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How does Arctic soil form? Linking bulk and molecular scale 
mineralogical and geochemical processes 

This study is part of the NERC Arctic Soils consortium grant lead by Prof.’s Anesio 
(Univ. of Bristol) and Benning (Univ. of Leeds), which aims to compare biological 
vs. chemical mineral weathering rates. As part of this project my PhD research 
project focuses on low-temperature biogeochemical weathering processes that 
ultimately leads to the formation of contemporary Arctic soils. Three locations 
from across the Arctic Circle have so far been sampled, and the Jeremy Willson 
Charitable Trust and the Geological Society was able to fund the fieldwork in one 
of these: the Tarfala Valley in Sweden. Proglacial zones are subjected to climatic-
forced deglaciation when ‘fresh’ un-weathered sediments are exposed to the 
atmosphere. The soils were sampled using a chronosequence approach, to 
understand the rate of formation and the combination of complex processes the 
minerals are undergoing. Initial results indicate that essential soil components 
(e.g. organic carbon) are linearly proportional as a function of weathering age in 
the first 100 years of formation.  

 
Introduction and project background 
 
Over the next century climate change is predicted to have its greatest impact in 
the Arctic. The phenomenon known as “Arctic amplification” could see this 
region warm at almost double the global average. This would bring earlier spring 
melting, milder winter days (warmer and wetter), and the retreat of snow and 
ice cover. These climatic changes are unprecedented in geological history, and 
the implications are not yet fully understood. Previous studies in tropical regions 
have shown that biogeochemical processes are known to accelerate due to 
extreme climate (e.g.White and Blum, 1995) and tectonic change (e.g.West et al., 
2005). By extrapolation, this research suggests that warming of the Arctic-
cryosphere and glacier retreat may also lead to enhanced weathering. Ultimately, 
this would induce isostatic rebound of the tectonic plates, and subsequent 
aqueous down-cutting with increased erosion (West et al., 2005). These 
processes would re-shape Arctic landscapes and regulate nutrient supplies to 
ecosystems which in-turn can affect global geochemical cycles.  
 
The rates of chemical weathering are controlled by the minerals’ and solutes’ 
intrinsic factors such as: concentration, speciation, age, surface reactivity, 
surface area, or surface topography. Extrinsic factors are often climate or 
vegetation related, and include temperature, moisture, redox state or pH (Berner 
and Berner, 2012). Weathering intensities depend mainly upon the lithology. 
These involve reactive minerals such as carbonates, phosphates, sulphates or 
low reactivity crystalline rocks. Other factors controlling weathering intensities 
are: organic matter levels that can decompose to form organic acid complexes; 
the rate of fresh rock supply and residence time. Biological, chemical and 
physical weathering modes are often coupled. Physico-chemical erosion and 
mineral weathering rates depend upon the availability of fresh mineral surfaces 
with high reactivity. In situations where chemical weathering occurs 
independently of other modes, the breakdown of most primary rock-forming 
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minerals is often restricted by slow reaction rates at mineral-water-air 
interfaces, however this is not the case for glacial sediments. Glacial sediments 
and tills are highly geochemically reactive, as water continuously interacts with 
the rocks and minerals that have high surface areas, which accelerates the 
weathering processes (Anderson et al., 2000; Wadham et al., 2001). In glacial 
forefields weathering has been recorded at three times the magnitude of that in 
non-glaciered terrains (Wadham et al., 2001) and the former are comparable to 
temperate locales. The factors discussed above make glacial forefields of 
significant importance because:  
 
1) Calcium and magnesium silicate weathering, (Equation [1]; forward reaction) 
leads to the drawdown of atmospheric CO2. Ultimately, sedimentation occurs and 
carbonate and/or dolomite are formed, these can then be metamorphosed back 
to silicate rocks. This reaction has been previously responsible for climatic 
cooling on a global scale (Hoffman and Schrag, 2002), and could have a 
particularly important role in the Arctic and its fast climate change predictions.   
 
CO2 + (Ca,Mg)SiO3  (Mg,Ca)CO3+ SiO2       (Classic “Urey reaction”)            [1] 
 
Calcium carbonate and dolomite (dolomite: Equation [2]) weathering can also be 
a sink (forward reaction) or source (backward reaction) of CO2 to the 
atmosphere. These minerals are most soluble at low temperatures, but the 
primary control on the equilibrium is atmospheric pCO2.   
 

2CO2 + CaMg(CO3)2 + 2H2O  Ca2+ + Mg2+  + 4HCO3- (Dolomite weathering)

 [2]  
 
2) Clay minerals, metal-oxides and organo-mineral complexes can form on 
relatively short time scales (150 yrs), contributing to the release / exchange or 
stability of nutrients and carbon. 
 
3) Key nutrients become bioavailable in a nutrient limited environment driving 
localised and global primary production, and in turn transformation rates of 
atmospheric CO2 into organic carbon through plant growth. 
 
4) Carbon can accumulate as organic matter, and in turn soils may form (linked 
to statement points 2 &3 above).  This is important as soil is widely regarded as 
degrading faster than it can be replenished. Soil regulates carbon and nutrient 
retention. The research conducted aims to address these important issues. 
 

Field sampling and laboratory methodology 
  
 A chronosequence sampling approach was employed in the proglacial zone in 
order to determine the rates of change in geochemistry, mineralogy and 
nutrient-status (Figure 1). 
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Geochemical (elemental) and mineralogical analysis, X-ray fluorescence (XRF) 
and X-ray diffraction, respectively, were used to quantify the rates of weathering. 
Nutrient analysis of total carbon (TC), inorganic and organic (TOC) and nitrogen 
(N) were measured using combustion techniques, whereas other macro (e.g. K, 
Ca, Mg, P) and micronutrients (Fe, Mn, Z) were analysed using ICP-MS.  
   

Progress so far 
 
Thus far no samples from Sweden have been analysed due to a sample backlog 
from a previous field season to Svalbard 78°N. Preliminary data from this field 
trip, indicates that TOC is accumulating as a function of distance away from the 
zero years old (glacial terminus) to ~2000yrs old (Last Glacial Maximum 
terminal moraine). This is important as TOC accumulation is often indicative of 
soil formation. Further analysis is needed to confirm this relationship. However, 
from this data it is likely that even in Arctic proglacial zones, often assumed to be 
relatively void of life; biological-mediated weathering may have a major role in 
soil formation rates and biogeochemical processes. Furthermore, it is possible to 
envisage that similar weathering mechanism will dominate weathering in the 
field site sampled in Sweden, just at higher rates. This premise is based upon 
existing studies conducted in Alpine proglacial zones, where climatic conditions, 
similar to those in Sweden favour biological-mediated weathering and 
consequently high rates of soil formation.   
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Figure 1, (a) ©Google Earth image  
birds-eye veiw of Rabots glacier - 
67°55'N, 18°29'E (snout right of 
image), blue pins repersent the 
sampled sites, sampled from left to 
right. 
 
(b) aerial-photograph of Rabots 
glacier, looking East: red line 
represents the transect, blue dot 
indicates a hydrological feature 
(saturated bog) and the green 
triangle snow and ice. All symbols 
were sampled locations.  
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Quantifying the lithologic and tectonic controls on sediment supply from normal fault-

bounded catchments in Calabria (Italy) 

 
1. Introduction and motivation 

 

The sedimentary record is the only physical evidence we have of mass transfer across the Earth’s surface. In 

order to understand and ultimately decode this record, it is of key importance to characterize the sediment 

fluxes that generate stratigraphy. Sediment fluxes from catchments to basins, and their grain size 

distribution, can be highly sensitive to tectonic, geomorphic and lithological boundary conditions. However, 

the way in which these variables interact to determine the volume, locus and calibre of sediment released 

from catchments to basins remains unclear (e.g. Mueller and Pitlick, 2013). Recent modeling (e.g. Allen, 

2013; Armitage et al., 2011; Duller et al., 2010) and field studies (e.g. Whittaker et al., 2010) highlight the 

importance of the initial sediment flux characteristics in determining basin stratigraphy, but they point out 

that more empirical data is needed in order to understand sediment supply dynamics.  

The aim of this grant proposal was to obtain empirical data on the sediment input from hillslopes and export 

from normal fault-bounded catchments in Calabria, and together with field data acquired in a previous field 

campaign in Campania & Basilicata, use it to quantify the influence of tectonics and lithology in determining 

the volumes, rates and grain sizes of sediment fluxes from normal faults.  

 

2. Field campaign  

 

A three-week field campaign was conducted in June 2014 in Calabria (Figure 1). We worked on 5 normal 

fault systems: the Armo, Cittanova, Serre, and East & West Crati. The objetives of the field campaign were 

widely accomplished and overall we:  

 

1) Measured the grain size distributions being actively exported from footwall catchments on 58 

channels crossing active normal faults.  

2) Determined the bedrock strength and grain size distributions being supplied by weathering products 

on the gneiss and granite bedrock on 10 localities.  

3) Characterized the grain size distributions being supplied from landslides on 43 localities; and 

estimated the volumes of those landslides when possible (in 9 localities); in order to use the most 

appropriate volume-area scaling parameters.  

4) Sampled the grain size distributions preserved in the hangingwall basin stratigraphy of 2 basins.  

5) Collected 19 sand and gravel samples from rivers draining 4 normal faults, in order to do 10Be 

analysis to estimate catchment-averaged erosion rates.  

 



 

 

 

 

3. Preliminary results 

 

3. Preliminary results 

 

3.1. Sediment export from footwall catchments 

One way in which we are studying how sediment supply relates to tectonics, is by comparing how does grain 

size export relate to active normal faulting. Our results suggest that those catchments that are being uplifted 

at higher rates (given their position along the strike of the normal faults), supply coarser sediment (Figure 2). 

We are currently investigating this using our complete data set, but we hypothesize that this is because 

those catchments experiencing greater fault throws, have also steeper hillslopes and channels; and 

therefore, our results would suggest a strong link between landscape response to tectonics and sediment 

export.  

In addition to field-based data on grain size export, we have also estimated the sediment fluxes from the 

studied footwall catchments, using the BQART model (Syvitski and Milliman, 2007) and a steady-state 

assumption. We find that both estimates give very similar results, and also that those catchments that we 

estimate deliver greater fluxes of sediment, are delivering coarser sediment now (Figure 3). These 

preliminary results are very encouraging, because they point out that potentially, for these type of settings, 

it could be possible to estimate sediment fluxes based on grain size measurements; and to predict a grain 

size based on known sediment fluxes. We are currently incorporating our complete data set to this analysis.  

 

A 

B 

C 

Figure 1. A) Measuring the grain size distributions in active channels, and collecting river sand and gravel samples 

for cosmogenic nuclide analysis. B) Example of a landslide sampled. Landslides are a very common and often 

threatening phenomena in Southern Italy. C) Studying the grain size distributions of the hangingwall stratigraphy 

deposits using the Wolman Point Count method.  



 

 

 

 

3.2. Sediment input from bedrock weathering and landslides  

 

Our results on grain size input from weathering products and landslides, suggest that: i) Bedrock outcrops 

with higher strength deliver coarser weathering products; ii) Lithology influences the grain size distributions 

supplied by both weathering products and landslides; iii) On those catchments dominated by lithologies 

prone to landsliding, the grain size export measured at the catchment outlets can only be explained through 

the coarser grain size input from landslides (Figure 4).  

 

Figure 2. Examples from the Vallo di Diano (right) and East Agri (left) faults that illustrate our findings on 

how grain size export from footwall catchments  (black squares, median grain size) scales with throw rate 

along strike (grey envelope and axis).  

Figure 3. Sediment flux estimates based 

on a steady-state assumption (x-axis) 

compared to the field measurements of 

grain size distributions, (D50 and D84 on y-

axis). Catchments supplying coarser 

material currently are expected to 

deliver greater fluxes of sediment on the 

longer term.  



 
 

4. Current and future research 

 

Current and future research on this project involves:  

 

a) Using the complete data set of Campania & Basilicata and Calabria (a total of 99 catchments 

visited on the field) to assess the relative influences of lithology and tectonics on the grain size 

export.  

b) Compare these grain sizes being exported with those supplied by the weathering products (total 

of 15 lithologies samples over 42 localities) and landslides (56 landslides sampled), and with the 

grain sizes preserved in hangingwall stratigraphy (a total of 140 localities in 4 hangingwall 

basins).  

c) Refine our estimates of sediment supply from landslides. We have digitized the landslides 

present on our studied catchments, and based on our field observations of volume-area scaling, 

will convert these into sediment flux estimates.  

d) Visit the NERC SUERC laboratory to analyze 15 samples for 10Be concentrations that will help us 

estimate the catchment-averaged erosion rates. This research is funded by a NERC CIAF grant, 

and will also enable us to calibrate our independently-derived estimates of sediment supply.  

