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Introduction 

The study of braincase anatomy and palaeoneurology in dinosaurs and other extinct animals has 

recently been transformed by the use of high-resolution CT scanning and 3D reconstruction. There 

has never been a more opportune moment to study the neurology of extinct organisms and 

interpret what this can tell us about their way of life (e.g. Walsh et al. 2009). Such studies can shed 

light on the sensory systems and the relative significance of different brain regions and functions. 

My research encompasses 3D braincase reconstruction, phylogeny and macroevolution of the 

horned dinosaurs, the Ceratopsia.  

Recent dinosaur palaeoneurological 

research has been dominated by studies 

of non-avian theropods (e.g. Witmer & 

Ridgley, 2009; Fiorillo et al., 2009). 

Palaeontologists are seeking to 

understand the evolution of the brains of 

these predators, and relationships to the 

origins of birds and flight (e.g. Balanoff et 

al. 2013). Conversely, there has been no 

large-scale study on the braincase of 

ornithischian dinosaurs. My focus is on 

the ceratopsians, the horned dinosaurs, 

one of the most diverse dinosaurian 

clades during the Upper Cretaceous, and 

one that has a rich fossil record of earlier 

forms from the Lower Cretaceous of 

China and Mongolia. Ceratopsians are 

among the most common discoveries in 

deposits of that age, and are a group for 

which complex behaviour has been 

posited. The Ceratopsia range from the 

relatively small bipedal Psittacosaurus of 

the Early Cretaceous in Asia (Fig. 1), to large quadrupedal Late Cretaceous ceratopsids such as 

Triceratops and Chasmosaurus. Recent phylogenetic studies generally focus on either the 

Ceratopsidae (Sampson, 2010; Xu et al. 2010) or the more primitive ceratopsians (Xu et al., 2002), 

but a comprehensive phylogenetic analysis of the whole clade has not been attempted.   

Asia is famous for its wealth of 3D, uncrushed fossils which includes an extensive range of dinosaurs. 

Ceratopsians from China and Mongolia are not only important for their exceptional preservation 

qualities; they also are of evolutionary significance as the most basal ceratopsians originate from 

China. 

Figure 1. Psittacosaurus lujiatunensis reconstruction 

by James Brown (eep60125@myport.ac.uk). 



Museum data collection  

Thanks to GSL funding, I was able to spend six weeks working in the Institute of Palaeontology and 

Palaeoanthropology (IVPP) in Beijing. Whilst there, I had access to many Psittacosaurus skulls, 

including an ontogenetic growth sequence of Psittacosaurus lujiatunensis. These specimens were 

scanned using a micro-CT scanner to obtain very high resolution scans, perfect for the kind of detail 

required to map small cranial nerves and blood vessels. I also collected phylogenetic data from a 
number of different genera of basal ceratopsians, including the enigmatic Yinlong. 

Preliminary results 

To investigate the quality of internal morphological data I can achieve from these scans, I segmented 

the braincase of an adult Psittacosaurus (IVPP V12617) (Fig. 2). The scan resolution is sufficient to 
allow reconstruction of the semi-circular canals (Fig. 3) of the inner ear.   

Although the semi-circular canals are readily traceable, cranial nerve pathways in this specimen of 

Psittacosaurus appear absent. It is unclear whether this is due to the size of Psittacosaurus cranial 

nerve pathways or a consequence of taphonomy. Cranial nerve pathways are a significant feature in 

all of the ceratopsid endocasts I have segmented. Their absence is remarkable as psittacosaurs are 

considered to have a much larger encephalization quotient (EQ) than ceratopsids, and would be 

expected to exhibit relatively large cranial nerves. The resolution of these scans is high and so I 

would expect to see some trace of the nerve pathways, no matter the size. Nevertheless, Zhou et al. 

(2007) could not trace the full extent of nerve pathways in their Psittacosaurus endocast study 

either, so whether this is a taphonomic issue or a size issue remains to be seen. I hope to resolve this 

problem with further research and segmentation of the ontogenetic series of Psittacosaurus 

lujiatunensis.  

Semi-circular canals and posture 

Prior to my research trip to China, I had acquired and segmented endocasts of Albertaceratops and 

Torosaurus. An initial observation was the striking difference between the anterior semi -circular 

Figure 2. Psittacosaurus lujiatunensis (IVPP V12617) braincase reconstruction in right lateral (A), left 
lateral (B), ventral (C), dorsal (D), posterior (E), and anterior (F). Scale bar = 6cm. 



canal (ASSC) of the Psittacosaurus specimen and those of ceratopsids (fig. 3). An enlarged, highly 

arched ASSC is typical of bipeds and figure 3 shows how enlarged the Psittacosaurus ASSC is 

compared to the larger quadrupedal ceratopsids.  

Future work 

Once I have segmented the endosseous labyrinths of each 

individual in the Psittacosaurus ontogenetic sequence, I will 

measure any difference in ASSC size as well as HSSC orientation. 

Any changes identified through the sequence may support the 

theory that psittacosaurs changed from juvenile quadrupeds to 

adult bipeds (Zhao et al., 2013). I will also reconstruct the 

braincase of each Psittacosaurus specimen within the 

ontogenetic sequence and conduct some morphometric analyses 

on the braincases. I hope to publish the findings from this study 
in 2016. 
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Figure 3. Semi-circular canals of 
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Background: 
Rapid population growth in the arid and semi-arid regions of Western Asia has placed many 
towns and cities on the brink of water deficiency. Accurate climate projections will assist in 
the development of water resource management practices needed for these areas. 
“Paleoclimate” reconstructions (derived climate records that span hundreds to thousands of 
years into the past) can determine and quantify past climate variability and improve climate 
projection models by comparing past observations to simulations. Yet few paleoclimate 
records exist in this semi-arid region. Cave speleothems, which capture rainfall and 
environmental signatures in their calcite layers via oxygen and carbon isotopes and various 
trace elements, have proven to be remarkable climate recorders in semi-arid areas (eg. Bar-
Matthews et al., 1998; Fleitmann et al., 2007). Variations of the oxygen isotopic ratio up a 
stalagmite, for example, may reflect changes in the rainfall amount and/or temperature of the 
atmosphere above a cave system when the calcite formed. Variations in stalagmite oxygen 
isotopes are difficult to interpret, however, as they can result from many different factors 
which influence the isotopic composition of stalagmite-forming cave dripwater – such as 
initial water vapor formation, air parcel trajectories, rainwater formation, and dripwater 
pathways through the karst. Detailed rainwater and dripwater site studies chasing the 
source(s) of these variations should therefore be completed before any proper paleoclimate 
conclusions can be drawn from a stalagmite oxygen isotope record.  
 
Research Objectives: 
The aim of this research project was to initiate a multi-year rainwater collection program at 
multiple Geological Survey of Iran (GSI) sites. The collection program was designed to 
ultimately answer the following research questions: 

1) How do rainwater oxygen and hydrogen isotopic ratios vary on individual event to 
inter-annual timescales? What are the large-scale mechanisms forcing these isotopic 
variations? 

2) How do the observed rainfall isotopic records compare to isotope-equipped climate 
model outputs? 

 
Research Completed: 
1. Construction of rainwater collectors. Our main focus for the Iran sampling sites is to 
understand daily, weekly, seasonal, and annual changes in rainwater and snow stable 
isotopes, and to relate these changes to atmospheric conditions. We therefore considered two 
factors when constructing our rain sampler equipment: 



 
1) Evaporation effects – Open exposure to the atmosphere can affect the isotopic composition 
of a water sample. Evaporation may occur during sample collection, sample storage, or 
during shipment. This effect can be especially prevalent in a dry and hot environment. To 
prevent evaporation, I modified Rain Samplers built by Palmex Ltd. in Croatia (Groening et 
al., 2012) by adding additional reflective insulation and using tiny floating plastic balls within 
the rain collection chamber to limit interaction between the collected water and the 
atmosphere. Sample crimp-top glass vials are provided to prevent evaporation during storage 
and shipment back to Oxford for analysis. 
 
2) Collector site and set-up – Samplers need to be placed in open, flat areas, away from tall 
buildings or trees that will block rainfall. Our rain samplers have been placed on the rooftops 
of Geological Survey of Iran (GSI) buildings, which are located in cities. To prevent 
destruction by strong winds and/or air turbulence above the collected water surface, which 
would increase the likelihood of evaporation, I have added three “feet” to the Rain Samplers, 
which can be anchored to the roof with weights.  
 
2. Rain/Snow Collector Equipment and Deployment 
In August, I shipped 3 modified Rain Samplers (Fig. 1) with attachable snow tubes using 
DHL Shipping. The shipment arrived in Tehran a few days later without any issues. One Rain 
Sampler has now been set on the Tehran GSI building roof, while the other two have been 
sent to Mashhad (NE Iran) and Kerman (central Iran) from the Tehran GSI office.  
 

  
Figure 1. Rain Sampler diagram and photo. 
 
The samplers are “tube-dip-in-water collectors” with pressure equilibration (Fig. 1). Rain is 
collected in a polypropylene 2-liter bottle that screws into a fixed lid within the rain sampler. 
The bottle is manually removed each morning following a day with precipitation from the 
bottom of the rain sampler and a portion of the well-mixed collected water is transferred into 
two small 3ml glass crimp-top vials. Any extra water is poured out of the collection bottle 
and discarded. A second dry 2-liter collection bottle is then returned to the rain sampler. The 
bottle removed is dried and prepared to attach to the sampler the following day.  
 
Each site has been provided with 294 labeled glass vials, stoppers, and seals in 6 storage 
boxes, plus 1 hand-held crimper per site. Three lab books have also been provided to each 

Plastic 
balls



site to record the date and time collected for each vial, and the vial label. Samples only need 
to be collected when there is water present in the rain sampler. Based on daily rain data from 
the US National Oceanic and Atmospheric Administration (NOAA) National Climatic Data 
Center’s (NCDC) Climate Data Online (CDO), Tehran averaged 50 days of rain or snow 
annually in the years 2000-2014, Mashhad averaged 53 days, and Kerman averaged 25 days. 
In Tehran most rainfall days between 2000-2014 averaged <40mm, while 8 days had heavy 
rainfall between 40-100mm. In Mashhad most rainfall days averaged <20mm, while 11 days 
had heavier rainfall between 20-33mm, and 1 day had intense rainfall recorded at 160mm. 
Finally, in Kerman most rainfall days averaged <20mm, while 8 days had heavier rainfall 
between 20-50mm. Due to the large range in daily rainfall amount, I used 2-liter collection 
bottles for each site to prevent daily sample overflow, and adjusted the rainwater sampler 
funnel diameter based on the site’s rainfall history. 
 
3. Sampling Progress and Future Work 
Based on email communication with our contact at the GSI in Iran, I have confirmation that 
the rainwater sampler in Tehran has been set up on the GSI roof and multiple samples have 
been collected over the past several months. In February, I will travel to Tehran with Prof. 
Richard Walker, pending my travel visa application outcome, to check on the rainwater 
collection procedures, collect the rainwater samples in storage, and present the progress of 
my stalagmite paleoclimate research to the GSI. On this trip I will also enquire about the 
progress of the sampling at the other 2 sites. After collection, I will measure the water 
isotopes in the Department of Earth Science’s Stable Isotope Lab, in collaboration with Prof. 
Gideon Henderson’s Climatope research group. One year of data will capture a complete 
seasonal climate cycle, the minimum data requirement to draw initial conclusions. Multiple 
years of monitoring will allow for inter-annual investigations and seasonal and sub-seasonal 
comparisons. 
 
Once the data has been analyzed, this project will provide detailed evidence of how and why 
rainwater isotopes vary on spatial and temporal scales in Western Asia. It will also help to fill 
a large void in the global rainfall isotopic data network. Combined with isotope-equipped 
model output comparison investigations, the dataset will add additional insights into the 
large-scale mechanisms forcing these isotopic variations. This understanding is an imperative 
part of interpreting stalagmite oxygen isotopic records necessary to resolve past climate 
changes in the region. 
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A tale of two magmas: investigating zoned pyroclastic airfall deposits on Ascension Island 
 

1. Introduction 
The British Overseas Territory of Ascension Island is an ocean island volcano that exhibits an 
extraordinary range in both eruptive styles (from small effusive eruptions to explosive Plinian 
eruptions) and magma compositions (from basalt to rhyolite with all compositions in between [Fig. 
1]). Although the island is of great strategic importance for the UK, hosting UK and US military bases, 
little is known about Ascension’s volcanic history in terms of both of ages, and styles, of eruptions. 
Previous work on the island has had a geochemical focus, which has resulted in reasonably detailed 
geologically maps [Fig.1] for the island which display units based on composition rather than 
stratigraphic relationships. Towards the end of an initial field season we discovered previously 
undescribed, and exceptionally well-preserved, zoned pumice fall deposits. Our application was to 
obtain funding to enable meticulous fieldwork to be undertaken on these unusual zoned deposits, 
which will then be combined with detailed geochemical analyses to investigate the nature and 
timing of the evolution and any magma mixing at Ascension Island, with implications for the role of 
magma mixing in the generation of zoned deposits.  

Figure 1: (a) Location of Ascension Island relative to the Mid Atlantic Ridge, the Ascension Fracture Zone (AFZ) and the 
Boca Verde Fracture Zone (BVFZ). (b) Geological map of Ascension Island, adapted from Weaver et al., 1995 showing the 
variety of eruptive deposits found on the island. 

