge constructive margin and forms part of the North 

Atlantic Igneous Province, which is associated with the existence of a mantle plume beneath 

the island (Spice et al., 2016).  The structural geology of Iceland is closely linked with its 

location on the Mid-Atlantic Ridge, with rift structures running NNE-SSW through the island 

creating associated volcanic zones within the rifted regions (Sani et al., 2019; Figure 2.3).  

Volcanic activity in Iceland takes a number of different forms, from basalt fissure eruptions and 

shield volcanos, to stratovolcanoes produced through magmas of varying compositions 

(Thordarson and Larsen, 2007).  Basalt lava flows are a common occurrence throughout the 

geological record of Iceland, largely as low discharge events, but also through flood lava 

events, thought to be associated with rifting.  A variety of other magma compositions are also 

found such as rhyolite, andesite and dacite, being produced through both fractional 

crystallisation and the partial melting of host rocks, often producing bimodal eruptions 

(Lacasse et al., 2007; Chekol et al., 2011; Mancini et al., 2015).  Explosive eruptions and the 

production of pyroclastic deposits occur commonly throughout the geological record, through 

higher viscosity magmas producing Plinian and sub-Plinian eruptions, along with 

phreatomagmatic events such as Surtseyan and Phreatoplinian eruptions.  As well as 
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subaerial and subaqueous eruptions, the presence of glaciers in Iceland allows for the 

occurrence of subglacial eruptions often associated with tuya volcanoes, producing a wide 

range of lithologies such as pillow lavas, hyaloclastites, volcanic breccias and ash (Tuffen et 

al., 2008;  Höskuldsson et al., 2006).  As well as volcanic lithologies, sedimentary deposits 

are found throughout Iceland, including marine, fluvial and glacial deposits, along with deposits 

associated with subglacial eruptions or geothermal heating such as lahars and jökulhlaups 

(Marren et al., 2009; Duller et al., 2008).  

 
Figure 2.3. Map of Iceland with the different volcanic zones, faults/fissures and the plate boundary 

highlighted.  The major volcanic zones identified are the Reykjanes Peninsula (RP), the Western 

Volcanic Zone (WVZ), the Central Iceland Volcanic Zone (CIVZ), the Eastern Volcanic Zone (EVZ) and 

the Northern Volcanic Zone (NVZ).  Hengill volcano is situated in the southern part of the Western 

Volcanic Zone, at the triple junction between it and the Reykjanes Peninsula and the South Iceland 

Seismic Zone (SISZ) (Sani et al., 2019). 

 

The Hengill volcano and the Nesjavellir geothermal field are situated within the southern part 

of the Western Volcanic Zone, which forms one of two spreading centres, along with the 
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Eastern Volcanic Zone, with numerous extensional structures and fissure swarms being 

present (Hjartardóttir et al., 2016).  The volcanic history of the Western Volcanic Zone can be 

split into intraglacial (0.78 – 0.01 Ma) and postglacial periods, with the intraglacial period being 

further split into periods of deep subaqueous effusive, shallow subaqueous explosive and 

subaerial effusive eruptions (Jakobsson and Johnson, 2012).  The earliest of the intraglacial 

sections can be identified as basal pillow lavas, composed largely of olivine theoleiite, which 

have been interpreted as having formed on the seafloor.  Above the pillow lava complexes are 

deposits of hyaloclastites, interpreted as the result of phreatomagmatic explosions, with lower 

sections forming thick sequences of coarse-grained deposits, while the upper sequences 

appear thinner with finer grain sizes.  Where tuya and tindar grew into subaerial environments, 

lava flow deposits produce capping structures, along with flow foot breccia deposits often 

occurring along the volcano perimeter.  Deglaciation leads to many of the same lithologies as 

the intraglacial period, with subaqueous and subaerial effusive eruptions along with the 

production of tuya volcanoes, but with an increase in volcanic activity linked with isostatic 

rebound and an increase in the eruption of picritic lavas (Eason et al., 2015).  Eruptions within 

the first 3000 years of deglaciation make up 64% of all postglacial lavas within the Western 

Volcanic Zone, with eruption activity appearing to reduce within the past 9000 years (Sinton 

et al., 2005).  

 

The Hengill volcano is found at a triple junction, between rift structures within the Western 

Volcanic Zone and the Reykjanes Peninsula oblique rift, along with the sinistral EW transform 

fault, which connects the Western and Eastern volcanic zones, known as the South Iceland 

Seismic Zone (Steigerwald et al., 2020).  At the surface Hengill itself is made up of a 

concentration of tindar structures, with fissure swarms extending from the volcano to the NE 

and SW along the Western Volcanic Zone and the Reykjanes Peninsula oblique rift 

(Hjartardóttir et al., 2016).  Faulting within the Hengill region is dominated by NNE striking 

normal faults, with N, NW and ENE trending fractures and dikes also being present to a lesser 

extent (Friese, 2008).  The Nesjavellir and Hellisheidi geothermal fields both utilise geothermal 

heat produced within the Hengill volcano, the heat source for which is interpreted as being 

2.5-4 km below the surface based on geophysical surveys completed by Jousset et al. (2011).  

The average geothermal gradient within the Hengill region varies significantly between 93 – 

162oC/Km measure to a depth of 7 Km, with borehole measurements from the Nesjavellir field 

showing a higher gradient in the first 800 m (312 oC/Km) than depths down to 2 km (70 oC/Km) 

(Foulger, 1995).  
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The stratigraphy of the Nesjavellir geothermal field is predominantly made up of intraglacial 

hyaloclastite and lava flow lithologies, with the frequency of intrusions increasing with depth 

(Gunnarsdottir et al., 2020; Franzson et al., 2010).  Hyaloclastites are found to be dominant 

within the first 400 m of wells within the field, after which lava sequences including pillow lavas 

take over.  Basalt intrusions, including both dikes and sills, are found largely below 800 m 

depth and make up 80-100% of lithologies found below 2,000 m.  Diorite intrusions are also 

found throughout the field, predominantly within the northern part of the field, with the majority 

occurring at depths between 1,400 m-1,600 m.  Permeability within the field occurs largely 

through high angled faults and dikes, with the latter likely being through either cooling joints 

or in the contact between the intrusion and the country rock (Zakharova and Spichak, 2012; 

Gunnarsdottir et al., 2020).  Lateral permeability within the field varies with depth, with the 

upper part of the reservoir showing permeability within the hyaloclastite and lava flow 

lithologies, while at depth sill contacts are thought to control lateral fluid transport.  Although 

permeability appears to be dominated by fractures and contacts, the porosity of the lithologies 

may be important for fluid storage and heat transfer.  The hyaloclastite deposits show 

porosities between 15-60% (Frolova et al., 2005), while the lavas have 5-40% (Franzson et 

al., 2008), however, the connectivity of these porosities is poorly understood.  Porosity may 

also be negatively affected by the presence of secondary minerals which may in fill pore 

spaces.  Within the upper part of the reservoir there also exists a low permeability cap primarily 

made up of smectite and zeolites.   

 

The primary minerals that may be found within the field can be determined by the different 

lithologies present, of which basalts appear to be dominant, consisting of olivine tholeiites, 

tholeiites and picrites (Jakobsson and Johnson, 2012).  Tholeiitic basalt falls within the 

subalkali basalt group, which form from mafic melt compositions with high silica saturation, 

producing basalts lacking in the mineral nepheline (Le Maitre et al., 2002).  Common minerals 

that may occur within tholeiitic basalts include, olivine, calcic plagioclase such as labradorite, 

quartz and pyroxenes such as augite, enstatite and pigeonite.  Picritic basalt can be described 

as a high magnesium basalt, comprising of >12% magnesium oxide with silica content ranging 

between 30-52% (Le Bas, 2000).  Picritic basalt is commonly found with a porphyritic texture 

in which olivine phenocrysts occur within a groundmass made up of augite and labradorite, as 

well as opaque minerals and volcanic glass.  Hyaloclastites in Iceland are primarily composed 

of volcanic glass of either mafic or intermediate compositions, often varying between fine and 

coarse-grained sequences, with rock fragments occurring more commonly within coarser 

deposits (Jakobsson and Gudmundsson, 2008).   The hyaloclastites of basaltic origin 

commonly have 5-12% phenocrysts and 2-8% lithic fragments, as well as secondary 
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palagonite formed from the alteration of the volcanic glass.  Diorite intrusions will likely show 

distinct mineralogy compared with the surrounding basalts, with hornblende and biotite 

occurring commonly within diorites.   

 

When considering the mineralogy of the field, secondary minerals are important due to their 

effects on permeability, as well as acting as indicators of P and T conditions and fluid 

chemistry.  Within the Hengill volcanic region, alteration zones based on variations in 

temperature have been identified, which include smectite-zeolite zones, mixed layer clay 

zones, chlorite-epidote zones and epidote-actinolite zones (Snæbjörnsdóttir et al., 2018; 

Figure 2.4).  Clay’s found within altered basalts in Iceland commonly contain smectite group 

minerals, including montmorillonite, nontronite, and saponite, as well as other clay groups 

such as chlorites, kaolinites and illites (Ehlmann et al., 2012).  Other secondary silicate 

minerals are also abundant, such as hydrothermal quartz, cristobalite and opaline silica, with 

quartz in particular contributing significantly to infilling fractures.  An important alteration 

mineral group in regard to geothermal indicators are zeolites, which in Iceland commonly form 

zeolite zones within the upper portion of low enthalpy hydrothermal reservoirs up to 

temperatures of 150 oC (Iijima, 1980).  The zeolite zones change with the increase in the 

geothermal gradient from a chabazite-thomsonite zone into zones of mesolite-scolecite, 

stilbite and laumontite.  However, due to the location of Nesjavellir within a high geothermal 

area, this zonation is unlikely, with a mixture of zeolites occurring within the upper smectite-

zeolite zone.  Within the Nesjavellir field and the wider Hengill area, the formation of secondary 

feldspars has also been observed, producing both Na-feldspars, such as albite and oligoclase, 

and K-feldspar, both of which may be associated with the dissolution of primary feldspars such 

as labradorite (Larsson et al., 2002).  Geothermal fluid measured within the Nesjavellir field 

has relatively low dissolved solids (1000-1500 mg/kg), however, it also shows high carbonate 

levels which may allow for the formation of calcite and other carbonate minerals following CO2 

injection (Ármannsson, 2016).  
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Figure 2.4. Breakdown of the alteration zones within the Hengill area, including both primary and 

secondary phases (Snæbjörnsdóttir et al., 2018).  

 

2.3. Automated Mineralogy 

During geothermal exploration, it is important to collect data on the field geology with 

characteristics such as the stratigraphy, permeability and hydrothermal mineralogy being best 

described through the use of drill cores (Calvin and Pace, 2016).  However, producing drill 

cores significantly increases the cost of drilling and may be used sparingly alongside cheaper 

rotary drilling methods.  A by-product of rotary drilling is the production of drill cuttings, which 

despite lacking much of the detail found in drill cores, are commonly used within geothermal 

and hydrocarbon exploration in order to produce lithological logs through the drilled section 

(Egermann et al., 2002).  However, within the hydrocarbon industry it has now become 

possible to use cuttings alongside automated mineralogy systems, such as QEMSCAN and 

TIMA, to obtain detailed data on the mineralogy, porosity and texture throughout the 

stratigraphy of the well site (Pirrie and Rollinson, 2011).  This is possible as automated 

mineralogy systems are able to produce high magnification digital images of samples, based 

on mineral chemistry, producing quantitative data for the identified compositional groupings 

with less reliance on a human operator than standard optical methodologies. 

 

Automated mineralogy systems were initially developed for use within the mining industry for 

the purpose of identifying mineral characteristics that may assist or hinder metallurgical 

processes and plant design (Sutherland and Gottlieb, 1991).  The demand for this type of 

system culminated in the creation of both optical based automated mineralogy systems and 

electron beam systems, the latter of which led to the development of modern systems such 

as QEMSCAN.  Modern automated mineralogy systems generally consist of a specialised 

scanning electron microscope (SEM) with automated stage control, which it uses to perform 
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either a raster or linear scan across the sample area (Meyer et al., 2013).  The sample is 

scanned using an electron beam producing back scattered electrons which may be used to 

produce an image of the sample (BSE), as well as X-ray emissions which are detected by 

energy dispersive X-ray detectors (EDX).  Different elements within the sample will produce 

different X-ray spectra, which can then be compared with a mineral database to identify the 

mineral scanned based on the chemical composition.  The image created by the back 

scattered electrons and the mineral identification produced from X-ray emissions can be 

combined to create a 2D image of the sample, with different minerals being highlighted, which 

can be used to examine the relationship between them (Hrstka et al., 2018; Figure 2.5).  The 

data produced can be further examined using software, allowing for the visualisation of a 

number of different properties of the sample, which can include the sorting and categorization 

of different particles or grains based on user defined parameters such as size or contents.  

Figure 2.5. Images 

showing the individual 

steps in producing a 

mineral  map using 

TESCAN Integrated 

Mineralogy Analyzer 

(TIMA). (a) Shows the 

initial image produced 

through back scattered 

electrons (BSE) while 

(b) shows energy-

dispersive X-ray 

Spectrometry (EDS) 

data across the sample. 

Data from both of these 

images can be 

combined to produce 

distinct segments (c) 

which can then be 

compared with X-ray 

spectra data to 

associate segments 

with different minerals 

(d) (Hrstka et al., 2018). 

 

There are inherent benefits of using automated mineralogy systems, primarily their capability 

of producing chemical, mineral and textural analysis of samples, which may reduce the 

number of different methodologies that may be required for a particular study (Pirrie and 

Rollinson, 2011).  As well as this, being an automated system there is a significant advantage 

over methodologies requiring human input, such as optical microscopy, where user error may 

affect any results produced.  However, if required it is also possible to pair automated 

mineralogy systems with optical microscopy or other methodologies as sample preparation is 
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non-destructive, either being embedded within a resin block or as a polished thin section 

(Sandmann, 2015).  Along with measurements of modal chemistry and mineralogy, another 

benefit of using automated mineralogy systems is that it is possible to gain porosity 

measurements for samples, which may be beneficial in studies relating to fluid movement such 

as hydrocarbon exploration (Armitage et al., 2010).   

 

Although there are numerous advantages to automated mineralogy systems, there are also 

some drawbacks primarily caused by the chemical identification of minerals and limitations in 

X-ray spectrometry.  As the data produced through automated mineralogy is based on the 

chemical composition of a sample, polymorphs of minerals with the same chemical 

compositions will be identified within the same compositional group, meaning that the different 

polymorph phases cannot be differentiated either visually within the mineral maps or within 

the quantitative data  (Schulz et al., 2020; Sandmann, 2015).  Along with polymorphs, minerals 

with similar chemical compositions may be difficult to differentiate using this method due to 

showing similar X-ray spectra, an example being magnetite (Fe3O4) and hematite (Fe2O3).  

Therefore if a study were to require the identification and differentiation of distinct polymorphs 

or chemically similar minerals, other methodologies which do not rely on chemical data such 

as X-ray diffraction may be required.  Another issue regarding the use of X-ray spectrometry 

is that some light elements (helium, hydrogen, lithium and beryllium) cannot be detected using 

this method and minerals containing these elements may be misidentified (Schulz et al., 2020).  

Hydrous minerals such as zeolites may be susceptible to this issue due to hydrogen within 

water molecules not being identified, potentially leading to the mineral’s misidentification.  The 

identification of phases based on chemical compositional may also affect sample preparation, 

particularly when preparing thin sections, as materials such as lead alloys commonly used in 

the preparation of petrographic thin sections are likely to contaminate the sample and 

negatively affect any results (Schulz et al., 2020).  Although sample preparation is not 

considered destructive, as the sample may be retained as a thin section, the requirement for 

sample surfaces to be polished and coated with a layer of carbon limits the other 

methodologies which can be used on the same sample and may be considered semi-

destructive.  Issues with sample preparation may also arise when working with granular 

materials, particles with different densities and sizes may segregate due to different settling 

rates within the resin embedding material producing unrepresentative sections (Goodall and 

Scales, 2007; Sandmann, 2015).  Problems relating to sample preparation are avoidable 

through strict procedures based on sample material and careful selection of resins, though 

should be taken into consideration so as to be avoided.  Although much of the data collection 

is automated, a skilled and experienced operator is still a requirement for producing accurate 
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results, with such operators being in short supply this is likely to increase the cost of any 

analysis (Pirrie and Rollinson, 2011; Sandmann, 2015).  Errors introduced due to an 

unqualified operator may occur during the measurement stage of analysis through the 

application of improper measurement settings such as electron beam size, but also during 

data processing, where the operators understanding of the samples being analysed is key is 

selecting an appropriate mineral list to reflect the true mineralogy.  

 

The use of automated mineralogy systems on drill cutting samples has been documented 

within the hydrocarbon industry, a case study of which is produced by Akihisa et al. (2018) in 

which QEMSCAN analysis was used alongside other methodologies to study variations in 

condensate-gas ratios (CGR) within the Montney tight gas reservoir.  Permeability within the 

reservoir was determined using nuclear magnetic resonance and mercury injection capillary 

methodologies, which was compared to the field mineralogy measured using QEMSCAN 

analysis of drill cuttings sampled at 10 m intervals through the well (Figure 2.6).  The 

QEMSCAN analysis produced details of the primary sediment composition and texture, as 

well as the diagenetic pore filling minerals, of which illite was of particular interest due to its 

abundance within the reservoir and its effect on permeability.  Illite measurements in this study 

have poor reliability as the mineral is commonly misidentified as muscovite, however, it was 

found that illite and quartz quantities were negatively correlated, with quartz measurements 

having greater reliability, allowing for quartz measurements to be used as an analogue for illite 

distribution.   

 
Figure 2.6. Lateral mineralogy log through well S-1 produced using QEMSCAN analysis of drill cutting 

samples. A graph demonstrating the negative correlation between quartz and illite is also produced 

using the data (Akihisa et al., 2018).   
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With regards to geothermal reservoirs, a case study is available from work completed by 

Ayling et al. (2012), in which QEMSCAN was evaluated for fracture characterisation of core 

samples from Newbury Volcano in Oregon and Brady’s geothermal field in Nevada.  

QEMSCAN modal mineralogy results were compared with those produced through XRD 

analysis, producing similar results with variations possibly being caused by the use of different 

samples, as well as differences in how the two techniques produce data, with QEMSCAN 

scanning the sample surface while XRD produces data from the entire sample volume.  Within 

the QEMSCAN dataset it is also observed that an average of 6% of the samples are 

unclassified, this may possibly be caused by the presence of minerals undefined within the 

SIP library or areas within the sample where boundaries between two minerals occur, both of 

which can be improved with changes to the SIP library. Another difference between the 

QEMSCAN and XRD results is the identification of interlayered chlorite and smectite, which 

was largely identified as smectite only within the QEMSCAN results, possibly caused by the 

similar chemical composition of the two minerals producing similar X-ray spectra (table 2.1).  

As well as the ability to produce mineral maps, the ability of QEMSCAN to show elemental 

distribution within a sample was identified as a potential method for analysing changes in fluid 

chemistry during vein formation. It was determined that the ability of QEMSCAN to identify the 

mineralogy of a sample while showing its distribution is beneficial for use within geothermal 

systems, however, comparison with other methodologies such as XRD may be beneficial for 

comparing results.   
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Table 2.1. Comparison of XRD and QEMSCAN 

mineralogy data for 3 samples from Brady’s 

geothermal field. Cells highlighted yellow show 

similar proportions of the samples being identified 

as smectite within the QEMSCAN data and 

Interlayered chlorite/smectite within the XRD data, 

potentially indicating the misidentification of these 

minerals (Ayling et al., 2012).  

 

 

 

 

 

 

 

 

 

 

 

2.4. Carbon sequestration within geothermal fields  

Carbon sequestration refers to the removal of atmospheric or emitted CO2 for storage so as 

to reduce the effects of CO2 on global climate change (Lal, 2008).  Carbon sequestration 

occurs naturally through photosynthetic organisms such as plants and phytoplankton which 

may be enhanced through methods such as afforestation and ocean fertilization.  Along with 

biological sequestration, abiotic engineered solutions have also been devised including 

injection of CO2 into geological reservoirs, where it can potentially form carbonate minerals for 

long term storage.  Geological sequestration has commonly occurred within brine bearing 

formations as well as within hydrocarbon reservoirs, in which it has the added benefit of 

increasing hydrocarbon recovery through increasing pressure within the reservoir (Hovorka et 

al., 2009), however, it is also possible to use basaltic lithologies associated with geothermal 

energy production for carbon sequestration, an example being the CarbFix project within the 

Hellisheidi geothermal field (Sigfússon et al., 2018).  

 



17 
 

Geothermal energy production is a potential target for carbon capture and sequestration as 

despite it not relying on the use of hydrocarbon sources, CO2 gases are still emitted during its 

production through the release of volcanic gases, with the Nesjavellir power plant releasing 

15,000 tons of CO2 annually (Snæbjörnsdóttir et al., 2020).  The emission of CO2 from volcanic 

gasses is accompanied by the presence of other gasses, most notably hydrogen sulphide 

which itself may cause environmental damage, however, it is possible to sequester hydrogen 

sulphide through reinjection along with CO2 as it may be mineralized as pyrite and other 

sulphate minerals (Stefánsson et al., 2011).  In order to be sequestered, the volcanic gases 

released at geothermal power stations needs to be captured and then transferred into a 

medium by which it can be injected into the geological formation.  At the CarbFix2 site within 

the Hellisheidi geothermal field, this is achieved through the use of a scrubbing tower in which 

exhaust gases are injected below a spray of pure water into which soluble gases are dissolved 

and collected at the bottom of the tower for injection (Gunnarsson et al., 2018; Figure 2.7).  

The scrubbing tower used at the CarbFix2 site does not capture all of the exhaust gas, with 

56% of CO2 and 97% of H2S being captured, however, this can be improved by increasing the 

ratio between the water and exhaust gas or increasing the pressure within the scrubbing tower.  

The produced solution is acidic (pH between 3.5-4) and may cause corrosion within the casing, 

therefore a stainless-steel pipe is used for transport and the initial 750 m of injection, after 

which the solution is mixed with plant wastewater reducing the pH (5-6).  Once injected into 

the aquifer, the gas bearing solution and wastewater mix sink to the bottom of the aquifer, due 

to the higher density of the mixture compared with the formation water, caused by the high 

solute content and comparatively lower temperature (Pool et al., 2013; Gunnarsson et al., 

2018).  
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Figure 2.7. Illustration of the scrubbing tower 

used at the CarbFix2 site for the capture of 

exhaust gases produced at the Hellisheidi 

geothermal plant (Gunnarsson et al., 2018).  The 

exhaust gases are released in the lower part of 

the tower, above which pure water is sprayed 

which is used to dissolve the gases.  The water-

gas solution is collected from the bottom of the 

scrubbing tower for injection while undissolved 

gases are released from the top.  

 

 

 

 

 

 

For long term storage within basalt, CO2 is formed into stable carbonate minerals along with 

divalent cations Ca2+, Mg2+ and Fe2+, either found within the reservoir fluid or produced through 

the dissolution of silicate minerals such as olivine, pyroxene and plagioclase (Matter et al., 

2009; Clark et al., 2020).  The release of the divalent cations from the host lithology is caused 

in part by the lower pH of the injected fluid compared to the reservoir water and that the silicate 

minerals targeted are undersaturated within the injected fluid, both of which aid the dissolution 

of minerals within the reservoir.  The carbonate minerals that may be formed from the injected 

CO2 include calcite (CaCO3), dolomite (CaMg(CO3)2), magnesite (MgCO3), siderite (FeCO3) 

and ankerite (CaFe(CO3)2), with calcite and dolomite being the most likely to precipitate based 

on their saturation levels within fluids tested at the CarbFix2 site.  The mineralization and 

storage of H2S is primarily controlled by the availability of iron as it is used in the formation of 

pyrite (FeS2) and pyrrhotite (FeS), however, the availability of Fe2+ may be negatively affected 

by increased temperatures and pH where hydrolysis produces Fe(OH)3(aq) and Fe(OH)4 

(Stefánsson et al., 2011).  The availability of the divalent cations needed for the mineralization 

of CO2 and H2S may also be affected by the reservoir temperature and the production of other 

alteration products at these temperatures.  Experiments conducted by Gysi and Stefánsson 

(2012) found that below temperatures of 100oC the availability of divalent cations allows for 

the formation of zoned Ca-Mg-Fe carbonates such as ankerite and dolomite, with Ca-Fe rich 

minerals being precipitated first followed by Ca-Mg rich minerals.  At higher temperatures 

between 150 and 250oC, it was observed that the availability of Fe and Mg were reduced due 

to the formation of clay minerals such as smectites and chlorites, leading to calcite being the 
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primary carbonate mineral formed at these temperatures.  Similarly the availability of Fe for 

H2S sequestration is affected by the reservoir temperatures and the affect it has on secondary 

mineral formation, with temperatures below 150oC producing Fe rich smectites and 

temperatures above 230oC forming epidote, both reducing Fe availability and requiring greater 

dissolution of the host lithology for full sequestration (Stefánsson et al., 2011).  

 

Along with the field mineralogy, it may also be necessary to understand the hydrological 

properties of a target reservoir, both for any affects it may have on sequestration as well as 

whether permeability may be negatively affected by secondary mineralization.  The rate of 

dissolution and precipitation of CO2 and H2S is directly linked to porosity and permeability of 

the host lithology as it affects the total reactive surface area available for water-rock interaction 

(Aradóttir et al., 2012).  The surface area available for dissolution may be affected not only by 

the pore space dimensions but also their interconnectivity as it affects the total area of a 

reservoir that injected fluids can reach and therefore react with.  In regard to mineral 

precipitation, one concern may be that the infilling of pore spaces may reduce the permeability 

of the target reservoir over time, however, over a 3.5-year period of operation at the CarbFix2 

site no significant change in permeability was observed (Clark et al., 2020).  The reason for 

this may be due to a high rate of dissolution near the injection well, due to the injected fluids 

low pH and mineral saturation levels, along with fracturing caused by the lower temperature 

and higher pressure of the injected fluid.  These factors may increase permeability near the 

injection well while mineral precipitation occurs at a greater distance. 

 

3. Methodology  
 

Samples were prepared for SEM analysis as thin sections, with each thin section containing 

4 samples in order to increase throughput and reduce analysis time and costs, with each 

sample area being 15 mm in diameter.  Analysis for this project was completed using a Hitachi 

SU3900 scanning electron microscope fitted with a 60 mm² Bruker SDD energy dispersive 

spectrometer and running the AMICS automated mineralogy package by Vidence Inc 

(Canada).  Beam conditions for this analysis used an accelerating voltage of 20kV with a beam 

current of approximately 15 nA.  Segmented field image mode of analysis was used to for all 

samples, in which the BSE image is split into domains of similar brightness which represent 

different mineral areas and then an EDS X-ray spectrum reading from a point within the 

segment is used to determine the mineral/phase present.  This method of analysis is capable 
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of producing both textural and modal mineralogical information, giving an effective image 

resolution of 2.48 µm. 

 

EDS spectral readings acquired are then compared with a library of measured and synthetic 

standards and a mineral identification is made on a closest match basis.  Where phases do 

not fall within a known standard, they are then added by acquiring reference spectra directly 

from the sample, or from the measurement itself.  The identified minerals/phases are then 

given as a final reported mineral list comprising of a selected number of different compositional 

groups representing the sample mineralogy which is then provided with the data.  Data 

processing was carried out by Dr Matthew Power (Vidence Inc., Canada).  Quantitative modal 

data for each compositional group is expressed as area %, which is calculated using the 

produced mineral maps.  As well as the automated mineralogy data, the cuttings and thin 

sections for each sample were also analysed using standard binocular and cross-polarised 

microscopy, with imagery used in this paper taken using a Leica DVM6 digital microscope.  A 

small number of cutting samples were also selected for XRD analysis, predominantly for 

identifying specific zeolite varieties, with the analysis being conducted by Tom Cotterell at 

National Museum Wales using a PANalytical X’Pert PRO X-ray diffractometer.  

 

4. Automated mineralogy compositional group results 
 

Results for the automated mineralogy analysis provides data for 40 compositional groups, 

including both quantitative data as a percentage of abundance identified, as well as automated 

mineralogy imagery showing the distribution of the different phases in the area analysed.  A 

brief summary of each compositional group is given in Table 4.1, with greater detail provided 

throughout the following chapter, describing the chemical compositions and possible phases 

included within each group, as well as their distribution throughout the well and within each 

individual thin section.  Where the groups describe similar chemical compositions or phases 

they have been described under a joint heading.  
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Table 4.1. Overview of different compositional groups identified within the automated mineralogy 

dataset.  

Compositional 
group 

Average 
abundance 
(%) 

Peak 
abundance 
(%)/ Depth 

Description 

Calcic 
plagioclase 

25.55 48.4/ 800m Anorthite-labradorite plagioclase, Bytownite and 
labradorite appear dominant. Observed primarily 
as primary euhedral crystals or quench crystals. 
Overlap with zeolites common.  

Sodic 
plagioclase 

5.28 22.63/ 1,690m Albite-andesine plagioclase. Largely observed as 
compositional zonation in Ca plagioclase crystals 
at shallow depths, higher abundances at greater 
depth appear diagenetic.  

Glass 1A 16.18 61.05/ 150m Al-silicates containing moderate Ca and minor 
Fe/Mg, trace amounts of Na present. Primarily 
observed as alteration products ranging from 
palagonite to smectite.  

Glass 1B 12.58 62.09/ 90m Similar composition to 1A although with lower Na 
content. Majority of sideromelane and tachylite 
fall within this group. Also observed as areas of 
glass alteration products and epidote.  

Al-rich glass 0.11 1.12/ 70m Al-rich silicate glass. Typically observed as small 
areas of glass 1A/1B areas, highest abundances 
may be affected by presence of Al oxide 
abrasives from sample preparation in upper most 
samples. 

Ca-rich glass 2.93 9.51/ 70m Ca-bearing Al silicates with small amount of Fe 
but little or no Mg. Similar observations to Al-rich 
glass though largest singular areas appear to be 
associated with epidote.  

Mg-rich glass 1.8 6.95/ 1,570m Fe-bearing Al silicates with moderate amounts of 
Mg. May also include specific chlorite 
compositions, with highest abundances and 
areas observed correlating with increases in 
chlorite.  

Fe-rich glass 1.71 4.01/ 1,322m Fe-rich, Ca-bearing Al silicates. Largely observed 
as small areas alongside glass 1A and 1B, 
although greatest concentrations appear to occur 
alongside chlorite and chlorite associated groups.  

Clinopyroxene 16.43 31.58/ 2,070m Mg-rich clinopyroxenes including augite and 
diopside. Largely observed as anhedral 
groundmass in Ca plagioclase bearing basalts.  

Aluminous 
clinopyroxene 

1.22 5.48/ 1,860m Al-bearing clinopyroxenes and amphiboles. 
Greatest abundance observed alongside 
microcrystalline/ultra-fine-grained areas, possibly 
including certain glass compositions and al-
bearing actinolite.  

Orthopyroxene 0.7 3.38/ 2,120m Includes Mg-rich orthopyroxene compositions 
such as enstatite. At shallower depths primarily 
observed as glass alteration products alongside 
glass 1A, identifiable orthopyroxene largely 
occurs below 1,700m depth.  