We intend to produce at least 3 journal papers from this research; and to present in relevant conferences. 

Some results, including the preliminary results shown here, have already been presented at the British 

Society for Geomorphology 2014 AGM and  at the British Sedimentological Research Group 2014 AGM, and 

the Geological Society support has been acknowledged.  
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Fig 4. The median grain size exported from 

the East Agri footwall catchments is 

coarser than the median grain size 

supplied by the weathering of the 

Carbonate and Flysch bedrock. The grain 

size distributions exported from the 

catchments to the basin is better 

explained through the grain size input of 

landslides and an important contribution 

of the coarser end members of the 

weathering and landslide supply.  
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Mike Coward Fieldwork Fund: £2000 

The structural significance of anatectic melts in collisional orogens 

Introduction 

Metasedimentary rocks, which comprise the majority share of exposed hinterland lithologies, are 
crucial to understanding how collisional mountain belts deform. The rheology of an individual 
mineral will evolve with changing pressure and temperature conditions, but the rheology of a rock is 
dependant also on its grain-size and texture. A metasedimentary rock experiences the largest textural 
transition when it undergoes anatexis (partial melting), as new phases are grown and partial melt 
increases inter-granular diffusion. How the textural changes associated with anatexis affect the 
rheology of a rock is largely unknown, in part due to gaps in the understanding of the mechanisms of 
multi-phase melting. My DPhil project explores the textural effect of anatexis in amphibolite grade 
conditions. I aim to work out the mineral growth mechanisms that control nucleation and growth of 
peritectic minerals and silicate melt, in order to better understand the rheological changes caused by 
partial melting. Using samples collected along a transect of the metamorphic core of the Himalayas, 
where anatexis was coeval to deformation, I explore the structural consequence of deforming a rock 
while it is undergoing anatexis. 

Fieldwork in Langtang, Nepal 

The Himalayan Orogen is an alluring field area that offers researchers the chance to compare old 
orogenic belts with active tectonic characteristics, such as: seismogenic depth, far-field strain 
distribution, magnetotellurics, and satellite interferometrics. Field work in the Himalayas remains 
important today, even after many decades of expeditions and field campaigns, due in part to the 
restricted accessibility of much of the well-exposed geology. Access to the underexplored regions that 
expose the upper portion of the Greater Himalayan Sequence, often requires long expedition-style 
field trips that can be difficult to find support for. Through the generous support of the Geological 
Society’s Mike Coward Fieldwork Fund, Dr. Marc St-Onge from the Geological Survey of Canada 
and I were able to set out for a month long trek up through the Langtang Valley in northern Nepal to 
study the partially melted metasedimentary rocks that are the source and host of the great Himalayan 
leucogranites. Our trek started out in Syrabru Bensi, a bustling staging town at the mouth of the 
Langtang River. Taking advantage of a popular trekking route we made our way through the bamboo 
forests of the steeply walled lower Langtang Valley, and up through to the end of the maintained route 
at Kyanjin Gumpar, where the forests stop and the terrain is carved by thousands of years of glacier 
flow and retreat. With the tremendous aid of our local porters and guides, we continued for another 
twenty kilometres along a seldom used climber’s route to a terraced floodplain at the base of the 
Langtang Glacier, which was our base camp for the rest of the trip (Figure 1). From our base at the 
top of the valley we had access to metasedimentary rocks with ranging protolith compositions that 
were all subjected to the same metamorphic conditions and tectonic forces, an ideal natural laboratory 
for my study.    

Results  

We collected a suite of samples from the top of the Langtang valley to complement our existing 
collection of Greater Himalayan Sequence samples, which form the basis of my petrological studies. 
As a reference for future studies and to provide context to my petrological work, I have compiled the 
lithological and structural observations we made along our trek into a map of the Langtang region 
(Figure 2).  
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Figure 1. A snowy sunrise at basecamp. 

The preliminary results from a petrological study of the Langtang samples are summarised below: 

1) Muscovite-dehydration textures 

The vapour-absent dehydration of muscovite produces three products: pertectic K-feldspar, peritectic 
sillimanite, and silicate melt. My textural study of muscovite-dehydration textures began with K-
feldspar, where I was able to identify the four steps of growth and devise a textural method for 
recognizing peritectic K-feldspar. The four steps of growth are: (1) epitaxial nucleation of K-feldspar 
on plagioclase grains, (2) initial replacement growth of K-feldspar on plagioclase forming skeletal 
porphyroblasts by a Na-K cation exchange reaction, (3) merge and coarsening of porphyroblasts 
driven by grain boundary migration, and (4) crystallization of residual anatectic K-feldspar on 
peritectic grains.  

The four stages of growth provide an excellent structure to investigate the nucleation and growth of 
peritectic sillimanite and silicate melt. Intergrowths of sillimanite and melt are observed to nucleate in 
former muscovite domains, first forming ‘clots’, then migrating along grain boundaries in a manner 
indicating they are driven by regional stresses i.e. along foliation planes. A critical threshold of melt 
percent exists where migrated melt from individual clots forms a connected network. Once the melt 
threshold is met, effective diffusion on the rock scale is greatly increased corresponding with the third 
growth stage in K-feldspar. At this point melt is transient and the scale of the study expanded to the 
rock and outcrop scale.    

2) Melt-fluxed metamorphism of psammites 

To continue with the textural study of muscovite-dehydration, I looked towards the psammitic units 
structurally above the melt producing pelites. An enigmatic ‘nebulitic tourmaline-leucogranite’ 
comprises the majority of the psammitic stratigraphy in the Langtang Himal, the petrology of which 
does not make sense within an anatectic context at amphibolite facies. An initial petrology study 
revealed what appears to be a hydrothermally controlled textural change that occurred in psammites 
when low fractions of incompatible-rich melt interact with biotite. The consequence of this reaction is 
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an amphibolite facies metasomatic origin of the ‘nebulitic tourmaline-leucogranites’, which accounts 
for a significant portion of the upper stratigraphy that was thought to have a wholly anatectic origin. 
This is an exciting result since it changes the mass-balance of melt and requisite thermal budget for 
the upper Greater Himalayan Sequence.        

3) Himalayan thick-skinned tectonics 

Using the textural method developed to distinguish peritectic from igneous or anatectic K-feldspar, 
we were able to separate the K-feldspar augen gneisses that were igneous in protolith from those that 
were sedimentary. To test our protolith interpretation, we dated zircon separates from the ortho- augen 
gneiss, which proved to have a Paleoproterozoic Indian basement age. The recognition of the 
‘nebulitic tourmaline-leucogranties’ as psammitic in origin, lead to an interpretation of the 
stratigraphic sequence that involves the foreshortening of a right-way-up stratigraphic basin overlying 
a basement complex of ortho- and para-gneisses. The repetition of basement-cover units represent 
thick-skinned thrusts that are the first of which to be recognized in the Langtang Himals.       

 

Figure 2. Geological map of Lantang valley, Nepal 

I would like to express my sincere gratitude to the Geological Society for their support of this work. 
The samples collected and observations made during this research trip have been instrumental in my 
DPhil studies.   
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Project Title: Strain distribution associated with normal fault-propagation folding in a 

layered sandstone-shale sequence: a case study from Moab Fault, Utah 
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PhD Student: Alexandru Lăpădat  

 

Deformation associated with normal faults cutting through a sedimentary sequence can 

be manifested, in some cases, by ductile flexure of the beds in the direction of fault slip, 

which can evolve with increasing displacement from normal fault-related monoclines to 

normal drag folds.  

The aim of this on-going research project is to analyse how macroscopically ductile strain 

is distributed in the vicinity of seismic scale normal faults, and in particular, to 

investigate the deformation mechanisms and the relationship between fault throw, drag 

fold curvature, and the density of deformation structures within the folded zone.  

The grant received from The Geological Society of London gave us the opportunity to 

study in the field, for two weeks in October 2014, the Moab Fault (Utah) and its excellent 

exposures of different stages in the development of seismic-scale normal fault-

propagation folds. The ductile deformation affects the mudstone-dominated units, the 

Cretaceous Cedar Mountain Formation (Kcm) and the Upper Jurassic Morrison 

Formation (Jmb and Jms, see the stratigraphic column on Fig. 1) and varies along the 

strike of the fault system, from subtle monoclinal flexure beyond the lateral tips of NW-

ward branching splay segments in the Blue Hills area (Fig. 1), to pronounced normal drag 

along the Bartlett segment and along the main Moab fault segment, south of the 

Courthouse branchline, where displacement increases significantly.  

Exploring the satellite images in Google Earth, in preparation for the fieldwork, I was 

completely absorbed by the contrasting geological features on both sides of the Moab 

fault, with its whitish Moab Tongue sandstones, carved by regular joints in the footwall, 

and with more heterogeneous layered rocks, which were abruptly bend in the 



hangingwall, at an angle which was in some cases almost parallel with the fault. Looking 

at these images, at this large scale, was more or less like, interpreting seismic. One can 

observe the large-scale structure, but how is the flexure of the beds (or seismic reflectors) 

accommodated by smaller-scale structures? How do these structures vary both 

orthogonal, but also along strike of the fault, in respect with changes in the fault 

displacement or fault geometry?  

The review of the existing literature, the analysis of the satellite images and the regional 

structural model built using industry software (TrapTester and Petrel), indicated several 

key locations along the strike of the fault system, where Cedar Mountain sandstones and 

Brushy Basin mudstones (part of the Morisson Formation) could potentially provide good 

quality exposures to find the answers to our questions. 

 In each location, we planned to realize a transect across the fault, to record the 

orientation, frequency, displacement and geometries of joints, shear fractures and 

deformation bands. We aimed to start from the Blue Hills area, planning five transects 

(three in the hanging-wall and two in the footwall) in order to analyse the characteristics 

of deformation within the incipient breached monocline area. We planned to continue 

south-eastwards with another two transects across the Bartlett segment, where 

displacement increases significantly to 275 m (Davatzes et al, 2005). Here, the Cedar 

Mountain Formation and Brushy Basin mudstones crop out only in the hangingwall, with 

excellent continuity in the Bartlett and Waterfall Canyon, the footwall section being 

completely eroded.  

Together with my colleague and field assistant Alex Peace we flew to Denver and drove 

across the Rockies, downstream along the Colorado River and through the emptiness of  

the badlands of Cretaceous Mancos shales.  We then reached the spectacular reddish 

cliffs built by Paleozoic and Mesozoic sediments, which are cut by the Moab fault for 

more than 40 km and displaced by almost 1000 m just near the magnificent Arches 

National Park. Towards NW, along the Moab fault, where the Cretaceous mudstone-

dominated sequence crops out in the Blue Hills, the touristic trails give way to the dusty 

desolated roads, which take you, according to Alex’s saying, to the place where coyotes 

go to die, or in our case... the key outcrops.  



Not all the planned locations in the Blue Hills area were as we would expect, especially 

the exposures in the footwall, were intensely weathered with discontinuities and with 

loose blocks. In these cases, only representative measurements were taken were possible. 

In the hangingwall of the Blue Hills segment, or in the Bartlett segment area, the outcrops 

looked much better, with only some local areas of no exposure.  

Some interesting preliminary observations have been made, although integration, 

interpretation and quantitative analysis of all the data are still in progress. We can 

observe from figure 2 that, across one transect within the Blue Hills, the faults which 

have a WNW-ESE orientation, sub-parallel with the main Moab fault, have a vertical or 

sub-vertical slip component, while the faults with a NE-SW strike, at a higher angle with 

the master fault, have a pronounced strike-slip component. Many faults are sub-vertical 

and seemed to be formed by the shear reactivation of coalesced tensile fractures. The 

displacement (both horizontal and vertical component) within the mechanically 

competent units, is accommodated within the weaker finer beds, by the ductile flow of 

the shales (filling the aperture of the fractures, see figure 3) or by sub-horizontal bed-

parallel slip surfaces (figure 4). Intense horizontal veining occurs in zones of higher 

flexure of the beds, while in the more distal and constant dipping parts of the “drag” fold, 

the indicators of horizontal slip surfaces were absent. In the proximity of the fault, the 

density of the shear fractures increases significantly, with very dense network of mm-

scale displacement shear fractures, surrounding more significant cm-scale displacement 

faults (figure 5). 

Further work needs to be carried on interpreting and correlating the large amount of data 

collected, reconstructing the fold geometries and estimating the orientations and 

magnitudes of the principal strain axes at different points across the hanging wall drag 

fold.  