2. Field Campaign 
10 days of intensive fieldwork was undertaken in April-May 2015, combined with 20 more days of 
internally funded fieldwork involving establishing the wider stratigraphy, to establish the number 
and dispersal of zoned fall deposits on Ascension, to place these zoned fall units in stratigraphic 
context with all other eruptive units on the island and to take detailed centimetre-scale stratigraphic 
logs through the units to capture compositional and textural variations, variations in maximum 
juvenile and lithic clast sizes with height and laterally, unit thickness and the nature of the bounding 
stratigraphic units.  

Two zoned fall deposits were identified: the compositionally-zoned fall (Fig. 2a) and the mingled fall 
(Fig. 2b), which show key differences in terms how they are zoned, and the end-members of each 
unit. Detailed stratigraphic logs were taken at all localities where these units were found (Fig. 3), and 
key subunits within each deposit were identified (Fig.2). This allowed the variation within both 
subunit thickness, and maximum pumice and lithic sizes to be measured and compared across a 
wide area (Fig. 3).  



A tale of two magmas: investigating zoned pyroclastic airfall deposits on Ascension Island 
 
 
A key result of this fieldwork was the identification of the vent for the compositionally-zoned fall 
(labelled Fig. 3)- which was not possible for the mingled fall due to the high rates of erosion, and 
therefore limited preservation of the deposit. An approximate dispersal axis is inferred to be in a NE 
direction, in line with the known dominant SW wind direction, however, no reliable isopachs could 
be drawn due to the limited exposures of these units.  

Figure 2: Type outcrops of the two identified zoned fall units. (a) The compositionally-zoned fall and (b) the mingled fall. The 
notebook is 21cm wide, the tape measure is extended by 20cm for scale. 

Figure 3: Compositionally-zoned fall (pink star) and mingled fall (blue star) localities overlain over the geological map of 
Ascension (area shown in Fig. 1). The numbers for the compositionally-zoned fall outcrops indicate total unit thickness in 
cm, the geometric mean of the 5 largest pumice dimension in subunit A, in mm (following Bonadonna et al., 2013) and the 
geometric mean of the 5 largest lithic clasts in A, in mm (following Bonadonna et al., 2013). The same information is given 
for the mingled fall (blue stars) but for subunit L3, where the 5 largest scoria clasts were measured. Where no thickness is 
given, the full sequence of the unit has not been preserved. 
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Figure 4: Stratigraphic logs through the mingled fall 
along transect line T2 (Fig. 3) showing the variation in 
subunits deposited at different localities and the 
changes in unit thickness. Lithics are brown clasts, 
pumice are white, grey pumice is light grey, dense 
mafic scoria is mid-grey, and black, partially oxidised 
scoria is shown as dark grey. Clasts shown to scale. 
 

3. Future work 
Since returning from the field, chemical 
analyses of whole rock samples taken from each 
subunit of the two zoned falls have been 
undertaken, as have major and trace element 
analyses of crystal phases and glass from the 
deposits.  

These data show (in agreement with field 
observations) that the compositionally-zoned fall 
shows a gradational trend from most-evolved 
compositions at the base of the unit (~61 wt% SiO2, 
whole rock) to least-evolved compositions at the top 
of the unit (~54 wt% SiO2, whole rock). This 
gradational trend suggests that the compositionally 
zoned fall is a product of fractional crystallisation of 
olivine and feldspar from the less-evolved end-
member. Modelling of this fractionation, and 
analyses of melt inclusion compositions throughout 
the unit will allow further detail to be shed on this in 
the coming months. 

The mingled fall has much wider variation in whole 
rock compositions (from 50 wt% SiO2 to 70 wt% 
SiO2), with distinct differences between the early, 
dense scoria of subunit L1B and the vesicular, dark 
scoria of L3. The origin of the zonation appears to 
be mixing of multiple magma types, with mixed 
pumice clasts common throughout subunits L2A 
and L2B- the nature and origin of the various end-
members will be established by measuring major 
and trace element concentrations of glass and 
crystals from various subunits of the mingled fall, and by undertaking volatile, major and trace 
element analyses of melt inclusions from the entire sequence. These analyses will be carried out by 
the end of 2015. 

As a result of this fieldwork I will publish a paper detailing the origins of the zoned fall deposits on 
Ascension Island, as well as presenting these data at Fall Meeting AGU 2015 and VMSG 2016. The 
insights gained from this combined field and geochemical study will also contribute to a further two 
academic publications detailing the geochemical evolution of the Ascension Island magmatic system. 
The exceptional nature of these zoned fall deposits on Ascension, and relative scarcity of similar 
zoned fall deposits world-wide, makes studying these deposits an exciting opportunity to learn more 
about the magma storage regions of zoned deposits, the role of magma mixing in generating the 
zonation and the eruption-triggering potential of magma mixing events on a globally-applicable 
scale. 
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The Omani Arabian continental margin is unique - it offers a pristine record of 
late Cretaceous ophiolite emplacement, continental subduction and 
exhumation-related deformation, without complication and overprint from 
continental collision. Oman presents rich-pickings for geologists looking to 
learn about these processes.  
 
In northeastern Oman, where my project is based, the ophiolite overlies highly 
deformed Mesozoic and Permian shelf carbonates, beneath which several 
major shear zones separate rocks of increasing metamorphic grade down-
section to eclogite pods exposed at the As Sifah coast1.  
 
Northeastern Oman has been the subject of extensive geological research. 
The ophiolite has been well-characterised2,3,4, mapping surveys have laid the 
foundation for resolving the structure of the continental margin5,6,7, dating and 
pressure-temperature work has been done on the structurally deepest high 
pressure (HP) rocks8,9,10  and on the folded upper sub-ophiolite units11, and 
structural studies have grappled with the intense deformation in the 
continental margin1,11,12.  

However, controversy persists over the tectonic models of continental 
subduction and exhumation in Oman. Some workers favour a single NE-
dipping subduction channel13,1, others an additional intraplate NE-dipping 
zone14,15, or even an earlier SW-dipping intraplate subduction zone16. Indeed, 
in general large-scale ophiolite obduction and continental subduction are still 
geodynamic curiosities.  

Furthermore, a host of fascinating smaller-scale structural puzzles remain 
unsolved in northeastern Oman, particularly in the highly deformed shelf 
carbonates. Solutions to these may have important ramifications for the larger 
tectonic story, and serve as important examples of subduction-zone related 
deformation.  

The focus of my project, supervised by Mike Searle, is the sub-ophiolite 
continental margin exposed in northeastern Oman. I aim to resolve the 
complex structure along a transect reaching 25 km inland from the coast east 
of Muscat, and produce three-dimensional models of particularly interesting 
component parts.  
 
Primary among these structural studies is the Wadi Mayh sheath fold 
sequence, spectacularly exposed in the walls of the Wadi Mayh gorge17. 
Here, sheath folds on long axis scales of hundreds of metres are stacked atop 
and beside one another as part of a larger 10-15 km scale sheathed structure. 
Individual sheaths show flat-lying isoclinal folds in long-section and beds that 
wrap right around into rugby ball shapes in short section.  
 
A central part of my fieldwork has been to document these features 
photographically, with two drone surveys and more than 100 high-quality 



 

 

panoramic photomerges that offer more detail into the landscape than the 
unaided eye. This approach is most useful in a landscape such as that of the 
study area, where cliffs and rocky mountainsides offer exceptional exposure 
of a structure that can’t be adequately described in map view. The images 
offer a more rigorous and testable means of constructing structural sections 
than in-field sketching, and allow extensive post-fieldwork analysis to unravel 
the deformation. Coupled with GPS data and compass readings, the 
panoramas will be digitally tied to a map of the field area, so that the extent of 
coverage can be effectively visualised. 
 
The fieldwork now complete, I am currently working on the images to resolve 
the structure along the transect and within the highly complex sheath fold 
sequence, and evaluate interpretations made in the field. Inferences of the 
kinematics of such deformation may then follow.  
 
This photographic work will be complemented by structural data, 
microstructural studies on oriented samples to assess modes and phases of 
deformation, and Electron Back-Scatter Diffraction analysis to find the 
temperatures of fabric-forming deformation. 
 
While a perfect structural resolution is perhaps the impossible dream, the 
high-resolution photographic method has the advantage of packaging up the 
field area and presenting it on a computer or on paper, providing a platform on 
which to produce structural models and infer kinematic processes, and also 
direct evidence to test the models against.  
 
By taking a visual approach I also hope to help contribute to making the 
geology of intense zones of deformation an accessible and compelling topic. 
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A modern isotopic appraisal of the Strathy Complex: a unique juvenile crustal block in the northern 
Scottish Caledonides? 

Background 

The Strathy Complex is situated on the North coast of Scotland between Port Mor and the western edge 
of Strathy Bay, NE Sutherland (Fig. 1). The Complex lies within the Kirtomy Nappe (Swordly Nappe in Fig. 
1) and structurally underlies the Kirtomy Migmatite Suite (KMS), a succession of Moine rocks that 
underwent diatexis at upper amphibolite facies during the Caledonian orogeny (Friend et al. 2000). The 
western boundary with the KMS at Port Mor is defined by a brittle normal fault at the coast, and an 
unconformable boundary inland. The eastern boundary with the post-Caledonian Old Red Sandstone is 
defined by a steep normal fault (Moorhouse and Moorhouse 1983). The Complex itself is dominated by 
siliceous grey gneisses, with a suite of concordant amphibolites. Other locally occurring lithologies are 
trondhjemitic pegmatites, an ultramafic rock, marble and garnet-staurolite-sillimanite gneiss.  

Fig. 1 – Geological map of North Sutherland showing the location of the Strathy Complex. FH, Faraid Head; LH, Loch Hope; T, Tongue; U, 
Ullapool; G, Glenelg; OH, Outer Hebrides; R, Ribigill basement inlier; B, Borgie basement inlier; ST, Sole Thrust; MT, Moine Thrust; MTZ, Moine 
Thrust Zone; BHT, Ben Hope Thrust; NT, Naver Thrust; SWT, Swordly Thrust; OIF, Outer Isles Fault Zone; KT, Kishorn Thrust; GGF, Great Glen 
Fault; SHG, Strath Halladale Granite. From Burns et al. (2004). 

The age of the Strathy Complex is a long debated and questioned topic. It was first suggested to be 
analogous to the Scourian rocks of the Caledonian foreland in Assynt (Archaean) due to these having the 
most similar geochemistry to the Strathy Complex rocks (Harrison and Moorhouse, 1976). Moorhouse 
and Moorhouse (1983) then conducted REE and Y analyses on the Strathy Complex and suggested a 
Laxfordian (~1.7Ga) or early Grenvillian age (~1.2Ga). This paper also mentions inconclusive whole rock 
Rb-Sr geochronology which provided an unreliable mid-Proterozoic age. Burns et al. (2004) calculated a 
preliminary Nd whole rock model age of ~1000Ma which they were optimistic about, but cannot be 
relied upon. The Strathy Complex was therefore interpreted as a piece of (likely juvenile) sub-Moine 



 

 

basement. This allows some constraint on the age of the Strathy Complex. The youngest detrital zircon 
Kinny et al. (1999) found in the KMS yielded an age of 926Ma, providing a minimum age for the 
formation of the Strathy Complex. 

Burns et al. (2004) showed that the complex has a calc-alkaline affinity and suggested that the Strathy 
Complex formed in an arc-related setting on the edges of the Rodinian supercontinent, possibly as part 
of the Grenville-Svenconorwegian orogeny. Cawood et al. (2010) redefined the subduction related 
orogen found in Shetland, Svalbard, Norway and Greenland as the Valhalla orogen, an entirely distinct 
orogen from the Grenville-Svenconorwegian on the basis that exterior (Valhalla) and interior (Grenville-
Svenconorwegian) orogens are fundamentally different types of orogenic belts. The Valhalla orogeny is 
thought to have been initiated by the 95° clockwise rotation of Baltica in relation to Laurentia from 
~1,265-1,000Ma, causing the opening of a triangular basin (termed the Asgard Sea). The orogen is 
represented by two major cycles of sedimentation and orogenic activity from 1030-710Ma (Cawood et 
al., 2010). The older of these cycles (termed Renlandian) is represented by sedimentation from 1030-
980Ma across the present day North Atlantic margins (Cawood et al., 2010) and Ellesmere Island 
(Malone et al., 2014). This was followed by major suites of igneous intrusions (many with calc-alkaline 
affinities) and amphibolite facies metamorphism recorded in Shetland, East Greenland and Svalbard 
which have ages from 980-910Ma (Cawood et al., 2010).The Strathy Complex may be related to this 
Renlandian magmatism (Cawood et al., 2010). The younger of the two events (termed Knoydartian) is 
represented by sedimentation in Scotland, Norway and Ellesmere Island from 910-870Ma (Cawood et 
al., 2014; Malone et al., 2014) and intrusions and amphibolite facies metamorphism recorded in 
Scotland and Norway (Cawood et al., 2014). 

Bird et al. (2013) conducted Lu-Hf and Sm-Nd geochronology on garnets from various sources in 
Sutherland, one of which was from a discordant amphibolite in the Strathy Complex. This yielded a Lu-Hf 
age of 447±15Ma and a Sm-Nd age of 432.8±2.5Ma. The KMS has undergone upper amphibolite facies 
metamorphism during the Caledonian orogeny, dated at 461Ma and 431Ma from U-Pb SHRIMP 
geochronology of zircon rims and monazite respectively (Kinny et al., 1999). Friend et al. (2000) 
calculated peak metamorphic conditions during the Caledonian from the Naver Nappe of 11-12kbar and 
650-700°C. If the hypothesis that the Strathy Complex is the basement to the Moine rocks is correct, 
then it is to be expected that the Strathy Complex has also undergone the same grade metamorphism 
during the same periods of orogenesis. Burns (unpub. Ph.D thesis, 1994) calculated that the garnet-
staurolite-sillimanite gneiss boudin underwent peak metamorphic conditions of ~700°C and ~6kbar. 
However, this may represent an earlier, lower pressure event (possibly pre-Caledonian, possibly 
Valhalla) as the fabric of the boudin is oblique to the fabrics of the siliceous gneiss that wrap the boudin. 
Other lithologies in the Complex are not useful for establishing peak metamorphic conditions from bulk 
compositions. However, Burns (unpub. Ph.D thesis, 1994) noted that some of the ubiquitous siliceous 
gneisses show disequilibrium textures between garnets and biotites that indicate retrogression under 
lower amphibolite facies conditions (534-645°C). 