Olivine 0.71 26.01/ 390m Mg-rich olivine varieties such as forsterite. 
Observed primarily as anhedral phenocrysts 
within the upper portion of the well.  

Ilmenite 1.32 4.36/ 1,000m Fe Ti oxides. Most commonly observed as 
subhedral opaque crystals within crystalline 
basalt cuttings. Possible replacement by titanite 
occurs with increasing depth.  
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Magnetite/Fe 
oxides 

0.27 1.1/ 220m Fe oxides and Ti-bearing Fe oxides. Typically 
observed alongside other Fe-bearing groups such 
as siderite, magnetite itself is not clearly identified 
and may be predominantly composed of 
secondary Fe oxides.  

K-bearing 
zeolites 

0.63 6.81/ 580m Includes K-bearing zeolite compositions. Varieties 
identified with XRD likely to fall into this group 
include, phillipsite, chabazite and levyne. 
Possible overlap with both plagioclase groups is 
common, predominantly in diagenetic phases.  

Ca-rich zeolites 1.73 11.72/ 1,380m Ca-rich zeolites with little to no Na or K. Varieties 
identified with XRD likely to fall into this group 
include, scolecite, stellerite, laumontite and 
wairakite. Commonly observed overlapping with 
Ca plagioclase, predominantly in diagenetic 
phases.  

Na-rich zeolites 0.14 1.26/ 660m Na-rich zeolite varieties. Varieties identified with 
XRD likely to fall into this group include 
thomsonite and analcime. Overlap observed in 
diagenetic phases with Na and Ca plagioclase 
with Na being most common.  

Quartz 2.34 25.51/ 1,690m Silica minerals such as quartz, cristobalite and 
tridymite, as well as amorphous silica such as 
opal. Crystalline quartz is observed in cuttings 
and XRD results along with microcrystalline 
quartz identified in thin section. 

K-feldspar 0.79 5.7/ 1,468m K-feldspar compositions such as microcline and 
orthoclase. Predominantly observed as 
diagenetic phases, commonly alongside Na 
plagioclase.   

Calcite 1.06 12.39/ 80m Calcium carbonates such as calcite and 
aragonite, Fe, Mn and Mg-bearing varieties also 
included. Varieties identified in XRD include 
calcite, aragonite and vaterite.  

Siderite 0.6 1.8/ 430m Fe and Mn carbonates with possible phases 
including siderite, ankerite and rhodochrosite. 
Observations vary though majority of examples 
below 430m appear opaque with inclusions of 
magnetite/Fe oxides.  

Dolomite 0.002 0.11/ 80m Ca Mg carbonate phases such as dolomite, as 
well as Fe-bearing varieties such as ferroan 
dolomite. Greatest abundance observed in 
anthropogenic cement and in calcite/siderite 
bearing cuttings.  

Ca silicate 0.27 28.16/ 80m Ca-rich silicates in which Ca content is greater 
than Si. Greatest abundance observed in 
samples containing anthropogenic cement 
cuttings, with abundance outside of these 
samples being minor.  

Ca Al silicate 1 1.24 10.62/ 80m Ca-rich Al silicates containing small amounts of 
Mg and Fe. Greatest abundance observed in 
association with anthropogenic cement cuttings, 
although this group may also be used to identify 
prehnite and partial areas of epidote.  
 

Ca Al silicate 2 0.06 3.9/ 240m  Si-poor Ca Al silicates containing trace amounts 
of Mg and Fe. Shows similar characteristics to Ca 
silicate.  
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Ca Al silicate 3 0.84 3.1/ 1,582m Ca-bearing Al silicates where Ca content is 
moderate to low with variable Fe. Primarily 
observed as small inclusions within glass, glass 
alteration products, plagioclase and titanite.  

Ca Al P silicate 0.16 0.51/ 1,050m Ca-rich al silicate containing minor quantities of 
P. Primarily observed as small inclusions within 
other Ca-bearing silicate phases such as glass, 
plagioclase and zeolites.  

Chlorite 0.66 7.67/ 1,360m Fe and Mg-rich chlorite compositions such as 
chamosite and clinochlore. Appears largely as 
yellow/brown and green aggregates, overlap with 
Mg-rich glass and Fe silicate appears common.   

Titanite 0.98 3.57/ 1,680m  Ca Ti silicates. Identified examples are typically 
opaque subhedral/euhedral crystals, possibly 
formed from replacing primary ilmenite.  

Fe silicate 0.5 2.24/ 1,450m Fe-rich silicates and Fe Al silicates. May include 
orthopyroxene and amphibole minerals though 
most common association appears to be with 
chlorite.  

Biotite/K-rich 
altered glass 

0.4 6.05/ 1,390m K-bearing Al silicates with varying amounts of  Fe 
and Mg. Primarily observed as yellow/brown 
alteration products likely derived from glass.  

Pyrite 0.12 1.41/ 1,260m Fe sulphides possibly containing pyrite, pyrrhotite 
and marcasite. Commonly observed as euhedral 
opaque crystals or as clusters of 
subhedral/anhedral crystals.  

Kaolinite 0.27 1.29/ 1,640m Al silicates such as kaolinite, may also include Al 
silicate glass compositions. Largely observed as 
small inclusions within glass alteration products 
identified as glass 1A.  

Illite 0.12 1.17/ 1,468m Potassium bearing silicates such as illite. 
Primarily observed in association with plagioclase 
as small inclusions.  

Serpentine 0.01 0.41/ 390m Mg silicates with compositions including 
serpentine and talc. Primarily observed as areas 
within fractures or crystal edges of olivine.  

Chromite 0.01 0.1/ 380m Cr-bearing oxide minerals, likely containing spinel 
subgroup minerals such as chromite and chrome 
spinel. Typically observed as opaque subhedral 
crystals within relatively unaltered glass and 
crystalline basalt.   

Spinel 0.01 0.17/ 220m  Mg and Fe bearing Al oxides, possibly including 
spinel and hercynite. Greatest abundance 
observed as small inclusions within siderite 
cuttings.  

Apatite 0.1 0.38/ 1,650m Ca phosphates. Typically observed as small 
inclusions with no clear associated lithologies.  

Al oxides 0.16 2.65/ 80m  Al oxides. Greatest concentrations and 
abundances observed in association with Al oxide 
abrasives used in sample preparation.  

Other 0.01 0.37/ 70m  Any phases not previously identified. No 
observed associations.  
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4.1. Plagioclase  

Plagioclase is identified in the automated mineralogy data within two different categories, 

calcic plagioclase (Ca) and sodic plagioclase (Na).  The calcic plagioclase category covers 

the calcic members of the plagioclase series such as labradorite, bytownite and anorthite, 

while the sodic plagioclase group covers sodic members such as andesine, oligoclase and 

albite.  Due to being categorised on the basis of the chemical formulae of the minerals, overlap 

with other categories is possible and appears to be observed in some cases.  For calcic 

plagioclase, overlap appears to be predominantly with zeolites, where both Ca-rich and K 

bearing zeolite categories appear affected, with the majority of overlap appearing to be within 

amygdales likely representing zeolites being categorised as plagioclase, with another 

possibility being occurrence of diagenetic plagioclase with zeolite occurring alongside (Figure 

4.2a).  Similarly, sodic plagioclase is also observed overlapping with zeolites, predominantly 

Na rich, though this may also represent diagenetic sodic plagioclase occurring alongside 

zeolites.  Calcic plagioclase has the highest average abundance of any category within the 

automated mineralogy data at 25.5%, where values below 10% only appear in glass rich 

hyaloclastite samples or samples with a high abundance of secondary minerals.  However, 

sodic plagioclase has a lower average of 5.28%, with no sample at depths above 1,050 m 

exceeding 5%.  Below 1,000 m depth the abundance of sodic plagioclase appears to increase, 

correlating with a downward trend in calcic plagioclase before reversing at 1,950 m and below 

(Figure 4.1).  Comparing the automated mineralogy imagery to thin sections, the majority of 

the calcic plagioclase observed appears as euhedral/subhedral plagioclase crystals within 

either crystalline basalt fragments or glass.  Crystal grain size appears to be predominantly 

between fine-grained and microcrystalline, with a minority being medium-grained (Figure 

4.2b).  Coarse-grained crystals do not appear to be present within the samples, however, as 

crystals above 5 mm in size are not preserved in the cuttings, it cannot be ruled out within the 

original lithology.  Above 1,000 m depth, sodic plagioclase is primarily observed as small 

areas, less than 100 µm in size, within or bordering calcic plagioclase crystals (Figure 4.2c).  

Comparison with thin sections does not appear to show these areas as separate crystals, 

most likely indicating that these areas represent Na dominant zones within the otherwise Ca 

dominant plagioclase crystals.  Within samples collected at depths below 1,000 m, the sodic 

plagioclase category appears in various forms, most commonly occurring in fragments 

containing quartz and K-feldspar or in fragments containing pyroxene and small areas of calcic 

plagioclase (Figure 4.2d).  Clear crystal forms are rarely observed, apart from within fragments 

containing pyroxene, and in cross polarised light twinning is not observed unlike calcic 

plagioclase crystals.  These features and the correlation with decreasing calcic plagioclase 

may indicate that the majority of sodic plagioclase is secondary in origin, similar to the findings 

of Larsson et al. (2002).   
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Figure 4.1. Graph showing the change in sample 

volume of Ca and Na plagioclase with depth, along 

with a 10-point moving average trendline for both. 

Above 1,000 m depth the majority of Ca plagioclase 

is above 20% volume, with lower values being 

associated with glass-rich samples, while Na 

plagioclase appears steady with values of less than 

5%.  Below 1,000 m Ca plagioclase gradually 

decreases, while Na plagioclase values increase until 

1,500 m, at which point increases in Ca plagioclase 

appear to correlate with decreases in Na plagioclase 

and vice versa.   
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Figure 4.2. Automated mineralogy images showing the appearance of the Ca and Na plagioclase 

categories. (a) Example of the Ca plagioclase group within amygdales, alongside K bearing and Na-

rich zeolite areas within 550 m sample. Possibly represents overlap between the Ca plagioclase and 

zeolites mineral categories or represents areas of diagenetic plagioclase alongside zeolites. (b) 

Example of crystal form and grain size range of Ca plagioclase taken from the 800 m sample. Majority 

of the Ca plagioclase is fine/microcrystalline with individual fragments representing partially preserved 

medium or coarse-grained crystals. (c) Example from 530 m sample of Na plagioclase distribution 

above 1,000 m with non-plagioclase minerals removed for clarity. Na plagioclase areas are typically 

>100 µm in size and bordering Ca plagioclase. (d) Example from 1,690 m showing Na plagioclase 

distribution below 1,000 m, commonly associated with quartz and K-feldspar or appearing to replace 

Ca plagioclase in pyroxene rich cuttings.  

 

4.2. Glass  

Volcanic glass is placed into six different compositional groups within the automated 

mineralogy data, primarily identified as aluminium silicates with varying amounts of Ca, Fe, 

Mg and Na.  The majority of glass identified falls into either glass 1A or glass 1B categories, 

with a combined average of 14.38%, while a minority of glass placed within categories based 

on an abundance of particular elements, those being Al-rich, Ca-rich, Mg-rich and Fe-rich 

glass.  Glass 1A and 1B are identified as having greater Ca content compared to Fe and Mg 

and are differentiated based on Na content, which is a trace component of 1A but found in 
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lower quantities or is absent within 1B.  Comparing the automated mineralogy imagery with 

the thin section samples, it appears the majority of unaltered glass such as tachylite and 

sideromelane is categorised as glass 1B, while glass 1A appears to be commonly associated 

with palagonite or other glass alteration products (Figure 4.3).  Distinction between 

sideromelane and tachylite using the automated mineralogy imagery may be achieved using 

the greater presence of quench crystals common within tachylite, with microcrystalline 

clinopyroxene appearing in greater abundance within tachylite than sideromelane, however, 

the appearance of quench crystals is not consistent and may not be reliable for identification.  

Some overlap between glass and palagonite identification is commonly observed but the 

relationship between glass 1A and 1B may still be beneficial in quantifying the palagonite and 

glass content, though accuracy appears best in samples with higher glass values and above 

1,050 m depth as this limits the effect of overlap with other minerals.  The glass 1A and 1B 

categories appear to overlap with possible clay minerals when compared with the thin 

sections, with the majority being categorised as glass 1A with areas categorised as glass 1B 

commonly being present in smaller quantities.  The first occurrence of possible clay minerals, 

not associated with possible palagonite, categorised as glass appears to occur within the 500 

m sample and continues to occur with increasing depth.  This mineral is most commonly 

observed within or alongside crystalline basalt fragments as red/brown amorphous material, 

possibly representing smectite with a similar composition to volcanic glasses, such as 

saponite, as well as possible iddingsite from alteration of olivine.  Possible overlap between 

glass 1A and chlorite is also observed from 1,300 m depth downward, however, this appears 

to commonly include a number of other categories including Mg-rich and Fe-rich glass (Figure 

4.4).   

 
Figure 4.3. Example of glass classification from 740 m sample.  Centre of image shows a partially 

palagonised sideromelane fragment where fresh sideromelane is primarily categorised as glass 1B 

while palagonite edges are primarily categorised as glass 1A.   
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The Ca-rich glass category is compositionally similar to glass 1A and 1B, being composed of 

Ca bearing Al silicates, but with lower values or lacking Mg.  Observed areas of Ca-rich glass 

appears similar to glass 1A and 1B, typically forming smaller areas (~<100 µm) within or 

bordering glass 1A or 1B, occurring in both fresh glass and alteration products such as 

palagonite and possible clay minerals.  However, the largest concentrations of Ca-rich glass 

are observed in microcrystalline fragments primarily composed of Ca plagioclase and 

pyroxene, with highest values seen in microcrystalline dominant samples or within samples 

where the cutting size is largely below 500 µm.  The higher values observed with finer crystal 

grain sizes may indicate presence of glass within groundmass of these cuttings, with glass in 

these cuttings being Ca-rich and Mg poor in comparison to glass dominant cuttings.  The 

largest continuous areas of Ca-rich glass observed appear from ~1,300 m depth in association 

with possible epidote.  Categorisation of epidote appears to be predominantly as Ca-rich glass, 

however, areas of glass 1B and Ca Al silicate 1 also commonly compose a portion of the 

associated crystal and this occurrence does not appear to correlate with any significant 

changes in values for Ca-rich glass.  Al-rich glass appears largely as small areas within or 

bordering glass 1A or 1B, however, values are significantly lower than Ca-rich glass with only 

the 70 m sample having a value greater than 1% (1.12%).  The categorisation of Al-rich glass 

may also be affected by sample preparation, where Al oxide abrasives are used during the 

polishing of thin sections potentially contaminating the surface and increasing Al values, 

possibly correlating with increased Al oxide abundance, also likely containing abrasives, with 

the highest values for both occurring above 110 m depth.  Fe-rich glass, which contains similar 

compositions to Ca-rich glass but with higher Fe content, also commonly occurs alongside 

glass 1A and 1B in small areas (~<100 µm), with larger areas appearing to correlate with 

classification of chlorite.  Mg-rich glass, categorised as Al silicate containing both Fe and Mg, 

shows a similar distribution to Fe-rich glass.  However, association with chlorite appears 

greater than that of Fe-rich glass, with large portions of possible chlorite bearing fragments 

being categorised as Mg-rich glass, often alongside glass 1A or 1B (Figure 4.4), with values 

for Mg-rich glass increasing from ~1,000 m depth, appearing to be in association with 

increasing chlorite content.  The compositional criteria used for the identification of Mg-rich 

glass may include certain chlorite compositions, likely accounting for the common association 

with chlorite and similar trends observed between chlorite and Mg-rich glass from 1,000 m 

depth. 
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Figure 4.4. Example of chlorite bearing cutting from 1,360 m sample, including areas of Mg-rich glass, 

glass 1A and relatively small proportion of Fe-rich glass. 

 

4.3. Pyroxene  

Pyroxene being a core component of basalt is commonly observed in thin section and within 

the automated mineralogy data, in which it is split into three categories, clinopyroxene, 

aluminous clinopyroxene and orthopyroxene.  The clinopyroxene category, consisting of Mg 

bearing clinopyroxenes such as augite, is the most commonly identified of the three, with an 

average abundance of 16.4% in all samples, compared to 1.2% for aluminous clinopyroxene 

and 0.7% for orthopyroxene.  Clinopyroxene is typically observed as an anhedral/subhedral, 

microcrystalline to medium-grained crystalline groundmass within basalt fragments, typically 

alongside plagioclase, with ilmenite and olivine also being common components (Figure 4.5).  

The clinopyroxene groundmass typically seen within basalt fragments is most commonly 

observed as being formed of multiple crystals, with poikiolitic textures only observed in a small 

minority of samples (Figure 4.8).   

 
Figure 4.5. Example of fine-grained basalt fragment from 300 m sample. 

Clinopyroxene appears as a groundmass containing Ca plagioclase phenocrysts 

with ilmenite and olivine crystals also present.  
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Aluminous clinopyroxene, where observed within areas identified as pyroxene in thin section, 

typically forms small areas (<100 µm) within or bordering clinopyroxene, possibly indicating 

variation in aluminium content, while larger areas are seen predominantly below 1,400 m, 

appearing in thin sections as brown or green areas typically with relatively low birefringence 

compared to the majority of the clinopyroxene category (Figure 4.6).  The compositional 

criteria for aluminous clinopyroxene may also include amphibole group minerals and Fe or Mg 

rich glass compositions, possibly accounting for some of the larger areas observed and the 

upward trend in abundance with increasing depth from ~1,700 m, however, larger areas 

observed are typically microcrystalline or ultra-fine-grained making accurate identification of 

amphiboles in thin section difficult.  Both clinopyroxene categories are also commonly 

observed within cuttings predominantly identified as chlorite or chlorite associated categories 

such as Mg-rich glass or Fe silicate, with clinopyroxene appearing to representing 

compositional variation in these areas (Figure 4.4).  

 
Figure 4.6. Example of aluminous clinopyroxene dominant cutting from the 1,430 m sample, appearing 

brown in thin section with a texture resembling those observed in cuttings dominated by diagenetic 

glass alteration products.  Identification as aluminous clinopyroxene may suggest the cutting formed 

through alteration of clinopyroxene, however, it is also possible for Fe or Mg rich glass, glass alteration 

products or amphibole minerals to fall within the aluminous clinopyroxene category.  

 

The orthopyroxene category, which includes Mg-rich varieties such as enstatite, is primarily 

observed in association with glass 1A dominant areas or cuttings, appearing brown in thin 

section with textures suggesting formation as alteration products (Figure 4.7a).  Within these 

areas it is unclear whether the orthopyroxene category indicates the presence of altered 

orthopyroxene or whether there is compositional variation within possible glass alteration 

products with a chemistry similar to that of Mg-rich orthopyroxene.  This observation of 

orthopyroxene continues until 1,700 m depth, below which orthopyroxene dominant cuttings 
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are observed appearing yellow or brown in thin section with possible exsolution textures being 

common, with this occurrence appearing to correlate with an increase in values from 2,050 m 

depth (Figure 4.7b).  Similar to occurrence at lower depths, these orthopyroxene dominant 

cuttings are typically partially categorised as glass 1A, as well as containing small inclusions 

of clinopyroxene, with the orthopyroxene category typically being dominant.   

 
Figure 4.7. (a) Example of orthopyroxene category from the 470 m sample, in which orthopyroxene 

appears within a glass 1A dominant cutting. Appearance of cutting in thin section as well as glass 1A 

appear to suggest that the cutting represents a glass alteration product, however, it is not clear in this 

instance whether the orthopyroxene category indicates the presence of altered orthopyroxene or areas 

of glass alteration with a composition similar to Mg-rich orthopyroxene. (b) Orthopyroxene cutting 

observed in 1,740 m sample, categorised as a mix of orthopyroxene, clinopyroxene and glass 1A.    

 

4.4. Olivine  

Olivine crystals are commonly observed within samples above 1,000 m depth, occurring within 

both crystalline basalt and glass fragments, most commonly as anhedral phenocrysts, with 

partially preserved crystal fragments also being common.  Identification of olivine appears 

accurate with no cases of olivine observed in thin section being mis-identified and no observed 

cases of other minerals being categorised as olivine.  Olivine values vary throughout the 

sequence, with highest values observed between 250 m and 420 m, peaking at 26% in the 

390 m sample, with lowest values observed below 920 m, after which values rarely exceed 

0.1%.  The drop in values after 920 m depth possibly indicates a change in magma chemistry 

or that olivine has been replaced by secondary minerals, with possible evidence for 

replacement occurring at depths between 640-920 m in which olivine can be observed 
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alongside brown/red amorphous material, likely representing alteration products such as 

smectite or iddingsite (Figure 4.8).   

 
Figure 4.8. Example of partially replaced olivine from 840 m sample. Olivine is 

observed within poikiolitic clinopyroxene crystal with red/brown replacement 

product being observed at boundary between the two. The replacement product is 

primarily categorised as glass 1A with small areas of Mg-rich glass and Fe silicate 

also being present. 

 

 

4.5. Ilmenite  

The ilmenite category, consisting of Fe Ti oxides, correlates with the appearance of subhedral, 

opaque crystals commonly observed within crystalline basalt fragments in thin section, with 

crystal grain sizes ranging from microcrystalline to fine-grained.  These features appear to 

match expected occurrence of ilmenite and likely indicates a high level of accuracy in 

identification, with values for ilmenite varying between 0.01 and 4.36%, with an average of 

1.32%, where lower values appear to correlate with glass rich samples while higher values 

correlate with a greater abundance of crystalline basalt fragments.  Possible formation of 

titanite as replacement of ilmenite is identified based on the automated mineralogy imagery, 

commonly observed as opaque crystals partially categorised as both groups, while areas of 

titanite without ilmenite often show similar shapes and distribution, possibly having fully 

replaced primary ilmenite (Figure 4.9.).    
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Figure 4.9. Example of possible alteration of Ilmenite into titanite observed within a 

crystalline basalt cutting from the 1,322 m sample, with ilmenite highlighted for clarity.  

Areas of titanite appear to occur around edges of ilmenite identified areas within 

opaque phases viewed in thin section, with inclusions of Ca Al silicate 3 which is 

commonly observed in association with titanite.  Titanite and Ca Al silicate 3 areas 

appear to correlate with reduced atomic number values displayed by brightness 

within the BSE imagery.  

 

4.6. Magnetite/ Fe oxides  

The magnetite category within the automated mineralogy data is categorised based on Fe 

oxide mineral compositions along with titanium bearing Fe oxides such as Ti magnetite which 

is also included within this category.  Exact Fe oxide minerals categorised are not confirmed 

and may include both primary and secondary Fe oxides, however, it would likely include 

magnetite as it is a common accessory mineral within basaltic lithologies.  The average value 

for the magnetite category is 0.27% with the highest value observed being 1.1%, the trend for 

which is relatively consistent with slightly higher values being observed at depths above 1,000 

m.  Few cuttings are observed primarily categorised as magnetite, with those that are 

observed predominantly appearing within samples collected within the upper 500 m of the 

well.  The majority of these magnetite dominant cuttings appear anhedral, however, within the 

310 m sample some areas show straight edges, possibly representing a subhedral or poorly 

preserved euhedral crystal of magnetite though this is not confirmed.  Elsewhere, in 

association with the highest values for magnetite within the 220 m and 230 m samples, ~300-

400 µm magnetite dominant cuttings are observed with Fe silicate and siderite inclusions 

being common, with these cuttings appearing in thin section as being predominantly opaque 

with some red colouration visible near cutting edges.  Below 500 m depth, the largest particles 

assigned to magnetite are predominantly observed within siderite dominant opaque cuttings, 

with the majority appearing between ~900 m and 1,400 m depth, with magnetite areas within 

these cuttings typically forming 100-300 µm sized areas, most likely representing secondary 

Fe oxides forming alongside siderite.  Some association with the ilmenite category is also 

observed within the 1,480 m sample, in which a number of subhedral opaque crystals primarily 
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categorised as ilmenite are partially categorised as magnetite, possibly indicating partial 

replacement of primary ilmenite by secondary Fe oxide minerals, though this observation 

appears limited to this sample.  Outside of these examples, magnetite is typically categorised 

as anhedral areas less than 100 µm in size, often associated with other Fe rich categories 

such as Fe silicate, but with no other commonly associated lithologies are identified.   

 

4.7. Zeolites 

Zeolite group minerals are a common alteration product found in geothermal wells within the 

Hengill area, forming from the alteration of primary glass and plagioclase, with the automated 

mineralogy data showing an average zeolite value of 3%.  Zeolite classification within the 

automated mineralogy data is split into three main categories which includes K-bearing 

zeolites such as chabazite, Ca-rich zeolites such as laumontite and Na-rich zeolites such as 

analcime.  As many zeolite group members have similar chemical compositions, commonly 

hydrous aluminium silicates with varying quantities of calcium, sodium and potassium, 

differentiation between specific phases using automated mineralogy was not possible, 

however, a small number of samples were selected for XRD analysis with identified zeolites 

being shown in Table 4.2.  Of those identified in XRD, a number of phases have substitution 

between Ca, Na and K, such as phillipsite or chabazite, possibly leading to overlap between 

the different zeolite categories (Figure 4.10a), however, as K only occurs within these phases 

it is likely the areas identified as K bearing zeolites are associated with these phases.  Of the 

phases identified in XRD with less variable compositions the majority are likely categorised as 

Ca-rich zeolites, such as scolecite, laumontite and wairakite, whereas only two would likely 

fall within the Na-rich category, those being analcime and thomsonite.  Within the XRD data 

the only zeolites identified from 1,160 m downward are laumontite and wairakite, this appears 

to correlate with an increase in abundance for Ca-rich zeolites within this same range, with 

Ca-rich zeolites above 1,160 m having an average abundance of 0.86% compared to an 

average of 2.69% below that.  Within thin section and automated mineralogy imagery, zeolites 

are most commonly observed forming amygdales, with the majority being observed within 

glass cuttings, as well as being commonly observed within crystalline basalt fragments. In thin 

section the majority of areas categorised as zeolites show similar characteristics, typically 

having cloudy textures with very low interference colours, showing some distinction compared 

to other colourless minerals such as quartz and calcite, however, diagenetic feldspars appear 

to have similar features (Figure 4.10b).  Of the three different classifications, Ca-rich zeolite is 

most abundant with an average value of 1.73%, compared to 0.63% for K-bearing and 0.14% 

for Na-rich.  Possible zeolite crystal forms are observed in cutting samples but are relatively 

rare, while the similarity between different zeolites makes accurate identification difficult, 
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however, it may help narrow down the range of zeolite minerals that may fall into categories 

defined in the automated mineralogy data (Figure 4.10c).  As many zeolites have similar 

chemical compositions to plagioclase, being Na and Ca bearing aluminium silicates, overlap 

with plagioclase is likely and is possibly observed in cuttings and amygdales where both 

groups are observed (Figure 4.2a; Figure 4.10d).  As appearance in thin section of diagenetic 

plagioclase is similar to that of zeolites it is difficult to determine whether any overlap has 

occurred, however, secondary plagioclase within geothermal wells in the Hengill area are 

typically composed of albite-oligoclase (Larsson et al., 2002), possibly suggesting that Ca 

plagioclase categorised within amygdales may represent overlap with Ca-rich zeolites though 

this is not certain.   

 

Table 4.2. Table of zeolite minerals identified through XRD analysis along with the depth of samples in 

which they are found.   

Zeolite 

mineral 

Formula XRD occurrence 

Phillipsite  (K,Na,Ca0.5,Ba0.5)4-7[Al4-7Si12-

9O32] . 12H2O 

580 m, 700 m 

Chabazite (K2,Ca,Na2,Sr,Mg)2[Al2Si4O12]2 

· 12H2O  

580 m, 700 m, 840 m  

Thomsonite  NaCa2[Al5Si5O20] · 6H2O  700 m, 840 m 

Levyne  (Ca,Na2,K2)[Al2Si4O12] · 6H2O 700 m 

Scolecite  CaAl2Si3O10 · 3H2O 840 m 

Analcime NaAlSi2O6 · H2O 840 m 

Stellerite  Ca4(Si28Al8)O72 · 28H2O 840 m 

Laumontite  CaAl2Si4O12 · 4H2O 1160 m 

Wairakite  Ca(Al2Si4O12) · 2H2O 1160 m, 1410 m, 2010 m  
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Figure 4.10. (a) Palagonised glass fragment from the 160 m sample with zeolites 

infilling central areas with both Ca-rich and K-bearing groups being observed. (b) 

Example of zeolites observed in thin section from the 490 m sample. Observed 

forming amygdales within a tachylite fragment with distinct cloudy texture visible. 

(c) Example of amygdale observed in 810 m sample with multiple zeolite crystals 

observed within. Point 1 shows a radiating mass of needle like crystals possibly 

representing zeolites such as scolecite or mesolite, though may also represent 

aragonite. Point 2 appears to show an equidimensional trapezohedron crystal, 

possibly indicating presence of analcime or wairakite. (d) Zeolite bearing fragment 

shown in automated mineralogy imagery from 580 m sample with possible overlap observed between 

Na plagioclase, K-bearing zeolite and Na-rich zeolite categories. May also represent occurrence of 

diagenetic plagioclase alongside zeolites.  

 

4.8. Quartz 

The quartz category within the automated mineralogy data consists of silica minerals such as 

quartz, cristobalite and tridymite, as well as amorphous silica such as opal.  At depths above 

940 m quartz values are typically low, with an average value for this section of 0.1%, with the 

majority of the quartz areas identified being less than 100 µm in size.  The greatest abundance 
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seen in the automated mineralogy data above 940 m is within the 240 m sample, where it is 

observed as <100 µm areas found at the edges of Ca silicate and Ca Al silicate cuttings, 

appearing to be associated with cement added during the drilling process, where quartz is a 

likely additive within the cement (Steingrímsson et al., 1987).  After the 240 m sample, the 

next value to exceed 1% occurs at 940 m with a value of 4.4%, however, two samples are 

provided for this depth with the other sample showing a value of 0.06%, indicating some 

variation in abundance based on sampling.  Below 940 m depth, quartz abundance increases 

but variation is still found, with a range of 0.2% to 25.5% between 950 m to 2,130 m.  This 

variation in abundance may be related to how quartz occurs from 940 m onwards, after which 

quartz is primarily categorised within secondary mineral dominant cuttings, typically alongside 

various secondary mineral associated categories such as Na plagioclase, K-feldspar, biotite, 

chlorite, calcite, titanite and pyrite, with majority of these minerals showing a similar increase 

in abundance with depth from ~1,000 m.  Comparing the areas categorised as quartz with thin 

sections in XPL appears to show areas commonly being composed of multiple crystals, with 

crystal sizes ranging from <100 µm to ~500 µm.  In other samples, quartz categorised areas 

are also observed to have a fibrous texture once viewed in XPL, possibly representing  forms 

of microcrystalline quartz such as chalcedony (Figure 4.11).  As well as secondary minerals, 

quartz dominant cuttings commonly contain euhedral plagioclase crystals, often at least 

partially categorised as Ca plagioclase, likely being remnants of primary plagioclase with 

quartz likely replacing glass groundmass (Figure 4.12a).  Evidence of quartz polymorphs such 

as cristobalite and tridymite are not observed, whereas evidence for quartz is found within the 

XRD data within the 240 m and 1,410 m samples, as well as examples of euhedral crystals 

observed within a small number of cutting samples (Figure 4.12b).   