 

I am very grateful for the support received from the Geological Society who made this 

field campaign possible. The observations and the experience gained during this 

fieldwork will prove to be very valuable for the project and for my future career.  

 

 



Fig 1. View towards N of the Blue Hills area, where the topographic highs are capped by the 
Cedar Mountain sandstones (Kcm on the stratigraphic column), which dip abruptly towards NE, 
in the vicinity of the NW-branching segments of the Moab Fault. In the background, the 
Courthouse syncline is filled by the Cretaceous Mancos shales (Km). 

 Fig 2. Faults within transect B of the Blue Hills area. 



 

 

Figure 3. The vertical tensile fracture within the 
coarse sandstone is filled at the base by the flowing 
finer grey silts from the unit bellow (Blue Hills). 

Figure 4. Intense sub-horizontal veining within 
the gray-greenish silts below the coarse Cedar 
Mountain conglomerates (Waterfall Canyon). 

 

 

Figure 5. Bed of  very compact quartzitic sandstone intensely deformed by shear fractures.  
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The Ediacaran Period, 635–541 million years ago (Ma), was a remarkable interval in Earth 

history that witnessed major climatic events, significant changes in the chemistry of the 

global oceans, and the early stages of animal evolution and radiation. Abundant fossils from  

Newfoundland (Canada), dated at ~579–560 million years in age, preserve diverse large and 

complex eukaryotic macro-organisms. The Newfoundland fossil assemblages are dominated 

by frondose organisms, many of which have been assigned to a clade termed the 

Rangeomorpha; a group united by their possession of fern-like self-similar branching 

structures (e.g. Fig. 1A, D). However, rangeomorphs are amongst the most difficult 

Ediacaran taxa to place within a modern biological group, due to their unusual morphologies, 

and the fact that only their external impressions are typically preserved. This preservational 

style leads us to rely heavily on a small number of well-preserved specimens when 

attempting to improve our understanding of rangeomorph biology, palaeoecology, and 

evolution. 

 

My Geological Society grant allowed me to travel to the Mistaken Point Ecological Reserve 

in Newfoundland to study an exceptionally preserved fossil surface that exhibits a quality of 

preservation better than anything previously seen in the region. The surface was discovered 

by myself and my colleague Jack Matthews (University of Oxford) in the summer of 2013. 

The motivation of this 2014 study was to constrain scientific understanding of the pattern of 

evolution within the earliest rangeomorphs, and to obtain information about their hitherto 

unseen fine-scale morphologies. However, whilst gathering the necessary information to 

address these topics, I also discovered new taxa, novel morphological characters possessed by 

rangeomorphs, and important evidence for the mechanisms by which soft tissues were 

preserved within late Ediacaran oceans.  

 

My trip involved 18 days of fieldwork, and took place between the 7th and 25th September 

2014. Before collecting data, my field-colleague Jack Matthews and I first had to thoroughly 

clean the surface of dirt and algae. This task took two days (the bedding plane is ~100 m 

area), but led to the discovery of multiple new specimens. I then mapped key areas of the 

surface, conducted a census of the fossil community, collected sedimentary samples, and 

gathered information to determine the taphonomic, depositional, and tectonic history of the 

bedding plane. 

 



Sedimentology, stratigraphy, and geochronology. 

The studied surface sits within the marine sandstones and siltstones of the Briscal Formation. 

I measured the section throughout this Formation (noting additional fossil surfaces and their 

biotic communities), and logged the sedimentology 10 m either side of the main surface at a 

one-centimetre resolution. A volcanic tuff horizon immediately above the main fossil surface 

was collected (under permits issued by the Provincial Parks and Natural Areas Division) for 

radiometric dating, and is currently being analysed by Jack Matthews using U-Pb TIMS 

analysis at the British Geological Survey. On the basis of the observed stratigraphic 

relationships, I estimate the surface to be around 570–575 million years in age, or 5–10 

million years older than the most diverse rangeomorph communities currently known in the 

region. This would make the new surface the oldest diverse assemblage of Ediacara-type 

macrofossils in the world. Obtaining accurate age constraints for this and other surfaces will 

permit investigation of sedimentation rates within the region, and potentially of evolutionary 

rates amongst the Ediacaran organisms. 

Interestingly, we found the first evidence for sole marks (flutes) in the region, located a few 

metres beneath the fossil surface. These flutes provide a clear indication of the down-slope 

direction at this time, which notably appears to be unrelated to the orientation of frondose 

fossils on either of the two fossil-bearing surfaces within the 10 m of section above it. This 

observation has important implications for our understanding of basin topography, and 

palaeoenvironmental reconstructions. 

Taphonomy. 

Thin sections taken through the collected sedimentary samples demonstrate the importance of 

pyrite in the preservation of soft tissues on the Ediacaran deep-seafloor. Furthermore, they 

hint at why preservation is so good at this particular site with respect to others around the 

globe, aid interpretation of what the organisms might have been, provide insights into ocean 

chemistry at the time, and offer a means of predicting where we might look in the future to 

find other exceptionally preserved Ediacaran bedding planes. I am in the process of 

undertaking SEM and EPMA analyses to characterise the mineralogy of the sediments at the 

site, and their relationship to the observed quality of fossil preservation (Fig. 1C). 

Palaeontology. 

The studied surface reveals a diverse and abundant fossil assemblage, unusually containing 

specimens that represent a variety of growth stages (from 6 mm-long juveniles to >1 m 

mature forms; some of the largest yet found). The quality of preservation in these siliciclastic 

settings can be as good as, if not better than, that seen anywhere in the world, with 

morphological features as small as 0.3 mm in width commonly observed (Fig. 1D).  

This study has revealed 13 distinct taxa, of which 8 were rangeomorphs and 4 are totally new 

to science, in densities of 50–60 individuals/m2. This suggests that significant diversification 

within the rangeomorphs may have occurred relatively early in the evolutionary history of the 

clade, whilst the presence of multiple non-rangeomorph taxa suggests they too evolved 



earlier than previously thought. The surface also reveals interesting and previously unseen 

behavioural interactions between taxa, and un-described morphological features. These 

features represent unexpected morphological attributes that have implications for our 

understanding of the mode of life of these organisms, their biological affinities, and their 

reproductive strategies.  

Silicon rubber moulds of some of the most morphologically interesting specimens were made 

and brought back to the U.K. for detailed study. These are being turned into solid casts, and 

their study will permit full taxonomic description of the new taxa, and informed interpretation 

of the fossils and their modes of life.  

 

Figure 1. Fossils on the studied surface, Mistaken Point Ecological Reserve. A: New rangeomorph 

taxon. B: Juvenile specimens of Charniodiscus (left) and Fractofusus (upper right). Such specimens 

will be critical to determining the growth patterns utilised by rangeomorphs. C: SEM Back Scatter 

Electron image of the interface at which fossils are found (arrowed) between substrate sediment 

(below) and volcanic tuff (above). D: Exceptional preservation of morphological detail in the 

rangeomorph Fractofusus. All scale bars = 10 mm unless otherwise marked. 

I consider my fieldwork at the studied site to have been very successful, yielding multiple 

new insights into late Ediacaran fossil assemblages and the pattern of rangeomorph evolution. 

The data collected will enable testing of key hypotheses surrounding the preservation of 

Ediacaran soft-bodied taxa, and will go a long way towards constraining the geological 

context for the evolution of these organisms. Since this work is ongoing, I have been 

deliberately vague with some of the descriptions of my findings (to avoid future problems 

with publication embargoes if this report is published online). I hope to write up my results in 

the coming months after completion of additional analyses, and I will of course keep the 

Society informed of my progress and any publications arising. For now, I thank the 

Geological Society for awarding me the funding to undertake this work. 
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Introduction 
Flight is a truly remarkable adaptation that has evolved only three times in 
vertebrates: in birds, bats, and in the fully extinct flying reptiles that I am mostly 
interested in, the pterosaurs. Of these lineages, pterosaurs had the widest range of 
body sizes (with wingspans of 0.2-11 m), the largest overall size (the largest extant 
bird has a wingspan of 4 m, largest extinct was 7 m) and were the first to achieve 
powered flight, first in the Late Triassic. Despite being known in the fossil record for 
over 200 years, basic questions on pterosaur biology and biomechanics such as 
reliable body masses estimates and flight abilities are unknown. !
Estimating body mass is one of the most basic and essential features in 
understanding locomotor capabilities of an animal, and is even more important with 
respect to flying animals as an animal’s mass is directly proportional to it’s ability to 
take off and achieve lift. As the largest animals to fly, they pushed the limits of 
aerodynamics, with much debate around whether or not these large pterosaurs 
could fly, making accurate mass estimates vital. Previous mass estimates have 
varied drastically depending on the methods used. For example, on of the largest 
pterosaurs (Quetzalcoatlus northropi) has been estimated at an improbably light 70 
kg [1], more reasonable middle ground of 250 kg [2] and very heavy 544 kg [3].  !
Fortunately, modern imaging technology has allowed us with a way of accurate 
estimating bone mass using computed tomography (CT) scans. With relatively 
uncrushed pterosaur skeletons, bone volume can be estimated from CT scans, 
which allows mass to be estimated. Finally, after the bones have been 
reconstructed digitally, muscle mass can be estimated by reconstructing muscle 
attachments and muscle volumes. This should give a more accurate estimate of 
pterosaur total body mass, which is what I am working towards now. CT scans can 
also give us an idea of the degree of pneumaticity found in specimen, which allows 
for comparison between different elements and species through the Air Space 
Proportion (ASP) in a bone. This can also be done from images of cross-sections 
through the bone, but that does not provide as accurate of a measurement as CT 
scans throughout the entire bone [4]. Pneumaticity, which is the presence of air 
sacs and diverticulae that invade the soft tissue and bones related as a part of the 
respiratory system, is also found in birds, some theropod dinosaurs, and sauropod 
dinosaur necks. ASP gives a quantifiable measurement of the pneumaticity, which 
as implications for biomechanics of an animal as it directly affects the stiffness of a 
bone.  !
Results  
So far, I have visited the collections of four German museums: Staatsliches 
Museum für Naturkunde Karlsruhe (SMNK), Staatsliches Museum für Naturkunde 
Stuttgart (SMNS), Institut für Geologie und Paläontologie, Universität Tübingen 
(GPIT), and the Bayerische Staatssammlung für Paläontologie und Geologie, 



Munich (BSPG). Through travelling to these museums, I have been able to take a 
large number of pictures to start understand the variation in ASP throughout the 
skeleton and in different species and am starting to see some trends.  !
While the work is still very much in it’s infancy, some trends are becoming visible. 
First of all, ASP is consistently lower, meaning that there is proportionally more 
bone than air, in smaller pterosaurs (e.g. Rhamphorhynchus, Pterodactylus, 
Germanodactylus) than larger ones (e.g. Ornithocheirus, Anhanguera, azhdarchid 
pterosaurs) (fig. 1). Previous studies have suggested that pterosaurs are among, if 
not the, most pneumatic animals to have lived [4]. However, this now appears to be 
restricted to larger pterosaurs, and is not the case for smaller ones. As ASP refers 
to the physical amount of air present within a bone, or the degree of hollowness if 
you will, this can tell us something about biomechanics. Pterosaur bones likely 
underwent deformation in flight (as all bones do), and would have been particularly 
susceptible to bending. The bending resistance of a hollow tube, related to the 
second moment of area, is dependent on the amount of material in the tube and 
how far from the centre it is (how large of a diameter the bone has). Pterosaur 
bones commonly have cortical thicknesses of 0.5-2 mm. For two bones with a 
cortical thickness of 1 mm, the bending stiffness is much higher (it is more resistant 
to bending) in the bone with a diameter of 30 mm than that of 10 mm.  

Most pterosaur wing bones studied so far have ASP values ranging from 0.4-0.8, 
with very few exceeding 0.8. However, one pterosaur is showing much lower values 
of just 0.1. This is from the dsungaripterid pterosaur “Lonchognathosaurus” from 
China. Dsungaripterids have been noted by pterosaur palaeontologists by having 
unusually thick-walled bones, and this has also affected their ASP. Modern birds 
that spend a significant time in water (such as cormorants and penguins) have 
similar thick-walled features, and dsungariperid palaeoecology is not fully 
understood. The affects of this thick-walled, low ASP feature of the bones is 
currently underway.  !
Of course, the main purpose of this study was to CT scan as many pterosaur fossils 
as possible to understand pterosaur bone and body mass. This is currently 
underway thanks to the large number of specimens loaned to me from SMNK, 
including one nearly complete Tapejara [5], 2 partial ornithocheirid wings, one 

Fig. 1: Images showing varying degrees of ASP in pterosaur bones. Left image shows a 
wing phalanx cross-section from Rhamphorhynchus (SMNS), while the right larger wing 
phalanx comes from Araripedactylus (BSPG). 



partial Coloborhynchus skeleton, and more. So far, only portions of the Tapejara 
have been scanned, but the scans have been very successful. 