 
Progress 

The main purpose of this project is to find the formation age of the complex. This is proving difficult due 
to the apparent lack of zircon within the samples; as of writing one zircon has been identified and is 
magmatic in shape. More grains have now been picked and we are hopeful that more zircon are present 



 

 

within this fraction. Monazite and xenotime have been identified in relative abundance to zircon, which 
should give informative metamorphic ages for the bulk of the complex.  

Also of importance is the garnet-staurolite-sillimanite gneiss of Burns et al. (2004). This forms a boudin 
on Strathy Point in the foundations of the Strathy lighthouse. This unit has a foliation strongly oblique to 
that of the main siliceous gneisses, implying that it represents a relict texture. Abundant rutile has been 
found in a sample of this unit, which the University of Portsmouth will soon be able to date via LA-ICP-
MS. The mineral assemblage of this unit is consistent with a pelitic protolith. 

The protolith of the Strathy Complex has been discussed; Burns et al. (2004) used oxygen isotopes to 
show that the complex has undergone hydrothermal alteration below 200°C. In conjunction with the 
presence of marble in the complex Burns et al. (2004) theorised a marine setting. The interpretation of 
the garnet-staurolite-sillimanite gneiss as having a pelitic protolith is consistent with this. Moorhouse 
and Moorhouse (1983) and Burns et al. (2004) give evidence for the Strathy Complex forming in an arc-
related environment. In conjunction with the Nd model age of ~1000Ma, we are currently of the opinion 
that the Strathy Complex represents sub-marine volcanism with sedimentation between eruptions on 
the Rodinian margin during Renlandian orogenesis (980-910Ma). 

Fieldwork will be undertaken to the project area in February in order to collect more samples in an 
effort to obtain more datable accessory phases. Samples will be collected from the quartz-garnet gneiss 
of Moorhouse and Moorhouse (1983), a biotite-rich section of the grey gneisses (BGS, 1996), 
trondhjemitic sheets and possibly another sample from the garnet-staurolite-sillimanite gneiss. The first 
two areas have been selected as they seem likely to carry zircon, since the main body of the complex 
does not appear to. More samples may also be taken from the ubiquitous siliceous gneisses. The 
trondhjemitic sheets are believed to be intruded during the Caledonian (Burns et al., 2004), but it is 
unknown which stage. Dating these intrusions will contribute greatly to the knowledge of the complex 
and may be directly comparable with similar pegmatites in the surrounding Moine rocks.  

 

References

Bird, A., Thirwall, M., Strachan, R. and Manning, C. (2013). Lu-Hf and Sm-Nd dating of metamorphic garnet: evidence for multiple accretion 
events during the Caledonian orogeny in Scotland. Journal of the Geological Society, 170(2), 301-317. 
British Geological Survey (1996). (Strathy Point, Scotland Sheet 115W), 1:50,000 Provisional Series. Keyworth, Nottingham: British Geological 
Survey. 
Burns, I.M. Tectonothermal evolution and petrogenesis of the Naver and Kirtomy Nappes, North Sutherland, Scotland (Unpublished doctoral 
thesis). Oxford Brookes University, Oxford. 
Burns, I.M., Fowler, M.B., Strachan, R.A. and Greenwood, P.B. (2004). Geochemistry, petrogenesis and structural setting of the meta-igneous 
Strathy Complex: a unique basement block within the Scottish Caledonides? Geology Magazine, 141(2), 209-223. 
Cawood, P.A., Strachan, R., Cutts, K., Kinny, P.D., Hand, M. and Pisarevsky, S. (2010). Neoproterozoic orogeny along the margin of Rodinia: 
Valhalla orogen, North Atlantic. Geology, 38(2), 99-102. 
Cawood, P.A., Strachan, R.A., Merle, R.E., Millar, I.L., Loewy, S.L., Dalziel, I.W., ... & Connelly, J.N. (2014). Neoproterozoic to early Paleozoic 
extensional and compressional history of East Laurentian margin sequences: The Moine Supergroup, Scottish Caledonides. Geological Society of 
America Bulletin, B31068-1. 
Friend, C.R.L., Jones, K.A. and Burns, I.M. (2000). New high-pressure granulite event in the Moine Supergroup, northern Scotland: Implications 
for Taconic (early Caledonian) crustal evolution. Geology, 28(6), 543-546. 
Kinny, P., Friend, C., Strachan, R., Watts, G. and Burns, I. (1999). U-Pb geochronology of regional migmatites in East Sutherland, Scotland: 
evidence for crustal melting during the Caledonian orogeny. Journal of the Geological Society, 156(6), 1143-1152.  
Malone, S.J., McClelland, W.C., von Gosen, W., & Piepjohn, K. (2014). Proterozoic Evolution of the North Atlantic–Arctic Caledonides: Insights 
from Detrital Zircon Analysis of Metasedimentary Rocks from the Pearya Terrane, Canadian High Arctic. The Journal of Geology, 122(6), 623-647. 
Moorhouse, V.E. and Moorhouse, S.J. (1983). The geology and geochemistry of the Strathy Complex of north-east Sutherland, Scotland. 
Mineralogical Magazine, 47, 123-137. 



 

 

FINAL REPORT OF RESEARCH GRANT 
 

Name: 
Miguel Gomez-Heras 
 

Fellow:  
1014140 

Name of Grant received: 
Jeremy Willson Charitable Trust and Thomas Jefferson Field Research Fund 
 
Title of Project: 
Field-based geology teaching for people with deaf-blindness in the Basque Coast Geopark 
(Spain) 
 
Total amount received from GSL: 
1540 € 
 
 
 

Although access to science and culture is a fundamental right as recognizes the article 
27.1 of The Universal Declaration of Human Rights states (everyone has the right freely 
to participate in the cultural life of the community (...) and to share in scientific 
advancement), some people still struggle in terms of finding opportunities to fulfill this 
fundamental right. This is the case associated to some people with disabilities, 
especially those with more intense learning difficulties and those who underwent some 
sort of educational marginalization (e.g. 1, 2). Therefore, scientist need to work to 
“ensure the full and equal enjoyment of all human rights and fundamental freedoms by 
all persons with disabilities” as the UN Convention on the Rights of Persons with 
Disabilities recognizes. 

This marginalisation in the access to Science is even more noticeable in Earth Sciences, 
in which barriers to students with disabilities are given more importance than in other 
disciplines (3), especially in what relates to fieldwork. In fact, marketing strategies of 
Geology schools and departments worldwide often convey a particular image of the 
science to prospective students portraying geology students doing fieldwork on remote 
locations.  

These portraits, together with the lack of prominent role models with disabilities other 
sciences may have, give an impression of deep inaccessibility, and therefore 
marginalization, to potential students with physical disabilities. In the same way it has 
been recently discussed for developing countries, by excluding students with disabilities 
“we could be missing out on great intellectual potential” (4).  

Thankfully, there is an increasing awareness of the necessity of taking into account the 
needs of people with disabilities in designing Earth sciences curricula and teaching 
activities, showing that even fieldwork can be made accessible and maintain academic 
rigour if designed carefully (5). In addition there is the work carried out by associations 
focussed on making geosciences available to people with disabilities (6, 7). 

Following previous experiences in which the high potential of geology for being 
successfully taught to persons with deafblindness through sensory activities was shown 
(2), this project consisted of a fieldtrip for a group combining people with and without 
deafblindness and no geological educational background was carried out to the Geopark 
of the Basque coast in Zumaia, Northern Spain. 



 

 

Deafblindness is a single disability resulting of the combination of auditory and visual 
impairments, which creates such severe communication and other learning needs. 
Therefore, deafblindness is a particular case among physical disabilities because of the 
combined difficulties to access to educational contents and because of the learning 
difficulties associated to the complexity of acquiring language.  

The fieldtrip was organized as a part of the activities of the non-governmental 
association “Science without Barriers” and took place the weekend of June 19-21 and it 
brought 16 people (4 persons with deafblindness, 4 guide-interpreters, 4 geologists-
instructors and 4 people without deafblindness and no geological background) aiming:   

- To facilitate the access to a sensory field-based teaching experience for a 
group of people with deaf-blindness as a way to improve their science 
literacy, acquisition of abstract concepts and self-image. 

- To carry out educational research on improving field teaching in Earth 
sciences adapted to people with disabilities and publish it in relevant journals 
and conferences. 

- To raise awareness on the need of including people with disabilities on 
public awareness of science policies through the production of a small 
documentary to be circulated through the sponsors and in specialist 
communities (e.g. EGU Geocinema). 

The learning outcomes of this fieldtrip focused on understanding the sedimentation 
process, the concepts of evolution and extinction, knowing the significance of the 
Cretaceous – Paleogene boundary, comprehending the concepts of geological time and 
sedimentary succession and recognizing the tactile aspect of strata and sedimentary 
structures. 

The fieldtrip had an overall cost of 3050.60 €, half of it funded by the Jeremy Willson 
Charitable Trust and the Thomas Jefferson Field Research Fund and the other half by 
the Universidad Complutense project “Geodivulgar” (PIMCD 21 2015) and individual 
donors.  

The fieldtrip was preceded by a workshop, in which the most abstract concepts were 
explained through supporting tactile material and the attendants could overcome 
cognitive, social and methodological “novelty spaces”, as defined by Orion (8). Tactile 
material included a model of a turbidite with which people could interact (see attached 
video 9) 

All participants in the fieldtrip (both with and without deafblindness) reached to some 
extent the expected learning outcomes and how an appropriate adaptation of teaching 
was reached by individualizing teaching for people with deafblindness using principles 
of universal design for learning. 

The results of this experience were presented together with an overview of the work of 
the association “Science without Barriers” in the “Confronting Barriers to inclusion: 
opening the gate to accessible fieldwork” event held on 26 June 2015 at the Geological 
Society Burlington House: 

https://www.youtube.com/watch?v=QokJruAtmg0    

This experience was also presented at the 1st conference on Accessible Scientific 
Dissemination held on 3 December 2015 at the School of Geology of the Complutense 
University of Madrid.  



 

 

As stated in the aims of the project, a short documentary on this experience was 
produced to raise awareness on the need of making Science, and specifically Geology, 
accessible to people with disabilities. This video was made in two versions, with 
Spanish and English subtitles and has been made widely available in the association’s 
youtube channel: 

https://www.youtube.com/watch?v=UofKRblfptY 

 

In the near future we aim to get funding to produce other versions with Spanish, British 
and American Sign Language. 

This video was submitted to the European Geosciences Union General Assembly to be 
shown in the “Geocinema” section. 

This fieldtrip was very successful in terms of educational outcomes and showed the 
possibility of tailoring geological field teaching to people with severe sensorial 
disabilities at the same time it is instructional for people without disabilities. The 
fieldtrip gave the opportunity for people with and without deafblindness to interact with 
each other and know about the reality of this particular disability. 

This experience showed how geology teaching, including fieldwork, can be made 
accessible even to people with severe learning difficulties, portraying a new, more 
inclusive, image of Geology. 
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Carbonate rocks have a huge economic importance, because they contain more than 60% of the World’s oil 
and 40% of its gas reserves. Moreover, they very often host ore deposits. The porosity and permeability of 
subsurface carbonates control their reservoir potential, but they are very difficult to predict. This is mainly due 
to the complex physical and chemical transformations (called diagenesis) that rocks undergo after deposition. 
Despite their simple mineralogy, carbonates are highly reactive and have complex kinetics. Therefore, they can 
be strongly altered by diagenetic processes such as compaction, dissolution, cementation and mineral 
replacement. The effects of these processes are not fully understood and are very difficult to capture. 

Dolomitisation is the replacement of the mineral calcite (CaCO3) with 
the mineral dolomite (CaMg(CO3)2), and is one of the main diagenetic 
processes in enhancing or degrading carbonate porosity and 
permeability. Dolomitisation can occur in a wide variety of environments, 
from the moment the sediment is deposited up to relatively high 
temperatures (> 200ºC) during burial. The so-called fault-associated high-
temperature or hydrothermal dolomite (HTD) is one of the common 
forms of diagenetic replacement, and forms when fluids hotter than the 
host rocks flow from below along faults and interact with the host 
limestones, producing mineral replacement. Fault-associated 
dolomitisation can result in a wide variety of replacement geometries, 
varying between two end members (Fig. 1): (1) dolostone appears in irregular patches around faults and (2) 
dolostone appears in layers that extend long distances away from faults. In the second case only some layers 
are dolomitised, while the others remain unaltered. The principal parameters and processes controlling the 
transition between these end-members are still not understood. It has been historically assumed that 
sedimentary features and early diagenesis determine the layers that are preferentially replaced when 
dolomitisation follow strata. However, little attention has been paid to stylolites as structures capable of 
partitioning fluid flow and hence controlling rock alterations. 