Figure 4.11. Example of quartz 

dominant cutting in XPL from the 

940 m sample displaying fibrous 

texture. Fibrous texture observed 

likely indicates composition of 

microcrystalline quartz such as 

chalcedony. Other minerals 

observed include calcite 

inclusions, as well as a rim of 

possible palagonite categorised as 

glass 1A. Palagonite rim may 

suggest fragment is formed from 

alteration of glass.  
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Figure 4.12. (a) Example of euhedral plagioclase bearing quartz dominant cutting from 1,450 m sample. 

Plagioclase appears as microcrystalline crystals categorised as both Na and Ca plagioclase, possibly 

being partially replaced primary Ca plagioclase. Other compositional groups observed include K-

feldspar, titanite, biotite, calcite, Fe silicate and clinopyroxene. (b) Cluster of euhedral quartz crystals 

observed in 1,510 m sample. Identified as quartz based on hexagonal shape, vitreous lustre and high 

transparency. Base of crystal cluster appears convex, possibly indicating that it represents a partially 

preserved amygdale.  

 

4.9. K-feldspar  

The K-feldspar category includes potassium bearing aluminium silicates, with possible 

compositions included matching those expected for K-feldspars such as microcline and 

orthoclase.  K-feldspar abundance appears to show a moderate positive correlation with Na 

plagioclase (Figure 4.13), with a similar increase in abundance occurring from 1,050 m depth 

onward, however, K-feldspar values appear lower than Na plagioclase, not exceeding them in 

any sample.  Above 1,050 m K-feldspar has an average value in automated mineralogy data 

of 0.18%, compared to 1.34% below 1,050 m, with the highest value observed being 0.97% 

within the 440 m sample.  Higher abundance above 1,050 m appear to be predominantly 

associated with microcrystalline basalt dominant samples, in which K-feldspar categorised 
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areas are typically less than 100 µm in size.   From 1,050 m depth onward, K-feldspar within 

the automated mineralogy imagery appears similar to Na plagioclase, with highest 

abundances occurring in quartz dominant cuttings and minor amounts observed as portion of 

euhedral plagioclase alongside Na plagioclase.  Confirming accuracy of boundaries between 

Na plagioclase and K-feldspars is difficult due to similar characteristics observed, as well as 

both categorised areas commonly being formed of multiple crystals when observed in XPL.  

K-feldspar dominant cuttings observed in thin section largely appear accurate, with the 

majority being colourless with low relief and low interference colours (Figure 4.14), however, 

twinning patterns indicative of K-feldspar do not appear present, similar to observations for 

diagenetic Na plagioclase.  Occurrence of K-feldspar within amygdales and increase in value 

with depth would appear to suggest that occurrence is predominantly diagenetic, likely in 

association with diagenetic Na plagioclase, quartz and chlorite.  

 
Figure 4.13. Scatter plot of K-feldspar values versus Na plagioclase values for each sample with 

trendline. The trajectory of the trendline and the R2 value of 0.5681 would suggest a positive correlation 

with moderate variability. Also visible is the difference in abundance with the sample with the highest 

values for both categories contains 22.6% Na plagioclase compared to 5.6% K-feldspar.  

 

 

 

R² = 0.5681

0.00

5.00

10.00

15.00

20.00

25.00

30.00

0.00 1.00 2.00 3.00 4.00 5.00 6.00

N
a 

P
la

gi
o

cl
as

e 
(%

)

K Feldspar (%)



40 
 

 
Figure 4.14. K-feldspar dominant cutting from 1,492 m sample. Well-rounded shape of cutting and 

chlorite rim may indicate formation as an amygdale with possible alteration sequence of chlorite > Na 

plagioclase > K-feldspar. 

 

4.10. Calcite  

The calcite category contains calcium carbonate minerals including calcite and aragonite, with 

Fe, Mg and Mn bearing varieties also included within this classification.  In comparison with 

thin sections, classification of calcite appears accurate in the majority of samples, being 

differentiated from other colourless minerals such as zeolites, quartz and plagioclase by 

occurrence of high order interference colours.  Calcite is typically observed within samples as 

cements within amygdales, either still preserved within the host lithology or as well-rounded 

fragments, as well as less commonly observed vesicle or fracture linings.  Calcite is also 

observed within glass cuttings as a possible replacement product of glass, with another 

possibility being calcite forming a secondary cement connecting fractured or partially dissolved 

glass (Figure 4.15).  However, the highest abundance for calcite is seen within the 80 m 

sample, with an abundance of 12.39%, where it appears in association with cuttings primarily 

composed of Ca silicate and Ca Al silicates, derived from cement added during the drilling 

process (Steingrímsson et al., 1987).   XRD analysis completed on these and similar cuttings 

from the 240 m sample reveals calcium carbonate in the form of three minerals, calcite, 

aragonite and vaterite, with vaterite appearing dominant based on semi-quantitative analysis.  

Identification of vaterite is unusual as it is a relatively uncommon mineral, however, it does 

appear as a scaling mineral in association with geothermal production in Iceland 

(Gunnlaugsson 2012), as well as commonly occurring within concrete (Poole and Smalls, 

2016).  Other than the 80 m sample, the automated mineralogy abundance range for calcite 

is between 0.05% and 4.84%, with an average of 1% with little variation in trend.  
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Figure 4.15. Glass and calcite cutting observed in 640 m sample, where calcite appears to be either 

replacing partially dissolved glass or acting as cement for separate glass fragments.  

 

4.11. Ca silicates  

Where Ca silicates are identified which do not fall within previously described compositional 

groupings, five separate categories are used with the following titles, Ca silicate, Ca Al silicate 

1, Ca Al silicate 2, Ca Al silicate 3 and Ca Al P silicate.  Compositional description of these 

categories is as follows:  

• Ca silicate – Ca rich silicates where Ca content is greater than Si  

• Ca Al silicate 1 – Ca rich Al silicates containing small quantities of Mg and low Fe 

content  

• Ca Al silicate 2 – Si poor Ca silicate, contains trace amounts of Mg and Fe  

• Ca Al silicate 3 – Ca bearing Al silicate where Ca content is moderate to low and Fe 

content is variable  

• Ca Al P silicate – Ca rich Al silicate containing minor quantities of P 

Within the 70 m, 80 m and 240 m samples, white aggregates observed in the cuttings appear 

to correlate with fragments observed in the automated mineralogy imagery as being composed 

of a mix of Ca silicate categories and calcite, with the highest abundances for Ca silicate (80 

m, 28.16%), Ca Al silicate 1 (80 m, 10.62%) and Ca Al silicate 2 (240 m, 3.9%) all being 

observed in association with these samples (Figure 4.16).  These cuttings are most likely 

related to Ca silicate cements added during the drilling process, with cement added at 67 m 

for the shoe of the surface casing and at 220 m to prevent losses (Steingrímsson et al., 1987).  

Possible evidence for these cuttings being associated with cement comes from XRD analysis 

for the 240 m sample, in which the mineral hatrurite is identified, likely as a hydration product 

within cement (Chi and Huang, 2012).  Other than these samples, Ca silicate and Ca Al silicate 

2 do not exceed abundances of 1%, with average values excluding these samples of 0.05% 

for Ca silicate and 0.03% for Ca Al silicate 2, only occurring as small (<100 µm) sized areas 

in association with other Ca bearing categories such as glass, plagioclase and calcite.  
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Figure 4.16. Comparison of Ca silicate dominant cutting from the 240 m sample between thin section, 

automated mineralogy data and example of cuttings associated with high Ca silicate values. The 

automated mineralogy imagery appears to show Ca silicate being dominant at the centre of the cutting 

with Ca Al silicates appearing more dominant at outer part of cutting.  Calcite and quartz inclusions 

appear to match XRD data, with calcite occurring alongside other calcium carbonates including 

aragonite and vaterite.  

 

Ca Al silicate 1 shows a similar distribution to Ca silicate and Ca Al silicate 2, with abundance 

occasionally exceeding 1%, up until 1,340 m after which point values regularly exceed 1-2% 

and reaching as high as 7.66% within the 1,860 m sample.  Comparison between thin sections 

and automated mineralogy imagery from 1,340 m onward shows Ca Al silicate 1 being 

categorised as multiple different minerals, categorising both entire mineral areas and partially 

categorising minerals alongside other compositional groups.  The majority of cuttings fully 

categorised as Ca Al silicate 1 appear to be prehnite, based on comparison with thin sections, 

likely accounting for a large portion of Ca Al silicate 1 abundance from 1,340 m onward, with 

prehnite also being identified within the XRD results for the 1,860 m sample (Figure 4.17a).  

The composition of prehnite does not fully match that expected for Ca Al silicate 1, lacking 

both Mg and Fe, however, as expected values are low these may be present in the form of 

impurities.  Observed crystals of possible epidote in thin section are shown in the automated 
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mineralogy imagery as being partially categorised as Ca Al silicate 1, typically alongside glass 

categories with Ca-rich glass and glass 1B being most common (Figure 4.17b).  From the 

1,880 m sample onward, Ca Al silicate 1 is also observed within possibly altered pyroxene 

cuttings, with birefringence suggesting alteration into either epidote or actinolite, with Ca Al 

silicate 1 being dominant compared to glass categories associated with epidote at lower 

depths (Figure 4.18).   

 
Figure 4.17. (a) Example of possible prehnite cutting categorised as Ca Al silicate 1 from the 1,440 m 

sample as both XPL thin section image and automated mineralogy imagery. (b) XPL and automated 

mineralogy image of possible epidote cutting observed in the 1,620 m sample, categorised primarily as 

Ca-rich glass, along with glass 1B and Ca Al silicate 1.   
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Figure 4.18. Example of possible epidote or actinolite bearing cutting from the 

2,040 m sample. Presence of epidote or actinolite alongside pyroxene 

identification may suggest formation from replacement of pyroxene. Other 

secondary minerals such as titanite and chlorite also appears present within 

groundmass.  

 

 

 

Ca Al silicate 3 values are found to vary between 0.19% and 3.1%, with an average of 0.84%, 

with the majority of this phase associated with small (<100 µm) areas within glass (Figure 

4.15), glass alteration products, Ca plagioclase and titanite (Figure 4.9).  Only observed areas 

greater than 100 µm in size are found in the 240 m sample within cement cuttings, as well as 

alongside a spike in abundance in the 1,528 m and 1,582 m samples, appearing in thin section 

as an amorphous grey/brown mineral possibly representing an unknown clay mineral or other 

diagenetic mineral.  Ca Al P silicate values are low compared to other Ca silicate categories, 

with a maximum value of 0.51% and an average of 0.16%, not being observed in imagery in 

any significant concentration or in association with a particular mineral.  The identification of 

Ca Al P silicate may therefore represent phosphorous impurities within Ca silicate minerals 

such as plagioclase or zeolites, as well as showing areas of volcanic glass with higher 

abundances of phosphorous.   

 

4.12. Chlorite  

Identification of the chlorite compositional group within the automated mineralogy data is 

based on the presence of phases with compositions similar to Fe and Mg rich chlorite group 

minerals, primarily chamosite and clinochlore, with other compositions possibly falling within 

the Mg-rich glass and Fe silicate compositional groups.  The chlorite group initially shows low 

abundances within samples collected at shallower depths, with abundances above 1,060 m 

having an average value of 0.09%, however, from 1,060 m depth onward an increase in 

abundance appears producing an average of 1.18% with numerous spikes, reaching as high 
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as 7.67%.   Chlorite dominant areas in thin section are most commonly observed as brown-

yellow fibrous or granular cuttings, often with mild birefringence, typically also containing small 

areas of Mg-rich glass or Fe silicate (Figure 4.19).  Other occurrences include heterogenous 

green cuttings, typically varying from dark to light green, however, inclusions of other mineral 

categories within these areas is common with glass 1A and clinopyroxene both being 

commonly observed, possibly reflecting compositional variation within the cutting or presence 

of other phases not easily observed in thin section (Figure 4.4).   Occurrence of the chlorite 

group in thin section is varied, appearing as chlorite dominant cuttings or within areas of 

crystalline basalt and cuttings predominantly composed of other diagenetic phases such as 

quartz, K-feldspar or Na plagioclase, with spikes in abundance typically correlating with the 

presence of chlorite dominant cuttings.  The chlorite group is identified in samples above 1,060 

m, however, this is largely observed as a small number of areas >100 µm in size, typically 

within areas categorised as glass in association with crystalline cuttings, possibly representing 

olivine alteration products.    

 
Figure 4.19. Chlorite dominant cutting from the 1,370 m sample, predominantly 

identified as chlorite with small areas of Mg-rich glass and Fe silicate. The chlorite 

group being dominant is relatively uncommon within chlorite bearing cuttings, with the 

chlorite group typically correlating with brown homogenous chlorite as seen in thin 

section image.  

 

4.13. Titanite  

Titanite or sphene is a calcium titanium silicate, with phases matching this chemistry falling 

within the titanite group within the automated mineralogy dataset.  Within the data for titanite 

there is a clear change in trend at ~1,000 m depth, where the average abundance changes 

from 0.01% at depths less than 1,000 m to 1.76% at greater depths.  The shallowest sample 

found with a value greater than 1% is within the 1,060 m sample with a value of 1.57%, with 

areas categorised as titanite being observed primarily as <100 µm areas within brown 

amorphous mineral cuttings categorised as glass 1A and 1B, likely representing diagenetic 
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phases such as palagonite or unknown clay minerals.  Areas identified as titanite greater than 

100 µm in size are found from 1,100 m downward, often in association with small areas of Ca 

Al silicate 3, typically being observed in thin section as anhedral or subhedral opaque crystals 

with occasional brown discoloured areas in the surrounding area (Figure 4.20).  Being opaque 

the observed crystals do not match common descriptions for titanite, typically described as 

brown transparent crystals with strong birefringence, however, automated mineralogy data 

would suggest a composition similar to titanite, with occurrence of brown discoloured areas 

around crystals possibly representing pleochroic halos which is commonly associated with 

titanite.  The size and shape of areas identified as titanite appear to match similar occurrences 

observed with ilmenite, with opaque areas occasionally having both groups present, possibly 

suggesting titanite occurring as a replacement of primary ilmenite (Figure 4.9).   

 
 

 

 

 

 

Figure 4.20. Example of 

titanite group from the 1,190 

m sample, in which titanite 

appears to correlate with 

location of opaque subhedral 

crystals. Opaque crystals 

appear to show brown 

discolouration in surrounding 

groundmass, possibly 

indication of pleochroic halos 

commonly found in 

association with titanite.   
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4.14. Fe silicate  

Similar to the Ca silicate groups, the Fe silicate compositional group is described as a 

simplified chemical composition rather than attempting to identify any specific mineral or group 

of minerals, with compositions ranging from Fe-rich silicates to Fe Al silicates.  In comparison 

with the automated mineralogy imagery and thin sections, it is found that the mineral most 

commonly associated with the identification of Fe silicate is chlorite, typically as comparatively 

small areas within or alongside chlorite, however, an example of an Fe silicate and glass 1A 

dominant area is observed within the 1,528 m sample, with thin section properties most closely 

resembling chlorite (Figure 4.21).  The trend of Fe silicate values is similar to those of other 

categories heavily associated with the presence of chlorite, such as the chlorite and Mg-rich 

glass compositional groups, with abundance increasing with depth from ~1,000 m, however, 

values are comparatively lower with an average value of 0.5% and a maximum value observed 

of 2.24% within the 1,450 m sample.  Above 1,000 m depth some samples do exceed the 

average abundance of 0.5%, with the highest value in this range found in the 220 m sample 

(0.72%), though this appears as small (<100 µm) areas around the edges of pyroxene crystals, 

possibly from compositional variation within pyroxene.  Other occurrences of Fe silicate 

observed include areas of glass, predominantly tachylite, as well as small areas of possible 

oxide cuttings primarily categorised as magnetite, however, these occurrences form a smaller 

portion of overall Fe silicate abundance than samples associated with chlorite.   

 
Figure 4.21. Example of Fe silicate area from the 1,528 m sample, in which 

Fe silicate areas correlate with green mineral observed in thin section likely 

representing chlorite. The green mineral area observed in thin section also 

correlates with numerous areas of glass 1A, as well as a smaller quantity of 

magnetite, Mg-rich glass and Ca-rich glass. Titanite observed in automated 

mineralogy imagery appears distinct from other categories due to presence 

of opaque crystals in correlation with its occurrence.   
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4.15. Biotite/ K-rich altered glass 

The biotite/K-rich altered glass compositional group identifies areas of samples where 

chemical compositions matching those expected of biotite are found, those being K 

bearing Al silicates with varying quantities of Fe and Mg.  The values for biotite/K-rich 

altered glass show a similar trend to categories such as quartz, K-feldspar and chlorite, 

where abundance appears highest below 1,000 m depth, however, this increase in 

abundance is not consistent and predominantly occurs as individual spikes, with the 

highest abundance observed being 6.05% compared to the average below 1,000 m of 

0.6%.  Above 1,000 m this phase is predominantly observed within the automated 

mineralogy imagery as areas <100 µm in size, often in association with glass and glass 

alteration products, likely representing K-rich compositions of both.  Observation of 

this category in association with spikes in abundance below 1,000 m depth is varied 

in regard to both associated mineral categories and appearance in thin section, with 

the most common appearance being alongside glass categories such as glass 1A, Fe-

rich and Mg-rich glass, typically appearing yellow brown in thin section with mild 

birefringence and no clearly defined crystals observed.  Cuttings associated with 

higher concentrations of this category commonly include diagenetic mineral categories 

such as quartz, Na plagioclase and K-feldspar, with areas identified as biotite within 

these cuttings typically correlating with areas with a darker coloration (grey-brown) 

though no clear crystal boundaries are observed.  Association is also observed with 

the chlorite group and other chlorite associated categories such as Mg-rich glass and 

Fe silicate, possibly representing replacement of K-rich glass by chlorite where glass 

is not fully replaced.  Within the 1,260 m sample a ~500-750 µm sized continuous area 

assigned to this category is observed within an otherwise primary crystalline cutting, 

observed in thin section as a yellow mineral with a lath like crystal habit, as well as 

some mild birefringence observed in XPL (Figure 4.22).  This occurrence is the only 

area included in the biotite/K-rich altered glass category observed with a clearly visible 

crystalline structure, however, it is unclear whether it represents biotite or an unknown 

mineral phase, possibly formed from the alteration of K-rich glass.  As distinct biotite 

crystals are not observed in thin section in association with this category it is therefore 

likely that the bulk of this compositional group represents a different phase, likely 

alteration products formed from K-rich glass, although a specific mineral phase is not 

identified.  
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Figure 4.22. Example of the biotite/K-rich altered 

glass compositional group within a crystalline 

cutting from the  1,260 m sample. The areas of this 

cutting identified as biotite appear in thin section 

as a yellow mineral made up of lath like crystals 

which show mild birefringence in XPL. The biotite 

areas contain multiple inclusions of other 

categories, with Mg-rich glass and Fe silicate 

appearing most common, with K-feldspar found at 

outer boundaries.  Inclusion of biotite may indicate 

that this cutting may have formed from a diorite 

inclusion, however, as the only observed example 

this appears unlikely.  

 

 

 

 

 

 

 

 

4.16. Siderite  

The siderite compositional group contains Fe and Mn bearing carbonate minerals which 

includes siderite, as well as other possible phases such as ankerite and rhodochrosite.  

Abundance of siderite is relatively low but consistent, with an average abundance of 0.6% with 

a range of 0.4% to 1.8%, however, an increase in average abundance is observed between 

~900 m and ~1,400 m depth with values commonly exceeding 1% in this range.  Within the 

majority of samples the siderite group is observed as <100 µm areas, often associated with 

the glass 1A compositional group though typically widely distributed, however, siderite 

dominant cuttings are observed in a number of samples with appearance in thin section and 
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associated categories varying with depth.  Between 200 and 250 m depth, siderite dominant 

cuttings are observed in thin section as brown/yellow amorphous cuttings, typically including 

numerous areas of spinel, with one cutting being observed with concentric growth patterns 

possibly suggesting variation in pore fluid chemistry during formation (Figure 4.23).  Moving 

down the section the next depth with significant sized areas of siderite identified occurs within 

the 430 m sample, in which siderite identified areas take on multiple forms in thin section, 

occurring as colourless, yellow and opaque cuttings.   Where observed within the colourless 

cutting, siderite occurs alongside calcite with both areas showing similar properties, making 

boundaries difficult to determine in thin section, sequence of mineral precipitation is also 

difficult to determine as both areas contain inclusions of the other category (Figure 4.24a).  

The yellow cutting observed appears as a mix of siderite, calcite, dolomite and Ca plagioclase 

groups as well as other minor constituents, with Ca plagioclase appearing to correlate with 

colourless phases within the cutting (Figure 4.24b).  Similar to the colourless cutting observed, 

the yellow cutting has a complex relationship between the three carbonate categories, with all 

three showing similar properties in thin section, and may have formed through multiple stages 

of variation in pore fluid chemistry.  The opaque cutting observed within the sample is primarily 

identified as siderite with multiple inclusions of magnetite, the majority of which is <100 µm in 

size, likely representing diagenetic Fe oxide minerals coprecipitating with siderite.  Siderite 

dominant cuttings below 430 m depth typically match the description of the opaque cutting 

observed, with majority appearing to be observed between 900 m and 1,400 m, though still 

observed up to 1,780 m depth.   

 
Figure 4.23. Siderite cutting observed within the 210 m sample showing brown 
colouration in thin section along with a concentric growth pattern. Siderite area also 
sees multiple inclusions of spinel, though these areas do not appear distinct in thin 
section or within the BSE imagery and may represent finer inclusions within siderite. 
Concentric growth likely indicates variation in pore fluid chemistry during siderite 
precipitation.  
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Figure 4.24. (a) Example of 

siderite and calcite compositional 

groups within the 430 m sample. 

Both areas show similar properties 

in thin section as well as both 

containing inclusions of the other, 

making a determination of the 

sequence of precipitation difficult. 

Differentiation in automated 

mineralogy imagery may reflect 

variation in Fe content during 

precipitation. (b) Complex 

carbonate cutting observed within 

the 430 m sample containing 

siderite, calcite and dolomite 

compositional groups.  Inclusions 

of Ca plagioclase, clinopyroxene 

and ilmenite may suggest cutting 

formed as replacement of primary 

lithology, likely replacing glass. 

Similar to image A, the relationship 

between carbonate categories 

makes determination of 

precipitation difficult to assess.  

 

4.17. Pyrite 

Pyrite is a commonly described secondary mineral within Icelandic geothermal systems and 

is easily identifiable within the cutting samples analysed, commonly observed as singular 

euhedral crystals or as clusters of subhedral/anhedral crystals.  The pyrite compositional 

group includes Fe sulphides such as pyrite, pyrrhotite and marcasite, however, the majority of 

euhedral areas show cubic forms matching expected crystal habit of pyrite, though pyrrhotite 

and marcasite may still be present.  The average abundance for the pyrite group is 0.12% with 

a noticeable change in trend at ~990 m, above which an average abundance of 0.01% is 

observed with a maximum observed value of 0.06%, while below this depth an average of 

0.21% is found with a maximum value of 1.41%.  The change in trend is characterised by 

numerous spikes in abundance, commonly more than double the average value of 0.21%, 

possibly reflecting the uneven distribution of pyrite observed in cutting samples, often 

concentrated within a small number of cuttings which may possibly affect sampling.  In 
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comparison between areas identified as pyrite and the analysed thin sections, pyrite is 

observed as opaque crystals, likely indicating a high degree of accuracy in identification.  

 

4.18. Kaolinite  

The kaolinite compositional group is based on the presence of aluminium silicates such as 

kaolinite but may also include possible Al silicate compositions of glass.  Abundance for the 

kaolinite category is typically low, with an average abundance of 0.27% and maximum value 

found of 1.29%, appearing to reflect observations within the automated mineralogy imagery in 

which kaolinite is most commonly observed as areas <100 µm in size.  The distribution of 

values for kaolinite appears to be split into three different depth intervals with relatively high 

abundance observed between 70 m and ~540 m depth (average 0.38%), relatively low values 

from ~550 m to ~1,590 m (average 0.17%) and a second area of relatively high values from 

~1,600 m to 2,130 m (average 0.35%).  Within the 70 m to ~540 m interval kaolinite often 

appears widely distributed across sample areas, with some association appearing to be 

observed with glass alteration products, primarily identified as glass 1A, and to a lesser extent 

Fe-rich categories such as siderite, however, possible association with glass 1A observed in 

the automated mineralogy imagery is not clear as increased abundance for glass 1A does not 

appear to correlate with increases in kaolinite.  The interval between ~550 m and ~1,590 m 

appears to show some similar associations between kaolinite and other categories, with 

samples containing higher abundances appearing to have greater concentrations in 

association with glass 1A, along with common occurrences observed alongside glass 1B, 

though identified areas are still widely distributed  within samples at these depths.  Within the 

interval observed from ~1,600 m depth, higher values are largely observed in isolated spikes 

in abundance in a small number of samples, with occurrence within these samples appearing 

to correlate with categories containing possible diagenetic mineral phases.  An example of 

this is observed within the 1,660 m sample, in which a relatively high abundance of kaolinite 

is observed within a cutting predominantly identified as Na plagioclase, alongside quartz, 

chlorite, glass 1A, Mg-rich glass and other predominantly diagenetic categories.  Comparison 

between the automated mineralogy imagery and thin section for this cutting appears to show 

areas associated with kaolinite as being largely green/brown in colour, however, appearance 

in thin section is likely affected by inclusion of other minerals such as chlorite.   
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4.19. Illite  

The identification of the illite compositional group is based on the occurrence of potassium 

bearing silicates such as illite, but may also include mica group minerals such as muscovite 

or sericite.  The illite category shows similar characteristics to the kaolinite category, having 

relatively low abundances with an average of 0.12% with only one sample exceeding 1% 

(1,468 m, 1.17%), as well as areas categorised being predominantly below 100 µm in size.  

Similar again to the kaolinite category, illite values do not show a single increase or decrease 

in value and instead show multiple intervals in which the values vary.  The first two intervals 

observed consist of the 70 m to ~440 m interval, with an average abundance of 0.14%, and 

the ~450 m to ~990 m interval, having an average abundance of 0.05%, with illite appearing 

within the automated mineralogy imagery primarily in association with basalt cuttings and Ca 

plagioclase, with abundance appearing to increase with finer crystal grain sizes though this 

relationship is not clear.  The next observable interval appears to be between ~1,000 m and 

~1,610 m depth, appearing to show a gradual increase in abundance with an average value 

for this interval being 0.28%.  Within the ~1,000 m to ~1,610 m interval the appearance of illite 

appears to change from the previous two intervals, with occurrence now being predominantly 

in association with Na plagioclase, though occurrence is often varied and may be associated 

with multiple categories and lithologies within a single sample.  Association observed with Na 

plagioclase may still be related to association with Ca plagioclase at lower depths, as Na 

plagioclase areas may represent alteration of Ca plagioclase, including possible 

pseudomorphs, with increased illite values possibly being related to this change in alteration.  

The lowest interval observed, between 1,620 m and 2,130 m depth, shows a sharp decrease 

in abundance with the average value falling below 0.01%, possibly reflecting a significant 

change in alteration of illite or related mineral phases.  The reason for this change is not known 

though it is likely related to a change in alteration, either of plagioclase or further alteration of 

illite.    

 

4.20. Dolomite  

Of the three carbonate mineral categories, dolomite shows the lowest abundance with an 

average of just 0.002%, with the highest abundance being observed in a small number of 

spikes above 500 m depth.  The identification of dolomite is based on the presence of calcium 

magnesium carbonate phases such as dolomite as well as iron bearing varieties such as 

ferroan dolomite.  Within the imagery of samples in which relatively high dolomite values are 

observed there appears to be two main associations, one with Ca silicate dominant cement 

cuttings, while the second is with other carbonate mineral groups such as calcite and siderite.  

Association with Ca silicate dominant cement cuttings is observed within the 80 m and 240 m 
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sample as <100 µm sized areas distributed throughout the cement cuttings, possibly 

associated with calcite and other carbonates detected within the XRD data.  Association with 

carbonate dominant cuttings is observed within spikes in the 330 m and 430 m samples, with 

the 330 m sample associated with a calcite dominant cutting as small <100 µm sized areas at 

the edge of the cutting, possibly forming as different phases of carbonate precipitation.  The 

430 m sample shows the largest single area of dolomite observed, approximately ~300-400 

µm in size, within a siderite and calcite dominant cutting with carbonate areas appearing yellow 

in thin section (Figure 4.24b).  The 430 m sample is the last sample with a significant spike in 

abundance, with no samples below this depth exceeding 0.01%, likely representing a change 

in the alteration of dolomite at higher temperatures.  

 

4.21. Serpentine  

The serpentine category identifies mineral phases composed of Mg silicates, likely containing 

the serpentine mineral or if present talc, producing an average abundance of 0.01% with the 

highest value observed being 0.41%.  Within the majority of samples exceeding 0.01%, 

serpentine is observed in association with olivine, primarily as <100 µm sized areas often 

concentrated near fractures or crystal edges, with values for serpentine appearing to correlate 

with olivine, including a similar spike in value within the 390 m sample in which a significant 

portion of the section is composed of olivine phenocrysts.  Similar to olivine, serpentine is also 

primarily observed above 1,000 m depth with values rarely exceeding 0.01% below this, 

however, a slight increase in abundance is observed from 2,070 m onward, appearing in 

association with both olivine and orthopyroxene.  Association with both olivine and 

orthopyroxene categories which are both composed of Mg rich minerals would likely indicate 

serpentine is forming as an alteration product of these minerals though in relatively low 

quantities.   

 

4.22. Chromite 

Chromite is categorised based on the presence of Cr bearing oxide minerals, likely containing 

spinel subgroup member minerals such as chromite.  Chromite abundance is relatively low 

with the highest abundance observed being 0.1% with an average of 0.01%, the highest 

values being concentrated between 250-400 m depth.  The higher values observed at these 

depths appear to correlate with largely unaltered lithologies, with the highest values correlating 

with samples where phenocryst-rich glass cuttings appear dominant and where palagonite 

and corresponding glass 1A values appear lower.  Where observed in the automated 

mineralogy imagery chromite is typically observed as small singular crystals up to 300 µm in 
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size, most commonly appearing as opaque subhedral crystals in thin section with a possible 

euhedral chromite crystal observed within the 360 m sample (Figure 4.25).  Below 400 m 

values for chromite rarely exceed 0.01%, however, spikes exceeding this are observed 

starting at 1,528 m depth, appearing to correlate with increasing values for primary mineral 

categories such as Ca plagioclase and clinopyroxene, though occurrence is observed within 

both crystalline basalt cuttings and diagenetic cuttings primarily categorised as glass 1A.  

Association with primary minerals and fresh glass possibly indicates chromite is poorly 

preserved during alteration of primary lithologies, with lack of occurrence in shallow palagonite 

dominant samples possibly indicating alteration of chromite in association with relatively low 

enthalpy hydrothermal fluid.  

 
Figure 4.25. Example of euhedral chromite crystal found within the 360 m sample along with 2 other 

subhedral crystals, observed in thin section as opaque crystals within olivine bearing sideromelane 

fragment.   