 !!

!
Future work 
The main thing I will be focusing on in the next 6 months is to finish the CT 
scanning of all of the SMNK specimens, and start analysis, as the fossils need to be 
returned to Germany by July. I will also continue looking at the ASP, and how that 
affects the biomechanics of the pterosaur wing. Depending on how much it will cost 
to return the specimens, I may visit additional museums in Germany as well for 
more data.  !
Thank you very much to the Geological Society of London, as this work would not 
be possible without the support to visit these museums.  !
References 
1. Chatterjee S, Templin R (2004) Posture, locomotion, and paleoecology of pterosaurs: Geological 

Society of America Special Publications 376: 1-64. 
2. Witton MP (2008) A new approach to determining pterosaur body mass and its implications for 

pterosaur flight. Zitteliana B28: 143-159. 
3. Henderson DM (2010) Pterosaur body mass estimates from three-dimensional mathematical 

slicing. Journal of Vertebrate Paleontology 30: 768-785. 
4. Martin EG, Palmer C (2014) Air Space Proportion in Pterosaur Limb Bones Using Computed 

Tomography and Its Implications for Previous Estimates of Pneumaticity. PloS one 9: e97159. 
5. Eck K, Elgin RA, Frey E (2011) On the osteology of Tapejara wellnhoferi Kellner 1989 and the 

first occurrence of a multiple specimen assemblage from the Santana Formation, Araripe Basin, 
NE-Brazil. Swiss Journal of Palaeontology 130: 277-296.

Fig. 2: Fossils on loan from SMNK. 
Top left image shows most of the 
fossils laid out on a table before 
packing, top right shows the fossils 
after being packed with a 
substantial amount of packing tape 
and bubble wrap, while the bottom 
images shows the wonderful 
Tapejara specimen currently being 
scanned, including the partial skull 
on the right. 
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‘Arctic weathering – how does it work?’ 

Without rock weathering, no sediment production – a simple statement but in need of a complex answer and critical 

examination. Especially in the rapidly changing Arctic the transition from glaciation to deglaciation can have huge 

consequences for not only the volume of material produced but also the nature of the particles. For example, how 

effective are subaerial processes vs glacial processes? Are some parts of catchments more productive than others? How 

can we incorporate stream dynamics and intermittent sources and sinks along the flow path in our assessment of sediment 

production sources and influx pathways? Those are some of the fundamental questions this research aims to combine to 

answer the question ‘how will a decrease in glaciated area affect sediment production?  

To this end, fieldwork was undertaken in Endalen, Svalbard in August 2015, which is very generously funded by the Robert 

Scott Memorial award, in which soil, water and rock samples were collected. In addition, 5 rock monitoring stations were 

installed which will be revisited in the period 10 August – 8 September 2015. 

 

Figure 1: View over Adventdalen and Isfjorden 

Field site 

Endalen is a relatively active catchment in the Adventdalen area of Svalbard at 78°N (figure 2). This catchment is the ideal 

field site for this monitoring study as it encompasses areas of seasonal snow cover, fully deglaciated slopes towards the top 

of the escarpments and glacial input into the stream from the Bogerbreen glacier. This area is also relatively accessible, and 

the geology (Todalen and Endalen member sandstone) is representative of the wider geology of central Svalbard.  

   
Adventdalen Endalen and Adventdalen Braided streams in Endalen 
Figure 2: Overview of the field site area 

 

Methodology and preliminary results 

Two strands of fieldwork were carried out during this season. 1) water and bank sediment samples, and 2) installation of 

monitoring stations using a number of stone types.  



Preparation and installation of monitoring sites 

To prepare the stones for field placement the following methods were applied: 

1. Partial or full pre-weathering: Old red sandstone (OR), Duke sandstone (DS) and Ancaster Limestone (AL) samples were 

placed in a furnace at 400°C for 30 mins, after which they were plunged in cold running water. This was repeated twice for 

partial weathering and four times for full pre-weathering. Rock surface hardness (see figure 3) and weight were monitored 

throughout. There appears to be a noticeable drop in surface hardness during the first round of weathering experiments, 

which is not carried through into the second round of weathering experiments. In fact, some rock surface hardness 

increased in some samples, raising interesting questions of the response of rock surface to extreme weathering events. 

 

Figure 3: Rock surface hardness throughout preweathering experiment. 

In addition to the weight measurements, water absorption capacity tests were carried 

out to determine if preweathering would affect the ability of the stone to absorb 

moisture in the field.  

Finally, all samples were scanned using a 3D desktop scanner (courtesy of the National 

Museum of Wales) so detailed measurements of surface morphology and block shape 

and size were documented (see figure 4). 

 

 

Figure 4: 3D scanning process 

These samples were then placed in the field around the Endalen catchment, encompassing three samples of each stone 

type, one not weathered, one half pre-weathered and one fully pre-weathered. Two samples were placed on the edge of 

the Endalen plateau, approximately 75m above the valley floor, and two placed near the bottom of the valley. One further 

control site was installed in the rock face along the road to the airport. At each site, Schmidt Hammer readings were taken 

of the host rock, as well as a rock sample. Each monitoring station was accompanied by a high-precision temperature 

logger. 

There were some initial problems finding suitable field sites as the active scree made access to exposed bedrock rather 

difficult. However by approaching the catchment from the plateau through canyon climbing from Longyearbyen, bedrock 

exposed through the scree slope was found relatively easily and samples were installed (figure 5 C and D). 

Samples were also installed near the valley floor in sheltered caverns both near the glacier and near the valley mouth (see 

figure 5 B) to contrast exposure regimes and the effect of seasonal snow cover, as well as a control site near the airport 

road (figure 5 A) which has been monitored for the past 8 years by Dr Angelique Prick. This will allow us to assess how 

representative this season has been for temperature regimes in Svalbard. In August 2015 all these sites will be revisited 

and the blocks will be weighed, assessed for moisture content (Protimeter MMS) and changes in rock surface hardness. 
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Rock surface hardness pre-field placement 

Pre weathering

Partial weathering

Full weathering



Considering the blocks were near-identical at the start of the experiment this should give us a good indication of 

weathering productivity in contrasting regimes within a catchment. 

 A  B 

 C  D 
Figure 5 (A) Control side at airport road, (B) Site 4, near valley floor, (C) Installation of site 2, (D) Site 2, near edge of platform 

 
Thin section have been produced using the samples brought back which will be analysed in the coming months to compare 

the development of weathering rinds in relation to rock hardness. Schmidt Hammer measurements were taken at all host 

rock sites to monitor deterioration of the underlying material for the duration of the study (see figure 6). 

 Figure 6: Schmidt Hammer readings at site 1 

Water sampling and suspended sediment 

Part two of this research was to find out how this weathering, and potential changes from subglacial to subaerial 

weathering is translated into the sediment production and how that might affect nutrient and mineral availability. To that 

end, samples were taken along the Endalen catchment (see figure 7) which cover the majority of the stream. Additional 

samples taken in other tributaries of Adventdalen are currently being analysed. To be able to place the sediments in 

context a geomorphology map has been developed (see figure 7) with further GIS analysis to follow. 



 

Figure 7: Geomorphology and sampling sites within Endalen 

At each site 4 250ml samples were taken along with pH and temperature readings, which were subsequently titrated and 

filtered in the UNIS laboratory. 

 A  B 
Figure 8 (A) Sampling at Malardalen (B) Sampling in Endalen 
 

The suspended sediment, both fine (>22μm and <0.45μm) and coarse (>0.45μm) were obtained using filters which were 

carefully preserved and analysed using an E-SEM at Cardiff University. The working hypothesis is that under deglaciating 

circumstances the material found in the suspended sediment will be larger and more angular as it is not ground by 

subglacial stress and biological weathering, even though conventional catchment models would suggest sediment becomes 

finer and more rounded as it progresses through the catchment. The initial results indicate that the former is indeed the 

case (see figure 9 A and B), which is encouraging. 



 A  B 
Figure 9: (A) Near glacier coarse (>22μm) output (site 1) (B) Halfway down catchment (site 6) coarse output 
 

Ongoing work 

The following work is currently being carried out, with help of MSc students and colleagues 

 GIS digitisation of slope processes and DTM development 

 Analysis of bank sediments to quantify influx of subaerial weathering products (grain size analysis, e-SEM, XRD) 

 Ion exchange rate of sediment with deionized water to quantify potential major ion release of glacial vs subaerial 

sediments 

 Thin section analysis of weathering rinds on Endalen samples 

 Associated project: Impact of Svalbard coal fly ash on population health. Joint MSc (Res) project with Biomedical 

sciences, assessing the impact of Gruve 5 coal fly ash on lung tissue. Coal and fly ash samples gathered during 

Svalbard 2014 season.  

 Associated project: Soil changes in a solifluction lobe. Undergraduate project I supervised in the field, funded by an 

RGS Leading and Learning Field Apprenticeship grant. Analysis ongoing. 

Future work (within in the next 12 months) 

 Continued monitoring of the experimental weathering stations and further retrieval of water and bank sediment 

samples. 

 Expansion of the field sites to Malardalen and Ugledalen, to include measurements on water chemistry, 

suspended sediment and ion exchange to quantify mineral and nutrient output (with Dr Liz Bagshaw) 

 Retrieval of rock samples with biological material (bacteria) – unfortunately the 2014 attempt was unsuccessful 

in cultivation of biological colonies found on the samples brought back 

Research projection 

I have been lucky to have been able to obtain a Research in Svalbard fieldwork grant for my colleague Dr Liz Bagshaw who 

is an expert in glacial processes and water chemistry, so she will be able to join me in August 2015 and provide specialist 

equipment and support. I will also be able to work with Dr Rupert Perkins who is a microbiology specialist and will help 

bring the 2015 attempt at microbial harvesting and cultivation to a successful end. Because of the generous GSL funding I 

will be able to stay in Svalbard for a month in 2015 which gives me the opportunity to carry out further afield and more 

detailed sampling. Without this GSL grant I would not have been able to start this collaborative project which has now led 

to a NERC Standard Grant submission (Researcher Co-I) and NERC Fellowship application (PI). I have also been able to 

involve 3 MSc students in the simpler aspects of laboratory analysis, all of which are now very keen on going to the Arctic 

to pursue further research. Finally, presenting this ongoing work has earned me the title GSL Early Career Geologist of the 

Year (South Wales) 2014.  



 

Arctic Lego dude – the unofficial field mascot, here seen helping with the rock sampling 

The Arctic; some final thoughts 

The Geological Society very generously awarded this research the Robert Scott Memorial Award. This award is given out to 

commemorate not only his ground breaking work on geodynamics but also to give scientists the opportunity to carry out 

research in the Arctic, an area in which he conducted extensive fieldwork with great enthusiasm.  As a scientist I hope to 

have done justice to the award and the ground breaking research portfolio of the person it is named after, and the initial 

stages are certainly promising. However, as a personal experience this research opportunity has opened my eyes to the 

majesty of the landscape, the complexity and fragility of the geodynamic processes and the perilous state which it finds 

itself in under rapidly changing climate conditions.  

  
Glaciers on southern Svalbard  
 

 

Team Svalbard taking a short break to admire the landscape 
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David A. Neave – Crystal and volatile behaviour in peralkaline magma 
reservoirs: lessons from Pantelleria, Italy 

£2000 Geological Society Research Grant – Elspeth Matthews Fund 2014 
 

Pantellerites are silica-rich, volatile-rich, peralkaline rhyolites that erupt primarily in continental rift 
settings. Interpreting the behaviour of pantelleritic volcanoes is especially difficult because no eruptions 
of pantellerite have ever been observed and documented. Our understanding of pantelleritic eruptions is 
further hampered by the great diversity of volcanic phenomena that present themselves at peralkaline 
centres: explosive eruptions range in scale from large ignimbrite-forming events to small pumice cone-
forming events; effusive eruptions produce generate both low-aspect-ratio lava domes and high-aspect-
ratio lava shields. Although fewer in number than their dacitic and rhyolitic counterparts, peralkaline 
volcanoes nevertheless present a range of hazards. For example, the ~45 ka Green Tuff eruption on 
Pantelleria generated an ignimbrite that enamelled the whole island in a sheet of glass, effectively 
sterilising it. Explosive eruptions are also known to have occurred at the Olkaria and Eburru volcanoes in 
the East Africa Rift, volcanoes that lie within 100 km of Nairobi, which is not only the Kenyan capital, 
but a major regional economic and administrative centre. Furthermore, large peralkaline eruptions may 
emit significantly more environmentally-impacting SO2 than similarly-sized metaluminous and 
peraluminous eruptions, and thus have the potential to temporarily modify climate on a hemispheric to 
global scale. In order to understand the signs and consequences of future unrest at peralkaline volcanoes a 
good knowledge of magma chamber processes is required. However, the behaviour of pantelleritic 
magma reservoirs is poorly constrained at present, largely because their unique silica-rich, alkali-rich and 
volatile-rich composition makes them rheologically unlike any other magmas. 