Stylolites are rough dissolution surfaces that develop as a consequence of intergranular pressure solution. 
Bedding-parallel stylolites are ubiquitous in carbonates and form due to layer-normal overburden compression 
during sediment compaction (e.g. Park and Schot, 1968). These structures can typically contain insoluble 
material (such as clays and iron oxides), which can determine whether they are barriers or conduits for fluid 
flow (Heap et al., 2013). When stylolites act as flow barriers they could potentially control the geometries and 
properties of diagenetic alterations, since they determine the pathways for reactive fluid flow. The aim of this 
project is to address the role of bedding-parallel stylolite networks as a key control on diagenetic alteration 
geometries, with a particular focus on fault-associated dolomitisation. 

This project focuses on analysing replacement geometries and the role of stylolites on dolomitisation at the 
Benicàssim outcrop analogue (Maestrat Basin, E Spain). Benicàssim is an Early Cretaceous carbonate ramp that 
constitutes a world-class outcrop analogue of reservoirs in the Middle East and other areas. In this area, 
stratabound hydrothermal dolomitised bodies (up to 150 m thick) extend for several kilometres away from 
large-scale faults, replacing syn-rift Aptian-Albian shallow-marine carbonates (Fig. 2a,b) (Martín-Martín et al., 
2013; 2015; Gomez-Rivas et al., 2014). The Benicàssim hydrothermal dolostones are composed of replacive 
dolomite crystal mosaics, and underwent different diagenetic phases during burial, including different phases 
of cementation, dolomitisation and precipitation of ore deposits. Dolomitisation took place during the Late 
Cretaceous, when the rocks were buried less than ~1 km, after early cementation, compaction and fracturing. 

Research activities 

This project was carried out by the applicant in collaboration with Juan Diego Martín-Martín (Lecturer at 
the University of Barcelona) and three researchers from the University of Aberdeen: John Howell (Professor), 
Shuqing Yao (PhD student) and Magda Chmielewska (Research Assistant). The project involves two tasks: 
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1. Building high-resolution georeferenced 3D virtual models of two outcrops. This is achieved by using 
terrestrial LiDAR (Light Detection and Ranging) and an Unmanned Aerial Vehicle (UAV) or drone.  A UAV 
was flown over the outcrops to acquire hundreds of overlapping stereo photos. The images were 
subsequently processed to construct 3D outcrop models, which are used to map and follow laterally 
dolomitisation fronts. Key areas were also scanned with LiDAR for higher-resolution. A 1-week field 
campaign took place in October 2015 for the acquisition of photogrammetry and LiDAR data. The virtual 
outcrop models were built in November-December 2015. The whole team participated in this campaign. 

2. Doing a detailed analysis of reaction fronts both in the field and with petrography. 20 oriented samples of 
dolomitisation fronts were collected at selected outcrops, and double polished thin sections were made. 
These have been analysed with optical, cathodoluminescence and electronic microscopy. This is designed 
for understanding what the role of stylolites on replacement is and how the flow system operated at the 
small scale. A 10-day field campaign took place in May 2015, for the analysis of dolomitisation fronts in the 
field and sampling. The samples were analysed in June-July 2015 by the applicant and Martín-Martín. 

Research results 

The results reveal that dolomitisation fronts are very sharp at the outcrop and hand specimen scale, and 
generally coincide with bedding-parallel wavy-like stylolites (Fig. 2d,e). Grain-dominated facies (such as 
grainstones and packstones), are preferentially replaced, while muddier facies (wackestones and mudstones) 
tend to be preserved. However, dolomitisation also affects muddy layers, and sometimes grainy rocks bound 
dolostones. These facts suggest that not only the depositional facies determined which rocks were dolomitised. 
Observations in the field and from virtual outcrop models show that dolomitisation generally affects the same 
layers, but replacement fronts progressively weave up and down following consecutive stylolites, up to several 
meters. This suggests that stylolites served as barriers to fluid flow, constrained the dolomitisation reaction to 
only one side of them, and in this way determined the pathways for the dolomitising fluids. All the layers in the 
field area contain dense networks of bedding-parallel stylolites that predate dolomitisation (Martín-Martín et 
al., 2015). We suggest that the replacement mechanism operated in a way that wavy-like stylolites acted as 
barriers to fluid flow, but the dolomitising fluids could sometimes overcome the barrier of a stylolite, thus 
invading all the rock volume until the following stylolite was reached and producing replacement of calcite with 
dolomite in this rock volume. Since stylolite networks present different geometries depending on the rock type, 
their properties (amplitude, length, connectivity, degree of anastomosis and insoluble residues) determined 
which layers were affected by mineral replacement. The mechanism of overcoming or not consecutive flow 
barriers of stylolites explain very well the wavy dolomitisation fronts. 

The petrographic analysis of selected samples (Fig. 2f-j) revealed that dolomitisation fronts are not always 
completely sharp at the microscale, but the fronts sometimes have a width of 1 to 2 cm (Fig. 2i). We found that 
not all stylolites have an insoluble residue (composed of iron oxides and clays), but further diagenetic processes 
probably have altered them. In general, a single stylolite is not enough for constraining the reaction but a 
network of several consecutive stylolites can act as a fluid flow barrier and a reaction stopper at the small scale. 
The analysed samples also indicate that stylolites not only acted as barriers to the dolomitising fluids, but also 
served as reaction stoppers for further diagenetic (post-dolomitisation) processes, like recrystallisation of 
dolostones into a texture formed by crystalline dolomite rhombs (Fig. 2g). Stylolites also played a role in 
controlling calcitisation (i.e. dedolomitisation) of the existing dolostones. 

Another finding of this project is that stylolites within dolostones (not those acting as fronts) in one of the 
selected outcrops were reactivated as fluid flow conduits during the early Palaeocene, when these structures 
were weak planes. This happened when hot overpressured fluids coming from the basement flowed up along 
large-scale faults, opened stylolites as flow pathways and precipitated hydrothermal calcite cements (Fig. 2j). 

Future work and dissemination of results 

Since the virtual outcrop models were only been built in November-December 2015, the geometric analysis 
of dolomitisation fronts and their relation with the stratigraphy was not finished when this report was 
submitted. These tasks will be finished in the first months of 2016. This project will result in the publication of 
three manuscripts in high-impact journals: 

o Martín-Martín, Gomez-Rivas, Gomez-Gras, Ameneiro, Trave and Bons. Activation of stylolites as 
conduits for overpressured fluid flow. To be submitted to the Geological Society of London Special 
Publication on Subseismic-scale reservoir deformation. January 2016. 
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o Gomez-Rivas, Martín-Martín, Bons and Koehn. Stylolites as diagenetic reaction stoppers. To be 
submitted in February 2016. 

o Yao, Gomez-Rivas, Howell, Chmielweska and Martín-Martín. Systematic analysis of fault-associated 
dolomitisation geometries with virtual outcrop modelling. To be submitted in October 2016. 

Moreover, the results of this research have been communicated via oral presentations at conferences: (1) 
Aberdeen Formation Evaluation Society Carbonate Research meeting (Aberdeen, April 2015), (2) Bathurst 
Conference of Carbonate Sedimentologists (Edinburgh, July 2015), (3) International Conference on Deformation 
Mechanisms, Rheology and Tectonics (Aachen, Germany, September 2015) and (4) American Association of 
Petroleum Geologists International Convention and Exhibition (Barcelona, Spain, April 2016). The Geological 
Society of London is acknowledged in all these manuscripts and conference presentations. 
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Figure 2. (a) Map of the Iberian Peninsula, showing the location of the study area. (b) Panoramic view of a typical outcrop. 
Limestone and stratabound dolostone layers have distinct colours. The lateral field of view is ~ 3.5 km. (c) LiDAR virtual 
outcrop model showing a detail of image (b). (d,e) Detail of dolomitisation fronts, which coincide with bedding-parallel 
stylolites. (f-g) Micrographs showing how stylolites control dolomitisation and other diagenetic processes, such as dolomite 
recrystallisation. (h) SEM image of a dolomitisation front controlled by a stylolite. White accounts for iron oxides, black is 
porosity, and light and dark grey are calcite and dolomite, respectively (i) SEM image of a dolomitisation fronts that is ~1 
cm wide. A series of consecutive pressure-solution surfaces controlled replacement. (j) Stylolite within dolostones re-
opened by overpressured fluid and filled with calcite cement. Figures (a), (b), (d) and (e) after Gomez-Rivas et al. (2015). 
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Figure. 1: Map of the Burdekin River with Site 1 
(19°38’01.92” S 147°24’25.45” E) close to Ayr and 
Site 2 (19°59’53.39” S 146°26’13.47” E) at Macrossan 
Bridge. Lake Dalrymple is a reservoir formed by the 
Burdekin Falls Dam constructed in 1987. 

 

Unit Bars of the Burdekin River, Australia 

Unit bars (defined by Smith, 1974) form in braided and meandering rivers in a wide range of climatic 
regimes and can be hundreds of metres long and wide. Their migration forms cross-stratified sets 
that are often more laterally extensive than equivalent thickness dune deposits (cf. Bridge and Lunt, 
2006). Despite this little work has been undertaken on unit bar deposits outside North American 
perennial rivers, even though they form a significant proportion of fluvial deposits. Funds from the 
Geological Society of London supported fieldwork undertaken in August and September 2015 to 
study unit bars in the Burdekin River in Queensland, Australia. This river has very different fluvial and 
sedimentary characteristics to North American fluvial systems where unit bars have been previously 
documented. 

The Burdekin River, in northern Queensland, has a 130,000 km2 catchment. It is dominated 
by short-duration, large discharge events in the wet season (January – April). For the rest of the year 
the channel bed is mostly dry, allowing examination of the bedforms developed in the previous wet 
season(s). Event hydrographs for the Burdekin River rise very rapidly to a peak which may be up to 
three orders of magnitude larger than base flow then decline almost as quickly (cf. Alexander et al., 
1999).  

The 2013-2014 and 2014-2015 wet seasons were relatively dry. The last major discharge 
event was in March 2012 and reached a peak discharge of 17000 m3s-1 close to the river mouth. 
Subsequent smaller discharge events only partially filled the river channel. Bars close to the base-
flow channel were formed and modified by these smaller discharge events, whilst bedforms 
elevated high above the base flow channel formed in the March 2012 flood. Unit bars were 
identified at two sites along the Burdekin 
River (Fig. 1). 

At Site 1, located around 12 km 
from the river mouth, the channel is 650 – 
1000 m wide. Barforms included small 
unit bars (~0.2 – 0.5 m high) and larger 
bars (~1.5 m high at their avalanche face, 
up to 200 m wide), these were composed 
of course sands and pebbles. The crest 
lines of the bar avalanche faces varied 
from straight to lobate. Some small bars 
had smaller superimposed bedforms that 
were only tens of millimetres high but 
were several metres long. Some of the 
small bars were superimposed on the 
stoss of larger bars. Fine sediment was 
deposited in the lee-side trough of larger 
bars, which favoured vegetation growth. 
Satellite imagery suggests this finer 
sediment was deposited in smaller 
discharge events subsequent to the 
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 Figure. 3: Internal structure of a 0.4 m high unit bar at Site 1, trench is 1 m in from the avalanche 
face. A) Schematic representation of internal structure. B) Photogrammetric model of the trench 
wall. 

Figure. 2: Photographs of; A) a unit bar avalanche face (~0.4 m high) at Site 2; B) the unit bar in A) 
taken using a UAV, the bar crest marked with a dashed line. 

 

 

March 2012 event that formed the bars. 

At Site 2, located 100 km from the coast, the channel is around 300 m wide. A prominent 
unit bar, with a curved crest line, was recorded around 1 m above base flow channel (Fig. 2). The 
bar, composed of pebbly course sand, was approximately 100 m long and 70 m wide. No 
superimposed bedforms were observed. The bar’s position low in the channel suggests it has been 
formed or modified by recent discharge events. Small bank attached unit bars were also observed 
protruding out into the base flow channel. 

Trenches dug into unit bars at Site 1 and 2 exposed the internal structure. Some unit bars 
contained a single set of planar cross-stratification, these sets contained frequent reactivation 
surfaces and topsets. Others contained a more complex internal structure of stacked down climbing 
sets of cross-stratification (Fig. 3). Grain size often varied between sets with some consisting of only 
course sand while others were more poorly sorted, ranging from course sand to fine pebbles. In 
some sets grain size and sorting altered laterally. 

 

Most unit bars contained a more complex internal structure than has previously been 
associated with unit bars (Jopling, 1965; Cant and Walker, 1978; Reesink and Bridge, 2007). Flume 
experiments (e.g. Jopling, 1965; Reesink and Bridge, 2007) and modern river studies (e.g. Cant and 
Walker, 1978) have suggested unit bars generally contain a single set of planar cross-stratification, 
with or without bottomsets and topsets. These sets can be modified by superimposed bedforms 
generating reactivation surfaces. The formation of down climbing sets within unit bars in the 
Burdekin River likely relates to the highly unsteady flow and sediment conditions. This is in 
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agreement with Reesink & Bridge (2011) who noted a down climbing set within one unit bar that 
had formed under variable flow conditions (controlled by an upstream dam) in the South 
Saskatchewan River, Canada. In the Burdekin River, unit bars containing a single set of planar cross-
strata may have developed over a single discharge event. 