 

4.23. Spinel  

The spinel category is identified based on the presence of Mg and Fe bearing aluminium 

oxides, including minerals such as spinel and hercynite, values for which are relatively low 

with an average observed abundance of 0.01% with highest abundances primarily observed 

between 200 and 280 m depth.  The automated mineralogy imagery for these depths appears 

to show spinel predominantly occurring as numerous <100 µm sized areas within siderite 

dominant cuttings, appearing in thin section as yellow brown cuttings with some showing 

concentric growth patterns (Figure 4.23).  Spinel identified areas within these cuttings are 

anhedral and do not appear to correlate with any change in optical properties within the 

cuttings, possibly indicating the presence as finely intermixed crystals of spinel or hercynite 

within the otherwise siderite cutting, possibly formed through process of coprecipitation.  

Throughout the rest of the section spinel values rarely exceed 0.01%, typically observed in 

imagery as <100 µm sized areas widely distributed throughout cuttings with no obvious 
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lithological associations.  Possible associations with other compositional groups are observed, 

primarily with Fe silicate, glass 1A and titanite, however, the relatively small areas observed 

within these associations makes any link between categories difficult to determine.    

 

4.24. Apatite  

The apatite category contains calcium phosphate phases, with an average abundance 

throughout the section of 0.1% with the highest observed abundance being 0.38%.  Trends 

for apatite are not easily identified, though an increase in values is observed between ~1,000 

m and ~1,700 m depth, possibly correlating with increases in diagenetic phases such as Na 

plagioclase.  Despite the increase in abundance at these depths, no obvious associated 

lithologies or categories appear within these samples, with the occurrence of apatite typically 

forming <100 µm sized areas widely distributed throughout different cuttings.  This distribution 

appears similar throughout the rest of the section, however, between ~120 m-230 m greater 

concentrations of apatite are observed in association with samples with high glass 1A values.  

Concentrations within glass 1A rich samples still appear as ~<100 µm sized areas, however, 

these often appear within or bordering areas of Ca Al P silicate, possibly representing apatite 

bearing glass or palagonite.  Concentrations of apatite and Ca Al P silicate within these 

samples often occur at the outer edges of vesicles, likely indicating that apatite occurs as a 

diagenetic mineral at these depths, however, this is less clear throughout the rest of the 

section.   

 

4.25. Al oxides 

The majority of values for Al oxides are below 1%, with an average abundance of 0.16%, 

however, values exceeding 1% are observed within the uppermost samples from 70 m to 100 

m, after which there is a sharp decline with values rarely exceeding 0.5% throughout the rest 

of the well.  The highest abundance for Al oxides is found within the 80 m sample, being 

observed within the automated mineralogy imagery as particles up to 200 µm in size, largely 

found in areas between cuttings, with areas within cuttings being predominantly observed 

within or around unfilled vesicles.  Identification of this category is based on the presence of 

aluminium oxides with similar compositions to the mineral corundum, however, aluminium 

oxides may be used during thin section manufacturing as an abrasive and may account for 

distribution observed within the 80 m sample.  Similar occurrence of Al oxides are observed 

throughout the rest of the section, however, below 100 m depth the quantity of particles outside 

of cutting areas is significantly lower and the size of these areas is predominantly <100 µm in 

size.  Areas within the cuttings themselves are also observed throughout the rest of the 
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section, though similarly observed as <100 µm sized areas with no obvious lithological 

associations or any association with other categories observed.  Due to the small size of 

categorised areas and lack of other data, it is difficult to determine whether the data for Al 

oxides reflects minerals such as corundum or possible aluminium oxide abrasives, though the 

distribution of categorised areas and the spike in values relating to samples within the same 

thin section appear to suggest the latter.  

 

4.26. Other  

Where an area of a sample contains a composition not found within any of the previously 

described categories it is instead included within the “other category”.  The occurrence of such 

compositions throughout the section are relatively low with an average abundance of 0.01%, 

with only two examples exceeding 0.05% including the highest value of 0.37%.  Occurrence 

within the 70 m sample is observed throughout the sample, primarily within unfilled vesicles of 

glass cuttings which make up the majority of areas, with other occurrences viewed within Ca 

silicate dominant cuttings, as well as a small number of 100-200 µm sized areas outside of 

cuttings.  The small size of these areas makes optical identification of possible phases 

represented within this sample difficult, not being easily differentiated from surrounding glass, 

possibly representing variation in glass composition, possible cement inclusions signalled by 

high abundance of Ca silicate or other possible contaminants.  Outside of the 70 m sample, 

the other category is predominantly observed as small areas typically <100 µm in size widely 

distributed throughout samples, with no obvious mineralogical or lithological associations 

observed, possibly relating to small variations in readings such as those that may occur at 

phase boundaries.  The only other notable occurrence of the other category is observed within 

the 320 m sample, where a relatively high concentration of <100 µm sized areas are identified 

alongside a variety of other compositional groups, predominantly Fe rich groups such as 

siderite, pyrite, magnetite and Fe/Mg rich glasses.  This appears in thin section as a 2-3 mm 

sized opaque area, of which only a small portion is visible within the automated mineralogy or 

BSE imagery, possibly representing an unknown Fe oxide aggregate with variable 

composition or an unknown contaminant to the sample (Figure 4.26).   
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Figure 4.26. Area observed within the 360 m sample with relatively high abundance of 

the other compositional group in association with Fe-rich groups such as Mg-rich glass, 

siderite, pyrite and magnetite. Associated area appears opaque in thin section, 

however, only a portion of this opaque area is visible within the automated mineralogy 

or BSE imagery. Identification of the other group appears to be concentrated in the 

larger area alongside abundant Mg-rich glass and siderite.  

 

 

5. Determining alteration zones 
 

Within Icelandic geothermal fields, alteration zones are often used in order to describe the 

alteration minerals and processes occurring at different depths, with the most commonly 

described zones being the smectite-zeolite zone, the mixed layer clay zone (MLC), the 

chlorite-epidote zone and the epidote-actinolite zone (Kristmannsdóttir,1979).  Identification of 

these different alteration zones also gives an indication of the geothermal gradient of the well, 

with Kristmannsdóttir (1979) identifying the following temperatures in association with each 

zone:  

• Smectite-zeolite zone – <200 OC 

• Mixed layer clay zone – 200-230 OC 

• Chlorite-epidote zone – 230-280 OC 

• Epidote-actinolite zone – >280 OC 

Higher temperature alteration zones may also indicate higher degrees of expected alteration, 

with different primary minerals being altered within different zones, for example olivine is 

expected to be fully altered above the boundary of the smectite-zeolite and MLC zones, 

whereas alteration of pyroxene does not begin until the chlorite-epidote zone (Figure 2.4; 

Snæbjörnsdóttir et al., 2018).  For this study the alteration zones within well NJ-18 are 

determined through the use of quantitative automated mineralogy data, along with 

comparisons with the automated mineralogy imagery, thin section analysis, cuttings analysis 
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and XRD data, with a brief summary for each zone being provided in Table 5.1 as well as a 

log of the different depths in Figure 5.1.  

Table 5.1. Overview of methodology used to identify the different alteration zones using the 

quantitative automated mineralogy data in comparison with automated mineralogy imagery, thin 

sections and cuttings.  

Alteration zone/ 
Identified depths (m) 

Method of identification  
 

Smectite-zeolite zone 
(<70-1,050) 

Differentiated from mixed layer clay zone by low chlorite abundance  
(below 1%) prior to upward trend associated with the beginning of the 
mixed layer clay zone.  Highest abundances of glass 1B (fresh glass), 
olivine and K-bearing zeolites all observed within this zone, with fresh 
glass and olivine expected to be largely altered before the mixed layer 
clay zone, while low-temperature zeolites are largely replaced by Ca-
rich varieties such as laumontite and wairakite within the lower portion 
of this zone.   

Mixed layer clay zone 
(1,060-1,250) 

Identified by upward trend in chlorite and chlorite associated 
compositional groups (Mg-rich glass and Fe silicate), appearing to 
represent first appearance of diagenetic chlorite expected within the 
mixed layer clay zone. Other compositional groups with increased 
abundance within this zone include quartz, K-feldspar, Na plagioclase, 
biotite/K-rich altered glass and titanite.  

Chlorite-epidote zone 
(1260-1,640) 

Spikes in chlorite abundance exceeding 2% likely signify point at 
which chlorite becomes the dominant clay mineral marking the 
beginning of the chlorite-epidote zone, coinciding with an increase in 
chlorite dominant cuttings observed in the automated mineralogy 
imagery.  Spikes in chlorite abundance are not consistent, possibly 
affected by sampling of chlorite dominant cuttings, in which case the 
true beginning of this zone may be at a higher depth. Prehnite and 
epidote expected to occur within this alteration zone may be identified 
by increases in Ca Al silicate 1 abundance, with epidote making up a 
smaller portion due to overlap with glass 1B and Ca-rich glass.  

Epidote-actinolite zone 
(>1,650) 

The epidote-actinolite zone is typically identified by the formation of 
actinolite, however, a clear analogue for actinolite is not identified 
within the compositional groups, with aluminous clinopyroxene being 
most likely to contain actinolite. A decrease in Mg-rich glass 
abundance from 1,650m coinciding with a gradual increase in 
aluminous clinopyroxene may result from the alteration of chlorite 
varieties falling within this group into actinolite.  
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Figure 5.1. Log of the different 

alteration zones identified using 

the quantitative automated 

mineralogy data in comparison to 

the mineral maps, thin sections 

and cuttings for each sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.1. Smectite-zeolite zone (~<70 m-1,050 m)  

Within the smectite-zeolite zone the first signs of alteration of primary phases is observed, with 

the first phases to begin alteration being glass and olivine.  Alteration of glass within this zone 

is expected to produce palagonite, smectite, zeolites and calcite, with zeolites and calcites 

being easily differentiated within the automated mineralogy imagery, whereas palagonite and 

smectite both appear to be primarily categorised as glass 1A.  Indication of possible smectite 

formation from palagonite is visible in the difference between isotropic and anisotropic glass 

alteration products, where isotropic areas likely represent amorphous palagonite and 
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anisotropic areas representing phases ranging from mixed palagonite and smectite to fully 

crystallised smectite (Stroncik and Schmincke, 2002).  Identification of anisotropic phases 

bearing possible smectite is observed from sample depths as shallow as 150 m, where 

birefringent areas are observable in XPL, primarily at boundaries between unaltered and 

altered glass (Figure 5.2a).  The transition from amorphous palagonite to smectite, identified 

through the appearance of anisotropic glass alteration products, does not appear to correlate 

with increasing depth, with isotropic altered glass rims appearing at depths as low as 940 m, 

but rather with higher degrees of alteration with samples containing higher glass 1A values 

than 1B (altered/unaltered glass) appearing to more commonly contain birefringent areas 

within altered rims.  The lack of correlation with depth may reflect other parameters affecting 

the alteration of glass into palagonite/smectite such as the reactive surface area of the primary 

glass being altered or differences in formation water properties such as pH.  However, a 

change in the properties of glass alteration products with depth is observed in the colouration 

in thin section, with altered glass commonly appearing yellow above ~430 m depth, whereas 

below 430 m it is commonly observed as being either brown /dark red or as heterogenous light 

to dark brown rims observed at edges of crystalline cuttings (Figure 5.2b).  A change in 

colouration in association with altered glass is also observed in the cuttings themselves, as 

dull/resinous yellow phases commonly observed alongside brown altered glass at lower 

depths appears to decrease in observed abundance between ~460 to 500 m depth, beyond 

which altered glass appears entirely brown.  Further changes to glass alteration are also 

observed within samples below 1,000 m depth within the range of the smectite-zeolite zone, 

although this is only observable in two samples as the majority below 940 m depth are 

dominantly crystalline.  The first of these is the 1,020 m sample which is predominantly 

composed of fresh tachylite, however, glass alteration products identified as glass 1A appear 

in thin section as green/yellow minerals in thin section, containing fibrous/bladed crystals 

which correlate with appearance of yellow/brown vesicle infills observed in the cuttings (Figure 

5.3a; Figure 5.3b).  The change in colour and appearance of observable crystals may suggest 

a higher portion of smectite formation within this sample than at lower depths, with unique 

colouration compared to other samples possibly suggesting a difference in smectite phases 

present.  The lower of the two glass dominant samples in this range is the 1,050 m sample, in 

which glass 1A is the dominant compositional group within the automated mineralogy data 

with an abundance of 36%, appearing to correlate with brown/red glass alteration products 

observed in thin section.  In thin section these cuttings appear to contain colourless 

transparent crystals, which in comparison with the automated mineralogy imagery appears to 

be identified as a mix of Na plagioclase, quartz, K-feldspar and K-bearing zeolites possibly 

resulting from alteration of primary Ca plagioclase commonly observed within glass cuttings 

at shallower depths.  Amongst these glass 1A dominant cuttings, a small number show 
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heterogenous light/dark brown colouration, with one cutting in particular being observed with 

lighter coloured areas appearing to extend in a parallel growth pattern, as well as showing 

brighter birefringence which may be an indication of interlayering of smectites expected near 

the boundary with the mixed layer clay zone (Figure 5.3c; Kristmannsdóttir, 1979).  As glass 

alteration products ranging from palagonite to smectite appear to entirely fall under the glass 

1A category, determining where palagonite has fully transitioned into a smectite based on thin 

section microscopy proves difficult, which in result means that a depth for this transition is not 

identified.   

Figure 5.2. (a) Example of glass alteration from 

the 150 m sample, in which the altered glass, 

which appears light yellow/brown in PPL (a1), 

appears to show anisotropic/ birefringent areas 

in XPL (a2). Anisotropic/birefringent areas within 

the altered glass appear to most commonly be 

observed near the boundaries between altered 

and unaltered glass and may indicate early 

crystallisation of smectites within palagonite 

(Stroncik and Schmincke, 2002).  (b) Example of 

glass alteration products within the 490 m 

sample, observed along the outer edge of two 

crystalline dominant cuttings.  This appearance 

of glass alteration products is first observed at 

430 m depth and marks a change observed 

alteration products, appearing to show 

heterogenous colouration with boundary with 

unaltered cuttings appearing lighter than outer 

edge of cutting.  
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Figure 5.3. (a) Thin section 

and automated mineralogy 

imagery for the 1,020 m 

sample, showing 

green/yellow alteration 

product in vesicle linings 

and other voids in tachylite 

cuttings, primarily identified 

as glass 1A. (b) Example 

of tachylite cutting from the 

1,020 m sample with 

yellow/brown,  

fibrous/bladed vesicle infills 

appearing to correlate with 

green/yellow alteration 

products observed in thin 

section. (c) Possible 

interlayered smectite 

observed in thin section for 

the 1,050 m sample.  

Heterogenous parallel 

colouration appears to 

show variation in 

birefringence.  

 

 

Unlike smectite, the appearance of zeolites formed from the alteration of glass is readily 

identifiable within the automated mineralogy data and imagery, with combined data for the 

zeolite groups showing an abundance of 0.83% within the shallowest sample at 70 m depth.  

The first appearance of zeolites observed within the automated mineralogy imagery with a 

clearly defined shape >200 µm in size is observed within the 100 m sample in which Na-rich 

and K-bearing zeolites can be observed as well-rounded areas within glass cuttings, likely 

representing vesicle infills (Figure 5.4a).  At shallower depths above 550 m the majority of 

zeolite areas observed are categorised as a mix of K-bearing and Ca-rich zeolites, with K-

bearing typically appearing to form majority of areas, with overlap between the two possibly 

representing compositional variation within lower temperature zeolites, such as phillipsite and 

chabazite identified within the XRD data (Table 4.2).  Below 550 m depth an increase in Na-

rich zeolites is observed within both the automated mineralogy data and imagery, with the 

average abundance below 550 m being 0.08%, whereas between 550-940 m an average of 

0.36% is found with the highest abundance observed being 1.26%.  This increase in values 
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for Na-rich zeolites likely indicates increased abundance of zeolites such as thomsonite and 

analcime identified within the XRD dataset, with thomsonite being identified from 700 m while 

analcime is identified within the 840 m sample.  The increase in Na-rich zeolites at 550 m 

appears to coincide with an increase in the combined total zeolite abundance around this 

depth, with a maximum abundance of 8.73% within the 580 m sample, appearing to be 

reflected in the thin section and automated mineralogy imagery by an increase in size of zeolite 

areas which commonly exceed 500 µm in size, as well as being easily distinguishable within 

the cutting samples as white or colourless transparent minerals contained most commonly 

within tachylite cuttings (Figure 5.4b).  Further changes to zeolite formation are observed 

between 850 m to 910 m, with size of Ca-rich zeolite areas appearing to increase through the 

section, often identified alongside Ca plagioclase, possibly resulting from alteration of 

plagioclase into zeolites, with categorisation of Ca-rich zeolites likely indicating change in 

formation of low temperature zeolites into laumontite and later wairakite, both of which are 

identified in XRD in a lower sample at 1,160 m.   

 
Figure 5.4. (a) Rounded zeolite infills identified within the automated mineralogy 

imagery for the 100 m sample, primarily composed of Na-rich zeolite, containing 

smaller areas of K-bearing zeolite and Na plagioclase, likely indicating compositional 

variation within the zeolite.  (b) Example of zeolite bearing tachylite cutting from the 

580 m sample, in which zeolites appear as rounded white translucent areas within the 

tachylite cutting.   

 

The alteration of olivine expected within the smectite-zeolite zone appears to occur at lower 

depths than glass, other than minor amounts of serpentine observed in olivine fractures, with 

peak olivine abundance being found at 390 m depth.   However, the decrease in values from 

390 m does not appear consistent, with values largely fluctuating between 0.1 and 3% 

(average of 1.09%) between 400 and 920 m depth, with the spike in values at 390 m appearing 

to be in association with an abnormally high concentration of olivine phenocrysts (26% 



65 
 

abundance).  First observable signs of olivine alteration occurs at lower depths, with olivine 

crystals observed in thin section with red-brown alteration products forming around crystal 

boundaries and fractures from the 640 m sample onward (Figure 5.5).  The example from the 

640 m sample observed within the automated mineralogy imagery shows the alteration 

product being categorised as a mix of glass and Fe-rich compositional groups, such as glass 

1A, Ca-rich glass, Mg-rich glass, Fe silicate and magnetite, possibly signifying alteration into 

Fe oxide rich olivine alteration products such as iddingsite (Smith et al., 1987).  However, 

examples of partially altered olivine at lower depths appear to show higher abundances of 

glass 1A being identified in association with observed alteration products, possibly signifying 

a decrease in Fe-oxides and increase in comparatively Fe-poor alteration products such as 

smectite.  Alongside these observations, from 630 m depth crystalline basalt cuttings are 

commonly observed in thin section containing red-brown/brown amorphous phases, likely 

indicating presence of alteration products, typically identified as glass 1A with minor quantities 

of orthopyroxene (Figure 5.5).  These alteration products appear to match size and distribution 

of comparatively small (~<300 µm) olivine crystals at shallower depths and may represent fully 

altered olivine, however, other possibilities such as alteration of glass contained within 

crystalline basalt or infilling of vesicles by glass alteration products cannot be discounted.  Full 

alteration of olivine is likely to occur within the lower portion of the smectite-zeolite zone and 

appears to be observable within the quantitative mineralogy data from 930 m depth, from 

which olivine abundance rarely exceeds 0.1%, with an average abundance for this range of 

0.02%.   
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Figure 5.5. PPL thin section and automated mineralogy imagery for the 640 m sample 

showing first appearance of olivine alteration, as well as distribution of glass 1A areas 

within crystalline basalt cuttings. The olivine crystal identified at point A shows a 

red/brown alteration product around crystal boundaries and fractures, appearing within 

the automated mineralogy imagery as a mix of glass 1A, Ca-rich glass, Mg-rich glass, 

Fe silicate and magnetite. Red/brown alteration products are observed throughout the 

rest of the section, predominantly identified as glass 1A, often in association with, or 

with a similar distribution to olivine.   

 

Within the smectite-zeolite zone, calcite is also expected as a common alteration product, with 

quantitative automated mineralogy data appearing to show values for the calcite compositional 

group regularly exceeding 1% from the 70 m sample.  Calcite identification within the 

automated mineralogy imagery appears to be predominantly as individual vesicle infills or 

calcite dominant cuttings, with a small number of cuttings identified where calcite is seen 

infilling interconnected vesicles or acting as a cement for clastic glass (Figure 5.6; Figure 

4.15).  The other carbonate categories also appear to be associated with relatively shallow 

depths, though less frequently observed than calcite, with the highest values for dolomite all 

occurring between 70-430 m depth and the largest observed areas of siderite within the 

automated mineralogy imagery occurring between 200-430 m.  An increase in quartz values 

also appears to correlate with the expected appearance within the lower portion of the 

smectite-zeolite zone, with a gradual increase observed after a spike in values within the 940 

m sample (4.42%), with values above this spike having an average abundance of 0.1%, 

compared to an average abundance of 0.94% within the rest of the smectite-zeolite zone.  

However, as the quartz compositional group includes all SiO2 phases it is not certain whether 

this trend represents the mineral quartz itself, with the spike at 940 m appearing to represent 

chalcedony (Figure 4.11), though it is unclear which phases appear in lower samples as many 

of the areas identified as quartz commonly contain impurities, appearing to relate to presence 

of glass alteration products.  Two other compositional groups that appear to be associated 
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with alteration within the identified range of the smectite-zeolite zone are the orthopyroxene 

and kaolinite categories, both of which are most commonly observed in association with glass 

1A dominant areas representing possible palagonite and smectite.  Both categories show 

changes in trend within the upper 1,000 m of the well, with orthopyroxene values appearing to 

decrease between 870-1,000 m, whereas kaolinite sees a drop in values at a higher depth of 

500 m.  These changes in both the orthopyroxene and kaolinite categories appear to suggest 

a change in the composition of glass alteration products within glass 1A dominant areas, 

however, it is unclear what processes may be associated with these changes.   

Figure 5.6. Example of calcite 

infilling interconnected vesicle areas 

within the 180 m sample viewed in 

XPL. Calcite areas appear well-

rounded but have low sphericity as 

well as branching areas likely 

formed from interconnected 

vesicles.  

 

 

 

 

 

 

Based on these findings the depth range for the smectite-zeolite zone is determined to be 

between the top of the well from at least ~70 m to a depth of 1,060 m.   A potential boundary 

between the smectite-zeolite zone and a “low alteration zone” is observed around 100 m 

depth, as samples between 70-90 m depth show relatively low levels of glass alteration, 

however, the small number of samples in this range makes it unclear whether the 

comparatively low levels of alteration are a function of temperature or other factors such as 

permeability or presence of geothermal aquifers at these depths.  The appearance of 

identifiable zeolites within the 100 m sample would suggest that the 90 m sample would mark 

a potential maximum depth for any low-alteration zone and that the 100 m sample represents 

the minimum depth for the smectite-zeolite zone.  The boundary between the smectite-zeolite 

zone and the mixed layer clay zone is identified within the quantitative automated mineralogy 

data through the appearance and upward trend observed in chlorite values from the 1,060 m 

sample onward, marking the upper boundary of the mixed layer clay zone.  The lower portion 

of the smectite-zeolite zone may also be identified by the complete alteration of olivine and 

glass, with olivine appearing to be fully altered from the 930 m sample onward, with olivine 

values at lower depths not exceeding 1% abundance.  The complete alteration of primary 
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glass is not as easy to identify as olivine, given that the compositional group most commonly 

associated with identifiable sideromelane and tachylite is glass 1b which does not drop below 

1% abundance at any point in the well, with an average abundance from 1,060 m to 2,130 m 

of 6.95%.  This continuation in glass 1B abundance appears to be predominantly associated 

with overlap with glass 1A dominant cuttings representing glass alteration products, as well 

as the categorisation of epidote, however, the appearance of largely unaltered tachylite is 

observed sporadically into depths identified as the chlorite-epidote zone, reaching 

abundances as high as 20.02% within the 1,430 m sample.  Continued observation of tachylite 

may represent contamination of cutting samples from higher depths during the drilling process, 

however, this is not observed with sideromelane, which is last observed within the 940 m 

sample, while vitreous tachylite observed in cuttings is also not identified below 940 m depth.  

The deepest sample in which primary glass makes up a major component within the 

quantitative automated mineralogy data is observed within the 1,020 m sample with an 

abundance of 30.97%, which is primarily composed of plagioclase-rich tachylite cuttings, 

appearing in the cuttings as being dull grey or brown with no vitreous tachylite observable 

(Figure 5.3b).  Similarly, tachylite below these depths is typically observed as scoriaceous 

cuttings containing plagioclase crystals as either phenocrysts or quench crystals, as well as 

commonly containing areas of clinopyroxene, however, it is unclear whether this has any 

association with appearances at lower depths or low levels of alteration.   

 

5.2. Mixed layer clay zone (~1,060-1,250 m) 

As mentioned in the previous section, the upper boundary for the mixed layer clay zone may 

be identified within the quantitative automated mineralogy data by the beginning of an upward 

trend in chlorite, and chlorite associated groups such as Fe silicate and Mg-rich glass, 

producing an average value of 0.59% for the chlorite compositional group within the mixed 

layer clay zone, with chlorite expected to occur alongside mixed layer clays composed of 

smectites and chlorites within this zone.  Identification of mixed layer clays is uncertain as 

glass alteration products appear similar to those within the smectite-zeolite zone, with glass 

1A typically being the dominant compositional group identified.  However, within the upper 

portion of the identified mixed layer clay zone biotite/K-rich altered glass spikes are observed, 

correlating with concentrations commonly found alongside clay associated compositional 

groups such as glass 1A, chlorite and Mg-rich glass, as well as other secondary mineral 

categories such as quartz, Na plagioclase and K-feldspar (Figure 5.7a).  It is unclear whether 

biotite/K-rich altered glass identification is associated with mixed layer clays, with appearance 

in thin section varying significantly in colour from brown to light green, however, relatively high 

potassium content may correlate with findings by Larsson et al. (2002), describing clay 
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minerals as being the primary host of potassium, with the change in potassium content 

observed through identification of biotite/K-rich glass possibly signifying a change in clay 

mineral composition such as the appearance of mixed layer clays.  A small increase in illite 

values is also observed within the possible range of the mixed layer clay zone, though starting 

just above with a spike in abundance of 0.41% within the 1,050 m sample, however, highest 

values are observed at lower depths within the chlorite-epidote zone.  Another change 

observed which may be used to infer the presence of mixed layer clays is the appearance of 

white/green waxy cuttings within the cutting samples from 1,060 m depth (Figure 5.7b), 

appearing distinct compared to cutting samples observed at higher depths.  However, these 

may also represent other changes observed from this depth such as an increase in quartz and 

secondary feldspar dominant cuttings.  

 
Figure 5.7. (a) Automated mineralogy imagery for the 1,060 m sample, including 

a number of biotite/K-rich altered glass and clay associated category bearing 

cuttings labelled (a1), as well as quartz and secondary feldspar dominant cuttings 

labelled (a3). (a1) labelled cuttings containing multiple areas of biotite/K-altered 

glass appear to vary in composition, from glass 1A dominant, likely signifying 

smectite inclusions, to Mg-rich glass/ chlorite dominant cuttings. Possible other 

mixed layer clay cuttings are observed in (a2) which is composed primarily of glass 

1A and glass 1B. (a3) cuttings are typically quartz dominant followed by Na plagioclase and then K-

feldspar with biotite/K-rich altered glass inclusions varying. (b) cutting from the 1,060 m sample showing 

numerous white/green waxy cuttings possibly associated with presence of mixed layer clays from this 

depth.   

 

Other changes observed within the mixed layer clay zone include an increase in quartz and 

secondary feldspar abundances, appearing to continue from trends observed within the 

smectite-zeolite zone but with the inclusion of significant spikes in abundances for both quartz 

and K-feldspar, with quartz abundance reaching 14.62% and K-feldspar reaching 3.66% both 

within the 1,060 m sample.  This appears in the automated mineralogy imagery as numerous 

quartz dominant cuttings typically containing areas of Na plagioclase, K-feldspar, biotite/K-rich 
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altered glass or chlorite associated categories (Figure 5.7a).  Increases in Na plagioclase 

abundance appears more gradual than that of quartz or K-feldspar, however, concentrations 

observed appear greater than those within the smectite-zeolite zone, with areas regularly 

observed >100 µm in size which appears less common within the smectite-zeolite zone.  

Titanite abundance appears to show a gradual increase from as high as 790 m depth with an 

abundance of 0.05%, up to 1,020 m depth with an abundance of 0.2%, after which the trend 

appears to steepen with an abundance of 0.5% observed within the 1,030 m sample, with this 

change in trend possibly relating to expected titanite formation near the upper boundary of the 

mixed layer clay zone.  Similar to quartz and K-feldspar, titanite abundance shows a significant 

spike within the 1,060 m sample reaching an abundance of 1.57%, with the upward trend in 

titanite values continuing into the chlorite-epidote zone.  Another change in alteration 

mineralogy within the mixed layer clay zone appears to be an increase in Ca-rich zeolites from 

1,160 m depth, occurring as a small number of spikes exceeding 5% abundance.  This 

appears as a large number of Ca-rich zeolite dominant cuttings, appearing to match XRD data 

for this depth which identifies laumontite and wairakite within the 1,160 m sample and only 

wairakite at lower depths.  This does not appear to match expectations of the mixed layer clay 

zone, with wairakite expected to replace laumontite between 180-200 oC within the smectite-

zeolite zone, however, variation in zeolite appearance is expected where there is a steep 

geothermal gradient (Kristmannsdóttir, 1979).  Pyrite also sees first spikes in abundance within 

the mixed layer clay zone but it is unclear how this relates to the zone itself as it is most 

commonly described as being formed at all depths, however, this may be an indication of 

changes in availability in Fe or S within the geothermal fluid at these depths.   

 

Identification of the boundary between the mixed layer clay and chlorite-epidote zones is 

described as being the point in the well in which chlorite becomes the dominant clay mineral 

(Kristmannsdóttir, 1979), however, as smectites and mixed layer clays are not clearly identified 

within the automated mineralogy data and the category most commonly associated with glass 

alteration products, glass 1A, shows higher values than chlorite throughout the rest of the well 

this proves difficult to identify.  Chlorite abundance above 1,060 m is predominantly below 1% 

with a significant spike later occurring within the 1,270 m sample with an abundance of 4.59%, 

with further spikes above 2% observed from 1,360 m depth onward.  This spike in abundance 

likely indicates the best identifier for the upper boundary of the chlorite-epidote zone based on 

available data, with the spike appearing to correlate with an increase in cuttings in which green 

alteration minerals appear dominant found from the 1,260 m sample onward (Figure 5.8a).  As 

this observation may indicate the presence of chlorite dominant cuttings, the lower boundary 

for the chlorite-epidote zone may be given as the 1,260 m sample, with lower chlorite values 
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observed in this sample and those at lower depths possibly being affected by the concentration 

of chlorite within a small number of cuttings, which may be missed in sampling for thin sections.  

The low abundances for chlorite in comparison to glass 1A may also be affected by the 

preferential loss of chlorite during the collection of drilling samples as described by Fowler and 

Zierenberg (2016), as well as the possible inclusion of chlorite phases within other 

compositional groups, primarily Mg-rich glass and Fe silicate.  Possible higher depths for the 

upper boundary of the chlorite-epidote zone may be observed as the 1,100 m sample, in which 

the first chlorite dominant cuttings are observed within the automated mineralogy imagery 

(Figure 5.8b) or at the 1,210 m sample which shows significant quantities of green 

mineralisation within vesicle infills observed within the cutting samples (Figure 5.8c), however, 

neither of these are conclusive with the best available depth still being 1,260 m based on the 

quantitative mineralogy data.    