With funding from the Geological Society I undertook fieldwork in September 2014 to collect samples 
that will enable the magma reservoirs responsible the most recent pantelleritic eruptions on the island of 
Pantelleria to be interrogated in fine detail. Pantelleria in the Strait of Sicily Rift is the type locality for 
pantellerites and provides an ideal template for understanding peralkaline magma reservoirs for a number 
of reasons: the volcano and its lava flows are easily and safely accessed, and prior research dating back to 
1880 provides excellent context for further work. 

The first strand of this project involves exploiting petrological and geochemical variability in a suite of 20 
whole-rock samples collected from a single eruption – the Cuddia Randazzo / Khaggiar Lava eruption – 

Figure 1 Collecting lava samples within the densely 
vegetated Khaggiar Lava flow. 

Figure 2 Picture of the Khaggiar Lava. Note the 
abundance of crystals in a glassy matrix and the cm-
scale xenoliths towards the left of the picture. 
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in order to understand how the crystals carried by the lava relate to melt in which they were erupted. In 
total, four days were spent collecting samples from across the ~6 km2 lava wherever roads and paths 
made it possible to penetrate the densely vegetated and treacherous obsidian flow. The large size of 
crystals within the Khaggiar lava precludes their crystallisation immediately before eruption, but implies 
instead that these crystals may have been remobilised from crystal mush horizons within the magma 
reservoir – a process that is increasingly recognised in magmatic systems that from mid-ocean ridges to 
island arcs. Furthermore, the presence of prominent trachyte xenoliths within the Khaggiar lava shows 
both that crystals and melts have been transferred between different magmas at depth shortly before 
eruption. Understanding exactly how and when such crystal mushes break apart is important for 
interpreting of signals magma movement that can be monitored at the surface such as microseismicity, 
ground deformation and gas emission. Whole-rock samples are currently being prepared for analysis, and 
I hope to obtain the first data in early 2015. 

In the second strand of this project I will investigate the behaviour of volatile elements in the products of 
the Cuddia Randazzo and Cuddia del Gallo centres during both storage and eruption. Pantellerites are 
characterised by high volatile contents that affect their physical properties and eruption styles in 
fundamental but often poorly understood ways. A key aim of this project is to investigate fluid inclusions 
using Raman spectroscopy in order to characterise the complex three-way partitioning of elements 
between melt, brine and vapour phases that occurs in evolved peralkaline magmas. Pumice samples 
collected from these eruptions will enable complete volatile budgets to be estimated for pantelleritic 
eruptions for the first time. The first analyses from this project will be carried out in spring 2015, and will 
provide a springboard for further future analyses of volatiles in peralkaline magmas. 

Shortly after carrying out my Geological Society funded fieldwork on Pantelleria I was able to attend an 
Associazione Italiana di Vulcanologia workshop held on Pantelleria on the theme of peralkaline 
volcanism. Amongst the attendees of the workshop I am especially grateful to Dr. Silvio G. Rotolo and 
Dr. Patrizia Landi for various discussions that helped me refine my approach to this project. 

I am extremely grateful to the Geological Society for supporting this project that seeks to unpick the 
intricacies of peralkaline magma reservoirs on the island of Pantelleria. Neither the highly successful 
campaign, nor the ongoing geochemical analyses could have taken place without the Society’s assistance. 

Figure 3 Punta Spadillo, where the Khaggiar Lava reaches the sea. 
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Svetlana Sibik (Novikova) 
 

Did the Siberian traps eruptions emit enough chlorine and bromine to have an impact on ozone 
geochemistry? 

 

Introduction 

The Siberian Traps Large Igneous Province is thought to have formed over 1 Ma at the end of the 
Permian, synchronous with the largest mass extinction in Earth’s history, when >96% of all marine 
species disappeared. There remains much controversy as to the exact mechanism of the mass 
extinction, but all hypotheses revolve around the emission of magmatic volatiles in various forms. 
The impact of sulphur and carbon emissions was undoubtedly very important, leading to immediate 
(10-100 years) cooling effect due to sulphur aerosol formation in the troposphere and long-term 
warming associated with carbon emissions climate and environmental impact of the eruptions. The 
research to date has tended to focus on sulfur and carbon rather than halogen degassing, despite this 
being probably crucial in terms of environmental impact.  

According to the most advanced models, about 10-25% liberated halogens reach the stratosphere 
(Textor at al., 2003a, Textor et al., 2003b), where it promotes ozone depletion  (McElroy et al., 1986; 
Daniel et al.,1999; Coffey, 1996) same as in and troposphere (von Glasow and Crutzen, 2003). 
Chlorine, bromine and iodine primarily degas as HCl, HBr, HI that are rapidly converted to the free 
radicals (ClO, BrO, IO) which then enter into the chain of self-sustaining chemical reactions that 
destroy ozone. They can also be delivered in form of organohalogen compounds (CH3Cl, CH3Br, 
CH3I), which is especially relevant for Siberian Traps due to presence of extensive coal formations in 
Tunguska basin.  The effect of ozone destruction in the stratosphere might have been to cause an 
increase in UVB radiation at the Earth’s surface, and life-changing mutations in organisms. This 
mechanism might have been the most critical for life on Earth. Current research focuses on the 
halogen budget of the Siberian traps eruptions. 

 
Dominating in the southern and northern parts 
of Siberian platform Cambrian and Devonian 
evaporates, which contain high halogen 
concentration ultimately derived from seawater, 
must have been contributed substantially to the 
total halogen budget of the province. Its 
mechanisms certainly cover both assimilation 
into the melt and its volatile content 
enhancement and their degassing due to contact 
heating. 

This research aims to look at behaviour of 
different chlorine, bromine, iodine and fluorine, 
to evaluate contribution to the halogen budget 
from heterogeneous mantle source and from 
enclosing evaporates and to shed a light on 
halogen composition of Siberian mantle super-
plume. For this study we use basaltic sills and 
lava flows emplaced in the area with no volatile-
rich sediments (location 1 and 2 on the map) and 
sill intruded into evaporates in Nepa region, 
originally aimed at prospecting for potassium 
salts (location 3 on the map). 

 

 

 

 

Figure	  1	  Schematic	  map	  of	  Siberian	  Traps 
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Methods 

Fine powders of 12 samples of basalts evaporate and evaporate-free region were analysed 
for halogens (University of Pierre and Marie Curie, Paris, France), major and trace elements 

(University of Cambridge, 
UK). Borehole samples of sill 
from evaporate region might 
have been penetrated by salts 
and anhydrite. In order to 
eliminate this effect and ensure 
that the analysed material 
represents pure basalt, the 
samples were specifically 
treated prior to any further 
analysis. Small amounts (~1.7-
2 gramms) of fine powders 
were mixed with ~20 ml of 
distilled water and heated to 
allow the salt and anhydrite 

dissolution. The leached were then removed and stored for further analysis and the powders 
were dried in the oven. This procedure was repeated 3 times to ensure almost complete 
removal of penetrated material.   Basalt powders were undergone pyrohydrolysis halogen 
extraction. 1 gram of the sample powder mixed with excessive amount of vanadium 
pentoxide was placed in platinum crucible. Then it was placed into combustion tube and 
heated to 1200°C through water vapour-stream transported by a nitrogen flux. Water 
vapour containing halogens was further condensed by cooling system and trapped into 
sodium hydroxide (Figure 2) (Michel and Villemant, 2003). followed by Ion 
Chromatography and ICP-MS. The solutions obtained by pyrohydrolysis, leachated and also 
dissolved evaporites were analysed by ion chromatography for chlorine, fluorine and by 
ICP-MS for bromine and iodine. The uncertainty of the measurements is 7% for chlorine, 
11% for chlorine, 15% for bromine and 57% for iodine. Trace and some of the major elements 
were analysed by ICP-MS in the University of Cambridge, UK. 

Results and discussion 

Declining MgO content with increasing La/Yb and K2O marks the direction of fraction. In 
the basalts intruded in evaporite-free area South-East from Norilsk chlorine and fluorine 
behave similarly increasing with reducing MgO, which is typical for incompatible elements 
during fraction (Figure 3). Same pattern would be expected for bromine and iodine, as 
observed in primary and fractionated MORB melts on Macquarie island (Kendrick et al., 
2012). In analysed basalts this is indeed not observed. The comparison of Br, I and F 
concentrations relative to Cl is shown in Figure 4. Regardless Cl content and La/Yb, Br and I 
remain the same, Br less than 1.5 ppm and I less than 1.5 ppb. The only explanation of Br 
and I decoupling from Cl and F is their more intensive degassing. Although, all three Cl, Br 
and I are very soluble in water, the partition coefficient difference might have played an 
important role. The partitioning to water-rich fluid increases in the row from Cl to I, 
Dfluid/melt is 8.1±0.2 for Cl, 17.5±0.6 for Br, and 104±7 for I (Bureau et al., 2010). Moreover, Br 
and Cl are probably degassing more intensively not only from the basalts but from the salts 
as well. The evidence for it is smaller Br/Cl and I/Cl ratio than in typical evaporate (Figure 
5). These two arguments imply that bromine and iodine budget of Siberian Traps are of high 
importance and need to be quantified, which has not been done previously. 

Basalts intruded into salts demonstrate predicted pronounce chlorine, bromine and iodine 
slight fluorine enrichments associated with salt assimilation (Figures 3, 4, 5). 

 

Figure	  2	  Pyrohydrolysis	  set-‐up 

Oven	  

N2	  

Vapour	  -‐>	  	  

NaOH	  
trap	  
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Figure	  4	  F,	  I,	  Br	  contents	  and	  La/Yb	  ratio	  versus	  Cl	  content 

Figure	  3	  Contents	  of	  Cl,	  Br,	  I,	  K2O	  and	  Cl/K	  against	  MgO 
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Figure	  5	  I/Cl	  versus	  Br/Cl	  molar	  ratios	  

	  

The correlation between F/Cl and K/Cl (Figure 
6) can not be explained neither by fractionation 
not by sea water assimilation and probably 
suggests preferential subduction of fluorine 
relative to chlorine. Similar pattern was observed 
in Pitcairn glasses, where it was attributed to 
enriched mantle source (Kendrick et al., 2014). 
This argument only supports the hypothesis of 
unique pyroxenite-rich primary melt of Siberian 
Traps Large igneous province. 

 

 

 

 

 

 

 

 

Figure	  6	  F/Cl	  versus	  K/Cl	  weight	  ratios 
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Introduction The central question that 
drives this project is: How and why does 
topography grow? Answers to this question 
have implications for how we understand 
nearly all geological, geomorphological and 
biological processes. Our work is focussed 
on understanding the uplift history of 
western North America. Its topography is 
dominated by a large ~ 2000 x 2000 km 
swell that is centred on Yellowstone and 
encompasses the Colorado Plateau. Thick 
and buoyant crust, which is responsible for 
generating most high topography on Earth, 
is surprisingly absent beneath western North 
America. Seismological data indicate that it 
has a crustal thickness of 30–35 km, which 
is 5–10 km less than that of the low-lying 
Great Plains to the east (Figure 1). 
Tomographic models and long-wavelength 
free-air gravity data suggest that support of 
its topography is coming from the mantle 
(e.g. Roberts et al., 2012). The history of 
magmatism across the region indicates that 
this support is time-dependent. 