Unit bars were successfully located, trenched and measured at two sites along the Burdekin 
River. Of the bars trenched, internal structures ranged from a single planar cross-stratified set to a 
number of down climbing sets. The range of internal structures is related to flow and sediment 
variability in the Burdekin River in both space and time. Results from this fieldwork will be included 
in future peer reviewed paper submissions. These will aim to improve understanding of bars formed 
in variable discharge fluvial regimes and aid in the identification of unit bars in ancient deposits. 
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A	field	based	and	numerical	study	to	investigate	how	the	seismic	properties	change	with	melt	and	fluid	in	
the	mid	to	lower	crust	

£2775	from	the	Thomas	Jefferson	Field	Research	Fund	

1. Introduction	
Partial	melt	significantly	affects	the	rheology	of	orogenies	and	is	believed	to	in	part	permit	post-orogenic	
collapse,	channel	flow	and	escape	tectonics	(Mckenzie,	1984;	Rutter	and	Neumann,	1995;	Brown,	2007;	
Kohlstedt	et	al.,	2009).	An	assessment	of	the	amount	and	distribution	of	melt	is	crucial	to	understand	
crustal	rheology.	Seismic	methods	remain	unreliable	at	predicting	melt	fraction;	compressional	(Vp)	and	
shear	(Vs1,	Vs2)	wave	velocities	reduce	when	melt	is	introduced.	Recent	evidence	suggests	that	melt-seismic	
property	relationships	are	non-linear	(Karato,	2014;	Hammond	and	Kendall,	in	press)	and	the	effect	on	
seismic	anisotropy	(AVs)	is	unclear.	

I	have	developed	mathematical	and	geological	models	
to	assess	the	impact	of	melt	on	seismic	properties.	
Those	models	are	then	applied	to	natural	samples	from	
the	Western	Gneiss	Region	(WGR,	mid	Norway)	and	
Seiland	Igneous	Province	(SIP,	northern	Norway);	as	
analogues	to	lower	crustal	shear	zones	undergoing	
orogenic	collapse.	

2. Fieldwork	
The	Geological	Society	grant	allowed	me	to	undertake	
fieldwork	in	both	the	WGR	and	SIP.		This	has	enabled	
the	inclusion	of	more	varied	mineralogies	and	tectonic	
regimes	within	the	seismic	modelling.	In	order	to	
ensure	that	the	micro-	and	sample-scale	structures	are	
representative	of	the	seismic	scale,	crystallographic	
preferred	orientation	(CPO)	and	model	data	can	be	
upscaled	to	reflect	seismic	properties	of	the	crust.	Field	
work	in	the	WGR	ties	the	samples	to	the	larger-scale	
structures.		

3. Western	Gneiss	Region	
Fieldwork	commenced	with	3	rainy	weeks	in	Møre	og	
Romsdal	with	the	aim	to	quantify	melt	distribution	
over	a	large	area	–	comparable	to	seismic	scale.	This	
meant	I	focussed	on	the	Sande,	Vanylven	and	Volda	
municipalities	within	the	WGR	(Figure	4).	Outcrop	
exposure	is	very	good	along	coastal	sections	and	road	
cuts	of	the	WGR,	but	as	you	move	away	from	the	fjord	
shore	exposure	reduces	and	it	becomes	very	boggy.	As	
a	result,	most	samples	were	collected	along	the	coast.		

The	widespread	nature	of	sampling	allows	for	macro	
scale	melt	characterisation	over	a	crustal	section.	Melt	
is	characterised	on	three	scales,	large	scale	crustal	
analysis	(Figure	4),	outcrop	scale	classification	(Figure	
1)	and	the	micro	scale	using	thin	sections	and	the	SEM.	
At	each	sample	location,	I	took	representative	outcrop	
photos	for	image	analysis	of	leucosome-melanosome	
proportions,	providing	outcrop	scale	melt	
characterisation.	The	difference	between	partial	melt	
and	solid	state	recrystallization	can	be	identified	by	
the	use	of	thin	sections	and	the	SEM	blocks.	

Figure	1:		Ptygmatic	folds	of	the	leucosome	bands	in	
migmatite	(GR:	62.035259,	06.035179,	facing	NW,	
pencil	length	15cm).	

Figure	2:	Andrew	Parsons	helping	collect	migmatite	
samples	on	the	Nupen	Peninsula,	Gurskøy.	

Figure	3:	Half	way	down	Snøhornet,	overlooking	
Austefjorden.	
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The	Nupen	Peninsula	on	the	island	of	Gurskøy	is	comprised	of	impressive	layered	migmatites,	mylonites,	
garnet-mica	schists,	augen	gneiss	and	boudinaged	amphibolite	dykes	(Figure	4).	I	spent	a	lot	of	time	
working	on	the	coastal	outcrops	here	as	it	clearly	demonstrated	how	the	orogenic	crust	varies	in	melt	
volume	on	the	sub	seismic	scale	–	a	key	topic	within	my	PhD.	

	
Figure	4:	Geological	map	showing	key	lithologies	in	the	Western	Gneiss	Region	(Labrousse	et	al.,	2004).	Sampling	
locations	identified	by	red	markers,	and	representative	foliations	are	shown.	Inset	A	shows	the	Nupen	Peninsula	a	key	
case	study.	X-X’	shows	the	larger	scale	structure	across	western	Vanylven,	Y-Y’	shows	the	shear	zone	variation	over	
the	Nupen	Peninsula.	

	
Figure	5:	Geological	map	showing	key	lithologies	of	the	southern	Seiland	Igneous	Province	(Roberts,	1973).	Sample	
locations	identified	by	blue	markers,	representative	foliations	are	shown.	
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Figure	6	Campsite	on	the	fjordshore	
with	a	rainbow	over	Dalsfjorden.	

4. Seiland	Igneous	Province	
The	last	two	weeks	of	fieldwork	were	spent	within	the	Arctic	Circle	in	the	
province	of	Finnmark	(Figure	5).	It	was	easy	to	spend	long	days	in	the	field	
here	as	we	were	in	the	land	of	the	midnight	sun.	The	focus	for	fieldwork	in	the	
SIP	was	on	a	granulite	facies	migmatitic	shear	zone	within	strongly	lineated	
gabbro.	The	area	is	covered	in	snow	for	more	than	half	the	year	leaving	well	
exposed	outcrops	in	the	summer.	The	migmatite	is	mostly	stromatic	with	tight	
folding	of	leucosome/melanosome	layers	(Figure	7),	but	some	schollen	
structures	were	also	observed.	It	is	very	rich	in	almandine	garnet	(Figure	8)	
with	areas	of	charnockite,	giving	exciting	outcrops	and	samples	for	
metamorphic	petrologists.		

	

	
Figure	7:	Stromatic	folding	of	the	leucosome	and	
melanosome	layers	of	the	migmatite	(GR:	70.076401,	
22.333256,	facing	S,	notebook	19cm).		

	
Figure	8:	Garnet	porphyroblasts	in	both	the	leucosome	
and	melanosome	of	a	stromatic	migmatite	(GR:	
70.094059,	22.175850,	facing	NW,	pencil	length	15cm).	

5. Preliminary	Results	
Initial	results	from	part	of	a	traverse	across	the	SIP	shear	zone	(at	present	samples	14,	17,	18,	20,	22,	44)	
show	a	velocity	drop	and	anisotropy	increase	when	melt	is	at	its	peak	in	the	shear	zone	(Figure	10).	Melt	
fraction	has	been	estimated	from	field	observations	and	thin	sections.	Models	have	been	developed	using	
EBSD	to	measure	the	CPO	of	the	migmatites	from	which	inclusion	shape	and	seismic	properties	are	
calculated	using	the	MSAT	(Walker	and	Wookey,	2012)	and	MTEX	(Mainprice	et	al.,	2011)	toolboxes	in	
MATLAB.	At	present	three	models	have	been	developed:	isotropic,	CPO,	shape	fabric	(Figure	9).	These	
models	have	been	applied	to	the	SIP	samples	to	simulate	seismic	waves	as	the	rock	‘melts’,	results	of	the	
modelling	can	be	seen	in	figure	10.	There	is	large	variation	of	seismic	properties	between	the	different	
models.	Seismic	velocities	do	not	reduce	linearly	in	the	presence	of	melt	(Figure	10).	Differences	in	the	
decrease	of	Vs1	and	Vs2	result	in	a	varied	AVs	when	CPO	of	the	restite	and	melt	shape	are	considered	
(Figure	10).	This	illustrates	the	importance	of	melt	shape,	mineral	composition	and	crystal	fabric	and	how	it	
affects	the	seismic	properties.	Seismic	properties	provide	limited	constraints	on	melt	volume,	but	can	be	
used	to	identify	possible	melt	locations.	

	
Figure	9:	Mathematical	models	to	calculate	the	seismic	properties	with	variation	in	melt	fraction,	the	Eshelby	model	is	
still	being	developed,	but	once	complete	will	be	the	most	geologically	accurate.	
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Figure	10:		Change	in	seismic	properties	across	the	migmatitic	shear	zone,	vertical	seismic	waves	have	been	plotted	as	
an	analogue	for	teleseismic	waves.	Melt	fraction	indicated	by	the	red	dashed	line.	Samples	14,	17,	18,	20,	22,	44	used	
for	this	initial	transect,	all	samples	will	be	included	for	the	future.	

6. Ongoing	and	Future	work	
Having	collected	nearly	120	samples,	I	am	still	in	the	process	of	sample	preparation.	I	am	making	orientated	
thin	sections	and	SEM	blocks	of	each	sample	to	allow	melt	characterisation	and	use	of	the	CPO	within	the	
mathematical	melt	models.	I	am	also	further	developing	my	mathematical	models	to	make	them	as	
geologically	accurate	as	possible.	Thus	far	the	6	blocks	from	the	SIP	traverse	have	been	via	EBSD	runs.	

Melt	is	isotropic	and	solid	rock	is	anisotropic,	the	CPO	based	melt	model	fulfils	these	criteria	(Figure	9)	but	
it	does	not	consider	melt	shape	or	orientation.	The	shape	fabric	model	does	consider	melt	shape	and	
orientation	but	the	aggregate	is	isotropic	not	anisotropic.	Future	work	will	consider	an	Eshelby	based	
model,	which	recognises	the	shape	of	isotropic	melt	inclusions	in	an	anisotropic	aggregate.	

Partial	melt	greatly	affects	the	seismic	response	from	the	lower	crust.	However,	this	relationship	is	not	
linear	with	melt	volume.	Mineral	composition,	melt	shape,	CPO	of	restite	and	wave	propagation	direction	
can	result	in	large	variations	of	the	same	seismic	property.	Thus,	multiple	seismic	properties	should	be	used	
to	predict	melt	volume	and	location	in	the	lower	crust.	
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1.0 Project Description and Summary 
This project aims to gain new data on faults and fractures from Scottish granites. There are currently 
very few studies and data seeking to characterise the fault and fracture distributions in the Scottish 
granites. As such there is significant uncertainty about how permeable these granites are at depth. 
Questions addressing this uncertainty will become increasingly important should geothermal energy 
being to be explored in Scotland as a means of providing low carbon heat.  

This study is a first step in exploring these questions with surface investigations of fault location, 
orientation, and any other available properties. The surface of the granites are likely to be much 
more fractured than the subsurface so there is risk when projecting fault distribution to depth.  
These initial studies will be able to constrain general properties of the fault and fracture systems and 
gain insight into how the granites may differ from each other.   

In the summer field work I managed to gain good data from the Cruachan granite due to good 
exposure in one location. This data has created a robust foundation to draw conclusions about the 
fracture patterns in the Cruachan granite. These will be compared with previously collected data 
from the underground tunnels related to the Ben Cruachan hydo-electric scheme. Although the 
Cruachan tunnels are not especially deep (a few hundred metres) this comparison will provide vital 
insight into how the surface fracture patterns related to those internally within the granite  

Exposure on the Ballater granite was not so fortuitous. However faults and fractures could still be 
observed in isolated patches. The lack of continuous exposure means it is risky to significantly 
extrapolate about the subsurface fault and fracture properties of the granite.  

2.0 Field Work Outline 

2.1 Ballater Granite 
Three locations were chosen from aerial photographs as places where the exposure might be good 
enough on the Ballater granite for a large amount of fracture and fault data to be collected. These 
were The Pass of Ballater, Burn o’Vat, and Pennanich Hills. Initially, I recced the three locations to 
see if the exposures were appropriate for this study.  

The Pass of Ballater is a heavily fractured fault zone that has created a gorge like structure. The 
exposure at the Pass of Ballater could mostly only be accessed through easy climbing or abseiling, so 
this exposure was not studied beyond the recce.  A study at this location would give good 
information about the properties of fault zones in the granite, such as how much damage there was 
around a fault and the potential for these to be open fluid flow conduits. However it would not 
inform on the wider fault and fracture properties of the granite.  

The Burn o’Vat is a steeply sided gorge. The gorge appeared to be a similar structure to the Pass of 
Granite. On the recce, the gorge was identified as a generally ENE-WSW striking structure. Where 



 

 

exposed the sides of the gorge was extensively fractured. From initial examination it seemed there 
were two main joint sets in the vicinity of the main fault structure. These joint sets were 
approximately perpendicular, the first striking N-S and the second striking W-E. The Burn O’Vat 
location provides information about the structure of large fault zone but not about how these are 
distributed throughout the granite.  

The Pennanich Hills had relatively well exposed granite. Exposures of over 10m2 were present within 
100m of each other. Generally exposed seemed like it was related to faulting, i.e. where you got 
faulting there was exposure, which could give a biased picture of the granite. Generally these faults 
were exposed every 100m or so along the hills and were generally W-E trending, however the 
topography meant that faults of this orientation were more likely to be exposed.  



 

 

2.2 Ben Cruachan Survey 
There was extensive exposure over Ben Cruachan. However most of the exposure was contained on 
the peaks and ridges so was inappropriate for this study as it is very difficult to differentiate 
fracturing related to topography from older tectonic features.   

There was extensive exposure around the dam area. This exposure allowed general observations to 
be made about how the faults and fractures related and how other features in the granite affected 
the structure.  