 
Figure 5.8. (a) Cutting observed within the 1,260 m sample primarily composed of green phases, 

possibly indicating the presence of chlorite. Appearance of similar cuttings may correlate with spikes in 

chlorite abundance observed from the 1,270 m sample onward. (b) Chlorite dominant cutting observed 

within the automated mineralogy imagery for the 1,100 m sample possibly indicating a higher upper 

boundary for the chlorite-epidote zone. Outer edge of cutting appears to be primarily composed of glass 

1A with inclusions of Mg-rich glass and Fe silicate, with chlorite possibly forming from alteration of 

smectites or mixed layer clays. Chlorite dominant cuttings from this depth until 1,270 m are typically 

small and sparsely distributed, with chlorite abundances appearing to show little increase in associated 

samples. (c) Cuttings observed within the 1,210 m sample appearing to show green alteration products 

within possible vesicles and may indicate presence of chlorite. Identification as chlorite is not supported 

by the automated mineralogy data for this sample and presence of other green minerals at these depths 

such as titanite make accurate identification difficult.   

 

5.3. Chlorite-epidote zone (1,260-1,640 m)  

As described in the mixed layer clay zone section, the upper boundary of the chlorite-epidote 

zone is identified by spikes in chlorite abundance starting from 1,270 m, along with the 

appearance of cuttings primarily composed of green alteration minerals, likely including 

chlorite, observed from 1,260 m depth.  However, spikes in chlorite abundance are relatively 

sparsely distributed within the  chlorite-epidote zone, with the majority of samples still having 

<2% abundance, with spikes appearing in the automated mineralogy imagery as commonly 
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containing chlorite dominant cuttings, with such cuttings possibly being missed in samples 

where low abundance is observed.  The highest chlorite abundance is observed in the 1,360 

m sample at 7.67%, appearing to correlate with a further change observed within the cutting 

samples, with the appearance of heterogenous light/dark green cuttings with waxy/resinous 

appearance likely correlating with high quantity of chlorite dominant cuttings observed in 

automated mineralogy imagery (Figure 5.9).  Although higher chlorite abundances are 

typically observed as individual spikes, the two categories closely associated with chlorite, 

Mg-rich glass and Fe silicate, both show a more consistent increase in abundance, though 

neither category is observed in the automated mineralogy imagery in concentrated areas as 

commonly as chlorite, rather being typically intermixed with other compositional groups.  Mg-

rich glass shows a gradual upward trend from the beginning of the mixed layer clay zone at 

1,060 m until approximately 1,322 m, at which depth abundances appear to level off though 

still varying from ~2-7% for the remainder of the chlorite-epidote zone.  Fe silicate shows a 

similar trend to Mg-rich glass, however, within the chlorite-epidote zone it appears to gradually 

decrease from its peak abundance seen in the 1,450 m sample (2.24%).   

 
Figure 5.9. Comparison of possible chlorite cutting observed within the cutting 

samples for the 1,360 m sample with a similar cutting observed within the thin 

section and automated mineralogy imagery for the same depth.  Both the cutting 

sample and thin section show variation in colour, with light and dark green areas 

possibly reflecting variation observed within the automated mineralogy imagery.  

 

As well as the appearance of chlorite, the chlorite-epidote zone may also be identified by the 

appearances of epidote and prehnite, however, as they form at higher temperatures than 

chlorite they are expected to occur at greater depths than the upper boundary 

(Kristmannsdóttir, 1979).  Epidote is first identified within the thin section samples from 1,400 

m, identified by its yellow/green colouration and strong birefringence (Figure 5.10).  However, 

abundance data for epidote is not available as in comparison with the automated mineralogy 

imagery epidote is typically identified as multiple compositional groups, those being glass 1B, 

Ca-rich glass and Ca Al silicate 1 (Figure 4.17b).  Prehnite is similarly identified primarily in 



73 
 

thin section, with the first easily identifiable example observed within the 1,440 m sample 

(Figure 4.17a), and an uncertain example observed in the 1,430 m sample.  Observed prehnite 

compared with the automated mineralogy imagery appears better defined than epidote, 

typically being completely identified as Ca Al silicate 1, however, overlap with epidote may 

inflate prehnite abundances drawn from this data.  As both prehnite and epidote are both 

identified at least partially as Ca Al silicate 1, the quantitative automated mineralogy data for 

this category may be used to identify the shallowest depth at which both minerals appear.  Ca 

Al silicate 1 abundance for the upper portion of the chlorite-epidote zone as well as the mixed 

layer clay and smectite-zeolite zones is predominantly below 1% (average of 0.69% in this 

range), with the first signs of an upward trend observed from 1,340 m (2.24%), possibly 

indicating earlier appearance of epidote or prehnite not identified in thin section.   

 
Figure 5.10. Example of epidote identified in thin section from the 1,660 m sample, identified based on 

yellow/green colouration observed in PPL, along with strong birefringence observed in XPL though 

partially obscured by mineral colouration. Example shown appears to be either a fracture or vesicle 

infill, with crystals appearing more distinct near the centre of the identified area, with more distinct 

crystals showing stronger birefringence.  

 

Other alteration minerals observed within the chlorite-epidote zone appear to be largely 

continuations of trends from the smectite-zeolite or mixed layer clay zones, with continuations 

of upward trends observed for quartz, Na plagioclase, K-feldspar and titanite.  Continuation of 

quartz, Na plagioclase and K-feldspar trends appear to be largely comprised of cuttings similar 

in appearance to those observed within the mixed layer clay zone (Figure 5.7a), with the peak 

value observed for K-feldspar within the 1,468 m sample appearing to correlate with a high 

number of such cuttings.  The upward trend in titanite abundance appears to level off within 

the chlorite-epidote zone from ~1,390 m depth, however, variation in titanite abundance also 

appears to increase from this depth.  Zeolite trends appear to change within the chlorite-
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epidote zone with Ca-rich zeolite reaching peak abundance within the 1,380 m sample before 

showing a gradual negative trend, while Na-rich zeolite appears to be largely unidentified from 

1,430 m, with only one sample from this depth onward exceeding 0.02% abundance.  Illite 

abundance peaks within the chlorite-epidote zone at 1,468 m depth with an abundance of 

1.17%, later appearing to drop from the 1,650 m sample, with abundances within the epidote-

actinolite zone not exceeding 0.01%.  Identification of the lower boundary of the chlorite-

epidote zone and the upper boundary of the epidote-actinolite zone is typically achieved by 

the identification of actinolite, however, a clear analogue of actinolite is not available within the 

quantitative automated mineralogy data.  The compositional group most likely to contain 

actinolite would be aluminous clinopyroxene, which sees and upward trend in abundance from 

the 1,650 m sample onward, likely marking the upper boundary of the epidote-actinolite zone.  

 

5.4. Epidote-actinolite zone (1,650 – ~>2,130 m)  

Identification of the upper boundary of the epidote-actinolite zone through the appearance of 

actinolite proves difficult, both because of a lack of a clear compositional group for actinolite  

within the automated mineralogy data, but also because of a lack of identifiable examples in 

either the thin sections or cuttings.  Two factors may affect identification of actinolite in thin 

section and cutting samples, one being the expected appearance of actinolite forming within 

fine-grained aggregates alongside chlorite and epidote likely obscuring appearance 

(Kristmannsdóttir, 1979), as well as the possibility of actinolite being preferentially lost during 

the collection of cutting samples (Fowler and Zierenberg, 2016).  In comparing the available 

compositional groups within the automated mineralogy dataset, the group most likely to 

contain actinolite would be aluminous clinopyroxene due to it including amphibole 

compositions, with actinolite in Icelandic geothermal systems likely containing high aluminium 

content (Helgadóttir et al., 2015).  Using the aluminous clinopyroxene compositional group, 

the possible first appearance of actinolite may be identified by an upward trend in aluminous 

clinopyroxene abundance observed from 1,650 m.  A spike in aluminous clinopyroxene 

abundance is observed at a higher depth of 1,430 m (3.72%), appearing to be caused by an 

aluminous clinopyroxene-rich cutting observed within the automated mineralogy imagery 

(Figure 4.6), possibly suggesting a higher upper boundary for actinolite, though this cutting 

appears to be anomalous for this depth.  Automated mineralogy imagery in association with 

the upward trend in aluminous clinopyroxene shows distribution amongst various cuttings, 

primarily chlorite dominant, clinopyroxene dominant, Ca Al silicate 1 dominant and glass 1B 

dominant cuttings.  In comparison with the thin sections for these samples, all four cutting 

varieties appear to match expected appearance of fine-grained aggregates, with the 

clinopyroxene, Ca Al silicate 1 and glass 1B dominant cuttings varying between light grey to 
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dark brown in colouration, while the chlorite dominant cuttings typically appear heterogenous 

with yellow, green and brown coloration observed (Figure 5.11).  Peak aluminous 

clinopyroxene abundance is found within the 1,860 m sample, though XRD for this sample 

does not detect actinolite, while the cuttings themselves appear distinct compared with much 

of the well, with the majority of cuttings appearing light grey with green/white inclusions, often 

containing fine needle like crystals within the groundmass (Figure 5.12).  Fine needle like 

crystals appear to match common descriptions of actinolite, however, comparison with 

automated mineralogy imagery typically shows fine needle like crystals being identified as 

either Ca or Na plagioclase.   

 

 

 

 

Figure 5.11. Comparison of aggregate cutting 

varieties observed containing aluminous 

clinopyroxene within the 1,770 m sample. Aluminous 

clinopyroxene observed within this sample typically 

appears as small inclusions within cuttings with varied 

compositions, with one compositional group typically 

appearing dominant.  The most common 

compositional groups associated with these cuttings 

are chlorite (a), clinopyroxene (b), glass 1B (c) and Ca 

Al silicate 1 (d).  Clinopyroxene, glass 1B and Ca Al 

silicate 1 dominant cuttings are predominantly 

grey/brown in thin section with little to no birefringence 

observed, whereas chlorite dominant cuttings are 

often heterogenous with yellow/green colouration 

being most commonly observed.   
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Figure 5.12. Example of cutting from 

the 1,860 m sample containing 

numerous fine needle like crystals 

within its groundmass, possibly 

signifying the presence of actinolite.  

Cuttings with similar appearance are 

common within this sample, with 

another possible indicator of actinolite 

being high aluminous clinopyroxene 

abundance (5.48%) observed within the 

automated mineralogy data at this 

depth.  However, within the automated 

mineralogy imagery for this depth 

needle like crystals are commonly 

observed as being identified as either 

Ca or Na plagioclase.  

 

 

Difficulty in identification of actinolite itself may require another method in order to identify the 

epidote-actinolite zone, with one possibility being the identification of any decrease in the 

source mineralogy for actinolite formation, those being clinopyroxene and chlorite (Larsson et 

al., 2016; Helgadóttir et al., 2015).  However, a negative trend that may be associated with the 

alteration of clinopyroxene is not observed, while a negative trend in chlorite values from 1,870 

m depth onward appears to reflect a larger trend in decreasing secondary mineral abundance 

at these depths.  A change is observed with the trends of Fe silicate and Mg-rich glass 

abundances, both of which are commonly associated with chlorite, with Mg-rich glass in 

particular likely containing certain compositions of chlorite.  The change observed in Fe silicate 

appears to be a gradual reduction in abundance from 1,450 m depth, though spikes are seen 

below this depth and average abundance is still higher than those found before the 

appearance of chlorite within the mixed-layer clay zone.  Mg-rich glass on the other hand 

shows a more distinct negative trend in abundance from ~1,650 m depth, going from an 

average abundance of 3.84% within the interpreted range of the chlorite-epidote zone, to an 

average of 1.87% abundance from 1,660 m to 2,130 m.  The depth at which a negative trend 

is identified within Mg-rich glass abundance appears to match the depth identified for the 

beginning of the upward trend in aluminous clinopyroxene, which combined may identify the 

beginning of actinolite formation at 1,650 m depth, closely matching identification of the 

epidote-actinolite zone in previous studies of well NJ-18 (Gunnarsdottir et al., 2020).   

 

Other than previously mentioned compositional groups, the dominant alteration minerals 

identified within the interpreted epidote-actinolite zone appear to be a continuation of trends 
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observed from the mixed layer clay and chlorite-epidote zones, with quartz and Na plagioclase 

both reaching peak abundance within the 1,690 m sample, alongside high values for K-

feldspar.  Zeolite abundance remains low within this range, however, an increase in K-bearing 

zeolites is observed above 1% abundance from 1,780 m to 1,900 m, though it is unclear what 

this may represent as the only zeolite identified in XRD within this range is wairakite which 

would likely fall within the Ca-rich compositional group.  Peak abundance for Ca Al silicate 1, 

outside of samples associated with anthropogenic cement, is observed in the 1,860 m sample, 

implying a continuation of epidote and prehnite from the chlorite-epidote zone, however, 

identifiable epidote in thin section appears to become less common, though may still be 

present within aggregates.  Within the XRD data for the 1,780 m sample the feldspathoid 

hauyne is identified, with a semi-quantitative abundance of 4% given, though as sampling was 

intended to identify zeolites abundance throughout the sample is likely much lower, with no 

clear compositional group or other forms of identification found.  As well as changes within the 

alteration mineralogy, towards the base of the well there is an upward trend in categories 

primarily associated with crystalline basalt, including Ca plagioclase, clinopyroxene, 

orthopyroxene, olivine and ilmenite.  The range for this increase appears to vary slightly with 

the upward trend in Ca plagioclase appearing to start at 1,970 m, whereas a similar trend is 

not observed in orthopyroxene until 2,062 m.  The upward trend in crystalline basalt minerals 

appears alongside an increase in medium/coarse-grained crystal areas, possibly resulting 

from basalt intrusions described by Franzson et al. (2010) likely to occur below 2,000 m depth.  

The appearance of the possible intrusions appears to have a negative impact on the 

abundances of compositional groups associated with alteration minerals, with majority 

showing a negative trend in abundance between ~1,800 m and the bottom of the well.   

 

5.5. Geothermometry  

Based on the identification of the different alteration zones and the expected temperatures 

they represent, it is possible to produce an interpretation of the geothermal gradient within the 

NJ-18 well (Figure 5.13).  Using the alteration zones only a temperature range for 

geothermometry would be limited to 200-280oC, based on the beginnings of the mixed layer 

clay and epidote-actinolite zones, due to the lack of a lower temperature range estimate for 

the beginning of the smectite-zeolite zone not being available.  In order to provide an estimated 

geothermal gradient in the upper 1,000 m of the well and at temperatures below 200oC the 

use of another set of geothermal indicators is required, with the appearance of zeolites being 

best suited to this purpose.  Iijima (1980) gives approximate temperature ranges for 3 different 

sets of zeolites in hydrothermal settings, low-temperature hydrothermal zeolites occurring 

between 25-100oC, moderate-temperature hydrothermal zeolites occurring at temperatures 
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>100oC and high-temperature hydrothermal zeolites found at >200oC.  The majority of zeolite 

varieties fall within the low-temperature hydrothermal category, including all of those that may 

fall within the K-bearing zeolite compositional group for the automated mineralogy dataset, 

such as phillipsite and chabazite.  The first sample in the automated mineralogy imagery in 

which zeolites >100 µm in size are observed, with rounded areas within glass suggesting 

formation as vesicle infills, is within the 100 m sample, being composed of a mix of K-bearing 

zeolite and Na-rich zeolite compositional groups.  This observation likely indicates the 

shallowest depth at which zeolites occur and thus the low end of the low-temperature 

hydrothermal zeolites, giving an approximate temperature for this depth of 25oC.  The next 

geothermal indicator that may be identified using the automated mineralogy dataset would be 

the moderate-temperature zeolites which includes laumontite and analcime, with 

Kristmannsdóttir (1979) describing the appearance of laumontite as replacing other zeolites 

at temperatures between 100-120oC.  Using the automated mineralogy imagery, the depth at 

which Ca-rich zeolite, the most likely compositional group to contain laumontite, appears to 

increase in area density is within the 850 m sample, alongside a spike in abundance of 3.75%, 

while K-bearing zeolite areas appear to decrease in observed size from this depth.  XRD 

results for the 840 m sample exclude laumontite, while the next depth analysed with XRD, the 

1,060 m sample, includes both laumontite and wairakite suggesting a change in zeolite 

occurrence between these depths.   
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Figure 5.13. Estimate of variation in 

temperature with depth within the NJ-18 

well based on interpretation of the 

different alteration zones, as well as 

changes in zeolite composition with 

depth.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the interpreted depths of the alteration zones and zeolite geothermal indicators, an 

approximate geothermal gradient for the well, between 100-1,650 m, is estimated at 

165oC/Km, appearing to fall within the expected ranges for the Nesjavellir geothermal field 

(Foulger, 1995).  Variation in geothermal gradient appears to be greatest between the 

approximate depth of laumontite formation at 850 m depth and the mixed layer clay zone at 

1,060 m, with an estimated geothermal gradient between these depths of 476oC/Km, though 

this is using the lower temperature estimate for laumontite formation of 100 oC, whereas using 

the higher temperature estimate of 120oC a lower gradient is estimated at 381oC/Km.  Above 

this depth a geothermal gradient of 100oC/Km is estimated between the low-temperature 

hydrothermal zeolites and laumontite formation, while below the mixed layer clay zone higher 

geothermal gradients are observed of 150oC/Km between the mixed layer clay zone and 

chlorite-epidote zone, below which a gradient of 128oC/Km is estimated until the epidote-

actinolite zone.   
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5.6. Hydrothermal mineral deposition and sequencing 

Identification of hydrothermal mineral deposits, found predominantly within vesicle or fracture 

infills, may be useful in determining any past variation in the geothermal system where multiple 

minerals are deposited, with changes in temperature and geothermal fluid chemistry likely to 

cause changes in mineral precipitation.  A potential advantage of using the automated 

mineralogy methodology is the ease of identification of these phases within vesicles or 

fractures through the automated mineralogy imagery, with any variation and relationships 

being easily identifiable.  However, as the majority of cutting samples are between 1-2 mm in 

size, vesicles or fracture infills >1 mm in size are poorly preserved, with cuttings possibly 

representing these commonly lacking features that may be used to interpret relationships 

between mineral deposition and vesicle/fracture surfaces.  Alongside this, the majority of those 

with preserved vesicle/ fracture surfaces are predominantly homogenous, with no observable 

sequences, possibly suggesting relatively stable geothermal fluid parameters or that these 

spaces are filled before any variation occurs.  Where the sequence of mineral precipitation 

appears to be identifiable within the automated mineralogy imagery, it is shown within Table 

5.2.   
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Table 5.2. Interpreted sequences of hydrothermal minerals with depths observed within the automated 

mineralogy imagery. Those persevered within vesicles occur primarily above 1,000m depth whereas 

majority below this are observed as individual cuttings. Older minerals are left of > symbol while younger 

minerals are to the right. – Symbol indicates separate occurrence within the same sample. + Symbol is 

used where multiple minerals appear to occur simultaneously or where there is no identifiable sequence 

between them.  

Sample depth (m) Interpreted mineral sequence (Older>Younger) 

130, 160  Zeolites>calcite 

190 Calcite>zeolites 

260 Siderite>calcite 

540 Zeolites>calcite 

940 Quartz>calcite + Ca-rich zeolite   

1130 Quartz>calcite 

1150 Calcite>quartz 

1160 Ca-rich zeolites>quartz>Calcite - Calcite>Ca-zeolite 

1190  Quartz>calcite 

1200 Calcite>Ca-rich zeolites – Ca-rich zeolites>pyrite 

1240 Calcite>Ca-rich zeolites  

1270 Quartz>calcite 

1280, 1300 Calcite>quartz 

1310 Ca-rich zeolites>quartz  

1340 Quartz>pyrite  

1360 Titanite>Ca-rich zeolites  

1370 Ca-rich zeolite>chlorite - Quartz>chlorite 

1390 Na plagioclase>quartz>calcite 

1400 Titanite>Na plagioclase>chlorite>K-feldspar 

1410, 1420 Ca-rich zeolite>quartz 

1440 Calcite>pyrite  

1492 Chlorite>Na plagioclase>K-feldspar – K-feldspar> Ca-rich zeolites 

1550  Quartz>pyrite – calcite>pyrite  

1570 Chlorite>Ca-rich zeolites>Ca Al silicate 1  

1720 Ca-rich zeolites>quartz 

1770 Ca Al silicate 1>Na plagioclase 

1820 Quartz + Na plagioclase>Ca Al silicate 1 (~Epidote) 

 

The first appearance of possible hydrothermal deposits observed from 100 m to 260 m are 

predominantly composed of zeolites, with K-bearing, Na-rich and Ca-rich all being observed, 

as well as calcium carbonate minerals falling within the calcite and siderite compositional 

groups (Figure 5.14a).  Within this range the majority of hydrothermal minerals are observed 

within vesicles less than 500 µm in size, with infills predominantly composed of either zeolites 
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or calcite and where relationship between the two is observed no obvious trend in sequence 

is identified.  Throughout the well hydrothermal deposits are commonly observed with glass 

1A appearing at the outer edges, within both observed infills and cuttings in which the host 

lithology is not preserved, with glass 1A likely indicating the presence of glass alteration 

products such as palagonite or smectites.  Between 270 m and 450 m depth calcium 

carbonate minerals, predominantly within the calcite compositional group, appear to be the 

dominant hydrothermal minerals, however, this appears to coincide with an overall decrease 

in vesicle abundance at these depths.  Zeolites within possible hydrothermal deposits appear 

to become more common between 460-840 m, with K-bearing and Na-rich varieties being 

dominant, though few observed sequences with other phases are identified.  Zeolites at these 

depths are commonly identified alongside plagioclase, with Ca plagioclase inclusions 

appearing between 450-760 m depth and Na plagioclase appearing between 770-790 m, with 

comparison of plagioclase areas with thin sections showing similar appearance to zeolites, 

possibly suggesting formation of secondary plagioclase or overlap between compositional 

groups (Figure 4.2a; Figure 4.10d).  Zeolites observed from 850 m depth and below 

predominantly fall within the Ca-rich zeolite compositional group, likely in relation to 

occurrence of laumontite, with associated plagioclase categorisation returning to Ca 

plagioclase.   

 

Further changes in hydrothermal deposits appear to occur from 940-1,110 m depth with the 

appearance of quartz compositional group dominant cuttings and infills alongside calcite and 

Ca-rich zeolite (Figure 5.14b), however, it is not clear at which point the quartz compositional 

group areas represent quartz or other SiO2 phases.  Alongside the appearance of quartz 

dominant cuttings is the inclusion of Na plagioclase and K-feldspars, commonly observed as 

inclusions in quartz cuttings from 1,060 m depth, alongside the first appearance of chlorite as 

possible hydrothermal deposits, however, chlorite is not clearly observed within vesicles but 

rather as either small irregularly shaped inclusions or as chlorite dominant cuttings observed 

from 1,100 m depth (Figure 5.8b).  Pyrite is commonly observed alongside hydrothermal 

deposits as well as within possible vesicle and fracture infills from 1,120 m depth, with 

observed pyrite typically appearing as inclusions within other hydrothermal phases possibly 

indicating later precipitation (Figure 5.14c).  Na plagioclase and K-feldspar formation also 

appear to change around this depth, with Na plagioclase and K-feldspar dominant cuttings 

observed from 1,160 m depth, with confirmation of both being hydrothermal deposits being 

found within vesicles observed at greater depths (Figure 5.14d).  The lowest observed change 

in possible hydrothermal minerals within the automated mineralogy imagery appears at 1,340 

m depth with the appearance of Ca Al silicate 1 dominant cuttings, likely as a mix of epidote 

and prehnite. Possible hydrothermal titanite is also observed in this sample, although titanite 
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is largely observed in small quantities at outer rims of hydrothermal deposits.  At depths below 

1,340 m, all of the described hydrothermal mineral associated compositional groups continue 

to appear, with quantity and relationships to each other varying significantly throughout leading 

to no overall trend in sequence being identified.  As interpreted mineral sequences at these 

depths are varied it may suggest fluctuation in formation temperatures over time or variation 

in geothermal fluid chemistry, however, as majority of observed cuttings appear either 

homogenous or lack enough detail to determine any sequence of precipitation this cannot be 

confirmed.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. (a) Example of vesicle infill from the 190 m sample containing both K-bearing zeolite and 

calcite compositional groups identified through automated mineralogy. Occurrence of calcite between 

vesicle surface and K-bearing zeolite possibly indicates precipitation before zeolite. (b) Hydrothermal 

mineral dominant cutting from the 940 m composed primarily of quartz, calcite and Ca-rich zeolite 

compositional groups. Appearance of calcite and Ca-rich zeolite areas as inclusions within quartz likely 

indicates later formation than quartz, though the relationship between each other is not clear. (c) Ca-

rich zeolite dominant cutting observed from the 1,200 m sample containing multiple inclusions of pyrite. 

(d) Na plagioclase and K-feldspar vesicle infills identified within the 1,340 m sample. Na plagioclase 

appears dominant with K-feldspar appearing as inclusions, though sequence is not clear.  
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6. Stratigraphy and lithological categorisation 
 

6.1. Lithological classification  

In order to classify the lithology of samples using the automated mineralogy data, a simplified 

set of parameters has been produced focusing on the difference in primary basalt minerals 

and glass, adapted from an approach devised by Millett et al. (2014), with ranges between 

100-75% and 50-75% being used, where 50-75% classifications possibly indicate mixed 

lithologies.  For classification, possible secondary mineral associated compositional groups 

were removed to avoid influencing the classification of the primary lithology, however, samples 

with greater than 30% of its composition not falling within either category have been placed 

into a separate class.  This was done as it is likely that within these samples a large proportion 

of the primary composition has been altered and would not accurately be reflected in its 

classification.  Compositional groups used in the classification of crystalline basalt include Ca 

plagioclase, all 3 pyroxene groups, olivine, ilmenite and magnetite.  For the classification of 

glass both glass 1A and 1B were used (alongside Al, Ca, Mg and Fe rich glasses) despite 

glass 1A being largely composed of glass alteration products, though this may be used to 

identify possible hyaloclastite samples in which primary glass has been altered.  In order to 

avoid any overlap between different groups, a flow chart was used for classification using the 

data (Figure 6.1), with crystalline basalt dominant samples falling within groups B and C, glass 

dominant samples falling within groups D, E, F and G, while samples with greater than 30% 

non-primary minerals fall into group A.  As well as differentiation between glass dominant 

samples based on the ratio between glass and crystalline basalt minerals, samples with >75% 

glass content are split between glass 1B dominant samples which are primarily composed of 

fresh glass falling into group G, while glass 1A dominant samples primarily composed of 

altered glass are categorised as group F.  Samples containing 50-75% glass content are also 

further differentiated, with group D containing a higher concentration of crystalline basalt 

cuttings identified through clinopyroxene values greater than 10%, while crystalline basalt 

minerals within group E are most commonly observed as Ca plagioclase or olivine 

phenocrysts, observed both within glass cuttings as well as singular crystal cuttings.  A brief 

summary of common cutting descriptions and possible lithological interpretations is also 

provided in Table 6.1.  
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Figure 6.1. Flow chart used for classification of samples based on automated mineralogy data. Samples 

with high levels of alteration are differentiated from those classified based on primary lithology as group 

A.  Groups B and C contain samples in which primary minerals such as plagioclase and pyroxene are 

in greater abundance than glass, indicating possible lithologies such as lava flows, basalt intrusions, 

volcanic breccias and pillow lavas. Groups D and E are categorised based on glass content between 

50-75%, differentiated further based on pyroxene content with D containing higher quantities of lithic 

fragments and E commonly containing plagioclase or olivine phenocrysts. Groups F and G are identified 

as having a composition of greater than 75% glass, indicating possible hyaloclastites, with F being 

differentiated based on glass alteration products appearing dominant (glass 1A).  
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Table 6.1. Summary of each lithological grouping identified using the quantitative automated 

mineralogy dataset using the method outlined in Figure 6.1.  

Group Common cutting descriptions  Interpreted lithologies  
A Microcrystalline basalt cuttings, 

secondary mineral dominant cuttings 
(e.g. zeolites, quartz, chlorite, etc), 
partially altered scoriaceous or 
crystalline cuttings.  

Appear to be predominantly highly altered 
basalt lavas/ intrusions, may also include 
hyaloclastites where glass has been largely 
replaced by secondary minerals.  

B Microcrystalline/fine-grained basalt 
cuttings, medium-grained basalt 
cuttings, individual basalt crystals 
(plagioclase, clinopyroxene, olivine), 
scoriaceous tachylite.  

Predominantly basalt lava lithologies with 
coarser grained samples at lower depths 
possibly including basalt intrusions.  

C Microcrystalline/fine-grained basalt 
cuttings, scoriaceous tachylite, 
scoriaceous cuttings where glass 
appears replaced by alteration 
products, plagioclase phenocrysts. 

Extrusive basalt lavas likely dominant, high 
proportion of glass cuttings in some samples 
may suggested mixed lava and hyaloclastites 
in which lavas appear dominant.  

D Tachylite and sideromelane cuttings, 
scoriaceous tachylite, microcrystalline 
basalt, altered glass cuttings.  

Hyaloclastites likely dominant though high 
proportion of crystalline cuttings may suggest 
samples represent mixed lithologies in which 
hyaloclastites appear dominant.  

E Porphyritic sideromelane and tachylite, 
plagioclase or olivine phenocrysts, 
scoriaceous tachylite.  

Hyaloclastites most likely dominant with this 
group, low abundance of vesicles and greater 
crystal content in majority of samples may 
suggest inclusion of pillow lavas although this 
is uncertain.  

F Partially altered sideromelane and 
tachylite with palagonite/smectite, fully 
altered glass into palagonite/smectite, 
scoriaceous tachylite.  

Explosive/non-explosive hyaloclastites in 
which majority of fresh glass has been 
altered into palagonite/smectite.  

G Vesicular fresh sideromelane and 
tachylite, partially altered sideromelane 
and tachylite, scoriaceous tachylite.  

Explosive/non-explosive hyaloclastites with 
comparatively lower levels of alteration 
compared with group F.  

 

 

Using the described classifications based on the quantitative automated mineralogy data, a 

log of the well has been produced as shown in Figure 6.2, with identification of crystalline 

basalt and hyaloclastite dominant intervals, along with the identification of intervals with a high 

degree of alteration.  From the highest sample within the well analysed, the first sequence 

observed is the largest continuous series of glass dominant samples likely indicating the 

presence of hyaloclastites from 70 m to 200 m, appearing to change from the fresh glass 

dominant group G above 120 m depth to the altered glass dominant group F below.  Beyond 

this depth, between 200-740 m samples vary between crystalline basalt dominant and glass 

dominant samples, with glass dominant samples above 500 m being predominantly group E 

with relatively high phenocryst content, whereas below this depth fresh glass dominant group 

G samples appear more common.  The longest continuous basalt dominant interval is 

observed between 740-1,020 m depth, though predominantly composed of group C which 

may include up to 50% glass content, after which two glass dominant samples are observed 
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before the first appearance of group A from 1,060 m depth.  From 1,060 m depth glass 

dominant samples are rare and consist entirely as group D, with the two dominant groups 

below this depth being group C and group A, before an increase in group B seen from 2,010 

m depth.  In the following sections each group will be discussed in detail including possible 

lithologies they may represent and any variation within identified samples.  