This region is drained by some of the best-
known rivers on Earth (e.g. Colorado river  
through the Grand Canyon; Mississippi). 
They change their slopes on wavelengths of 
tens to hundreds of kilometres. They incise 
lava flows and deposit large volumes of 
sediment offshore. Intriguingly, they seem to 
respond to regional uplift in a co-ordinated 
way on timescales of tens of millions of 
years. It seems that changes within the 
mantle are manifest in the geomorphology of 
the Earth’s surface. Recently we have been 
developing inversion algorithms that use 
families of river profiles to extract uplift rate histories. This approach uses an uplift and erosion 
model to generate theoretical river profiles, which are compared to observed profiles. We seek the 
smoothest possible uplift history that minimises misfit between observed and calculated river 
profiles. The fidelity of calculated uplift histories can be evaluated using independent estimates of 
uplift or denudation. In this way we can place a wide variety of spot measurements (e.g. 
thermochronometric denudation estimates, marine terrace uplift rates, sedimentary flux) into a self-
consistent framework (e.g. Roberts et al., 2012). 
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Figure 1: (a) Topography, crust and lithospheric 
thickness (black lines) of North America. Dashed 
line = extent of Colorado Plateau. Blue box 
labelled CF = approximate extent of Claron 
formation. Grey boxes = Huntington et al. (2010) 
sample sites. (b) Magmatism of western USA and 
long wavelength free-air gravity (NAVDAT 
database). Red, blue and green contours = 
positive, negative and 0 anomalies; 10 mgal 
contour interval. Note elevation of Claron formation 
> 2 km and +20 mgal free-air gravity anomaly. 
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Cenozoic uplift histories Along the Grand Canyon the incision history of basalts provides useful 
calibration of erosional models (e.g. Karlstrom et al., 2008). In central and eastern parts 
thermochronometric data constrain its denudation history (e.g. Flowers et al., 2012). These data 
indicate that the plateau has has a staged Cenozoic uplift history. Surprisingly, the uplift history of 
the northern section of the Colorado Plateau is poorly constrained. This region, from the Grand 
Canyon to Salt Lake City and further north, straddles the boundary between the Colorado Plateau 
and Yellowstone. The aim of this project is to constrain the uplift history of this area. We are using 
new clumped-isotopic techniques to constrain the palaeoaltimetry of Paleocene-Eocene lacustrine 
sediments. They form the famous pink and white spires in Bryce Canyon and its surroundings. 
Clumped-isotopic altimetry analysis makes use of the temperature dependent clumping of oxygen 
and carbon isotopes. South of the Grand Canyon clumped-isotopic analyses of lacustrine rocks 
have been used to successful constrain their Cenozoic altimetry (Huntington et al., 2010). 

Palaeo-temperature of Utah’s ancient lakes The Claron and Flagstaff Formations that cover 
most of Utah were formed by large Paleocene and Eocene lakes (Figure 1). They crop out along 
Interstate 15 and form the famous (hoodoos) spires of Bryce Canyon close to Highway 12. Our 
objective is to fill an important gap in our understanding of the uplift history of this region. We will 
constrain the palaeoaltimetry of the carbonates by measuring their clumped-isotopes. Surprisingly 
there is only one study published that uses clumped-isotopes to infer palaeotemperatures in this 
region (Bowen & Bowen, 2008). Our sampling strategy focussed on regional coverage so that we 
could test reconstructions of lake morphology. We sampled vertical stratigraphic sections (~150 m) 
in two canyon within the Claron Formation on the western side of the Paunsaugunt plateau and 
one vertical section, which included the Flagstaff formation, close to Salina (~150 km north of 
Bryce), central Utah. In total 33 samples were collected during a three-day field trip in December 
2014 (see Figure 2).

Clumped-isotope analyses During the first half of 2015 we plan to extract the clumped-isotope 
signatures of these samples at Imperial’s Qatar Stable Isotope Lab (www.carbonateresearch.com/
clumpedLab). Results will be compared to the published clumped-isotope work on the southern 
quadrant of the plateau and to the single local study. These data will be used to constrain the 
Cenozoic uplift history of the region, which will form part of an ongoing study that uses drainage 
patterns to invert for continental-scale uplift patterns.
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Figure 2. Perspective view of western Paunsaugunt plateau from GoogleEarth. Sampling 
included Casto, Thunder Mountain and Red canyons.



 

 

Sarah Tallett-Williams- Progress Report On the Investigation of 
Seismic Site Conditions in the UK. 

Introduction 
Since the Geological Society awarded me a field 
work grant in April this year, I have been able to 
visit 13 of the 26 Strong Ground Motion Stations in 
the UK to carry out in situ testing, Figure 1. This 
has mainly consisted of passive geophysical 
techniques such as microtremor testing, but also 
included active methods such as Multichannel 
Analysis of Shear Waves (MASW) and invasive such 
as Seismic Cone Penetration Testing (SCPT). These 
investigations have provided a greater insight into 
the ground conditions of these sites. As well as 
confirming and improving the understanding of 
the ground profiles at several sites, a number of 
unexpected results were obtained.   

The ground beneath a site is known to alter 
seismic waves and the shaking experienced at the 
surface (Wills et al. 2000). In high seismic areas, 
the amplification of the shaking has been 
increased by site effects by over 20 times (Chavez-
Garcia 2007). However, even in lower seismic 
countries site effects have been proved in be 
significant in recent earthquakes and in particular 
the 2007 M4.3 Folkestone earthquake (Sargeant et 
al. 2008). Thus it is important to understand the 
condition of the ground beneath the strong ground 
motion stations to calibrate the network correctly 

and so they can be used as reference stations for accurately designing infrastructure such as nuclear 
power stations, 

Fieldwork 
In November 2014, microtremor testing was carried out on the strong ground motion station MCH, 
in the Welsh Borderlands, Figure 1. The station is one of a network that provides data to predict 
likely ground motions from earthquakes for design of sensitive infrastructure. It is located within a 
region of Old Red Sandstone. However, from previous work there has been a concern about the 
condition of the rock beneath the station. Though considered to be bedrock, weathering in the 
mudstone layers has been implied as extensive. Both a walkover survey and local borehole records 
(BGS 2013) have shown the mudstone to have more of a soil-like quality between the sandstone 
strata, Figure 2. 

Figure 1: Map of Strong Ground Motion Stations in 
the UK. Those visited are highlighted in blue. 



 

 

 Figure 2: Station MCH1 (left) and nearby riverbank showing deterioration of mudstone between sandstone layer (right). 

In order to determine the condition of the bedrock at MCH a microtremor survey was undertaken at 
the station. This was carried out using a Tromino instrument (Micromed 2013), which contains three 
orthogonal accelerometers and velocimeters which measure the noise vibrations already present in 
the ground. Using Nakamura’s H/V technique (1989), these can be used to determine a shear wave 
velocity profile of the ground beneath the instrument. Eleven measurements were taken in two lines 
perpendicularly to each other crossing over the station to determine two perpendicular cross-
sections of the ground beneath the station. 

 

Figure 3: NE-SW Cross-section of station MCH1, Michaelchurch Escley. Processed at 750m/s using Grilla 
Software (2013), showing the layered strata of difference impedance. 
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The north-east south-west cross-section, Figure 3, shows a high impedance contrast layer beneath 
approximately 2m of topsoil. However, in the centre of the section this appears to be disturbed from 
10-30m. This could have been caused by the installation of the station itself located at 20m on the 
horizontal axis, as well as other permanent instrumentation in the field.  However, what is most 
noticeable is a strip of slightly higher impedance (in yellow) at 30 metres depth. This is thought to be 
a deeper sandstone stratum. There is not a constant impedance between the layer at the surface 
and the one at depth as would be expected in an unweathered rock. This suggests there has been 
weathering in the mudstone to the extent it is behaving differently from the sandstone.  This has 
also reduced the average shear wave velocity over the top 30m significantly, to 1000-1500m/s from 
the expected 2000m/s. 

Conclusions 
With the support of the Geological Society, we are aiming to continue the testing of the Strong 
Ground Motion Station Network. Freely accessible, shear wave data are extremely rare in the UK 
due to their proprietorial value which is largely due to the cost of testing. These data will form the 
beginning of a shear wave profile database. This can be used to improve the design of sensitive 
infrastructure in the nation so proving beneficial, not only for the geological community but also for 
the wider public. 

Publications 
As a result of this funded field research the following papers have been submitted for publication: 
The Value of Alternative Geophysical Methods in Determining Shear Wave Profiles for Critical 
Infrastructure, 6th International Conference of Earthquake Geotechnical Engineering New Zealand; 
Improving the Understanding of the Link between Seismic Site Effects and the Geological Profile for 
Sites in the United Kingdom, Seismological Society of America Annual Meeting; A Review of the 
Development of Vs Ground Profiles for UK Strong Motion Instrument Sites, SECED 2015 Conference. 
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latitude climate during the Cretaceous”. 
 
 
Name: Madeleine Vickers 
 
Institution: Plymouth University, U.K. 
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Funding was gratefully received from the GSL to allow this project to go ahead. The original 
targeted section on Andøya turned out to be unfeasible due to lack of exposure, so the field 
location was moved to the easily accessible, vegetation-free exposures of Early Cretaceous 
sedimentary rocks around Longyearbyen, Spitsbergen, Svalbard. Four sections were 
investigated and yielded exciting new discoveries of biostratigraphically useful ammonites 
(among other marine fossils), and glendonites (pseudomorphs after the cold water mineral 
ikaite) which may support the hypothesis of transient cool periods during the Early 
Cretaceous. 
 

 
 

 
 

 
 

 
 

 
 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 1: Left: outline of Spitsbergen, with Longyearbyen area denoted by a rectangle. The Mesozoic 
Adventdalen Group is marked on, the green representing the Janusfjellet formation (Upper Jurassic - Lower 
Cretaceous) and the blue representing the overlying Helvetiafjellet and Carolinefjellet formations (Lower 
Cretaceous). Right: geological map of the Longyearbyen area (Major et al., 2000), with the for targeted study 
sections indicated by a rectangle and a numbered. (1) airport road section; (2) stream-cut section down to the 
airport road; (3) stream-cut section by Mine Six; (4) Foxdalen section. 



 
 

Background and objectives of the research: 
 
The Arctic is climatically sensitive to global change, and therefore climate records from this 
region are of key importance. Little, however, is known of the state of the Arctic during the 
greenhouse period of the Cretaceous. Climate conditions are often assumed to have been 
warm-temperate as evidenced by the presence of conifers and dinosaur trackways on 
Svalbard and other Arctic localities (e.g. Harland et al., 2007; Hurum et al., 2006).  However, 
dropstones (Dalland, 1977), glendonites (Price & Nunn, 2010; Selleck, Carr & Jones, 2007), 
and isotopic evidence for a more dynamic climate (Price & Mutterlose, 2004; Price & Passey, 
2013) has led to a re-evaluation of the question of Arctic ice during the Cretaceous.  
 
In Spitsbergen, Svalbard, Early Cretaceous sediments outcrop at numerous localities around 
the main settlement of Longyearbyen, along the south-western side of Adventdalen and 
Adventfjorden. This offers a unique opportunity to study high latitude (palaeolatitude of 
~60°) Cretaceous sediments and associated fossils in a relatively easily accessible area. 
 
The sedimentary succession in this area consists of Aptian-Albian - aged sediments of the 
Carolinefjellet formation. This formation consists of prodelta to distal marine shelf deposits 
– alternating shales, siltstones and sandstones. Previous work has looked at the provenance 
of the sandstones (Maher et al., 2004), origin of diagenetic carbonate concretions, and the 
origin of a thin lagoonal iron ooid bed found in the lowest member of the formation (Mutrux 
et al., 2008). Dating has been attempted using macrofossils (Nagy, 1970; Parker, 1967; 
Pcelina, 1967) and dinoflagellates (Århus, 1992). However, precise age constraints did not 
emerge, and general age of Aptian – Albian has been assigned to this formation, and a 
palaeoclimatic reconstruction of the area has not been attempted.  
 
Thus objectives of this project were to assess, via sedimentary facies and geochemical 
analyses, the Lower Cretaceous succession outcropping in Norway, in order to reconstruct 
more accurately the palaeoenvironment and palaeoclimate at the time of deposition. The 
target field location was moved from mainland Norway to Norwegian Spitsbergen, and the 
objectives did not change. 
 
 
Methodology: 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
Fieldwork: Five days of fieldwork were undertaken in the area around Longyearbyen, 
Spitsbergen (along the Southwestern side of Adventfjorden and Adventdalen), between the 
19/08/2014 and the 23/08/14, by the applicant for funding. 
Four outcrop exposures of Early Cretaceous sediments were investigated, having been 
identified from the existing literature (e.g. Dallmann et al., 2002; Mutrux et al., 2008), and 
through conversations (I. Midtkandal, 2014, pers. comm.) Where possible, high resolution 
(bed-scale) logging was carried out, along with sampling of invertebrate fossils, “outsized" 
clasts and glendonites (see appendix). 
The samples were returned to Plymouth University, U.K., for identification, preservation 
analysis, and stable isotope analysis of the fossils and glendonites.          