There were several stream beds going up into the hills from the Cruachan reservoir. Most of these 
were heavily covered in lichen and moss or debris so did not present exposures. Fortunately one 
(shown in Figure 1) was of just the right steepness that debris and flora were washed off and there 
was unusually excellent exposure which stretched for several hundred metres.   

 

Figure 1 Photo showing the stream bed which had excellent exposure. Stream is on the left of the photograph, here it is 
going up into a Corrie which is its source. 



 

 

Several disused quarries are located on the Cruachan granite. However when visited, it was clear 
that these quarries were too long abandoned, and overgrowing plants and debris meant that there 
was relatively little exposure to be seen. Figure 2 shows the best exposed section of the quarries. 

 

 

Figure 2 Photo of quarry exposure on the Cruachan Granite. Veins and a small dyke are visible running through the granite.  

  



 

 

3.0 Summary of Observations  

3.1 Fault Patterns on Ballater Granite 
The Burn O’Vat and the Pass of Ballater are part of a large ENE-WSW trending fault system. This fault 
system is mapped at the Pass of Ballater but its location on the map is not extended to the Burn 
O’Vat area.  

The fault systems contain many jogs and step-overs, where the fault continues striking ENE-WSW 
but is displaced perpendicular to its strike by several hundred metres. These step-over zones are 
often areas of high fracture density and can be of high permeability. The exposure was not good 
enough to make observations about change in fracture density in these zones. There was also a set 
of fractures and faults which ran perpendicular to the main fault system.  

3.2 General Observations of the Cruachan Granite 
The Cruachan granite has extensive large (running for many tens of metres as exposure allows) fault 
like features. However there were no visible shear sense indicators on the walls of these fault. In 
some areas these large faults intersected, and around these intersection there were zones of high 
fracture density (Figure 3).  

 

Figure 3 Photo showing intersecting faults with high density of fracturing around the intercection 



 

 

Dykes were also observed in the Cruachan granite (Figure 4). Where present, these dykes were 
channels of high fracture density. The same fracture pattern was observed both at the Cruachan 
Dam and Quarry which are several kilometres apart.  

 
Figure 4 Photo of heavily fractured dyke running from the bottom right of photograph towards the dam. 

  



 

 

3.2 Fracture trends on the Cruachan Granite 
A fast flowing stream running from Cruachan Resevoir to the mountain peaks provided excellent 
exposure running for a long distance through the granite. The exposure was not consistent running 
up the stream as there were some areas of debris or lichen cover. Exposures tended to appear in 10-
25m stretches like that shown on Figure 5. 

 

Figure 5 Example of exposure on fast flowing stream. Running left to right are sheeting joints related to uplift and 
relaxation of stress on the granite. Running top to bottom are a series of fractures with surrounding orange chemical 
alteration. A5 notebook for scale. 

3.2.1 Fracture Data Collection Method 
The stream effectively provided a long scanline of exposure along the granite.  Each locality for data 
collection was chosen as a location where it was possibly to get at least five metres of consistent 
exposure. To get the fracture data from such a situation I placed a survey tape along the parts of the 
stream which were exposed and dry. The measuring tape thus created a single linear scanline 
running up the stream. The beginning and end of the scanline was dictated by the beginning and end 
of the exposure. Therefor there will be a series of individual scanlines leading up the river, as 
exposure appears and disappears along the river bed. Detailed G=grid co-ordinates will be taken at 
the beginning and end of each main scanline.  

Orientation bias will be likely in this situation due to all the scanlines running parallel to the stream 
and therefor having similar orientation. Such orientation bias results in certain fracture groups being 
undersampled compared to others. Perpendicular offshoot scanlines were laid at intervals along the 
main scanlines to try and diminish the effect of orientation bias. These perpendicular scanlines were 
placed at the beginning and end of each of the main scanlines, and then every five metres 
imbetween as length of main scanline allows.  

Move-clino on an iphone5s was used to collect the orientation of any structural features which 
scanline crosses. Every third reading was checked with a manual compass clino to ensure no drift or 
other inaccuracies occurred with the iphone data collection.   



 

 

3.2.2 Results 
In total over 150m of scanline collected 379 individual structural features. These are enough data to 
create a robust data set.  

The stereonets (Figure 6) show all the data collected. There are some trends visible without any 
analysis. Typically the fractures are steeply dipping, however the orientation of the exposure and 
scanline will preferentially samples steeply dipping fractures. Fractures seem to preferentially strike 
NNW-SSE or WNW to ESE. However within these two general sets there are likely to be subsets that 
can be picked apart with further analysis. 

 

Figure 6 Stereonets of the data collected from Cruachan. 

 

 

  



 

 

4.0 Next Steps 

4.1 Ballater Granite Data 
The observations from the Ballater granite are not sufficient for anything other than general 
discussion. The observations of the faults being zones of high fracturing surrounding by generally 
intact granite are useful for beginning a conceptual hydro-geological model. However without better 
exposure it will not be useful to go beyond this stage at the moment.  

· Produce stereonets of limited data collected 
· Compare the Ballater granite data with that of Neighbouring Hill of Fare 

o Both granites have limited exposure but if there are similar trends then it could 
indicate consistency between the geothermal target granites of the East Grampians 

4.2 Cruachan Data 
The Cruachan dataset is large enough to use for robust observations and the fracture properties and 
their effect on the hydraulic properties of the granite. Next steps for this will be: 

· Further Analysis of the data 
o Differentiate fractures with chemical alteration halos 
o Split the data between the orientated scanlines to explore the effect of orientation 

bias on the data 
o Statistically determine the dominant fracture sets  

· Compare the surface data that I have collected with previously collected data from the 
Cruachan tunnels 

o Do the dominant fracture sets identified in both studies concur with each other 
o Is there any link with the groundwater geochemistry measured below ground and 

alteration of surface fractures?  
o Explore why, if any, data sets that are identified underground are not identified on 

the surface data.  
· Combine the fracture data with the general observations to produce a conceptual 

hydrogeological model for how fluid would move through the granite.  
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Introduction 

The rock record is sparse in terms of evidence for the earliest forms of microbial life – the challenge 
for geobiologists is to use the morphology of stromatolites, Microbially Induced Sedimentary Structures 
(MISS) and microfossils as well as stable isotope data to interpret microbial modes of life (Noffke et al., 
2013). We coupled petrographic Electron Microprobe Analysis (EPMA) and sulphur isotope Secondary Ion 
Mass Spectrometry (SIMS) on extraordinarily well-preserved MISS from the 2.65 Ga Lokammona Formation, 
Ghaap Group, South Africa, to investigate sulphur cycling in a Neoarchaean microbial mat. The δ34S values 
show a high spatial variation of 20‰ on a mm-cm scale, which is analogous to the sulphur isotope trends seen 
in modern microbial mat (see Fike et al., 2009). Therefore, we propose that the pyritized MISS and its 
complex δ34S sulphur signal represent an ancient microbial mat community. 
 

Geological Setting 
The Neoarchaean-Palaeoproterozoic Transvaal Supergroup, one of 

the world’s oldest and largest carbonate platforms, currently covers 200,000 
km2 on the Kaapvaal Craton. The Griqualand West Basin (one of the three 
Transvaal Supergroup basins) contains the mixed siliciclastic-carbonate and 
igneous lithologies of the Ghaap Group. The BH1-SACHA core was drilled 
through the Lower Ghaap Group, a 3000 m thick Neoarchaean succession 
that is well preserved, with only minor tectonic deformation and sub-
greenschist facies metamorphism (Altermann and Siegfried, 1997). The 
sample that has been used for the basis of this study was obtained from the 
Lokammona (Clearwater) Formation from the Schmidtsdrif Subgroup. The 
Lokammona Formation is dominated by shale beds, tuff layers intercalated 
with black shale, and minor dolomites. Altermann and Siegfried (1997) 
have suggested sedimentation occurred in a deep, shelf environment. The 
Lokammona Formation has a model age of 2.650 ± 0.008 Ga from SHRIMP 
U-Pb analyses of tuff beds containing zircons (Knoll and Beukes, 2009). 
 
Analytical Methods 
I used St Andrews’ Jeol JCXA-733 Superprobe EPMA to characterise the 
different pyrite phases and crystal morphologies within the targeted sample. 
Using the Back-scattered Electron Detector (BSE), the laminae were noted 
for evidence of microbial origin according to Noffke’s (2009) MISS 
classification scheme. The main aim is to distinguish between early and late 
diagenic FeS2 crystals through crystal shape and laminae structure (Strauss 
and Schieber, 1990), subsequently mapping priority areas of different pyrite 
phases for SIMS analysis. The CAMECA IMS 7f-GEO SIMS in the Earth 
and Planetary Sciences Department at Washington University, St Louis, 
USA was used for the in-situ, high precision analysis of sulphur isotope 
ratios (34S, 33S and Δ33S) on a micrometre scale – a focused Cs+ ion beam 

was rastered over an area of analysis to create a 10 μm x 10 μm spot size. 
 
  

Figure 1: The sample that has been used 
as the basis of this study from the 
Lokammona Formation, Schmidtsdrif 
Subgroup, Ghaap Group, Transvaal 
Supergroup. Note the isoclinal folding of 
pyrite-rich laminae (red box).   



Results and Interpretations 

Textures 
Crinkly and wavy lamina composed of anhedral pyrite 

and detrital grains (predominantly quartz and clay minerals) 
with an approximate wavelength of 500 μm and height of 200 
μm were observed (fig. 1, 2). These structures may form as a 
result of ductile deformation of a surface with significant 
cohesion. This is consistent with abiological compaction of 
phyllosilicates or a surface composed of detrital grains bound 
by microbially-produced, cohesive Extracellular Polymeric 
Substances (EPS; Noffke, 2009; Schieber, 2007). There is 
also evidence of isoclinal folding of anhedral pyrite-rich 
laminae (fig. 1) – this suggests soft-sediment deformation and 
anhedral pyrite formation during early diagenesis. However, 
the alternative hypothesis, that anhedral pyrite precipitated 
from secondary (late diagenetic or hydrothermal) fluids that 
flowed parallel to bedding and exploited more porous 
laminae, cannot be excluded. Lastly, a second population of 
pyrite was also noted – these form euhedral crystals up to 100 
μm in size and seem to overgrow the anhedral pyrite crystals 
that reflect soft sediment deformation. 
 

SIMS Sulphur Isotope Data 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Anhedral pyrite crystals demonstrate a Δ33S value between -2 to +2‰ and δ34S from 0-20‰ (fig. 3). 

This variation is seen on a micrometer-scale (fig. 4). Paris et al. (2014) measured sulphur isotope data in 
Carbonate Associated Sulphate (CAS), also from the Neoarchaean Ghaap Group. Some CAS sulphur data plot 
within the same δ34S-Δ33S as our anhedral pyrite data. If Paris et al.’s values represent the S-composition of 
Neoarchaean seawater sulphate, the S-isotope ratios for anhedral pyrite is consistent with microbial sulphate 
reduction (MSR) in a closed system. The spread in δ34S values on a micrometer-scale is compatible with 
closed-system Rayleigh distillative fractionation and with similar δ34S ranges observed in modern microbial 
mats (Fike et al., 2009). 

Figure 2: BSE image of a pyrite-rich crinkly and wavy 
lamina. The matrix is primarily composed of aluminosilicates 
and quartz. This feature can form through abiological 
compaction of phyllosilicates or could be evidence of MISS. 

Figure 3: SIMS sulphur isotope data. The data show 0-20‰ variation in δ34S, with most of the Δ33S data plotting within -2 to +2‰. Error bars 
represent 1 standard error.  



 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Conclusion and Future Work 

 Wavy and crinkled laminae, containing anhedral pyrite crystals and show 20‰ variation in δ34S, are 
consistent with MSR in a closed system. The textures and S isotope values are in line with similar 
morphological and chemical signatures documented in modern microbial mats (Fike et al., 2009). However, 
more data processing is required to understand the S-isotope signature of overgrowing, euhedral pyrite 
crystals. Initial results suggest that euhedral pyrite crystals have a Δ33S signature of 6-7‰, showing a greater 
mass independent fractionation signal than anhedral pyrite grains. The use of a surface-scanning magnetic 
susceptibility meter may help our understanding of the relative precipitation age of euhedral pyrite crystals – 
whether they formed during diagenesis or during a later metasomatic episode of sulphide mineralization. This 
project highlights the complimentary nature of combining petrographic studies with SIMS data to unravel the 
complex sulphide mineralization history of Archaean rocks. 
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1. Introduction 
The chemical and isotopic compositions of chondrites provide a wealth of information regarding the origin of 
planets and our solar system. They formed early in the history of our solar system by condensation from the 
solar nebula. As such, they have the ability to provide record of the homogeneity of the solar nebula and of the 
processes pertaining to planet formation.  

Osmium is of particular interest when studying planetary evolution because of its highly siderophile 
characteristic. Highly Siderophile Elements (HSE) have a strong tendency to partition into metal phases relative 
to silicates. During planetary differentiation, osmium is quantitatively extracted into metallic cores leaving 
planetary mantles depleted in Os. The abundance of Os in Earth’s mantle however, is significantly higher than 
predicted from metal-silicate equilibration experiments1. One commonly provided explanation is a late 
accretion of meteoritic materials (‘late veneer’) following core segregation that has re-enriched the Earth’s 
mantle in HSE2,3. The abundance of Os and radiogenic Os isotope ratios have been used to investigate this 
hypothesis4-6, yet no consensus has been reached. Due to the highly refractory characteristic of Os, its stable 
isotope signature of chondrites is unlikely to be significantly affected by any late-stage processes acting on the 
parent bodies such as condensation or shock melting. Consequently, stable Os isotopes make a potentially 
strong candidate for deciphering the details of planetary differentiation processes. 