 

  

 

 

 
 

Figure 6.2. Log of the Nj-18 well 

using lithological groups defined 

using the quantitative automated 

mineralogy data as described in 

figure 6.1. Possible lava and 

intrusions within groups C and B 

appear most frequently, while 

hyaloclastite dominant samples 

appear predominantly within the 

upper 1,000 m of the well 

appearing to be replaced by 

alteration mineral dominant 

samples below 1,000 m.  
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6.2. Group G – Fresh hyaloclastites  

The uppermost lithological group identified in the well is group G, occurring in three separate 

intervals from 70-110 m, 560-590 m and a single sample at 710 m, with group G being defined 

as having a primary composition of >75% glass, with glass 1B being dominant.  All three 

intervals of group G border other glass dominant categories, possibly being continuations of 

the same lithologies with varying levels of alteration or phenocryst content at different depths 

(Figure 6.2).  The only alteration zone in which group G is identified in is the smectite-zeolite 

zone, with glass abundance likely decreasing due to alteration within the other zones.  As this 

group is identified based on high glass content it is expected that glass categories are 

dominant, with glass 1B having the highest abundance of all compositional groups with an 

average of 46.18%, with glass 1A having the second highest with 21.84% (Table 6.2).  Other 

glass categories have relatively low abundances in comparison with glass 1B, with Ca-rich 

glass having an average abundance of 3.47%, Fe-rich glass having an average of 1.22% and 

Mg-rich glass and Al-rich glass both having an average of 0.34%.  Crystalline basalt related 

compositional groups are comparatively low as expected, with Ca plagioclase having the 

highest abundance with an average of 8.48%, while clinopyroxene has an average of 2.53% 

and olivine averaging 0.91% abundance.  The Ca silicate, Ca Al silicate 1 and Ca Al silicate 2 

compositional groups have highest abundances within the 70 m and 80 m samples, with the 

80 m sample in particular having a combined abundance of these compositional groups of 

41.2% which would place it within group A, however, as Ca silicate and Ca Al silicate 

compositional groups at these depths are observed in association with artificial cement 

cuttings they are ignored in regard to categorisation for this sample.  Calcite also sees higher 

than average abundance within these two samples, reaching 12.33% within the 80 m sample, 

however, outside of these samples an average abundance for calcite within the group is found 

to be 0.92%.  Zeolite abundance within the upper interval between 70-110 m appears relatively 

low with no zeolite compositional groups exceeding 1% abundance, however, within the 560-

590 m interval K-bearing zeolite reaches an average abundance of 4.07%, with a maximum 

abundance observed of 6.81% within the 580 m sample. 
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Table 6.2.  Quantitative automated mineralogy data for samples falling within group G along with averages for major compositional groups.  Abundance of 

compositional groups which do not exceed 1% at any point are summarised by the minor categories column.  
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70 1.33 6.35 2.10 0.21 0.58 0.04 1.31 0.02 5.00 2.24 0.56 0.95 16.67 45.90 1.12 9.51 1.36 1.74 3.01 

80 0.70 1.29 12.39 0.14 0.26 0.04 0.49 0.00 28.16 10.62 2.43 0.80 12.73 19.68 0.45 4.92 0.48 2.65 1.78 

90 0.43 5.64 0.92 0.10 0.61 0.01 1.77 0.08 0.00 0.09 0.02 1.17 17.03 62.09 0.90 5.31 1.38 0.89 1.54 

100 1.34 9.91 0.80 0.48 0.81 0.19 2.23 0.89 0.01 0.11 0.02 1.10 27.36 43.52 0.58 4.54 1.77 1.04 3.30 

110 0.85 8.60 1.33 0.38 0.48 0.11 1.71 0.96 0.00 0.07 0.01 0.21 23.76 53.74 0.13 3.38 1.46 0.21 2.61 

560 0.44 9.84 0.73 2.17 1.07 0.13 2.42 2.79 0.22 0.60 0.02 0.46 15.89 59.45 0.05 1.09 0.95 0.19 1.48 

570 0.91 11.20 0.93 4.42 0.50 0.54 3.39 0.74 0.16 0.93 0.03 0.38 26.72 44.44 0.06 1.27 1.47 0.18 1.74 

580 1.70 12.48 0.48 6.81 0.88 1.04 4.92 0.62 0.27 0.69 0.01 0.47 28.18 35.87 0.07 1.47 1.25 0.14 2.64 

590 0.77 9.21 1.09 2.89 1.31 0.31 3.83 0.99 0.12 0.60 0.02 0.75 28.30 43.99 0.08 1.89 1.19 0.26 2.42 

710 0.33 10.30 1.08 0.96 1.08 1.11 3.19 2.01 0.21 0.65 0.02 0.31 21.72 53.12 0.03 1.30 0.85 0.09 1.65 

avg 0.88 8.48 2.19 1.86 0.76 0.35 2.53 0.91 3.41 1.66 0.31 0.66 21.84 46.18 0.34 3.47 1.22 0.74 2.22 
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Within the 70-110 m interval, the dominant cutting type observed is highly vesicular glass 1B 

dominant fresh glass cuttings (Figure 6.3). Vesicle size and distribution varies although the 

majority fall within 100-500 µm in size, with highest vesicle density observed within the 80 m 

sample, although this may be affected by the larger size of cuttings observed in this sample, 

with other cutting samples within this interval being too small to determine vesicle density 

(Figure 6.3b).  Comparison between the automated mineralogy imagery and thin sections 

appears to show glass 1B dominant cuttings within this interval being a mix of sideromelane 

and tachylite with sideromelane appearing dominant within all samples. Larger tachylite 

cuttings observed within this interval appear to vary in composition with both glass 1B and 1A 

categorises being observed (Figure 6.3c).  Within the lower two intervals glass 1B dominant 

cuttings continue to be the most common observed, however, vesicles appear less densely 

distributed with the majority of cuttings showing 1-2 vesicles or none, with similar size range 

of 100-500 µm.  Glass 1B dominant cuttings within lower intervals commonly contain areas of 

glass 1A, commonly at vesicle boundaries, appearing in thin section as dark yellow/brown 

areas within sideromelane cuttings, likely indicating presence of palagonite or smectite (Figure 

6.3d).  Similar to the upper interval, tachylite is commonly included within glass 1B dominant 

samples though majority sideromelane is still dominant, with tachylite more commonly 

containing Ca plagioclase and clinopyroxene crystal areas. Glass 1B dominant cuttings 

commonly contain zeolite and plagioclase areas within the lower intervals, commonly within 

vesicle infills and within irregularly shaped areas possibly indicating areas of replaced glass.  

Altered glass 1A dominant cuttings are also observed within this group, predominantly within 

the upper interval, possibly in relation to the lower overall cutting grain size, with glass 1A 

dominant cuttings appearing in thin section as a mix of dark yellow/brown phases likely made 

up of glass alteration products such as palagonite or smectite.  Glass 1A dominant tachylite 

cuttings are also observed, possibly indicating some variation in composition compared to 

sideromelane and other tachylite cuttings, with these cuttings typically appearing larger than 

sideromelane cuttings within the upper interval, as well as commonly containing multiple areas 

of Ca plagioclase likely representing quench crystals (Figure 6.3c).  Within the lower two 

intervals, as well as glass dominant cuttings a small number of crystalline basalt associated 

compositional group dominant cuttings are also observed, composed predominantly of 

microcrystalline/fine-grained Ca plagioclase and clinopyroxene (Figure 6.3d).  Comparison 

with thin section shows these cuttings as having a tachylite groundmass, with only the Ca 

plagioclase crystals being clearly visible, with clinopyroxene areas possibly being obscured 

due to the small size of crystals.  The presence of Ca silicate, Ca Al silicates and calcite within 

the 70 m and 80 m sample is primarily observed as cuttings composed of a mix of these 

compositional groups, appearing in thin section as grey/brown areas, often only partially 

preserved, with cutting sizes appearing larger within the 80 m sample (~1-3 mm) compared to 
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the 70 m sample (~100-750 µm) (Figure 6.3a; Figure 6.3b).  Alongside the appearance of 

zeolite/plagioclase infills within the lower two intervals, singular cuttings categorised as either 

of the two or a mix are also observed, with plagioclase being differentiated from primary 

phenocrysts based on cloudy textures observed in PPL and a lack of observable twinning in 

XPL, possibly representing zeolites with compositional overlap with the plagioclase 

compositional groups (Figure 6.3d).  Olivine phenocrysts are also observed as individual 

cuttings, most commonly within the lower two intervals, with olivine in the upper interval being 

commonly contained withing glass 1B cuttings (Figure 6.3d). 

 

In viewing the cutting samples, the upper and lower intervals appear distinct from one another, 

though this appears to be primarily in relation to the smaller cutting grain size observed within 

the upper interval, ~0.5-1 mm compared to ~1-3 mm, though colouration and lustre of glass 

cuttings also appear distinct.  The dominant cutting types observed within the cutting samples 

for the upper interval appear to be a mix of dull/sub vitreous grey cuttings, commonly 

containing vesicles and light yellow coatings, alongside vitreous brown/yellow cuttings and 

vitreous black cuttings (Figure 6.3). Yellow/brown and black cuttings may be easily 

distinguished into sideromelane and tachylite glass, however, it is unclear which of these the 

dull/sub vitreous grey cuttings represent.  Based on the high number of grey cuttings and 

comparison with thin sections and automated mineralogy imagery, it is likely these also 

represent glass cuttings, with differences in colouration and lustre possibly being  affected by 

weathering or surface alteration.  Glass cuttings within the upper interval commonly contain 

dull light yellow areas, often within vesicles, likely indicating the presence of glass alteration 

products such as palagonite or smectite.  Within the lower two intervals, the colouration and 

distribution of cuttings is similar to the upper interval, however, some features of these 

including lustre appear distinct, with grey cuttings appearing dull, yellow/brown cuttings having 

a waxy/resinous lustre and black tachylite cuttings appearing vitreous, but often having a 

varied surface, with waxy brown areas likely indicating presence of alteration products,  as 

well as white/colourless areas likely representing zeolite infills/replacements (Figure 6.3d; 

Figure 6.3e).  Based on the automated mineralogy data, imagery and comparisons with thin 

sections and cuttings, this group likely represents relatively fresh hyaloclastite tuffs or non-

explosive hyaloclastites such as pillow breccias.  Comparison with groupings described by 

Frolova et al. (2005), the samples within this group appear to represent hyaloclastites within 

groups 1-3, comprised of hyaloclastites with low levels of alteration and high permeability,  

with the upper interval likely falling within group 1 while the lower two intervals likely fall within 

groups 2 or 3. 
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Figure 6.3. Comparison between automated mineralogy imagery, thin sections and cuttings for 

samples within group G. Includes the (a) 70 m sample, (b) 80 m sample, (c) 100 m sample, (d) 560 m 

sample and (e) 710 m sample.   
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6.3. Group F – Altered hyaloclastites  

Group F is identified based on similar parameters to group G, with primary composition 

composed of >75% glass compositional groups, however, it is separated from group G by 

glass 1A being greater than glass 1B, with glass 1A being commonly associated with glass 

alteration products.  Group F is also observed in three separate intervals, though with only 

one containing multiple samples at 120-190 m, with the other two samples found at 460 m and 

700 m (Figure 6.2).  The interval between 120-190 m occurs after the largest interval of group 

G, likely as a continuation of the same sequence, while the 460 m sample is identified between 

crystalline dominant group C samples and the 700 m sample occurs above a single sample of 

group G.  Similar to group G, glass 1A and 1B show significantly higher abundances than 

other primary associated compositional groups, with glass 1A having an average abundance 

of 53.38%, while glass 1B has an average abundance of 27.01% (Table 6.3).  Other glass 

categories show similar low values to those in group G, with Ca-rich glass having an average 

abundance of 2.2%, Fe-rich glass having an average of 1.64%, Mg-rich glass having an 

average of 1% and Al-rich glass having an average abundance of 0.09%.  Of the major 

crystalline basalt associated compositional groups, Ca plagioclase has the highest average 

abundance of 4.97%, while clinopyroxene has an average of 1.28% and olivine averages 

0.44% abundance, with low clinopyroxene abundance typically being in association with lower 

numbers of crystalline cuttings.  Secondary mineral associated compositional groups show 

similar average abundances, with calcite and all 3 zeolite categories having average 

abundances between 1-2%.   
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Table 6.3.  Quantitative automated mineralogy data for samples falling within group F, along with averages for major compositional groups.  Abundance of 

compositional groups which do not exceed 1% throughout are summarised by the minor categories column. 

 

 

 D
e
p

th
 (

m
) 

N
a
 P

la
g

io
c

la
s
e
 

C
a
 P

la
g

io
c

la
s
e
 

C
a
lc

it
e
 

K
-b

e
a

ri
n

g
 z

e
o

li
te

s
 

C
a

-r
ic

h
 z

e
o

li
te

s
 

C
li

n
o

p
y

ro
x
e

n
e
 

O
li

v
in

e
 

C
a
 A

l 
S

il
ic

a
te

 3
 

G
la

s
s

 1
A

 

G
la

s
s

 1
B

 

C
a

-r
ic

h
 G

la
s

s
 

M
g

-r
ic

h
 G

la
s

s
 

F
e

-r
ic

h
 G

la
s
s
 

M
in

o
r 

c
a

te
g

o
ri

e
s
 

120 0.51 5.41 1.73 0.25 0.42 1.01 0.44 0.47 45.01 37.62 2.81 1.02 1.25 2.06 

130 1.12 8.51 1.57 1.08 1.24 1.96 0.59 0.34 49.78 27.81 0.51 0.59 1.09 3.81 

140 0.44 5.53 0.58 1.38 1.47 1.52 0.54 0.71 58.28 23.30 0.36 1.65 1.16 3.07 

150 0.81 4.89 1.11 0.47 0.78 0.87 0.42 1.02 61.05 19.96 1.92 2.16 1.82 2.70 

160 0.12 1.61 0.98 3.21 1.81 0.20 0.18 1.24 58.56 23.11 2.45 1.82 2.12 2.59 

170 0.22 3.14 3.76 0.73 0.85 0.70 0.18 0.65 48.84 29.42 6.44 1.42 1.72 1.94 

180 0.36 2.81 2.73 1.04 0.94 0.46 0.09 0.46 53.64 32.27 0.92 0.65 1.63 2.01 

190 0.00 0.70 2.06 1.98 0.86 0.11 0.10 0.53 53.68 30.52 3.57 0.08 3.26 2.56 

460 0.35 7.88 0.72 4.39 1.77 3.64 0.69 0.21 59.27 14.34 1.03 0.18 1.31 4.20 

700 0.18 9.26 0.09 1.08 1.29 2.36 1.17 0.82 45.69 31.71 2.02 0.42 1.04 2.87 

avg 0.41 4.97 1.53 1.56 1.14 1.28 0.44 0.64 53.38 27.01 2.20 1.00 1.64 2.78 
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The dominant cutting type observed is found as a mix of glass 1A and 1B, with 1A being 

dominant, while 1B is commonly observed as smaller areas within the glass 1A groundmass 

(Figure 6.4).  Similar to group G, vesicles are commonly observed predominantly between 

100-500 µm in size, however, density of distribution and shape of vesicles often varies 

between cuttings, with some cuttings containing multiple vesicles with distances between 

being <100 µm, while cuttings in the same sample may contain no vesicles at all. Vesicle 

shape also appears to vary with the majority appearing to have high sphericity and a well-

rounded shape, whereas a minority of cuttings have vesicles with low sphericity, often 

appearing anisotropic, with sub rounded or sub angular shape (Figure 6.4a).  Vesicles and 

irregularly shaped areas within glass 1B and 1A dominant cuttings are commonly infilled by 

calcite or a mix of zeolite compositional groups, likely reflecting a variation in composition 

expected in low temperature zeolites, with irregularly shaped areas possibly signifying glass 

replacement.  Comparison with thin sections shows the majority of glass cuttings as being 

composed of highly altered sideromelane, with glass 1B areas correlating with yellow/brown 

fresh glass, whereas glass 1A commonly appears to be associated with light yellow/brown 

alteration products.  However, within the 700 m sample, the distribution of glass 1A and 1B do 

not appear to correlate well with fresh and altered glass, with fresh glass appearing grey in 

thin section compared to yellow/brown alteration products, with glass 1A and 1B showing no 

correlation to either (Figure 6.4d).  In comparison to the other samples, the 700 m sample 

appears to have a higher quantity of fresh glass, with fresh glass being partially identified as 

glass 1A, and may reflect descriptions of group G better, however, altered glass still appears 

to have a high abundance.  Another similarity to group G is the appearance of tachylite 

cuttings, commonly containing numerous euhedral Ca plagioclase crystals, with the main 

difference to group G observed being the comparatively low abundance of clinopyroxene 

within these cuttings. 

 

Cuttings for samples within group F show some similarities to those of group G, with sub 

vitreous grey cuttings being common, however, yellow/brown cuttings show a higher degree 

of alteration, commonly coated in dull light yellow or resinous brown alteration products (Figure 

6.4).  Within these altered cuttings areas of vitreous black tachylite are often observed, as well 

as both filled and unfilled vesicles, with infilled vesicles containing colourless minerals, 

probably calcite or zeolites (Figure 6.4b).  As with the thin sections, cuttings from the 700 m 

sample do not appear to correlate with those in samples above this depth, with little to no 

yellow alteration products and with a higher abundance of vitreous tachylite being observed.  

Alteration products observed within the 700 m sample include dark brown resinous material, 

likely glass alteration products ranging from palagonite to smectite, while the dominant 
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alteration product visible in cuttings is white/colourless mineral infills likely representing 

zeolites (Figure 6.4d).  As with group G, the high abundance of glass and glass alteration 

products within these cuttings are likely formed as hyaloclastite tuffs or non-explosive 

hyaloclastites such as pillow breccias, with the main difference between the two groups being 

the higher degree of alteration within group F.  In comparison with groups laid out by Frolova 

et al. (2005), group F samples would likely fall within groups 3 and 4, based on the high 

abundance of possible palagonite and smectite as well as other diagenetic minerals such as 

zeolites and calcite.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. Comparison between automated mineralogy imagery, thin sections and cuttings for 

samples within group F. Includes the (a) 130 m sample, (b) 190 m sample, (c) 460 m sample and (d) 

700 m sample.  
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6.4. Group C – Lavas and crystalline dominant mixed lithologies 

Group C, identified through primary compositions of 50-75% crystalline basalt, is the most 

abundant lithological category identified within the well, containing a total of 107 samples, as 

well as occurring within each alteration zone.  Association with other lithological groups is 

varied, though commonly seen above and below intervals of >75% basalt group B, possibly 

as an intermediate mix of hyaloclastite and crystalline basalt lithologies, although extended 

intervals of group C are also commonly observed with the longest interval being between 890 

m to 1,010 m (Figure 6.2).  Within group C the two most abundant compositional groups are 

the Ca plagioclase and clinopyroxene categories, with Ca plagioclase having an average 

abundance of 29.63% while clinopyroxene has an average abundance of 18.55% (Table 6.4).  

Of the other crystalline basalt associated compositional groups, only 3 consistently exceed 

1% abundance throughout the well, those being aluminous clinopyroxene, orthopyroxene and 

ilmenite, with average abundances of 1.39%, 0.68% and 1.62%.  However, olivine and 

magnetite only exceed 1% abundances within the smectite-zeolite zone, with olivine reaching 

peak abundance within the 340 m sample at 8.33%, while magnetite reaches peak abundance 

at 220 m at 1.1% abundance.  As with the glass dominant groups G and F, the two most 

abundant glass compositional groups within group C are the glass 1A and 1B categories, with 

glass 1A being dominant with an average abundance of 14.73% compared to an average 

abundance of 8.7% for 1B.  Higher values for glass 1A likely reflect greater abundance of 

glass alteration products based on comparisons with this category and thin sections, as well 

as the possible association with glass 1A and olivine replacement minerals (Figure 4.8).  Ca-

rich, Mg-rich and Fe-rich glass compositional groups have average abundances of 3.18%, 

1.72% and 1.84%, however, higher values for Mg-rich glass within the mixed layer clay and 

chlorite-epidote zones are possibly in relation to compositional overlap with chlorite.   

Table 6.4.  Average abundance for primary crystalline and glass associated compositional groups 

throughout group C, with averages sorted into alteration zones due to the number of samples.  

Abundances are also given as a percentage of primary associated compositional groups only showing 

comparison between crystalline versus glass abundance. (SZ= smectite-zeolite zone, MLC = mixed 

layer clay zone, CE = chlorite-epidote zone, EA = epidote-actinolite zone).  
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SZ 37.16 17.3 1.14 0.98 1.05 0.3 2.13 13.84 10.54 0.15 3.68 0.98 1.84 65.89 34.11 

MLC 28.75 18.14 1.15 0.4 0.02 0.37 1.8 16.39 4.87 0.07 4.13 2.15 2.54 62.61 37.39 

CE 22.22 18.13 1.3 0.43 0.02 0.28 1.25 14.71 7.6 0.05 3.41 3.37 2.14 58.19 41.81 

EA 18.13 20.83 1.91 0.47 0.01 0.35 0.97 15.4 8.09 0.04 1.92 1.84 1.38 61.94 38.06 
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Of the compositional groups commonly associated with diagenetic minerals, Na plagioclase 

reaches the highest values of those contained in group C, reaching a peak abundance of 

18.4% (Table 6.5), however, a portion of Na plagioclase abundance is likely produced within 

otherwise Ca dominant primary plagioclase from compositional zoning.  Of the three zeolite 

compositional groups observed within group C, the Ca-rich zeolite category appears 

dominant, reaching 6.48% within the 1,730 m sample, with an average abundance of 1.61% 

throughout the group.  After Ca-rich zeolite, quartz has the next highest peak abundance 

amongst secondary compositional groups, reaching 6.1% within the 1,260 m sample, with 

abundance increasing from the 940 m sample onward, with highest abundances seen from 

the mixed layer clay zone onward, with an average abundance of 0.26% within the smectite-

zeolite zone compared to an overall average of 1.81%.  Chlorite abundance throughout group 

C is predominantly below 1%, however, it reaches a peak abundance of 5.83% within the 

epidote-actinolite zone at a depth of 1,770 m, despite only having an average abundance of 

1.16% from the mixed layer clay zone onward.  Ca Al silicate 1 sees the next highest peak 

abundance of diagenetic mineral associated compositional groups within group C, reaching a 

peak abundance of 5.15% within the 1,780 m sample, with highest values observed within the 

chlorite-epidote and epidote-actinolite zones, most likely in association with epidote and 

prehnite.  Similar to Ca Al silicate 1, the titanite compositional group also sees its highest 

abundances within the chlorite-epidote and epidote-actinolite zones, with values exceeding 

1% first seen within the mixed layer clay zone at 1,100 m, before reaching a peak abundance 

of 3.41% within the 1,740 m sample.  Carbonate categories containing both calcite and siderite 

compositional groups are commonly observed with values greater than 1%, however, within 

the majority of samples both calcite and siderite abundances are below 1%.  K-feldspar is also 

commonly identified within group C, with highest abundances seen from the mixed layer clay 

zone downwards, reaching 2.52% within the 1,300 m sample.   

Table 6.5.  Average abundances for non-primary associated compositional groups throughout group 

C, with averages given by alteration zone due to number of samples. Non-primary associated 

compositional groups which do not exceed an average abundance of 1% for any alteration zone are 

summarized by the minor column. (SZ= smectite-zeolite zone, MLC = mixed layer clay zone, CE = 

chlorite-epidote zone, EA = epidote-actinolite zone).  
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SZ 0.26 0.24 1.92 0.08 0.98 0.76 0.85 0.61 1.08 0.04 2.08 8.9 

MLC 2.32 0.59 4.7 0.55 1.99 1.24 0.57 0.57 1.01 1.19 4.49 19.22 

CE 4.06 1.14 6.72 0.95 1.11 0.84 2.74 1.32 0.86 1.86 3.49 25.09 

EA 2.79 1 9.19 1.52 0.5 0.51 1.81 2.06 0.61 1.89 2.52 24.4 
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The most common cutting description identified appear as microcrystalline to fine-grained 

basalt cuttings, primarily composed of euhedral/subhedral Ca plagioclase within a 

clinopyroxene groundmass, commonly containing areas of ilmenite and orthopyroxene, as 

well as occasional olivine crystals within the smectite-zeolite zone (Figure 6.5a).  Similar to 

groups G and F, scoriaceous tachylite cuttings are commonly observed with high quantities of 

microcrystalline/fine-grained Ca plagioclase and clinopyroxene, in some cases being the 

dominant cutting type such as within the 480 m sample (Figure 6.4b), though typically 

occurring alongside a significant number of crystalline dominant cuttings without a glass 

groundmass.  As well as tachylite cuttings, crystalline basalt mineral areas are also commonly 

contained within a glass 1A alteration product groundmass from ~530 m depth onward, likely 

as a replacement of tachylite groundmass within previously described cuttings, with glass 1A 

areas varying in colour from red/brown, yellow/brown to yellow, though outside of the smectite-

zeolite zone red/brown appears dominant (Figure 6.4c).  Primary crystalline basalt is also 

commonly observed as individual crystal cuttings, predominantly as Ca plagioclase or olivine, 

with olivine limited to depths within the smectite-zeolite zone, with these cuttings possibly 

suggesting presence of some medium-coarse grained basalts, however, as these occur in 

relatively small numbers throughout most of the well these may represent individual 

phenocrysts (Figure 6.4a; Figure 6.4b).  The number of single crystal Ca plagioclase cuttings 

appears to increase in abundance from 1,960 m depth, appearing to correlate with coarser 

grained basalts and a greater quantity of group B samples with depth, possibly indicating 

medium/coarse-grained basalts included within group C at these depths.  Between 290-890 

m, as well as crystalline rich tachylite cuttings, sideromelane cuttings commonly appear, with 

vesicle density and size varying with larger cuttings (>1 mm) typically containing 1-2 at most 

(Figure 6.4a).  In comparison to glass dominant groups containing high quantities of 

sideromelane such as group G and E, sideromelane observed in group C commonly contains 

higher numbers of Ca plagioclase and olivine phenocrysts, though such cuttings are still 

predominantly categorised as glass 1B.  Observation of secondary mineral related 

compositional groups match expected occurrence described in section 5, although due to 

relatively small number of vesicles observed within crystalline basalt cuttings the majority of 

secondary mineral areas greater than 100 µm size occur as individual cuttings.  One possible 

diagenetic change to the primary lithology observed within group C occurs from the chlorite-

epidote zone, where euhedral/subhedral plagioclase contained within a small number of 

crystalline basalt cuttings appears as Na plagioclase rather than the more commonly observed 

Ca plagioclase, possibly as a diagenetic replacement of Ca plagioclase, however, variation in 

primary plagioclase composition cannot be ruled out (Figure 6.4d). 



100 
 

In viewing the cutting samples for group C, those within the smectite-zeolite zone appear to 

be predominantly composed of sub-vitreous dark grey/black cuttings, commonly with white 

crystals observable at the surface likely signifying presence of plagioclase, possibly correlating 

with microcrystalline/fine-grained basalt cuttings observed in thin section and the automated 

mineralogy imagery.  With increasing depth, possible crystalline cuttings become increasing 

obscured through brown, yellow and red, dull/waxy coatings from ~470 m depth onward, with 

coatings likely correlating with glass 1A glass alteration products seen at cutting boundaries 

within thin section and automated mineralogy imagery (Figure 6.4b).  As well as possible 

microcrystalline/fine-grained basalt cuttings, within the smectite-zeolite zone common cutting 

types observable include vitreous tachylite cuttings, olivine phenocrysts and colourless 

transparent crystal cuttings, likely containing a mix of plagioclase phenocrysts, zeolites and 

calcite (Figure 6.4a).  Continuing into the mixed layer clay zone primary cuttings are 

predominantly coated in possible glass alteration products, however, alongside previously 

described brown coatings are light grey/green coated grains with the number of such grains 

varying (Figure 6.4c).  This trend continues further into the chlorite-epidote zone, with green 

colouration becoming more common, as well as the common appearance of resinous green 

cuttings likely signifying presence of chlorite.  Within the epidote-actinolite zone white/green 

coated cuttings continue to be observed, however, visible vitreous/sub-vitreous surfaces 

appear more common than shallower depths, with possible pyroxene crystals being commonly 

observed (Figure 6.4d).  The proportion of cutting samples composed of secondary dominant 

cuttings also appears to increase into the epidote-actinolite zone, with both green and white 

cuttings observed likely representing chlorite and wairakite. 

 

The dominance of crystalline basalt cuttings within samples contained within group C, as well 

as the common occurrence of glass and the fine/microcrystalline grain size likely indicate that 

group C is predominantly composed of extrusive basalt lava lithologies, with the comparatively 

low abundance of glass cuttings likely ruling out hyaloclastite lithologies.  However, narrowing 

down the range of specific extrusive basalt lithologies that may fall within this grouping based 

on the quantitative automated mineralogy data is difficult as many of these are identified 

through their structure rather than mineralogy, such as the presence of pillow rinds within 

pillow lava lithologies or flow crusts, cores and bases within lava flow lithologies.  Optical 

identification of specific extrusive basalt lithologies is also hampered by the scale of cuttings 

collected, with structurers such as pillow rinds not being observed as possibly being poorly 

preserved if present in original lithology.  Also, although basalt dominant, the common 

inclusion of glass or glass alteration product cuttings may also be the result of samples 

collected near boundaries between crystalline basalts and hyaloclastites, possibly resulting in 
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samples representing mixed lithologies.  Based on these observations, the best description of 

group C lithologies may be extrusive basalt lavas  and crystalline basalt dominant mixed 

lithologies. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 

Figure 6.5. Comparison between automated mineralogy imagery, thin sections and cuttings for 

samples within group C. Includes the (a) 340 m sample, (b) 480 m sample, (c) 1,100 m sample and (d) 

1,840 m sample. 
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6.5. Group B – Extrusive lavas and intrusions  

Group B is identified largely at depths above 1,000 m and below 2,000 m, predominantly as 

10-20 m intervals commonly bordering either group C or group E, with the longest intervals 

identified being at 300-330 m and at 630-660 m depths (Figure 6.2).  A gap in group B 

occurrence is observed between 1,140 m to 2,000 m, appearing to correlate with much of the 

chlorite-epidote and epidote-actinolite zones, likely in association with decreases observed in 

Ca plagioclase abundance seen at these depths from possible alteration.  Ca plagioclase is 

the most abundant compositional group within group B, with an average abundance of 

40.47%, with the second highest being clinopyroxene with an average abundance of 24.47%, 

both making up the majority of primary phase abundance within the group (Table 6.6).  Other 

crystalline basalt associated compositional groups have comparatively low abundances, with 

aluminous clinopyroxene, orthopyroxene, olivine and ilmenite all having average abundances 

between 1-2%, however, olivine is observed in one sample as having an abundance of 

26.01%, appearing to contain an anomalous amount of olivine phenocryst cuttings within this 

sample.  Glass abundance is relatively low compared with previously described groups, as 

would be expected based on the groups criteria, with glass 1A and 1B having the highest 

average abundances amongst the glass compositional groups of 9.05% and 4.71%.  The trend 

for glass 1A is largely stable within the range of group B, with values commonly exceeding 

10% observed throughout, however, glass 1B appears to decrease outside the range of the 

smectite-zeolite zone, likely due to the alteration of fresh glass.  Other glass compositional 

groups show similar abundances to previously described lithological categories, with Ca-rich 

glass having an average abundance of 2.5%, Mg-rich glass having an average of 1.09% and 

Fe-rich glass having an average of 1.05%.  Compositional groups associated with secondary 

minerals show comparatively low values in comparison with the previously described 

lithological groups, with majority having average abundances below 1%, with only the Na 

plagioclase compositional group having a higher average abundance of 2.74%, with an 

increase in abundance observed within samples occurring within the epidote-actinolite zone. 
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Table 6.6.  Quantitative automated mineralogy data for primary associated compositional groups within 

group B. Abundances are also given as a percentage of primary associated compositional groups only 

showing comparison between crystalline versus glass abundance. 