 
 
Identification of fossils: Identification of the ammonite specimens in the fossiliferous lag 
deposit at 17.5m in section 2 by Kevin Page as Leymeriella germanica. 
 
Preservation assessment: Fossil samples and glendonites will be assessed in the new year for 
preservation quality through trace element geochemical analysis, backscattered scanning 
electron microscopy, and cathodoluminescence.  
 
Stable isotope analysis: any well –preserved samples of invertebrate fossils and glendonites 
will be analysed for stable isotopes of carbon and oxygen, in order to reconstruct seawater 
temperatures and to establish the δ13C of glendonites (reportedly δ13C of natural ikaite may 
be close to that of methane; Schubert et al., 1997; which may suggest a local environmental 
control as well as or eclipsing global climatic effects). 
 
 
Interim results: 
 
The presence of glendonites in the stream-cut section by Mine Six (section 3 on figure 1) 
suggest that cooling may have occurred during deposition. Unfortunately the lack of dating 
of this section prevents drawing stronger conclusions about their formation. Comparison 
with other glendonite-bearing sections around Svalbard suggests that there may be a water-
depth control on the formation of glendonites (and their precursor mineral, ikaite). An 
ammonite in the lag deposit by the steam cutting down to the main road to the airport 
(section 2 on figure 1) has been preliminarily suggested as being of early Albian age, in 
agreement with the biostratigraphic dating of (Nagy, 1970) for the Carolinefjellet formation. 
Facies analysis of this section suggests it was deposited in the offshore transition zone; 
similar to the facies bearing the glendonites in the Mine Six section. However, glendonites 
are not seen in the section 1, 2 or 4. 
 
Conclusion:  
 
Preliminary results do not refute the theory of transient cool periods being recorded in the 
Early Cretaceous sediments of Svalbard, and suggest that the local environment at least 
changed geochemically and/or climatically during the Aptian - Albian. Further isotopic 
analysis will improve our understanding of the dynamic climate and environment of the 
Cretaceous high-latitudes. 
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Appendix: Logs  

Section (1): along the road to Longyearbyen airport 



 

 

Section (2): Stream-cut section down to 

airport road 

Section (3): Stream-cut section by 

Mine Six 



 

 

The onset of the Great Oxidation Event. The first half of the Palaeoproterozoic (ca. 2.5 – 2.0 Ga) was 
a period of extensive environmental change on Earth. Arguably the most significant change during 
that period was the irreversible establishment of an oxidised atmosphere and hydrosphere between 
2.45 and 2.32 billion years ago, the period known as the ‘Great Oxidation Event’ (GOE), during which 
atmospheric oxygen concentrations rose above 10-5 PAL (Present Atmospheric Level) for the first 
time. This rise was sufficient to cause a significant change in the geochemical cycling of sulphur in 
Earth’s fluid envelopes and thus produce a distinct geochemical signal that is indicative of the 
establishment of an oxidising atmosphere1. This signal has been used to trace the onset of the GOE 
in Palaeoproterozoic units across North America, Fennoscandia, Western Australia and southern 
Africa.  

There is still much we don’t know about the GOE. Aerobically photosynthesising cyanobacteria 
evolved and were producing oxygen sometime prior to 2.65 billion years ago2. Oxygen started to 
accumulate in depositional environments when the cyanobacterial organic matter was rapidly 
buried; this permitted the oxygen produced in photosynthesis to escape back-reaction to carbon 
dioxide through respiration. Why then did it take approximately 200-300 million years to establish 
an oxidised atmosphere? Various biological and tectonic hypotheses have emerged to address this 
question, each discussing either the sources of oxygen (e.g. the evolution of photosynthesis in 
cyanobacteria) or potential physical and chemical sinks of free oxygen3. 

Understanding oxygen accumulation on the Kaapvaal Craton. In order to best evaluate these 
hypotheses there is a need for new geochemical data from successions deposited prior to the GOE. 
Such data may elucidate the processes in operation between the evolution of aerobic 
photosynthesis and the GOE. However, it is highly important that such data are collected within the 
context of petrological and geochemical data that explore the diagenetic and/or metamorphic 
processes that may have post-depositionally affected the geochemistry of the rock, and thus altered 
any primary signal of oxygenation. It is also crucial that we examine the sedimentology of these 
rocks so that we can better understand the evolution of the basins and depositional environments in 
which they were deposited. 

My PhD research focuses on the sedimentology, petrology and geochemistry of three South African 
successions that were deposited on the Kaapvaal Craton (South Africa) in the early 
Palaeoproterozoic. Of these successions the Tongwane and lower Duitschland formations in the 
Transvaal basin, and the Koegas Subgroup in the Griqualand West basin, were deposited prior to the 
GOE, whereas the upper Duitschland Formation (Transvaal basin) postdates the GOE. Our aim is to 
understand how oxygen began to build-up in depositional environments on the Kaapvaal Craton 
prior to the GOE. We aim to contribute new sections, new geochemical datasets and, where 
possible, new geochronological constraints on the Transvaal Supergroup which may assist in future 
regional and global stratigraphic correlation attempts. We also aim to produce new (or refined) 
depositional and diagenetic models of the aforementioned successions.   

The Koegas Subgroup: bioherms in iron formation. With these aims in mind I set of for my second 
field-season in South Africa in late May 2014. I was to spend just over three weeks in the field 
studying the Koegas Subgroup and overlying Makganyene Diamictite in Northern Cape Province 
before returning to Johannesburg in June to begin two weeks of geochemical work in the labs at the 
University of Johannesburg (UJ). For the first four days of my excursion I was accompanied by 



 

 

Professor Nic Beukes (UJ), in addition to my field assistant, UJ MSc student, Conrad de Kock. Nic led 
us on a comprehensive tour of the Koegas and Makganyene as exposed around the quiet towns of 
Prieska and Griquatown. This eerily beautiful - and very rural - part of Afrikaans-speaking South 
Africa is dry and dusty with its strikingly bright orange soils derived from windblown Kalahari sands.         

The Koegas Subgroup is composed of seven formations4 which range in composition from iron-
formation to sandstones, siltstones, mudstones, and minor carbonates in the form of “stromatolitic 
bioherms”. When cyanobacterial biofilms (or mats) growing on the sediment surface trap and bind 
sediment, and are later buried and lithified, the resulting layered rock is termed a stromatolite. 
Where stromatolites accumulate laterally and vertically they can form mounds termed bioherms. 
Stromatolitic bioherms form a prominent marker bed which we - by carefully picking through the 
swarthaak (“black-hook”) bushes – traced and mapped for just over 2 km across the farm 
Taaibosfontein. Sections of the Koegas were logged here and on neighbouring farms and samples 
gathered for petrographic and geochemical analysis in Manchester.  

The Makganyene Diamictite: pre- or post-GOE? The contact between the Makganyene Diamictite 
and the underlying Koegas Subgroup is also exposed on Taaibosfontein. The Makganyene Diamictite 
is a world-renowned glacial deposit and has been argued as evidence for a Palaeoproterozoic 
‘snowball Earth’ episode5. Established stratigraphic models place a significant 150 m.y. hiatus 
between the deposition of the Koegas and the Makganyene. However some workers have argued 
that “lenses” of Makganyene reported from within the lower Koegas demand that the two units are 
coeval, lateral equivalents6. Such an argument is significant as it would imply that the Makganyene 
Diamictite was deposited immediately prior to the GOE and not c.a. 100 million years after the GOE, 
as is widely thought. If correct this ‘older Makganyene’ scenario would have serious ramifications for 
any ‘cause and effect’ relationship between the GOE and a Palaeoproterozoic snowball Earth. 

However it is extremely doubtful that the two units are coeval. Across the Northern Cape the glacial 
unconformity at the base of the Makganyene cuts down into the Koegas at several stratigraphic 
levels7 and striated pavements are visible beneath the diamictite on Taaibosfontein. On the rather 
isolated farm Klooffontein, north of Prieska, Nic and I debated a puzzling outcrop of carbonates and 
diamictite. Whilst Nic envisages the diamictite draping an upper Koegas karst surface, it seems more 
likely that the carbonates - which are heavily brecciated, discontinuous, and are overlain and 
underlain by diamictite -  are isolated blocks of Koegas carbonate(several metres in width) which 
have been entrained into the diamictite. In either case our field evidence seems to indicate that the 
carbonates were lithified prior to glacial erosion. Thus we do not consider the Koegas and 
Makganyene to be coeval, however our evidence is limited in being unable to quantify the length of 
the hiatus between the deposition of the Koegas and the Makganyene. Thus it cannot be used to 
rule out the possibility that the Makganyene may be significantly older than currently thought and 
may correlate with a postulated “cryptic glacial horizon” within the Duitschland Formation8; this 
horizon also marks the onset of the GOE as recorded in South Africa.    

So, what are these “lenses” of Makganyene? Given their reported stratigraphic position within the 
Koegas they are likely to be exposures of a conglomerate member that occurs at the base of the 
Doradale Iron Formation (Koegas Subgroup). The Makganyene and basal Doradale conglomerate are 
superficially similar, both being matrix-supported, massive units with chert and carbonate clasts of a 
range of sizes and spherecities; they also have a similar weathering profile. However, unlike the 



 

 

Makganyene, the Doradale conglomerate (as seen on the farm Pannetjie just outside Griquatown) is 
not laterally persistent. It is lenticular in nature and is often only exposed for 1-10 m before thinning 
laterally into low-energy iron formation; it may represent higher-energy channelized deposits within 
the iron formation.      

Summary. With our petrological and geochemical analysis ongoing, we expect that our samples from 
the Koegas Subgroup will prove useful in understanding both the rise in oxygen on the Kaapvaal 
Craton (prior to the GOE) and the diagenesis of the Koegas succession. Our field observations have 
helped to address some of the sedimentological and stratigraphic problems that persist in 
Griqualand West, but there remain many unaddressed stratigraphic problems (such as a lack of 
absolute age data and robust stratigraphic correlations) which will limit our understanding of how 
oxygen may have arisen in these environments.        
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Stromatolitic bioherms on the farm 
Taaibosfontein attaining a maximum thickness 
of approx. 2 m.  

Stromatolitic bioherms on the farm 
Taaibosfontein.  

Unstratified and massive Makganyene Diamictite 
with large chert clasts of mixed sphericities. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Above: yellow lines bound brecciated carbonate 
“raft”. Makganyene Diamictite overlies, and 
underlies, the brecciated carbonate. 

Left: striated pavement beneath the Makganyene 
Diamictite on the farm Taaibosfontein. 

Basal Doradale conglomerate as exposed on the 
farm Pannetjie.  



 

 

Lifespan and Fluid Evolution for Magmatic-Hydrothermal Systems: A U-Pb, Re-
Os and O Isotope Case Study from Qulong Porphyry Cu-Mo Deposit, Tibet 
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Introduction: Porphyry copper systems (PCS) are arguably the most important ore deposit type. They 
presently produce 75% of the world’s Cu, 50% of Mo, and approximately 20% of Au, together with 
the majority of the Re, and minor amounts of other metals (Ag, Pd, Te, Se, Bi, Zn, and Pb; Sillitoe, 
2010). Over one hundred years of exploration and research has resulted in PCS being most studied 
and potentially best known and understood deposit type (Seedorff et al., 2005). Nevertheless, there are 
still a lot of unresolved questions, for example, the temporal relationship between magmatism and 
mineralization and the evolution of the ore forming fluids. The latter are the two key goals of my PhD 
project, which I intend to address through the study of China’s largest porphyry Cu deposit, QuLong. 
 
The Problem: Research on the hydrothermal fluid evolution of PCS are mostly based on field 
observation of alteration halos and to a less extent, crosscutting relationships. The progressive 
sequence of vein types and alteration halos can provide a relative time scale of hydrothermal activities. 
Recent precise geochronology has permitted the absolute age determination of different veins. This 
research has questioned the reliability of the traditional relative age field methods. It has been found 
that assigning relative time in the field on the basis of vein type or vein alteration halos can be 
misleading (Stein, 2014). For example, in the Los Pelambres porphyry deposit, the oldest Re-Os ages 
come from the long believed younger D veins. Multiple mineralization events in a single deposit are 
also common (Stein, 2014). Another question is that, crosscutting relationships are not always easily 
defined in the field. They can provide some evidence for the paragenesis of ore formation, but not all. 
Therefore, the knowledge of absolute time is needed in the construction of a robust timeframe for 
hydrothermal fluid evolution. 
 