Here, we present the first osmium stable isotope composition for a set of 34 chondrites covering a 
range of oxidation states and petrological types. These data will constrain the initial degree of stable Os 
isotope variation present in the solar nebula and allow us to assess whether stable Os isotopes can be used to 
address questions related to planetary differentiation (e.g. testing of the ‘late veneer’ model). 
 
2. Method 
The chondrites investigated for this study include 23 ordinary chondrites (H, L, LL), 5 enstatite chondrites (EH, 
EL), and 6 carbonaceous chondrites (CV, CM, CI, CK, CO, CM). Samples are provided by the Field Museum of 
Chicago as pieces of ≤1 g and subsequently processed at the Department of Earth Sciences, Durham University. 
After pulverisation of the fragments, samples were digested by high pressure asher (HPA7) at 300°C for 17h 
using inverse aqua with the addition of a 180Os-190Os double spike (DS). Once digested, samples were 
processed in the clean-lab closely following techniques described previously8,9. Measurement of the isotopic 
ratios were performed by NEPTUNE multi-collector inductively coupled plasma mass spectrometer (MC-ICP-
MS) or by TRITON thermal ionisation mass spectrometer (TIMS), with offline processing of the data following 
the method as described by Nanne et al.10 
 
3. Results and Discussion 
The results, expressed as δ190Os values which is the per mil deviation (‰) of the 190Os/188Os isotope ratio of 
the sample relative to that of international pure Os standard solution DROsS, are shown in Figure 1. In general, 
the internal precision of a single δ190Os analysis is less than 0.030‰ (2se). Replicate digestion and analysis of 
ordinary H-chondrite ZAG show good internal reproducibility with a standard deviation of 0.021‰ (2sd; n=14).  

The chondrite data show δ190OsDROsS values ranging from 0.086 to 0.162‰. Ordinary chondrites cover 
the largest range of stable Os isotope compositions with L-chondrite Mauerkirchen displaying the lightest 
δ190Os value of 0.086±0.026‰ and Jelica (LL) showing the heaviest δ190Os value of 0.162±0.023‰. Enstatite 
chondrites range from 0.103 to 0.152‰ and carbonaceous chondrites from 0.098 to 0.161‰. Average values 
for enstatite, ordinary and carbonaceous chondrites are 0.121±0.043‰ (2sd; n=23), 0.118±0.040‰ (2sd; n=5), 
and 0.127±0.044‰ (2sd; n=6) respectively. The weighted average δ190Os value for bulk chondrites is 
0.121±0.043‰ (2sd; n=34). 
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Figure 1 Osmium stable isotope composition of chondrites. δ190Os expresses the permil deviation of the 
190Os/188Os ratio of the sample relative to reference standard DROsS. Values are organised from low to more 
oxidizing conditions and within each type on petrological grade. The chondrites show a weighted mean of 
0.121 with a 2sd of 0.043 as indicated by the orange bar. 

 

 A pitfall of the double-spike method is that it can give inaccurate values if any of the isotopes involved 
in the data reduction process is affected by an abundance anomaly, such as nucleosyntethic anomalies. 
Carbonaceous chondrites have shown nucleosynthetic anomalies for individual components but not on a bulk 
rock scale11,12. Although we are examining bulk chondrite samples, we cannot guarantee complete digestion of 
the most refractory phases (e.g. nanodiamonds or silicon carbides). It is in these presolar grains that isotope 
anomalies are identified11,12. To consider the effect of nucleosynthetic anomalies on the accuracy of our stable 
isotope measurements, we have taken the highest anomaly as measured by Brandon11 and added this to our 
reference standard DROsS. The resulting shift in δ190Os caused by the isotopic anomaly is smaller than our 
analytical error and is, therefore, considered to have a negligible effect on δ190Os values of carbonaceous 
chondrites. We note, however, that it would be best to obtain unspiked and spiked data from aliquots of a 
single sample solution in order to apply an accurate correction. 

The stable Os isotope composition of chondrites, representing different classes (EC, OC, CC) and 
petrological types (2-6), show no detectable systematic variation from low to more oxidizing conditions, 
between the different petrological types, nor those it reveal any significant difference between distinct classes 
of chondrites. This implies that no detectable stable isotope fractionation has occurred on the parent bodies 
and that the solar nebula contains a homogeneous stable Os composition as a whole.  

Further research will be aimed on the determination of the stable isotope composition of the Earth’s 
mantle. If the chondrite samples all display different stable Os isotope compositions to samples representative 
of the Earth’s mantle, then this could provide evidence for the partial removal of Os from the Earth’s mantle 
into the core. To examine the effect of metal-silicate segregation, a set of iron meteorites will be examined.  
 
5. Conclusions 
A set of 34 bulk chondrite samples, representing different parts of the solar nebula, display a homogeneous 
osmium stable isotope composition of 0.121±0.043‰ (2sd; n=34). This implies that no fractionation has 
occurred on the parent bodies which make stable Os isotopes a useful tool to address questions related to 
planetary differentiation. 
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Introduction 
The Jura Quartzite is a 5 km thick quartzite of Late Proterozoic age in the Dalradian Supergroup which 

crops out on the islands of Jura and Islay in the Inner Hebrides of SW Scotland (Bailey, 1916). The 

quartzite is a meta-sedimentary rock which here, for simplicity, is described as a sedimentary rock 

(‘sandstone’ and ’mudstone’ instead of quartzite and phyllite). The aim of this study is to get a better 

understanding of the sedimentological processes which operated during the accumulation of this 

extremely thick, monotonous succession. I.e., how do such thick quartzites form? Previously, 

Anderton (1976) examined outcrops largely in the northern most part of Jura in detail and 

interpreted the deposits as shelfal sandstones in line with then contemporary research on modern 

systems (Houbolt, 1968). We have examined more remote outcrops on central Jura in a 

depositionally more proximal position and interpreted the observations in the light of more recent 

knowledge on tide-influenced depositional environments (Dalrymple & Choi, 2007). 

Data collection, dataset and methods 
Two weeks of fieldwork have been undertaken in June 2015, of which 10 days have been spent on 
the western, remote part of the island of Jura on the north shore of Loch Tarbert. We have been 
dropped off by boat at Ruantallain bothy which formed our base camp for 10 days. Focus has been 
laid on outcrops at Aird Reamhar and Brein Phort, where a total of 400 m of section has been logged 
and the lateral continuity of the outcrops has been documented in sketches and photo-panels (Figure 
2-Figure 4). Palaeocurrents of  avalanche and compound cross bedding have been recorded.  To a 
lesser extent work has  also been done at Ruantallain and Cruib (Figure 1). The documented rocks 
have been grouped in 2 facies associations and the depositional processes and environment have 
been interpreted.  The other 4 days have been spent at several outcrops of the Jura Quartzite on the 
islands of Jura and Islay to get a better understanding for the top and the base of the formation and 
the lateral variability. Locations visited are Caol Isla, Rubha a’Mhail, Port nan Gallan and Carraig 
Fhada on Islay and Lussa Bay and inner Loch Tarbert on Jura (Tanner et al., 2013). 

Facies Analysis 

FA1:  Thick bedded, very coarse sandstone 
This facies association forms the bulk of the sequence along Loch Tarbert. There are no clear grain 

size trends. This FA consists of coarse to very coarse sandstones with scattered granules and small 

pebbles in thick bedded units of dm scale cross bedding (10-50 cm, Figure 6). The cross bed sets  are 

typically arranged in gently descending compound cosets which pass down transport direction into 

single  tabular avalanche  sets from 50cm to 1m in height (occasionally 4 m),  then after 5-20m of 

progradation typically pass back again into low angle compound cross bed cosets.  Cross beds may 

occasionally be overturned by bed shear stress, but more commonly become liquefied in units 1-2m 



thick with 3D liquefaction anticlines 2-6m apart and with passively deformed cross bed cosets in the 

intervening synclines. Periodic mud drapes with a down-current spacing of 20-30cm are occasionally 

found on the lower third of the tangential foresets in the dm sets, typically in the “dying stages’ of a 

coset as it thins and reduces in slope angle. Palaecourrents of both the cross bedding and compound 

surfaces  are very predominantly towards the NE in the strike view. Reversed (SW) directions are 

consistently present but relatively rare. 

FA2: Coarsening upward successions 
A new feature of our work is the observation that, at least in Central Jura, there are fine facies that 

pass up into coarse facies in 2-8m thick coarsening upward sequences. In order to argue for a generic 

sequence a combination of grain size and geometric observations  (field mapping) was made.  The 

coarsening upward successions consist of fine to coarse grained sandstones with often heterolithic 

successions at the base of the successions. The coarsening upward successions are bounded by 

“master bedding” planes with a lateral extent of up to 100’s of m’s. The successions internally 

contain large scale inclined planes with a tangential geometry which pass downward into heterolithic 

sandstones containing rare combined flow ripples. Upwards, cross bedding is present, forming sets 

bounded by the large scale inclined surfaces. Mud drapes are present, especially towards the base of 

the succession.  Occasional cross beds with an opposite palaeocurrent direction are observed. The 

palaeocurrents directions of the cross bedding are generally to the NE, with occasional SW directed 

palaeocurrents. This is with an oblique angle with respect to the inclined bedding (Figure 7). Towards 

the top of the coarsening upward successions, large scale cross bedding (<50 cm) is present which 

show an erosional relief at the base of the toeset. Coarsening upward successions change laterally in 

thickness, and two discrete successions can amalgamate to form a single coarsening upward 

succession 

Interpretation 
Anderton (1976) established beyond reasonable doubt that the bulk of the Jura Quartzite on both 

Islay and Jura is a tide influenced deposit. The motif of coarsening upward (FA2) is suggestive of an 

environment in a deltaic setting where the topographic lows were defined by the constructional 

geometry of the bedforms rather than by the erosional geometry of channels (Figure 8). The 

dominant flow direction is towards the NE which is basinwards and therefore can be called the ebb 

tidal current.  There was more paleocurrent variability, and more reversed palaeocurrents (towards 

the SW) in the heterolithic units than in the sand-only successions, suggesting that the flood-tidal 

direction was the weaker, and that flood affected bedforms were sites of slack water mudstone 

deposition. Whilst suggestive of mutually evasive ebb / flood areas, this also suggests that the very 

strong ebb dominance is testimony, at least for the preserved sediments, to a supplementary current 

system almost certainly fluvial, (but possibly offshore directed storm currents). The deposits of FA1 

show a more unidirectional (fluvial, ebb-tidal) palaeocurrent direction and consists of coarser 

sandstones. Therefore it is interpreted that FA2 was deposited in a more proximal environment 

(Figure 8). It is interpreted that deposition of the Jura Quartzite took place in an environment with an 

oversupply of sediment because only the base of successions are preserved (no evidence for 

emergence above sea-level) and the grain size is relatively coarse (finer material is transported 

further basinward). Therefore, when accommodation space was created, this was directly filled with 

sediment and the top of successions (emerged parts) are not preserved because the top of 

successions are constantly reworked. Due to this over supply of sediment, deposition kept up with 

basin subsidence and any accommodation space was directly filled, keeping the facies belts in a more 

or less stable position throughout the deposition of the whole 5 km thick deposit. 
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Figure 1. Geological map of Islay and Jura showing the study area and visited locations (modified after Bailey, 1916). 



 

Figure 2. Impression of the study area with foreshore and cliff exposures. View from Brein Phort to the south with the Paps 
of Jura in the background. 



 

Figure 3. Impression of the study area at Ruantallain bothy. Exposure of the Jura Quartzite in the foreground and behind the 
bothy. A cloud forms around the Paps of Jura. 



 

Figure 4. Studying the outcrops at Ruantallain with Loch Tarbert and the Paps of Jura in the background. 



 

Figure 5. Studying the outcrops at Aird Reamhar. 

 

Figure 6. Compound cross bedding of FA1 (Brein Phort). 



 

Figure 7. Two coarsening upward successions of FA2 at Aird Reamhar. 

 

 



 

Figure 8. Interpretation of the depositional environment (Dalrymple & Choi, 2007). 
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Field	Report	—	Daniel	Viete,	Durham	University	—	£1000,	Elspeth	Matthews	Fund	
‘Exploring	the	links	among	earthquakes,	fluid	flow	and	rapid	metamorphism	in	subduction	zones’	

	

First,	I	would	like	to	express	my	sincere	gratitude	to	Elspeth	Matthews	and	the	Geological	Society	of	London	for	
making	this	work	possible.	The	£1000	awarded	from	the	Elspeth	Matthews	Fund	was	used	to	partially	cover	the	
cost	of	fieldwork	on	the	high	pressure/low	temperature	(HP/LT)	metamorphic	rocks	of	Ios	and	Syros,	Greece.	
Fieldwork	was	performed	in	the	period	22–31	October,	following	on	from	nine	days	of	fieldwork—on	different	
metamorphic	rocks,	as	part	of	a	different	project—on	Naxos,	Greece.	

Approximate	breakdown	of	expenditure	from	the	grant	was:	return	flights	for	two	from	Newcastle	to	Athens	
(£514.00);	excess	baggage	for	36	kg	of	rock	samples	(£60.00);	four	nights	of	accommodation	on	Ios	(£117.50);	six	
nights	of	accommodation	on	Syros	(£278.50),	and	ATV	hire	on	Ios	(£30.00).	Additional	field	costs,	including	food,	
ferries	(Naxos–Ios,	Ios–Syros,	Syros–Athens),	taxis	and	car	hire	on	Syros,	were	covered	from	different	funds.	