 

Within the automated mineralogy imagery and thin sections the dominant cutting description 

observed appears to be largely similar to those described within group C, with samples falling 

within the smectite-zeolite and mixed layer clay zones being predominantly composed of 

microcrystalline/fine-grained basalt cuttings made up of euhedral/subhedral Ca plagioclase 

within a groundmass of clinopyroxene, commonly containing ilmenite, orthopyroxene, olivine 

and glass 1A areas.  Within this range some variation is observed with crystal grain size, 
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210 45.91 15.35 2.39 2.24 0.36 2.72 0.70 7.43 7.74 0.43 2.35 0.41 1.35 77.95 22.05 

250 46.30 18.72 1.16 2.37 3.36 1.88 0.25 0.00 15.27 0.40 2.10 0.37 1.43 79.1 20.90 

300 45.41 21.81 0.75 1.36 4.79 2.32 0.15 8.49 1.90 0.20 2.60 0.47 1.01 83.93 16.07 

310 42.47 23.19 0.79 1.67 3.24 2.37 0.97 7.85 5.29 0.35 2.33 0.82 1.18 80.75 19.25 

320 41.27 22.42 0.69 2.67 2.92 2.32 0.25 11.59 2.92 0.25 2.30 1.07 1.08 79.06 20.94 

330 39.16 22.49 1.15 2.07 1.98 2.28 0.08 13.18 1.46 0.46 2.50 1.22 1.40 77.4 22.60 

390 26.12 16.75 1.51 1.69 26.01 1.67 0.21 6.78 8.00 0.17 3.29 0.71 1.02 78.74 21.26 

630 42.33 23.15 1.23 1.33 1.35 1.00 0.27 11.09 6.04 0.08 4.12 1.00 1.14 75.06 24.94 

640 41.62 25.58 1.21 1.42 1.34 0.90 0.32 7.29 8.12 0.08 4.06 0.70 0.90 77.39 22.61 

650 40.01 28.01 0.99 2.13 0.19 1.05 0.16 8.07 5.37 0.08 3.29 1.02 0.86 79.52 20.48 

660 47.80 21.86 1.46 1.70 0.38 0.74 0.74 5.34 5.11 0.12 4.12 0.65 0.81 82.22 17.78 

760 46.51 21.24 0.83 2.15 0.06 2.12 0.41 10.53 5.38 0.09 2.95 0.73 1.27 77.78 22.22 

770 43.68 23.35 0.52 1.53 0.23 2.20 0.26 10.18 4.92 0.10 2.27 0.50 1.35 78.79 21.21 

800 48.40 23.87 0.83 1.81 0.18 2.61 0.21 8.23 3.83 0.07 2.55 0.52 0.99 82.81 17.19 

840 44.73 21.14 1.32 1.25 0.65 1.51 0.11 12.53 5.61 0.10 2.59 1.11 1.48 75.11 24.89 

870 44.71 23.98 0.63 2.00 1.10 2.00 0.10 12.54 4.09 0.05 1.99 0.62 0.99 78.61 21.39 

880 47.22 25.11 0.78 0.95 0.48 1.54 0.08 10.08 4.51 0.04 2.60 0.98 1.24 79.66 20.34 

1130 37.68 25.22 0.83 1.89 0.00 2.89 0.45 7.50 4.29 0.08 4.85 1.36 1.72 77.69 22.31 

2010 34.01 31.39 1.15 1.07 0.00 1.56 0.18 11.29 3.53 0.05 1.25 0.86 0.72 79.67 20.33 

2050 34.65 29.47 1.15 0.35 0.00 1.96 0.33 9.60 3.56 0.04 1.64 2.05 0.91 79.23 20.77 

2062 33.47 28.92 1.04 1.64 0.00 1.82 0.18 10.81 2.88 0.06 1.55 1.89 0.82 78.84 21.16 

2070 38.24 31.58 1.02 1.64 0.00 2.51 0.23 7.42 2.22 0.06 1.70 1.39 0.73 84.76 15.24 

2070 35.04 30.82 1.04 1.75 0.08 2.43 0.21 7.75 2.52 0.08 1.70 2.03 0.65 82.89 17.11 

2090 32.61 28.57 0.80 2.36 0.25 2.75 0.36 10.11 2.98 0.06 1.69 2.27 0.84 79.05 20.95 

2110 34.18 26.51 0.88 1.74 0.04 2.21 0.32 9.89 3.41 0.07 2.03 1.93 1.09 78.14 21.86 

2120 40.59 27.54 0.91 3.38 0.40 1.58 0.14 8.72 3.78 0.08 0.98 0.95 0.49 83.25 16.75 

2130 38.68 22.70 0.97 1.66 0.02 1.57 0.33 10.21 2.43 0.09 2.07 1.88 0.94 78.92 21.08 

Avg 40.47 24.47 1.04 1.77 1.83 1.94 0.3 9.05 4.71 0.14 2.5 1.09 1.05 79.49 20.51 



104 
 

predominantly within the 300-390 m range, in which crystal grain size appears coarser but still 

largely fine-grained (Figure 6.6b).  However, in samples below 2,000 m depth crystal grain 

size appears to increase further, with cuttings being commonly composed of single crystals of 

Ca plagioclase or clinopyroxene, possibly suggesting crystal grain sizes in the range of 

medium to coarse-grained, however, variation in cuttings is still observed at these depths 

including microcrystalline and fine-grained cuttings though typically in smaller quantities 

(Figure 6.6d).  Similar to group C, glass dominant cuttings are also commonly observed within 

group B, with similar cutting descriptions being observed, though as expected these are 

typically observed in smaller quantities compared to group C (Figure 6.6a).  The most common 

occurrence of glass bearing cuttings observed is typically as scoriaceous tachylite, with 

majority of cutting areas being composed of Ca plagioclase crystals and clinopyroxene. 

Tachylite only cuttings and sideromelane cuttings are primarily observed within the smectite-

zeolite zone with sideromelane cuttings having similar appearances to those described for 

group C (Figure 6.6a).  From 650 m onward glass 1A is commonly identified within areas of 

crystalline cuttings, likely as a result of alteration of olivine into phases that may fall within 

glass 1A such as smectites, with these occurrences of glass 1A appearing to make up a 

significant proportion of glass abundance within these samples (Figure 6.6c).  Cuttings in 

which glass 1A alteration products appear to form the groundmass to Ca plagioclase crystals 

also appear to increase in abundance with depth, with those observed in group B often 

appearing to have coarser grained plagioclase compared to those observed in group C.  

Vesicles within group B appear predominantly within glass dominant cuttings, with crystalline 

basalt cuttings largely lacking any signs of vesicles, though some are observed within the 300-

390 m range, with sizes observed between 0.25-1 mm (Figure 6.6b).  Alteration minerals are 

largely observed as whole cuttings, with calcite appearing dominant within the smectite-zeolite 

zone alongside zeolites, while within the epidote-actinolite zone quartz, Na plagioclase, Ca-

rich zeolite and titanite appear to make up majority of secondary cuttings.  As well as individual 

cuttings, possible replacement of primary minerals appears to be observed within the epidote-

actinolite zone, with the predominantly Ca plagioclase crystals often being partially or fully 

categorised as Na plagioclase similar to occurrences within group C, as well as the partial and 

full replacement of ilmenite crystals by titanite observed at these depths (Figure 6.6d). 

 

Similar to group C, within the cutting samples for group B the majority of cuttings appear light 

grey/black in colour, often containing numerous white crystals likely representing plagioclase, 

as well as commonly observed white dominant cuttings likely containing higher proportions of 

plagioclase compared to clinopyroxene.  The main difference observed in cutting samples 

compared to group C is the relatively low abundance of vitreous tachylite, as well as a higher 
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number of olivine phenocrysts in samples within the smectite-zeolite zone.  At depths below 

630 m these cuttings are commonly coated in brown/red alteration products, with the 660 m 

sample appearing anomalous in this regard with the majority of cuttings being coated in light 

red/pink mineral, possibly containing Fe oxide minerals at the cutting surfaces (Figure 6.6c).  

Below 2,000 m vitreous black crystals within groundmass of cuttings appear easily 

distinguishable compared to those at shallower depths, likely being clinopyroxene based on 

comparison with the automated mineralogy imagery (Figure 6.6d).  At this depth yellow 

phenocrysts are also commonly observed, however, on closer inspection yellow coloration 

does not appear evenly distributed with some areas of these crystals appearing colourless, 

which with comparison with automated mineralogy imagery are most likely plagioclase 

phenocrysts with yellow coloration being a possible sign of surface alteration.  In determining 

a lithological classification for group B a similar problem to that found for group C is apparent, 

with the lack of larger structures preserved within the drill cuttings making identification of 

specific extrusive lava facies difficult.  However, the higher proportion of crystalline basalt 

minerals compared to group C may indicate that mixed lithologies containing hyaloclastites 

are less likely to fall within this group.  Also the coarser crystal grain sizes and relatively low 

levels of alteration for its alteration zone for samples observed below 2,000 m depth may 

suggest that these formed as intrusions rather than as extrusive lavas, in which case a suitable 

classification for group B may be “extrusive lavas and intrusions”. 
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Figure 6.6. Comparison between automated mineralogy imagery, thin sections and cuttings for 

samples within group B. Includes the (a) 210 m sample, (b) 300 m sample, (c) 660 m sample and (d) 

2,090 m sample. 
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6.6. Group E – Phenocryst-rich hyaloclastites  

Being glass dominant, group E shows a similar distribution throughout the well as groups G 

and F, with all included samples limited to the smectite-zeolite zone, while glass-rich samples 

outside of this range are likely highly altered.  Intervals of group E are typically thinner than 

those of previously described groups, with the thickest interval observed between 360-380 m 

depth, with group E most commonly bordering basalt dominant samples such as those within 

groups C and B (Figure 6.2).  Group E is categorised based on a total glass percentage of 50-

75% based on primary components only, and with the added requirement of clinopyroxene 

abundance below 10%, as a result the two compositional groups with the highest average 

abundances produced are glass 1B with an average of 37.24% abundance and Ca plagioclase 

with an average abundance of 21.21% (Table 6.7).  Glass 1A therefore sees an average 

abundance in line with those observed within the basalt dominant groups at 13.63%, 

suggesting relatively low levels of glass alteration, while other glass categories show similar 

abundances to previously described groups.  Other crystalline basalt associated 

compositional groups show comparatively low abundances compared to Ca plagioclase, with 

clinopyroxene having the second highest average abundance of 6.5%, followed by olivine with 

2.57%, aluminous clinopyroxene with 1.38% and the rest all averaging below 1% abundance.  

Of the non-primary compositional groups, only 3 show average abundances above 1%, those 

being calcite, Ca-rich zeolite and Ca silicate, however, Ca silicate abundance is increased 

through inclusion of the 240 m sample, which similar to the 80 m sample within group G 

appears to contain a large proportion of artificial cement cuttings largely classified as Ca 

silicate, which has been ignored during the classification process. 
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Table 6.7.  Quantitative automated mineralogy data for samples falling within group E, along with averages for major compositional groups.  Abundance of 

compositional groups which do not exceed 1% throughout the group are summarised by the minor categories column. 
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230 0.03 0.78 24.75 1.00 0.21 1.04 2.14 7.89 1.90 0.86 0.83 0.00 0.25 0.01 1.20 14.48 29.81 4.19 0.80 3.18 0.92 1.04 2.70 

240 2.05 0.35 13.80 0.40 4.57 0.40 1.47 4.65 0.91 0.40 0.47 12.81 6.28 3.90 1.90 4.80 30.49 5.36 0.25 2.09 0.52 0.12 2.00 

270 0.02 0.33 25.82 0.18 0.55 0.11 1.06 7.15 1.03 1.25 8.77 0.01 0.33 0.03 0.76 8.24 38.97 1.98 0.50 0.90 0.50 0.14 1.40 

280 0.05 0.31 27.11 0.22 0.56 0.07 0.99 7.41 1.38 0.80 3.52 0.01 0.36 0.04 0.78 6.09 45.32 2.04 0.35 0.97 0.48 0.10 1.02 

360 0.08 0.36 20.37 0.52 2.92 0.07 1.64 6.49 3.26 0.47 3.06 0.03 0.79 0.23 2.23 9.56 33.40 7.11 1.50 2.02 1.17 0.13 2.60 

370 0.06 0.41 26.26 0.43 2.08 0.06 1.28 8.80 0.43 1.49 3.07 0.02 0.28 0.13 2.12 8.20 34.69 3.75 1.20 1.82 1.31 0.06 2.05 

380 0.04 0.12 27.08 0.38 1.20 0.03 0.00 5.03 3.03 0.95 3.15 0.02 0.65 0.02 0.25 6.53 42.59 3.86 0.95 1.90 0.50 0.05 1.66 

400 0.02 0.19 18.66 0.37 0.05 0.03 0.00 6.05 1.95 0.66 3.61 0.01 0.61 0.05 0.68 8.89 51.51 2.88 0.67 1.46 0.60 0.05 1.00 

420 0.07 0.93 15.42 1.17 1.39 0.16 1.03 4.88 1.04 0.36 2.53 0.04 0.32 0.07 0.60 43.64 12.78 4.59 2.65 2.56 1.15 0.14 2.50 

540 0.02 0.74 16.26 0.15 0.30 3.36 1.41 5.26 0.42 0.63 1.16 0.25 0.49 0.03 0.41 15.56 49.05 1.45 0.33 1.34 0.60 0.05 0.74 

550 0.02 1.29 18.92 0.23 0.07 2.63 1.25 6.10 0.37 0.71 0.68 0.06 0.81 0.01 0.47 13.39 47.44 1.63 0.47 1.40 0.65 0.09 1.33 

1020 0.51 1.79 20.02 0.10 0.89 0.33 0.86 8.26 0.85 0.04 0.00 0.02 0.38 0.00 0.43 24.22 30.87 4.59 2.19 1.92 0.59 0.10 1.06 

avg 0.25 0.63 21.21 0.43 1.23 0.69 1.09 6.50 1.38 0.72 2.57 1.11 0.96 0.38 0.99 13.63 37.24 3.62 0.99 1.80 0.75 0.17 1.67 
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Appearance of cuttings within the automated mineralogy imagery and thin sections varies 

throughout the group with a small number of samples appearing anomalous, however, depths 

between 270 m to 400 m show the greatest similarities to one another.  Samples within this 

range are predominantly composed of glass 1B and commonly contain plagioclase 

phenocrysts, appearing in thin section as a mix of sideromelane and tachylite cuttings with 

greater crystal abundance seen within tachylite cuttings (Figure 6.7b).  Despite the majority of 

cuttings being glass dominant, the abundance of crystalline basalt minerals is higher than 

similar samples seen in group G due to the greater number of phenocrysts observed within 

glass cuttings and individual crystal cuttings, composed of either Ca plagioclase or olivine, 

while crystalline basalt cuttings are observed but in smaller quantities than other mixed 

lithology groups such as C and D.  As well as the greater number of phenocrysts, samples 

within this range also appear distinct compared to group G based on the lower density of 

vesicles within glass cuttings, however, cutting edges commonly contain partially preserved 

vesicles with sizes appearing greater than those within previous groups, with estimated intact 

vesicles being >500 µm in size.  Anomalous samples within group E include the 230 m, 240 

m, 420 m, 540-550 m and 1,020 m samples, all appearing distinct from one another and not 

easily falling within other identified categories.  The first of the anomalous samples, found at 

230 m depth, appears compositionally similar to those observed in the 270 m to 400 m range, 

being composed largely of fresh tachylite and sideromelane with abundant Ca plagioclase 

crystals, however, the cutting grain size is significantly smaller, with cuttings within the 270-

400 m range being predominantly 0.5-1 mm in size, whereas those within the 230 m sample 

are typically 100-500 µm in size.  Ca plagioclase and other primary basalt crystals appear to 

be largely microcrystalline though larger crystals may be poorly preserved, while vesicle 

content appears more densely distributed within some cuttings having vesicles commonly 

<100 µm apart, with vesicles sizes also being predominantly <100 µm in size.  The 1,020 m 

sample shows many of the same traits as the 230 m sample, although with some cuttings 

exceeding 1 mm in size, however, in comparing thin sections for both samples, the 1,020 m 

sample appears to be predominantly composed of tachylite with no visible sideromelane, 

though this may be due to an overall decrease in sideromelane occurrence with depth (Figure 

5.3a).  The 240 m sample meanwhile appears distinct compared to the 230 and 1,020 m 

samples as well as samples between 270 to 400 m, not only due to the presence of cement 

cuttings, but also due to the presence of highly vesicular sideromelane cuttings and greater 

quantities of crystalline dominant cuttings (Figure 6.7a).  The 420 m sample shows similar 

vesicle density to the sideromelane cuttings observed within the 240 m sample, however, 

glass within the 420 m sample appears as being predominantly composed of glass 1A rather 

than 1B, though comparison with thin sections and cuttings appears to suggest this as being 

through variation in glass composition rather than being composed of glass alteration products 
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typically associated with glass 1A (Figure 6.7c).  The last set of anomalous samples occur 

between 540 and 550 m depth, with the main difference being the occurrence of Ca 

plagioclase, appearing to be diagenetic being observed within vesicles, with overlap with 

zeolite categories also observed (Figure 6.7d).  Overlap with zeolites could indicate that Ca 

plagioclase may represent zeolite minerals with compositions close to those used in the 

definition of Ca plagioclase, however, the presence of diagenetic plagioclase cannot be ruled 

out.  Other than diagenetic minerals, Ca plagioclase within these samples appears to occur 

largely within a small number of crystalline basalt cuttings, possibly suggesting that on primary 

lithology alone these samples may be better placed within groups G or D.   

 

Despite the common observation of sideromelane and tachylite in thin section throughout the 

group, in the cutting samples sideromelane is not easily distinguishable while vitreous tachylite 

appears to make up a minority of cuttings between 270 m and 550 m depth, with the majority 

of cuttings throughout the group appearing dull/sub-vitreous light grey, commonly containing 

white/colourless plagioclase crystals (Figure 6.7b).  Relatively low abundance of crystalline 

cuttings observed in the automated mineralogy imagery and thin sections would appear to 

suggest that light grey cuttings are likely glass, in which case some level of surface alteration 

is likely to have occurred.  The anomalous samples show largely similar appearances in 

cuttings to those between 270 m and 400 m, with the 230 m sample having a finer cutting 

grain size and greater degree of yellow and red coated grains.  Primary cuttings within the 240 

m sample appear darker grey, likely from lower plagioclase content, as well as cuttings 

showing a greater vesicle density than other samples (Figure 6.7a).  The 540-550 m samples 

show a greater degree of alteration, including the presence of white/colourless minerals 

replacing glass, likely representing zeolites (Figure 6.7d).  The 1,020 m sample shows the 

greatest difference in the cuttings, with few observable plagioclase crystals and cuttings 

appearing largely dull grey/brown (Figure 5.3b).  Based on the high abundance of glass 

dominant cuttings observed and relatively low abundance of crystalline basalt cuttings, the 

lithological categorisation for group E appears to more closely match descriptions of 

hyaloclastite lithologies compared to other extrusive basalt lithologies.  The relatively sparse 

distribution of vesicles observed between 270 and 400 m depth, and lower overall glass 

compared to crystalline basalt than group G, may match descriptions of pillow basalt cuttings 

(Millett et al., 2014), however, the lack of larger structures such as pillow rinds and the variation 

in cutting features makes this description unlikely to be accurate for the whole group.  Being 

differentiated from mixed lithologies by the low abundance of crystalline cuttings, the best 
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descriptions for the group may be “phenocryst rich hyaloclastites” or “Plagioclase rich 

hyaloclastites”. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.7. Comparison between automated mineralogy imagery, thin sections and cuttings for 

samples within group E. Includes the (a) 240 m sample, (b) 280 m sample, (c) 420 m sample and (d) 

540 m sample. 
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6.7. Group D – Glass dominant mixed lithologies  

Being comprised of only 8 samples, group D is the smallest of the lithological groupings, with 

a primary composition of 50-75% glass, being differentiated from group E by having 

clinopyroxene abundances greater than 10%.  Group D sees a wider distribution through the 

well than the other glass dominant groups, with samples observed in each alteration zone and 

at depths between 680 m and 1,950 m, however, consecutive samples of group D are rare, 

with the only occurrence being between 720 -730 m (Figure 6.2).  As with the other glass 

dominant samples the two most abundant glass categories are glass 1A and 1B, with similar 

average abundances of 18.12% and 18.29%, however, the difference between these changes 

with depth, with glass 1B being dominant for most of the smectite-zeolite zone between 680 

m and 720 m, while glass 1A is dominant from the 1,050 m sample onward (Table 6.8).  Ca-

rich and Fe-rich glass compositional groups show similar average abundances to other 

lithological groups, with 2.81% and 1.94%, however, Mg-rich glass has a relatively high 

average abundance of 2.4%, with abundances greater than 2% occurring within the mixed 

layer clay and chlorite-epidote zones, likely due to compositional overlap with chlorite.  Despite 

being a glass dominant group, the highest average abundances for a compositional group is 

found in Ca plagioclase with an average abundance of 19.55%,  likely due to variation in ratio 

of glass 1A and 1B reducing the average for both groups, with Ca plagioclase showing a 

similar variation with depth to that observed with glass 1A, with samples within the smectite-

zeolite zone having an average abundance of 23.34%, while throughout the rest of the section 

an average abundance of 15.77% is found.  As a result of the groups requirements, 

clinopyroxene abundance is greater than 10% throughout the group, with an average 

abundance of 13.72%, with the rest of the crystalline basalt associated compositional groups 

having average abundances below 2%.  As with other previously described groups going into 

the mixed layer clay, chlorite-epidote and epidote-actinolite zones, Na plagioclase shows the 

highest average abundance of the secondary mineral associated compositional groups at 

5.66%, however, this appears to be caused by an increase in abundance from 1,050 m depth, 

with samples above this depth averaging 1.06% while those below average 8.42%, reaching 

12.57% abundance within the 1,950 m sample.  Quartz shows a similar increase in abundance 

from 1,050 m depth, with samples above this depth averaging 0.01%, while below an average 

abundance of 3.63% is observed, likely in association with changes in diagenetic quartz 

formation from the mixed layer clay zone onward. Other secondary mineral associated 

compositional groups all show average abundances below 2%, with Ca-rich zeolite (1.91%), 

calcite (1.24%) and K-bearing zeolites (1.05%) appearing dominant, though with some 

variation with depth.  
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Table 6.8.  Quantitative automated mineralogy data for samples falling within group D, along with averages for major compositional groups.  Abundance of 

compositional groups which do not exceed 1% throughout the group are summarised by the minor categories column. 
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680 0.01 0.04 1.75 24.09 0.07 0.08 0.36 0.22 2.09 0.00 1.02 16.13 1.29 2.06 0.60 0.69 0.11 9.03 32.66 2.44 0.90 1.76 0.01 1.02 1.56 

720 0.01 0.02 0.49 24.38 0.06 0.08 1.47 0.30 1.66 0.00 0.74 11.88 1.89 1.51 0.70 0.45 0.05 16.57 32.33 1.78 0.53 1.03 0.02 0.76 1.31 

730 0.00 0.16 0.95 23.63 0.21 0.06 0.49 0.24 1.89 2.11 0.20 10.69 2.05 0.73 0.36 0.68 0.09 13.45 34.61 1.91 0.81 2.27 0.01 1.06 1.34 

1050 2.23 2.52 5.88 21.26 1.29 0.01 1.88 1.11 1.28 0.29 0.01 11.07 0.62 0.01 0.29 1.43 0.22 36.00 3.57 3.43 1.03 0.40 0.44 1.56 2.19 

1210 5.16 0.88 6.60 15.84 0.19 0.80 3.71 0.77 0.61 4.40 0.00 11.60 0.96 0.02 1.57 0.70 0.48 17.38 14.87 3.49 3.47 2.79 1.28 1.07 1.38 

1502 5.04 0.94 9.06 15.97 0.46 0.53 0.84 0.49 0.03 4.10 0.00 14.07 1.38 0.01 1.84 0.75 1.46 17.81 8.47 3.29 4.86 2.58 2.13 1.22 2.67 

1610 2.21 0.76 8.00 18.71 0.42 0.85 0.96 0.67 0.38 2.58 0.00 14.86 1.61 0.00 1.81 2.65 0.79 15.69 8.43 4.53 5.71 3.06 1.99 1.40 1.93 

1950 3.50 1.01 12.57 12.55 0.13 1.38 0.22 0.12 0.43 1.77 0.02 19.48 2.00 0.00 4.09 0.33 1.03 19.04 11.35 1.63 1.86 1.61 2.32 0.48 1.07 

avg 2.27 0.79 5.66 19.55 0.35 0.47 1.24 0.49 1.05 1.91 0.25 13.72 1.47 0.54 1.41 0.96 0.53 18.12 18.29 2.81 2.40 1.94 1.02 1.07 1.68 
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Appearance of samples within the automated mineralogy imagery and thin sections appears 

to vary with depth, with changes appearing to correlate with different alteration zones, with 

tachylite and sideromelane being most abundant between 680 m and 730 m in association 

with higher glass 1B values.  Within the 680 m to 730 m sample range tachylite cuttings appear 

dominant, commonly containing varying proportions of Ca plagioclase crystals and 

clinopyroxene only identifiable within the automated mineralogy imagery, while sideromelane 

abundance appears highest within the 720 m sample with similar appearance to cuttings 

observed within group E (Figure 6.8a).  Vesicle content within the primary glass dominant 

samples appears to vary more than group E, with tachylite cuttings having a small number of 

preserved vesicles ranging in size from 100-500 µm, while sideromelane appears closer to 

samples observed in group E with partially preserved vesicles largely observed at cutting 

boundaries, with possible sizes being largely greater than 500 µm.  Crystalline basalt cuttings 

observed throughout the section show similar properties, all appearing to be microcrystalline 

made up of Ca plagioclase within a clinopyroxene groundmass, with cuttings observed within 

the chlorite-epidote zone onward commonly seeing Na plagioclase replacing Ca plagioclase 

in abundance.  The shallowest sample in which primary glass appears to be replaced is the 

1,050 m sample, in which the dominant cutting type appear as brown glass alteration products 

classified as glass 1A, commonly containing numerous crystals of Na plagioclase, quartz, K-

feldspar and K-bearing zeolites, occurring alongside microcrystalline basalt cuttings 

commonly containing areas of similar glass 1A alteration products (Figure 6.8b).  Below this 

depth is the only other sample containing abundant tachylite cuttings in the 1,210 m sample, 

however, compositions observed within the automated mineralogy imagery appears varied, 

being composed of a mix of glass 1A and 1B, with contained plagioclase quench crystals 

appearing as a mix of Ca and Na varieties (Figure 6.8c).  Tachylite cuttings at this depth also 

appear to show irregularly shaped infills of Ca-rich zeolite and Ca plagioclase, with shape 

possibly suggesting replacement of glass rather than infilling of primary vesicles.  From the 

1,502 m sample onward, tachylite cuttings typically make up a small portion of the overall 

sample, with glass compositional groups largely being observed within brown and dark green 

amorphous cuttings, most commonly as a mix of glass 1A and 1B or as a mix of 1A and Mg-

rich glass, with high proportions of Mg-rich glass possibly suggesting intermixed compositions 

including chlorite.  Altered glass cuttings within these samples commonly contain high 

abundances of both Ca and Na plagioclase, with other crystalline basalt associated 

compositional groups largely occurring as microcrystalline basalt cuttings (Figure 6.8d).   

 

The cuttings observed containing tachylite and sideromelane in thin section, found between 

680 m and 730 m, appear within the cuttings as being primarily composed of dull/sub-vitreous, 
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grey/ dark grey cuttings, with a relatively small portion of the samples showing vitreous 

tachylite surfaces, with grey cuttings likely being a mix of glass and crystalline basalt (Figure 

6.8a).  These cuttings also show some yellow/brown coatings on a minority of cuttings, 

compared to which the 1,050 m sample has a high proportion of cuttings with a light brown 

coating alongside light grey cuttings, however, comparison with thin sections indicate these 

cuttings are likely entirely composed of glass alteration products (Figure 6.8b).  Cuttings 

representing tachylite observed in the 1,210 m sample appear largely light grey and are 

identified as tachylite based on comparison with thin sections with both showing irregularly 

shaped mineral replacement structures (Figure 6.8c).  Alongside light grey cuttings are 

numerous black/dark grey cuttings commonly viewed with a brown coating, likely indicating 

the presence of crystalline basalt cuttings based on comparison with thin sections, with these 

cuttings also appearing common within the 1,502 m and 1,610 m samples (Figure 6.8d).  The 

1,950 m sample sees the majority of the cuttings appearing light grey with white inclusions, 

which based on comparison with thin sections likely correlate with crystalline basalt cuttings 

with the white crystals being plagioclase.  Lithological classification of group D as a singular 

volcanic facies is difficult due to the high abundance of both glass and crystalline dominant 

cuttings, however, as cuttings are likely to be collected over lithological boundaries it is likely 

that mixed samples would occur, with group D possibly indicating the presence of glass 

dominant mixed lithologies with hyaloclastites likely being present.   
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Figure 6.8. Comparison between automated mineralogy imagery, thin sections and cuttings for 

samples within group D. Includes the (a) 720 m sample, (b) 1,050 m sample, (c) 1,210 m sample and 

(d) 1,502 m sample. 

 

6.8. Group A – Highly altered lithologies  

Group A is composed of samples in which 30% or more of the total area is identified as 

compositional groups not associated with primary minerals, which results in samples identified 

as group A being predominantly found at lower depths where greater alteration has occurred, 

with the first sample identified at 1,060 m within the mixed layer clay zone.  Distribution of 

samples is varied, with the thickest intervals observed at 1,360-1,410 m and 1,440 -1,490 m, 
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while numerous other samples occur singularly, typically with group C appearing at depths 

above and below (Figure 6.2).  Disregarding the categorisation based on secondary 

mineralogy, the majority of samples within group A would have been identified as group C (20 

out of 35 samples), with group D being the second most numerous (12 out of 35), with the 

only other groups that would occur being 2 samples of group E and one sample of group B.  