Fluid inclusion studies of PCS have shown that metal deposition and alteration are triggered either by 
fluid boiling or progressive mixing of meteoric water with magmatic fluids. A single-phase aqueous 
liquid at depth of up to 9 km (Rusk et al., 2004, 2008) ascends to shallower level and separates into a 
two-phase fluid comprising the hypersaline liquid and low-density vapor owing to decompression and 
cooling. As the parental magma chambers progressively solidify and magma convection ceases, a 
lower-temperature single phase liquid will be produced and participate in the late stage mineralization.  
 
During these processes, meteoric water is traditionally considered to play a role, especially for 
prophylitic and sericitic alteration and the generation of low- to moderate-salinity liquid. However, 
other workers raised question on whether the original isotopic studies overemphasized the importance 
of meteoric water, possibly due to sampling problems (e.g., isotopic exchange during supergene 
processes). They found that magmatic water dominated throughout the hydrothermal activities (e.g., 
El Salvador; Gustafson and Hunt, 1975; Watanabe and Hedenquist, 2001). They interpreted the O–D 
isotopic compositions to indicate formation by condensation of magmatic vapors into groundwater. In 
contrast, there is D-isotope values from fluid inclusion waters in quartz veins provide evidence for a 
meteoric component in both the early magmatic–hydrothermal fluids and late-stage waters in the 
Eocene and Cretaceous porphyries of British Columbia and Yukon, Canada (Sheets et al., 1996; Selby 
et al., 2004). However, mixing of magmatic and meteoric components peripheral to porphyry 
mineralizing centers has also proposed by some workers. For example, Bowman et al. (1987) 
provided stable isotopic evidence for mixing of magmatic waters with connate brines on the margins 
of the Bingham Canyon porphyry Cu–Au–Mo deposit. However, Taylor (1997) attributes these low D 
values from biotite to overprinting by late-stage fluids. Cooke et al. (2011) demonstrated a progressive 
decrease in 18O H2O values with time for quartz and carbonate gangue, providing evidence for an 
evolution from predominantly magmatic to meteoric waters in the Ampucao porphyry Cu–Au and 
Acupan epithermal Au–Ag veins, Philippines. The O–D systematics of porphyry deposits are easily 
perturbed by late-stage hydrothermal activity and/or weathering. Therefore, studies on them need to 
be undertaken within a framework of detailed paragenetic sampling (Cooke, 2014). Additionally, 



 

 

better advancement in analytical techniques which can reduce analytical uncertainties will also help 
with the correct interpretation of data.  
 
Addressing the Problems: Given the problems discussed above, this proposal aims at establishing the 
fluid evolution process for PCS under an absolute timeframe. Previous geochronological study  
suggests that the lifetime of most PCS mineralization is no more than 1 m.y. (Michel et al., 2008). To 
acquire high precision absolute ages for veins and porphyry stocks, CA-ID-TIMS U-Pb zircon and 
ID-N-TIMS Re-Os molybdenite dating will be used. In addition, SIMS O isotope and fluid inclusions 
study will be performed to constrain and understand the evolution of the PCS hydrothermal system. 
The advantage of SIMS O isotope is the high 
resolution in-situ analysis, with which we 
can overcome the overprinting and other 
possible contamination of bulk analysis. By 
construction of the fluid evolution process 
this research may also permit an improved 
understanding of mechanisms of metal 
enrichment in PCS (Sillitoe, 2010; von 
Quadt, 2011). 
 
The deposit to be studied is the largest Cu-
Mo deposit in China, QuLong, which is 
located in the southern Lhasa Terrane of the 
~175 Ma Yeba Formation and represents the earliest products of northward subduction of the Neo-
Tethyan Ocean. The Miocene monzogranite comprises 3 phases and is the largest intrusion, which 
intrudes the Yeba Formation, hosting 70% of the Cu-Mo. This intrusion has been crosscut by syn 
mineralization P and X porphyries, with the aplite and diorite intrusions postdating ore formation 
(Yang et al., 2009; Fig. 1). Even though QuLong is currently China’s biggest Porphyry Cu-Mo deposit, 
due the its new discovery and the limited access in Tibet, we still have limited understanding for the 
timeframe as well as the evolution of the hydrothermal system. A previous study (Yang et al., 2009) 
has confirmed that there are at least 7 intrusions (4 pre, 2 syn and 1 post ore) Miocene granodiorite to 
diorite intrusions. Two stages of Mo mineralization events have been proposed by the exploration 
team. Based on the geology, Qulong is a very good candidate to address both the temporal 
relationship between the magma emplacement and mineralization, and thus the evolution of the 
hydrothermal system. There is evidence (Peter Molnar, 2006) that the Lhasa terrane has reached 
today’s elevation as least before 35 Ma, so the depleted isotopes of meteoric water could be easily 
recognized if it evolved in the ore forming processes. 
 
Preliminary Result: Preliminary data indicates the Rongmucuola granodiorite pluton, which predated 
the mineralization and host most of the ore, was emplaced at 17.0±0.02 Ma, with mineralization 
occurring between 16.23±0.06 and 15.78±0.06 Ma. The main stage mineralization happened around 
16.0 Ma, thus the minimum duration of the mineralization event is 0.33 my. The cease of the 
magmatic-hydrothermal activity was marked by the post-ore and barren quartz-diorite at 15.2±0.02 
Ma. Unlike previous research which suggests an overall progressively involvement of meteoric water 
throughout the mineralization processes, our SIMS quartz O isotope suggests meteoric water (5±0.5 
per mil) and magmatic-sedimentary fluid (12±0.5 per mil) was involved in the ductile-brittle 
transition stage and early stage, respectively, while the overall budget was dominated by magmatic 
water (9±0.5 per mil). 
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Fig. 1: Cross section for the QuLong Deposit show 
the intrusions and drill hole locations.  
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A new insight into the M 8 1556 Huaxian earthquake in northern China 
 
Introduction 
 
Most great (moment magnitude ≥ 8) earthquakes during modern times have occurred in interplate 
regions or major continental collision. Although large-magnitude earthquakes are rare in continental 
interiors where fault slip rates are low, they have the potential to be significantly deadlier than those 
on plate boundaries because of the low seismic attenuation and densely populated epicentral areas. 
Quantifying earthquake hazard in slowly deforming regions is challenging due to inadequate 
understanding of fault behaviours. The 1556 M 8 Huaxian earthquake, the deadliest earthquake in 
recorded history with 830,000 casualties, is an example of large-magnitude earthquakes generated by 
relatively slow-moving faults (1-2 mm/a). Despite extensive damage reports from government 
documents of the Ming dynasty, the source parameters of this normal-faulting earthquake are 
relatively poorly described. Because most evidence for the earthquake surface rupture has been 
removed from the landscape by river erosion and human activity, no slip estimates associated with 
this earthquake have been confirmed so far. A discontinuous ~8-m scarp along the seismogenic faults 
may have formed in the 1556 earthquake, but whether it did so, or whether it is a cumulative scarp 
formed in multiple events, is a question that is key to determining the recurrence interval and rates of 
active faulting. 
 
In this study, I aim to unravel the geological story of the 1556 Huaxian earthquake, in particular to 
investigate the slip and recurrence intervals of such events, in order to better understand the present 
hazard. I examine the preserved river terraces and fault scarps using 0.5-m spatial resolution Pleiades 
stereo imagery and field observations. The surface geomorphology, along with a recent fault exposure 
in a nearby quarry excavation, reveals the surface slip of two substantial earthquakes in the Holocene. 
Samples for radiocarbon dating from the quarry and river terraces have been collected to constrain the 
recurrence intervals of earthquakes. 
 
Results 
 
Surface geomorphology of the Chishui River 

Guided by our collaborators from China Earthquake Administration Shaanxi Province, we selected 
the Chishui River area (the epicentral area) as our field site where fault scarps and river terraces have 
been preserved. To analyse the surface geomorphology, we produced a 1-m digital elevation model 
(DEM) using the 0.5-m resolution Pleiades stereo imagery. To calibrate and evaluate the Pleiades 
DEM, we collected Global Positioning Systems (GPS) measurements using the network Real Time 
Kinematics (RTK). A series of topographic profiles from the Pleiades DEM shows 4 river terraces 
(T0, T1, T2 and T3, Fig. 1). The youngest terrace (T0) is ~8 m above the current river channel; it has 
not been offset by fault movement and therefore postdates the last earthquake (i.e. the 1556 
earthquake). The older terrace (T1) is ~13 m high from the channel; offset of T1 forms a ~8-m scarp 
(profiles E1-E1´ and E3-E3´). T2, which is ~20 m above the channel, is offset by ~14 m across the 
fault (profiles E2-E2´ and E4-E4´). Fragments of higher terraces are preserved in the footwall. The 8-
m and 14-m fault scarps suggest that the Weinan Platform frontal fault has generated at least two 
normal faulting events since the formation of T2.  
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To constrain the ages of the river terraces, we collected 4 radiocarbon samples (RC1-4. See Fig. 1 for 
location.). RC1 was taken from a 5.5-m thick, yellowish sandy clay layer on top of a gravel layer in 
T2 and yielded an age of 5785-5918 calibrated years BP. RC2 was collected from the same yellowish 
sandy clay, 0.45 m above RC1, and gave an age of 5763-5878 calibrated years BP. RC3 and RC4 
were taken from a silt layer that overlies gravels at a depth of ~3 m from the surface of T1, and 
yielded an age of 2191-2318 and 2196-2325 calibrated years BP respectively. The increase in age 
with terrace height is consistent with stratigraphic position. The question arose whether T1 recorded 
one earthquake (the 1556 event) or multiple earthquakes that have been missed in historical records. 
Given that we did not observe any lower scarps, we suggest that T1 was uplifted to form the ~8-m 
scarp in the 1556 event. 

 

Figure 1.  Surface geomorphology of the Chishui River and topographic profiles showing river 
terraces and fault scarps. 

Trench 

A trench excavation in T0 on the eastern side of the river (see Fig. 1 for location) provides further 
evidence for historical and prehistoric earthquakes. The trench exposed a stratigraphy of Pleistocene 
lacustrine marl and gravels in the footwall, and yellowish alluvium in the hanging wall. A 3D model 
of the trench (110 m × 30 m × 11 m) was constructed using the Structure from Motion (SfM) 
technique (Fig. 2). On the eastern wall (Fig. 2a), we can see clear evidence for 2 surface faulting 
events. The most recent event is characterised by the truncated unit 2 (2970-3161 calibrated years BP) 
whilst the overlying unit 1 is not affected and postdates faulting. The evidence for the penultimate 
event is the unsorted and unstratified colluvial wedge unit 3. Sediments of 6.6-6.7 ka were found at a 
depth of 8.7 m in the hanging wall. Sediments of a similar age were found at a height of 8.6 m in T2 
exposure, which suggests the maximum vertical slip since 6.6-6.7 ka is 17.3 m. On the western wall 
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(Fig. 2b), one event is characterised by the truncated units 5, 6 and 7 underlying the unfaulted unit 4. 
The radiocarbon age of unit 7 (909-998 calibrated years BP) suggests this event is the 1556 
earthquake. 

 
Figure 2.  Orthorectified photo mosaic of the trench (see Fig. 1 for location). (a) Eastern wall. (b) 
Western wall. Radiocarbon ages from (c) the eastern wall and (d) the western wall. 
 
Conclusions 
 
The surface geomorphology, along with a recent fault exposure in a nearby quarry excavation, allows 
us to conclude that the vertical slip of the 1556 Huaxian earthquake is ~8 m. Therefore the surface slip 
of the 1556 event is ~11 m given a 45° dip. The frontal faults of the Weinan Platform and Huashan 
Range are relatively slow-moving faults, and in the Holocene have failed in large-magnitude, large 
stress-drop earthquakes separated by long intervals of time (3-6.7 ka). With thousands of years, the 
landscape can be modified dramatically, as a result, it is difficult- often impossible- to delineate the 
extent and slip of ancient ruptures in continental interiors. The 1556 Huaxian earthquake is therefore 
able to help us understand the very rare and large earthquakes deep within continental regions. 
Identification and documentation of active faulting is increasingly urgent for the assessment of 
earthquake hazard, especially given that rapid urban development in recent decades can easily erase 
the evidence of fault activity (e.g. fault scarps, uplifted river terraces, etc.) within years or even a few 
days. For example, a few weeks after our fieldwork, the trench structures were destroyed by road 
works. Our SfM work preserves the site, showing usefulness of the technique for digital preservation. 
It is necessary and timely to work on such regions and make archives in order to quantify the seismic 
activity of regions where millions of people are living. 
 
I would like to sincerely express my gratitude to the Geological Society for their support with this 
work. 
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