Fig.	1	shows	maps	of	Ios	and	Syros,	highlighting	the	localities	visited.	Fieldwork	on	Ios	was	focused	on	HP/LT	
lenses	of	the	Cycladic	Blueschist	Unit,	within	the	hanging	wall	of	the	north-dipping	Ios	Detachment	Fault.	These	
HP/LT	lenses	best	crop	out	in	coastal	exposures	and	hillsides	in	the	region	of	Almyras	and	Loretzena	Bays	(Fig.	1).	
Fieldwork	on	Syros	visited	several	fault-bounded	slices	of	HP/LT	metabasic	rocks,	including	the	peninsula	east	of	
Kini,	the	region	of	Kambos	and	Grizzas	Bay,	and	on	the	coast	immediately	north	of	the	capital,	Ermoupoli	(Fig.	1).	
Fieldwork	also	considered	metamorphic	rocks	in	Finikas	Harbour	and	near	the	Airport,	south	of	Ermoupoli	(Fig.	1).	
	

	
Fig.	1.	Maps	of	Ios	and	Syros,	Greece,	showing	some	field	localities	(yellow	spots).	Turquoise	regions	on	Syros	
indicate	fault-bounded	slices	of	HP/LT	metabasic	rock.	
	

As	outlined	in	the	Project	Description	of	the	Grant	Application,	the	fieldwork	is	simply	the	first	stage	of	a	broader	
project	designed	to	test	metamorphic	drivers	in	subduction	zones.	Results	and	samples	obtained	from	the	
fieldwork	will	be	partnered	with	laboratory-based	research	to	provide	a	clearer	picture	on	the	potential	role	of	
earthquakes	in	driving	the	metamorphic	reactions	that	typify	subduction	zone	rocks.	

The	fieldwork	involved	two	people,	the	other	being	Ms	Erin	Scott,	a	first-year	PhD	student	studying	tectonics	and	
structural	geology	in	the	Department	of	Earth	Sciences,	Durham	University.	Thus,	in	addition	to	enabling	research	
on	subduction	zone	metamorphism,	its	drivers	and	the	potential	role	of	earthquakes,	the	Elspeth	Matthews	Fund	
supported	valuable	field	training	and	experience	for	a	promising	young	research	student.	



Major	findings	from	the	fieldwork	
	

The	first	objective	listed	in	the	Project	Description	of	the	Grant	Application	was	to	“characterise	the	spatial	and	
temporal	relationships	among	brittle	deformation	features,	fluid	flow	and	episodes	of	HP/LT	metamorphism,	for	
blueschist–eclogite	rocks	from	California,	Greece	and	Venezuela”.	Thus,	the	research	performed	in	Greece	
represents	a	third	field	effort—after	fieldwork	in	Venezuela	in	2013	and	California	in	2013/2014—within	a	
broader	project	that	considers	several	examples	of	rock	‘typical’	of	subduction	zone	metamorphism.	

Perhaps	the	most	striking	aspect	of	the	fieldwork	in	Ios	and	Syros	was	how	similar	the	Greek	rocks	were	in	
appearance	and	geological	context	to	the	Californian	and	Venezuelan	subduction	examples.	For	example,	outcrop	
comprises	HP/LT	lenses	(compare	Fig.	2a	and	d),	wrapped	by	pelitic	schists	(compare	Fig.	2b	and	e),	and	which	
have	experienced	intense	shearing	and	boudinage	within	a	high-strain	setting	(compare	Fig.	2c	and	f).	These	
parallels	suggests	the	fundamental	tectonic	setting	(for	both	subduction	and	subsequent	exhumation)	is	similar	
for	all	of	the	Californian,	Greek	and	Venezuelan	rocks.	Similarities	among	the	Californian,	Greek	and	Venezuelan	
HP/LT	rocks	provides	confidence	that	the	project	has	a	‘representative’	sample	set	that	will	consider	fundamental	
behaviours	in	subduction	zones	(rather	than	regional	oddities).	
	

	
Fig.	2.	Top	row	shows	images	from	the	field	in	Syros,	Greece	[a)	jadeitite	knocker	in	outcrop,	Kambos;	b)	eclogite	
lense	wrapped	by	pelitic	schists,	Grizzas	Bay;	c)	metabasic	boudins,	Grizzas	Bay].	Bottom	row	shows	equivalent	
features	from	California	[d)	jadeitite	knocker	in	outcrop,	Ring	Mountain]	and	Venezuela	[e)	eclogite	lense	wrapped	
by	pelitic	schists,	Pto	Cabello;	f)	metabasic	boudin,	Pto	Cabello].	
	

The	first	major	aim	of	the	fieldwork	was	to	investigate	any	evidence	for	brittle	deformation	(e.g.	pseudotachylites,	
tension	gashes)	and/or	fluid	flow	(e.g.	veining)	indicative	of	seismic	activity	potentially	associated	with	the	HP/LT	
metamorphism.	As	for	work	performed	in	California	and	Venezuela,	no	direct	evidence	of	brittle	deformation	was	
found.	That	said,	absence	of	such	evidence	may	reflect	preservation	potential	rather	than	a	lack	of	brittle	
deformation	during	subduction.	Evidence	for	fluids	were	observed	(particularly	on	Ios)	in	the	form	of	mono-
mineralic	(epidote,	riebeckite,	glaucophane	and	magnetite)	veins	with	thickness	10–150	mm.	These	veins	were	
restricted	to	HP/LT	lenses	(not	the	wrapping	metasediments),	but	themselves	wrapped	and	cross-cut	eclogite	
boudins.	The	observed	relationships	suggest	that	channelised	fluid	flow	occurred	during	and/or	soon	after	(i.e.	
before	the	subduction	mélange	was	constructed)	HP/LT	metamorphism	of	the	Greek	rocks.	Further	investigation	
of	the	significance	of	the	monomineralic	veins	awaits	petrographic	and	secondary	electron	microscopy	work.	

The	second	major	aim	was	to	obtain	samples	for	further	petrological	and	geochemical	work.	The	rocks	collected	
from	Ios	and	Syros	have	been	cut	and	sent	for	production	of	36	thin	sections.	



In	the	Project	Description	for	the	Grant	Application,	the	third	paragraph	reads:	“HP/LT	metamorphism	is	typically	
episodic,	rapid	(<<	1	Myr)	and	incomplete,	and	must	involve	processes	that	allow	rock	to	remain	unaffected	over	
long	time	scales	and	then	very	suddenly	undergo	partial	metamorphism”.	As	for	the	Californian	and	Venezuelan	
rocks,	the	Greek	HP/LT	rocks	record	‘partial	metamorphism’	(Fig.	3).	Differences	in	metamorphic	grade	(e.g.	
amphibolite	to	blueschist	to	eclogite	facies)	are	preserved	in	outcrop	on	the	mm-	to	m-scale,	giving	the	rocks	an	
intermingled	blue/green	appearance	similar	to	that	observed	for	the	HP/LT	rocks	from	California	and	Venezuela	
(see	Fig.	3).	

Such	incomplete	metamorphism	cannot	result	from	non-uniform	thermal	processes,	but	must	record	small-length	
scale	chemical	disequilibrium	and/or	spatial	variations	in	pressure/fluid	history.	The	metamorphism	recorded	in	
the	Greek	HP/LT	rocks	is	well	suited	to	addressing	the	question	of	the	the	potential	role	of	earthquakes	in	driving	
subduction	zone	metamorphism—either	by	triggering	localised	pore-water	pressure	fluctuations	or	by	localised	
fluid	fluxing	(catalysing	metamorphic	reactions).	
	

	
Fig.	3.	Top	row	shows	images	from	the	field	in	Syros,	Greece	[a)	intermingled	eclogite–blueschist,	Kini;	b)	
intermingled	eclogite–blueschist,	Grizzas	Bay;	c)	eclogite	boudins	wrapped	by	blueschist,	Kambos].	Bottom	row	
shows	equivalent	features	from	Venezuela	[d)	intermingled	eclogite–amphibolite,	Pto	Cabello]	and	California	[e)	
intermingled	eclogite–amphibolite,	Ring	Mountain;	f)	eclogite	boudins	wrapped	by	blueschist,	Ring	Mountain].	
	

What’s	next?	
	

Finished	thin	sections	will	return	in	January	2016,	allowing	the	scanning	electron	microscopy,	electron	
microprobe,	Raman	spectroscopy	and	LA–ICP–MS	work	on	the	Greek	HP/LT	rocks	to	proceed.	We	expect	
petrological	and	geochemical	characterization	of	the	Greek	HP/LT	rocks	to	be	complete	by	late	2016,	and	work	
resulting	from	the	fieldwork	to	be	published	in	2017.	The	published	work	will	duly	acknowledge	funding	from	
Elspeth	Matthews	Fund	of	the	Geological	Society	of	London.	

Finally,	I	would	like	to	again	thank	Elspeth	Matthews	and	the	Geological	Society	of	London	for	their	generous	
contribution	toward	our	research.	
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Scientific Overview 

The identification, quantification and dating of meteoritic impact events is historically 

challenging; discrete mineralogical features (such as planar features in quartz) used as 

shock identifiers and barometers are often overprinted during post-shock annealing 

and metamorphism, while the shock-response of U-Pb geochronometers (such as the 

Zr-bearing phases zircon and baddeleyite) is variably understood, limiting 

interpretation of partially to fully age reset grains.  In these scenarios, refractory and 

unreactive minerals may preserve diagnostic, impact-induced features through such 

metamorphic conditions. Zircon (ZrSiO4) is proving powerful in this regard, with 

crystallographic microstructures (i.e. micro-twin planes and high-pressure phases (i.e. 

reidite) forming uniquely in impact conditions. The experimental loading and 

annealing of zircon, providing quantified pressure and temperature constraints on the 

formation of such features and facilitating their usage as a barometer for shock 

conditions, have further enhanced such observations. However, zircon predominately 

crystallizes in silica-rich ‘felsic’ rock types, limiting its application as a shock indicator 

and barometer to such lithologies. Instead, another high-temperature zirconia-bearing 

mineral phase, baddeleyite (monoclinic-ZrO2), has great potential as a complementary 

shock indicator and chronometer in silica under-saturated lithologies. Commonly 

crystallizing in terrestrial and extra-terrestrial mafic and ultra-mafic rock suites, it has 

many similarities in physical and chemical properties to zircon. This is particularly 

important due to the lack of felsic lithologies on the Hadean to early Archean Earth, 

and the limited occurrence of zircon on the Moon and Mars. As such, naturally 

occurring zirconia has been targeted as a key phase to augment on-going work 

regarding the formation and evolution of the inner Solar System, although very little is 

known about the natural shock-response of this important material. 

 

 

            



 

Scope & Progress of Funded Research 

Generously supported by the Geological of Society’s Daniel Pidgeon fund, my research 

will attempt to provide a first order insight into the shock response of naturally 

occurring baddeleyite by experimentally shocking zirconia-bearing material. In this 

regard, an on-going collaboration with the University of Kent (UK) provides the 

opportunity to experimentally shock samples within a laboratory environment, using a 

two-stage light gas gun technique reporting a maximum impact speed of ~7km/s. 

Reproducible shots, 

whereby 1mm 

projectiles are impacted 

onto 50mm x 100mm 

rock cores heated < 

1000°c prior to impact 

ensure that any 

heterogeneities in the 

shock-state of grains are 

purely a function of 

depth within the core 

and the refractive or 

reflective nature of the 

sample mineralogy. 

 

The chosen target material, collected from the baddeleyite and zircon-bearing Scourie 

dyke swarm (Scotland) has been collected and cored during the summer field season. 

Cores are now with the Centre of Astrophysics and Planetary Science (CAPS) at the 

University of Kent to undergone an iterative shot regime of variable peak pressure and 

temperature conditions. Whilst the overall proposal will facilitate c. ten light gas shots, 

thus far one has been completed (200°c, 5.48km/s) with a calculated peak shock 

pressure of ~20 GPa.  

 

 

 

 

 

 

The two-stage light gas gun hosted by the Centre of 
Astrophysics and Planetary Science (CAPS) at the University of 
Kent, UK. 



 

 

 

 

 

 

           

Following impact, a 3D FARO scanning arm hosted within the University of 

Portsmouth School of Technology has allowed for quantified breadth and depth 

analysis of the generated impact crater, in addition to producing a digital record of the 

experimental result (see above). A thin section, cut perpendicular to the crater, has 

allowed for initial observation on the shock state of impact-proximal mineral phases, 

though no ubiquitous shock effects can be seen in feldspar or pyroxene. A feature scan 

of the section is on going, designed to locate and image accessory phases (zircon and 

baddeleyite) before ascertaining their shock state through electron backscatter 

diffraction (EBSD) techniques. Ejecta from the experimental crater has been mounted in 

epoxy resin, and has also been scanned for accessory phases.  

 

Future Work 

Once imaged, U-Pb analysis of selected zircon and baddeleyite grains from the thin 

section and ejecta will be conducted both in house (University of Portsmouth) and at 

the NERC Isotope Geosciences Laboratory (NIGL), Nottingham, to examine the effect 

of a quantified shock event on the age of these key geochronometers. Going forward, 

this work will improve our interpretation of partially to fully age-reset meteoritic 

grains, which provide such key insight into the evolution of the inner solar system. I am 

truly grateful to the Geological Society for their support, without which this body of 

work could not be completed.  

3D scan of the impacted rock core. Point cloud data was generated using a 3D FARO scanning arm 
at the University of Portsmouth, UK, before wrapping of the dataset using GeoMagic Studio software.  
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