With only one sample occurring within group A with greater than 75% crystalline basalt or 

glass, it may be inferred that a high proportion of samples being composed of secondary 

minerals is likely to affect differentiation between crystalline basalt and hyaloclastite 

lithologies, with secondary minerals likely replacing primary minerals, or forming due to high 

rates of dissolution of primary minerals, with glass in particular likely to be affected.  Of the 

primary mineral associated compositional groups clinopyroxene sees the highest average 

abundance of 16.11%, possibly preserved through resistance of pyroxene to alteration 

(Helgadóttir et al., 2015), while Ca plagioclase shows relatively low abundance compared to 

previous groups, with an average of 15.19% (Table 6.9).  Glass 1A appears dominant over 

glass 1B in every sample within the group, with average abundances of 14.27% and 7.05%, 

likely suggesting low levels of fresh glass, with glass 1B values also likely to be inflated by 

occurrence of epidote.  Out of all the groups, group A sees the highest abundance of Mg-rich 

glass, with an average of 3.37%, however, with group A occurring after the first expected 

occurrence of chlorite within the mixed layer clay zone, it’s abundance is likely to be higher 

due to compositional overlap with chlorite.  Of the secondary associated compositional groups 

Na plagioclase appears dominant with an average abundance of 12.02%, observed in 

automated mineralogy imagery in secondary cuttings alongside quartz and within vesicles, 

however, common occurrence as euhedral crystals may indicate replacement of primary Ca 

plagioclase or compositional variation in primary plagioclase, possibly suggesting lower true 

abundance of Na plagioclase as a secondary mineral (Table 6.10).  The next two most 

abundant secondary mineral associated compositional groups are quartz and K-feldspar, 

commonly associated with each other and Na plagioclase within the automated mineralogy 

imagery, with quartz having an average abundance of 7.2% compared to 2.25% for K-feldspar.  

Throughout the secondary mineral compositional groups the range of abundance is often 

higher than that observed within the primary mineral groups, often containing a small number 

of spikes in abundance while the majority of samples fall below 1%.  Groups showing such 

trends include chlorite, with a range in abundance of 0.12-7.67%, Ca-rich zeolite, with a range 

of 0.5-11.72% and Ca Al silicate 1 with a range of 0.38-7.66%.  This observation appears to 

suggest that in most samples within group A there will be a small number of dominant 

secondary minerals, with others being largely absent. 
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Table 6.9.  Average abundance for primary crystalline and glass associated compositional groups 

throughout group A, with averages done by alteration zone due to the number of samples.  Abundances 

are also given as a percentage of primary associated compositional groups only, showing comparison 

between crystalline versus glass abundance. (MLC = mixed layer clay zone, CE = chlorite-epidote zone, 

EA = epidote-actinolite zone). 

 

Table 6.10.  Average abundances for non-primary associated compositional groups throughout group 

A, with averages given by alteration zone due to the number of samples. Non-primary associated 

compositional groups which do not exceed an average abundance of 1% for any alteration zone are 

summarized by the minor column. (MLC = mixed layer clay zone, CE = chlorite-epidote zone, EA = 

epidote-actinolite zone).  

A
lt

e
ra

ti
o

n
  

z
o

n
e
 

Q
u

a
rt

z
 

K
-f

e
ld

s
p

a
r 

N
a
 

p
la

g
io

c
la

s
e
 

K
-r

ic
h

 a
lt

e
re

d
 

g
la

s
s

/ 
b

io
ti

te
 

C
h

lo
ri

te
 

C
a
lc

it
e
 

C
a

-r
ic

h
 

z
e

o
li

te
s
 

C
a
 A

l 
s

il
ic

a
te

 

1
 

F
e

 s
il

ic
a

te
 

T
it

a
n

it
e
 

M
in

o
r 

 

T
o

ta
l 

n
o

n
-

p
ri

m
a

ry
 

MLC 7.57 1.76 8.19 1.51 0.75 3 4.16 0.97 0.52 1.57 4.11 34.11 

CE 7.19 2.41 12.01 1.07 1.44 0.77 4.36 2.26 1.11 2.38 3.21 38.21 

EA 7.03 2.17 13.94 0.49 1.59 0.35 1.71 1.67 1.16 2.36 4.29 36.76 

 

The dominant primary cutting description observed within both the automated mineralogy 

imagery and the thin sections are microcrystalline basalt cuttings similar to those observed in 

other groups, commonly composed of euhedral/subhedral plagioclase within a clinopyroxene 

groundmass, however, from 1,190 m onward Na plagioclase often appears instead of Ca, 

though cuttings containing both are often observed within the same samples (Figure 6.9a).  

Coarser crystal grain sizes are observed in clinopyroxene from 1,492 m depth, possibly 

representing fine/medium-grained crystals, however, these are relatively uncommon.  From 

1,680 m depth cuttings observed in automated mineralogy imagery matching previous 

identification of microcrystalline basalts appear in thin section with light grey colouration and 

comparatively low relief compared to previous appearance of clinopyroxene, lacking 

commonly observed features such as fractures and high birefringence in XPL, these cuttings 

may represent some level of alteration of clinopyroxene, though comparison with XRD for the 

1,860 m sample appears to suggest clinopyroxene is still present in these samples (Figure 

6.9c).  Tachylite cuttings observed contain either a high abundance of plagioclase crystals, 

primarily Ca plagioclase, or possible replacement structures infilled with Ca-rich zeolites and 
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a typically smaller portion of Ca plagioclase.  Tachylite abundance appears to decrease with 

depth, appearing to be replaced by plagioclase bearing cuttings typically composed of brown/ 

red-brown amorphous material likely including glass alteration products such as smectite or 

palagonite, identified as glass 1A.  The occurrence of secondary mineral associated 

compositional groups often varies between samples and between different compositional 

groups, with some samples seeing the majority of secondary minerals observed being within 

primary cuttings as either vesicle infills or replacement structures, while other samples having 

large numbers of cuttings composed entirely of secondary compositional groups.  The majority 

of the secondary compositional groups are observed within primary cuttings as inclusions, with 

chlorite, titanite and pyrite being primarily observed this way, while secondary mineral 

dominant cuttings are primarily composed of quartz and feldspar, Ca-rich zeolite and Ca Al 

silicate 1 (Figure 6.9b), with majority of Ca Al silicate 1 cuttings likely representing prehnite 

(Figure 4.17a). The proportion of secondary only cuttings in most samples appear less than 

or equal to primary cuttings, though samples with the highest abundances of quartz and Ca-

rich zeolite are commonly found to be primarily composed of such cuttings. 

 

The appearance of the cutting samples varies with depth and alteration zone, with colouration 

of altered and coated cuttings being most distinctive.  The mixed layer clay zone sees such 

cuttings appearing as a mix of light brown, white and light red coloured waxy/dull cuttings, with 

brown cuttings appearing dominant near the top of the zone while red and white appear more 

common closer to the boundary with the chlorite-epidote zone (Figure 6.9a).  Within the 

chlorite-epidote zone green colouration appears more common, observed as whole 

resinous/dull cuttings likely signifying chlorite compositions, but also as coatings on other 

lithologies such as crystalline basalt cuttings (Figure 6.9b).  The chlorite-epidote zone also 

sees an increase in colourless/ white translucent crystals, possibly correlating with quartz and 

zeolite dominant cuttings identified within the automated mineralogy imagery.  The 

appearance of secondary only cuttings observed within the epidote-actinolite zone appear to 

be primarily as dull/sub-vitreous white cuttings, commonly containing numerous inclusions of 

dull green phases likely representing chlorite (Figure 6.9c).  Possible primary cuttings such as 

tachylite and crystalline basalt appear largely consistent in appearance in cuttings, with the 

exception of any coatings observed on outer areas, with black/dark grey cuttings commonly 

observed throughout, as well as white dominant crystalline cuttings (plagioclase) observed 

with black inclusions (clinopyroxene).  Based on the requirements for group A being based on 

the secondary mineralogy, the best lithological description for the group is “highly altered 

lithologies”, with a lack of samples easily identifiable as either crystalline or hyaloclastite 

dominant appearing to support this.  The relatively small number of glass dominant samples 
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outside of the smectite-zeolite zone may be a result of high levels of glass alteration, with 

glass alteration products falling within the glass 1A compositional group, in which case it is 

likely that any intervals with a primary lithology of hyaloclastite would fall within group A.  

However, the high abundance of crystalline basalt cuttings found throughout the group may 

suggest that any hyaloclastites may not have occurred in extended intervals and may have 

been interlayered with lava lithologies.   

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Figure 6.9. Comparison between automated mineralogy imagery, thin sections and cuttings for 

samples within group A. Includes the (a) 1,200 m sample, (b) 1,440 m sample and (c) 1,860 m 

sample. 
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7.  Discussion 
 

In order to classify the different primary facies within the well a simplified method was used 

comparing the abundances of mineral phases associated with crystalline basalts versus 

phases associated with hyaloclastites, based on methods used by Millett et al. (2014). An 

advantage of using automated mineralogy is the ability to quantify non-crystalline phases such 

as volcanic glass.  These classifications were then used for each sample depth throughout 

the well to create a simplified stratigraphic log (Figure 6.2).  Comparison with previous logs for 

NJ-18, such as the one given by Gunnarsdottir et al. (2020), appear to show similar findings 

for extended intervals of hyaloclastites and basalts, however, shorter intervals appear to 

largely fall within mixed groupings, although this is likely due to differences in sampling 

intervals with previous studies using 2 m intervals compared to the 10 m intervals used in this 

study.  Identification of hyaloclastites outside of the smectite-zeolite zone appears to be 

compromised by high levels of glass alteration, however, samples with high abundances of 

secondary minerals may be the result of alteration of primary glass, with hyaloclastites shown 

in previous logs occurring at the same depths as these samples. Although differentiation 

between crystalline and glass dominant lithologies is easily obtainable using the quantitative 

automated mineralogy dataset, differentiation between specific igneous facies predominantly 

composed of crystalline basalt, such as lava flows, intrusions, pillow lavas and breccias, 

appears to be limited by the lack of identifiable structures preserved in the cuttings.  

Furthermore, differentiation between explosive hyaloclastites, such as tuff cone deposits, and 

non-explosive hyaloclastite facies, such as fragmented glass associated with pillow lavas and 

pillow breccias, does not appear to be easily distinguishable using the quantitative automated 

mineralogy dataset or imagery, with key features such as pillow rinds not being observed in 

any samples.  A possible solution to this would be to take log or cutting samples which have 

been accurately identified as falling within these facies and analyse them using the same 

methodology to see how they may be differentiated, however, this is outside of the scope of 

this study.  In comparison between the thin sections and automated mineralogy imagery, 

accuracy of primary phase identification appears high, with crystalline basalt and glass phases 

appearing to be well represented in the automated mineralogy data.  Some potential overlap 

is observed between compositionally similar groups such as calcic plagioclase and the zeolite 

groups, although this does not appear to affect classification in the majority of samples and 

the accurate identification of compositional overlap is limited by the subjective nature of optical 

analysis.  
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The stratigraphy identified in well NJ-18 appears to match that expected for the Nesjavellir 

field, with the stratigraphy below 400m being dominated by basalt lava while the upper 400m 

contain extended intervals of hyaloclastites (Franzson et al., 2010).  In comparison with 

previous studies of Hengill area these changes in lithology are likely to signify the difference 

in glacial and interglacial periods, where hyaloclastites represent glacial intervals and lava 

flows represent interglacial eruptions.  The increased abundance of primary crystalline 

associated compositional groups below 2,000 m depth also appears to correlate with the 

expected lithology of the field, with basalt intrusions expected to make up 80-100% of the 

stratigraphy below this depth.  As well as basalt intrusions, dioritic intrusions are expected to 

occur within the Nesjavellir field, however, no occurrences of diorite is identified in the samples 

analysed for well NJ-18.  The basalt mineralogy of the well appears to be predominantly 

composed of calcic plagioclase, clinopyroxene, olivine and ilmenite, with calcic plagioclase 

having the highest abundance of these with an average of 25.5%, along with an average of 

40.47% within the crystalline basalt dominant samples categorised as group B.  The high 

abundance of Mg-bearing clinopyroxene and Mg-rich olivine appears to match descriptions 

for olivine tholeiites and picrites expected to occur within the Western Volcanic Zone, with 

plagioclase and olivine phyric textures observed within the mineral maps and thin sections 

also appearing to match descriptions of olivine tholeiites (Jakobsson and Johnson, 2012).   

 

Quantitative data for poro-permeability was not obtained in this study, with the majority of 

vesicles greater than 0.5 mm being poorly preserved due to the size of the cuttings, with 

remaining intact vesicles not being representative of the true vesicle porosity of the samples.  

However, quantification of porosity is possible using automated mineralogy methods and may 

be possible in future studies, with greater sample sizes possibly giving a greater amount of 

preserved vesicles.  Use of the lithological classifications based on automated mineralogy 

data may be used to identify lithologies known for higher permeabilities, as well as using the 

automated mineralogy data to identify samples with greater vesicle density.  Of the lithological 

categories, the palagonite/smectite (glass 1A) rich hyaloclastites categorised as group F 

appear to show the highest vesicle densities, with higher degrees of alteration likely being due 

to greater interaction with formation fluid.  Gunnarsdottir et al. (2020) differentiated between 

the permeability of different lithologies within well NJ-18 through the identification of rock 

formations with simplified permeability descriptions for the following formations: fresh rocks, 

clay cap, altered basalts, altered hyaloclastites and intrusions, which are based on previous 

work by Ratouis et al., (2019) and Poux et al., (2018).  Both fresh rock and clay cap formations 

are described as occurring above 1,060 m depth, within the area identified as the smectite-

zeolite zone, with the upper 500 m being assigned to the fresh rock formation and the clay 
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cap, occurring between 500 and 1,060 m depth, with fresh rock being described as having 

high permeability compared to the clay cap which has a low permeability (Figure 7.1).  The 

depth given for the beginning of the clay cap appears to correlate with a change observed in 

crystalline basalt cuttings at similar depths, with an increase in glass 1A areas appearing to 

form from the alteration of olivine (Figure 5.5), as well as decreases in abundance for 

compositional groups associated with glass 1A such as orthopyroxene and kaolinite.  It may 

therefore be possible to identify the clay cap formation through decreased abundances for the 

olivine, orthopyroxene and kaolinite compositional groups identified within the automated 

mineralogy data.  Identification of the described altered basalt, altered hyaloclastite and 

intrusion formations is not as easily found using the data, with these formations occurring over 

a range of alteration zones and a mix of lithological classifications, primarily group C and A 

(Figure 7.2).  The altered hyaloclastite formation, described as having a medium relative 

permeability, is identified between 1,316 and 1,440 m depth, possibly correlating with greater 

occurrence of group A and in turn secondary minerals at these depths, though an extended 

interval of group A below 1,440 m appears to be excluded from this formation.  Altered basalt, 

described as having a rather low relative permeability, is identified between 1,060 and 1,262 

m, appearing to predominantly fall within the mixed layer clay zone, although association with 

any of the lithological categories appears weak with groups C, B, A and D appearing within 

this range, with group C being dominant.  Two intervals are given for the intrusion formations, 

one between 1,262 and 1,316 m and another between 1,440 and 2,136 m, having variable 

permeability between low and high.  The shorter of the two intervals appears to occur within 

an extended interval of group C (Figure 6.2), while the other interval is predominantly 

composed of group C, but with comparatively short intervals of group A and D throughout and 

an increase in group B near the base of the section.  As permeability at productive depths with 

the Nesjavellir field is commonly associated with intrusions (Zakharova and Spichak, 2012), 

better classification of intrusions may be beneficial in identifying target depths for geothermal 

energy production, with quantitative mineralogy data for accurately identified intrusions 

possibly being beneficial in this regard.  
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Figure 7.1. Log of alteration 

zones, identified in using the 

quantitative automated 

mineralogy data, and permeable 

rock formations identified by 

Gunnarsdottir et al., 2020.  
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Figure 7.2. Log comparing the 

lithological groups outlined in 

section 6 with permeable rock 

formations described by 

Gunnarsdottir et al., 2020.  

 

 

 

 

 

 

Identification of the different alteration zones through the well was achieved using the 

quantitative automated mineralogy dataset provided, however, comparison with the other data 

points such as the automated mineralogy imagery, thin sections and cuttings was required as 

some key minerals were not identified within specific compositional groups, most notably 

epidote and actinolite, though it may be possible to separate these in future studies.  The 

boundary between the smectite-zeolite zone and the mixed layer clay zone is identified by an 

increase in abundance for the chlorite compositional group, with values being predominantly 

between 0.1 and 1.5% within this zone, while the chlorite-epidote zone appears to be marked 

by a small number of spikes in chlorite abundance exceeding 4%.  Phases identified in thin 

section as epidote appear to occur at lower depths than spikes in chlorite abundance, 

matching descriptions in previous studies (Kristmannsdóttir, 1979),  occurring as a mix of glass 

1B, Ca-rich glass and Ca Al silicate 1 compositional groups, with identification using the 

automated mineralogy data is best achieved using increased abundances in Ca Al silicate 1.  

Note however, that largest areas of Ca Al silicate 1 appear in association with phases 
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matching descriptions for prehnite, occurring at depths alongside identified epidote, with 

possible prehnite making up the majority of Ca Al silicate 1 abundance.  Identification of 

actinolite in thin section in any of the analysed samples is not achieved, however, increased 

abundance in the aluminous clinopyroxene compositional group is observed below the 

identified chlorite-epidote zone, with the compositional group being most likely to contain 

amphibole minerals such as actinolite.  Areas of the aluminous clinopyroxene compositional 

group commonly appear to be contained within fine-grained aggregates with varying 

colouration (Figure 5.11), commonly containing areas of chlorite, possibly matching previous 

descriptions of actinolite samples within Icelandic geothermal fields (Kristmannsdóttir, 1979).  

Therefore it is proposed that the chlorite-actinolite zone may be identified by increased 

abundances in the aluminous clinopyroxene compositional group within the automated 

mineralogy dataset.  Using the identified depths for the alteration zones a simplified 

geothermal gradient can be produced, however, a number of geothermal indicator minerals 

such as specific zeolite species are not identified within the automated mineralogy data, falling 

within larger groups due to compositional similarities.  Based on the results of this study, it 

may be beneficial to use XRD analysis alongside automated mineralogy in future uses, where 

automated mineralogy provides detailed quantitative data for certain minerals and groups of 

minerals, whereas XRD may be used to identify specific crystalline phases helpful in 

identifying alteration zones and in geothermometry.  

 

The identified depths for the different alteration zones within the well appears to suggest the 

well is comparatively cooler compared to other wells in the Nesjavellir field, though the depths 

of alteration zones vary significantly throughout the field in relation to the proximity of wells to 

geological structures such as faults, intrusions and eruptive fissures (Franzson, 2000).  The 

comparatively low depths of the alteration zones may be explained by the lack of any identified 

dioritic intrusions associated with high temperature alteration within the field, as well as the 

position of well NJ-18 in the northern region of the Nesjavellir field which is expected to be 

cooler than the southern region (Foulger, 1995).  Using the quantitative automated mineralogy 

data it is also possible to determine the dominant alteration minerals for each zone where 

compositional groups are available (Table 7.1).  For the smectite-zeolite zone the two 

dominant mineral types identified are calcite and zeolites, with calcite having an average 

abundance of 1.18% for the zone, while the combined average abundance for the zeolite 

compositional groups is 1.86%, primarily composed of a mix of K-bearing zeolites (0.81%) and 

Ca-rich zeolites (0.86%).  Smectite is also likely to be a major secondary component of this 

zone, however, as smectite appears to be undifferentiated from other glass alteration products 

including palagonite quantitative data is not available.  For the mixed layer clay zone the 
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dominant alteration mineral appears to be Na plagioclase with an average abundance of 

5.57%, though this may be inflated through presence of Na compositional zoning within 

primary plagioclase, followed by quartz (3.7%), Ca-rich zeolites (2.89%), calcite (2.26%) and 

titanite (1.25%).  These trends continue throughout the well with these compositional groups 

seeing their highest abundances within the chlorite-epidote zone, with average abundance for 

secondary minerals possibly being affected by occurrence of relatively fresh basalts below 

2,000 m within the epidote-actinolite zone.  Chlorite abundance appears relatively low 

throughout the well in comparison with other secondary mineral associated compositional 

groups, with the highest average abundance seen within the epidote-actinolite zone (1.39%), 

with abundance for chlorite possibly being affected by preferential loss during sample 

collection (Fowler and Zierenberg, 2016), as well as the possible inclusion of certain chlorite 

compositions within other compositional groups such as Mg-rich glass.  Other alteration 

minerals associated with the chlorite-epidote zone including prehnite and epidote are not 

easily quantified due to the lack of specific compositional groups for these minerals, however 

the majority of prehnite observed is identified as the compositional group Ca Al silicate 1, as 

well as including partial areas of epidote, though overlap with other Ca Al silicate bearing 

minerals and cements will negatively affect accuracy in the quantification of these minerals. 

Table 7.1. Table of the average abundance for the dominant alteration mineral associated 

compositional groups for each alteration zone within well NJ-18.  

 Average abundance for alteration zone (%) 
 

Compositional 
group 

Smectite-zeolite 
zone 

Mixed layer clay 
zone 

Chlorite-epidote 
zone 

Epidote-
actinolite zone 

Calcite 1.18 2.26 0.92 0.45 

K-bearing 
zeolites 

0.81 0.46 0.35 0.57 

Ca-rich zeolites 0.86 2.89 3.62 1.55 

Na-rich zeolites 0.19 0.14 0.21 0.01 

Na plagioclase 1.43 5.57 9.61 9.5 

Quartz 0.21 3.7 5.68 3.47 

K-feldspar 0.2 0.88 1.79 1.16 

Chlorite 0.09 0.6 1.19 1.39 

Titanite  0.03 1.25 2.14 1.86 

Ca Al silicate 1 0.68 0.71 1.84 2.1 

 

An advantage of using automated mineralogy is the production of mineral maps showing the 

distribution of the different compositional groups, which can be applied to geothermal 

reservoirs to identify minerals within amygdales and other infilling structures and observe any 

paragenetic sequences preserved.  This was achieved in this study with preserved amygdales 

being readily identifiable, however, the size of the cuttings collected limit the size of preserved 

infilling structures with majority of those observed being less than 1mm in size. Two minerals 
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that are commonly observed within amygdales are calcite and pyrite, with calcite being a key 

mineral in the sequestration of CO2 (Matter et al., 2009), while pyrite is a key mineral in the 

sequestration of H2S (Stefánsson et al., 2011).  Comparison between the areas identified as 

calcite and pyrite with the analysed thin sections appears to show a high degree in accuracy 

in the automated mineralogy imagery, therefore the methodology may be well suited for 

identifying depths where these minerals form readily for injection of CO2 and H2S.  For re-

injection of CO2 a low permeability clay cap is required to prevent leakage (Matter et al., 2009), 

with clay caps most likely to occur within either the smectite-zeolite zone or mixed layer clay 

zone, while CO2 sequestration also requires target temperatures below ~280oC as greater 

temperatures limit the mineralisation of both calcite and pyrite (Clark et al., 2020). Based on 

these factors the lower mixed layer clay zone or chlorite-epidote zone may be best suited for 

reinjection of combined CO2 and H2S.  Within the automated mineralogy data for calcite, 

abundances around these depths are seen commonly exceeding 2%, observed from the 

beginning of the mixed layer clay zone at 1,060 m to the upper part of the chlorite-epidote 

zone until 1,332 m, with the drop in abundance below this possibly being affected by higher 

abundances in the Ca-rich zeolite compositional group, likely composed of wairakite, reducing 

Ca availability.  Peak pyrite abundance is found at the boundary between the mixed layer clay 

and chlorite-epidote zone, though abundances approaching 1% are observed until 1,550m 

depth, with drop in abundance below this likely affected by formation of epidote (Stefánsson 

et al., 2011).  Based on these findings, injection at depths between ~1,260 and 1,332 m may 

be best suited  for combined CO2 and H2S sequestration in this well, however, the permeability 

of this range is unclear based on this dataset, with fractures or other forms of permeability not 

being clearly preserved within the cuttings for these depths.  In future uses of this method in 

regard to CO2 sequestration, use of drill cores may be beneficial at target depths in order to 

get a clearer understanding of permeability pathways and available reactive surface area in 

the well.  

 

8. Conclusions  
 

From this study the following conclusions can be made: 

1. The ability of the automated mineralogy methodology to accurately identify and provide 

quantitative data for primary basalt minerals and volcanic glass may be beneficial in 

the lithological classification of drill cuttings, where a comparison between the 

abundance of crystalline basalt and glass can be used for identification, however, 
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comparative data for specific volcanic facies may be required to provide more detailed 

results.  

2. Using the lithological classifications and quantitative automated mineralogy data the 

main lithologies observed within well NJ-18 appear to be hyaloclastites, basalt lava 

flows and basalt intrusions.  Hyaloclastites are predominantly observed at shallow 

depths above 600m alongside basalt lavas, whereas below this depth basalt lava 

lithologies appear to be dominant.  Below 2,000m an increase in crystal grain size and 

a reduction in alteration products appears to suggest that basalt intrusions may be 

dominant beyond this depth.  

3. Quantitative data for secondary minerals may be used for simplified geothermometry 

through the identification of the different alteration zones, though identification of 

certain minerals such as epidote and actinolite may be improved.  The identification of 

compositionally similar secondary phases such as zeolites may also benefit from 

comparison with XRD in future studies for more accurate geothermometry.  

4. Comparing the automated mineralogy results to previous descriptions of alteration 

zones within Icelandic geothermal fields gives the following depths for each zone within 

well NJ-18; smectite zeolite zone <70-1,050 m, mixed layer clay zone 1,060-1,250 m, 

chlorite-epidote zone 1,260-1,640 m and the epidote-actinolite zone >1,650 m.  

5. Quantification of porosity was not completed for this study, although it is possible using 

automated mineralogy, however, observations of cuttings shows poor preservation of 

porosity structures such as vesicles or fractures >0.5 mm in size, potentially reducing 

accuracy of quantitative porosity in use with cuttings in future uses.  

6. Identification of depths in which calcite and pyrite form readily appear to be accurate 

and may be used to identify depths for reinjection of CO2 and H2S for sequestration, 

with temperature estimates identified through alteration zones potentially being 

beneficial for this use.   

 

In order to improve understanding the use of automated mineralogy in a geothermal context 

further research may benefit from the following recommendations:  

1. A comparison between results produced through automated mineralogy with another 

methodology, preferably one which does not rely on chemical data such as XRD, in 

order to identify any minerals that may not have been identified due to compositional 

overlap.  Comparison with other methodologies may also be beneficial in refining the 

mineral list to best reflect the sample mineralogy.  
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2. Analysis of multiple wells with the same methodology, either within the same field or a 

separate field, may be beneficial to compare the results where any differences in 

lithology or alteration mineralogy may occur and observing how these are reflected in 

the results.  The greater understanding of how the results differ in different areas and 

lithologies may be beneficial in determining the viability of the methodology in 

exploration drilling where the local lithology or alteration is poorly understood.  

3. A capability of automated mineralogy software which was not pursued in this study, 

but may be beneficial in future studies is the use of lithotyping.  Lithotyping involves 

the segregation of each cutting within the mineral map, after which it may be assigned 

to a classification based on its mineral composition (Pirrie et al., 2013).  For example 

in this study a cutting composed of clinopyroxene and calcic plagioclase may be 

assigned to a crystalline basalt grouping, whereas a cutting composed on glass 1B 

may be assigned to a hyaloclastite grouping.  The potential benefit of using this method 

would be the ability to show different lithological groupings as a percentage of overall 

cuttings which may aid in lithological classification, rather than using the quantitative 

data for the whole sample.  

4. Future studies may wish to attempt porosity measurements using the automated 

mineralogy dataset, particularly if it is found that porosity is better preserved in different 

wells or settings or if larger sample sizes preserves a greater number of vesicle bearing 

cuttings.   
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Appendix 1: Quartz
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Appendix 2: K-Feldspar



139 
 

 

 

  

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

0.00 5.00 10.00 15.00 20.00 25.00

D
ep

th
 (

m
)

Sample area (%)

Appendix 3: Na plagioclase
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Appendix 4: Ca plagioclase
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Appendix 5: Biotite/ K-rich altered glass
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Appendix 5: Kaolinite
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Appendix 6: Chlorite
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Appendix 7: Illite
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Appendix 8: Calcite

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

0.00 0.05 0.10 0.15

D
ep

th
 (

m
)

Sample area (%)

Appendix 9: Dolomite
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Appendix 10: Siderite
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Appendix 11: K-bearing zeolites
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Appendix 12: Ca-rich zeolites
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Appendix 13: Na-rich zeolites



142 
 

 

  

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

0.00 10.00 20.00 30.00 40.00

D
ep

th
 (

m
)

Sample area (%)

Appendix 14: Clinopyroxene
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Appendix 16: Orthopyroxene

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

0.00 2.00 4.00 6.00

D
ep

th
 (

m
)

Sample area (%)

Appendix 15: Aluminous clinopyroxene
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Appendix 17: Olivine
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Appendix 18: Serpentine
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Appendix 19: Ca silicate
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Appendix 20: Ca Al silicate 1
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Appendix 21: Ca Al silicate 2
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Appendix 22: Ca Al silicate 3
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Appendix 23: Ca Al P silicate
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Appendix 24: Fe silicate
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Appendix 25: Glass 1A
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Appendix 26: Glass 1B
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Appendix 27: Al-rich glass
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Appendix 28: Ca-rich glass
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Appendix 29: Mg-rich glass
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Appendix 30: Fe-rich glass
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Appendix 31: Titanite
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Appendix 32: Ilmenite
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Appendix 33: Magnetite/ Fe oxides
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Appendix 34: Chromite
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Appendix 35: Spinel
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Appendix 36: Apatite
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Appendix 37: Pyrite



148 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

XRD results  

Appendix 40: 80m sample XRD results  
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Appendix 38: Al oxides
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Appendix 39: Other
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80m sample XRD results  

Mineral name Semi-quantitative abundance (%) 
Calcite  24 

Vaterite  57 

Aragonite  19 

 

Appendix 41: 240m sample XRD results  

 

240m sample XRD results  

Mineral name Semi-quantitative abundance (%) 
Quartz  38 

Vaterite  21 

Aragonite  21 

Calcite  6 

Hatrurite (possible) 14 
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Appendix 42: 580m sample XRD results  

 

580m sample XRD results  

Mineral name Semi-quantitative abundance (%) 
Phillipsite  83 

Chabazite 17 

 

 

Appendix 43: 700m sample XRD results   
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700m sample XRD results  

Mineral name Semi-quantitative abundance (%) 
Thomsonite  - 

Aragonite  - 

Chabazite - 

Phillipsite  -  

Levyne  - 

 

Appendix 44: 840m sample XRD results  

 

840m sample XRD results  

Mineral name Semi-quantitative abundance (%) 
Thomsonite  27 

Analcime   20 

Stellerite  15 

Chabazite 16 

Scolecite 22 
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Appendix 45: 1,160m sample XRD results  

 

1,160m sample XRD results  

Mineral name Semi-quantitative abundance (%) 
Wairakite  43 

Laumontite 21 

Diopside  8 

Albite  28 
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Appendix 46: 1,410m sample XRD results  

 

1,410m sample XRD results  

Mineral name Semi-quantitative abundance (%) 
Wairakite  69 

Quartz  11 

Diopside  8 

Anorthite  13 
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Appendix 47: 1,780m sample XRD results  

 

1,780m sample XRD results  

Mineral name Semi-quantitative abundance (%) 
Augite  32 

Labradorite  64 

Hauyne 4 

 

Appendix 48: 1,860m sample XRD results  
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1,860m sample XRD results  

Mineral name Semi-quantitative abundance (%) 
Prehnite 18 

Diopside  14 

Anorthite  68 

 

Appendix 49: 2,010m sample XRD results  

 

2,010m sample XRD results  

Mineral name Semi-quantitative abundance (%) 
Anorthite, sodian  78 

Wairakite  13 

Augite  9 

 


