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Evidence for cyclical fault zone sealing and strengthening, Alpine Fault, 

New Zealand 

M.J. Allen1, E. Mariani1, C. Boulton1, D.R. Faulkner1 and C.M. Menzies2 

1 Department of Earth Ocean and Ecological Sciences, University of Liverpool, Liverpool, UK. 
2 Ocean and Earth Science, National Oceanography Centre Southampton, University of Southampton, UK. 

 
The Alpine Fault, a transpressional plate boundary between the Australia and Pacific plates, is known 

to rupture periodically (200-400yr) with large magnitude earthquakes (Mw~8) and is currently locked 

at the end of its latest interseismic period. Processes taking place during this interseismic period, 

particularly fluid-rock interaction and mineral growth, alter the physical properties of the fault 

influencing the timing, nature and style of earthquake rupture. The aim of this study is to investigate 

the sealing behaviour of the fault via carbonate mineralisation, determining the temporal and spatial 

variation of deformation microstructures and chemistry, giving insight into sealing and restrengthening 

processes that occur during the earthquake cycle on the Alpine Fault.  

 

The Deep Fault Drilling Project (DFDP-1) completed two vertical boreholes into the Alpine Fault at 

Gaunt Creek, Whataroa, allowing a transect of the Alpine Fault too be collected away from surface 

weathering effects [1]. Drilling revealed a fault zone structure with ~1m fault core with associated 

damage zone, overprinted by a zone of alteration in the hanging wall, formed through enhanced fluid-

rock interaction on a fault which currently has very low permeability (see Figure 2B). 

Calcite is one of the primary authigenic minerals in this Alteration Zone, with mineralisation 

concentrated within fault core fractures. Through Electron Backscatter Diffraction (EBSD), 

Cathodoluminescence (CL) and Secondary Ion Mass Spectrometry (SIMS) multiple episodes of 

fracture generation and mineralisation have been recognised through analysis of the vein calcite 

crystallographic structure and chemical composition respectively.  

 

 

Figure 1 - [B] 2Gen emits a bright CL signal which rims and cross-cuts 

the darker CL signal of 1Gen. [F] 1Gen contains greater concentrations of 

Fe and Mg while 2Gen contains more Mn and Sr. [C] The EBSD euler 

map shows the 1Gen calcite is heavily twinned and recrystallized while 

2Gen exhibits far less. Within 1Gen recrystallization is focused along 

twin boundaries indicating enhanced dislocation mobility. [D & E] Pole 

figures show that each generation’s host and twin domain c-axis 

orientations are near identical. 2Gen appears to have seeded on the 

boundary surface of 1Gen inheriting the crystallographic orientation of 

1Gen. 
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Early calcite veins exhibit dull CL due to high Fe concentrations, as seen in Figure 1-1Gen; these 

generations have accommodated extensive deformation including intense mechanical twinning and 

dynamic recrystallization, indicating fluctuations in both the stress state and temperatures within the 

fault zone. Younger generations, Figure 1-2Gen, attributed to more recent seismicity exhibit bright 

CL caused by greater Mn concentrations and exhibit far less evidence of deformation. These variations 

in calcite trace metal concentrations indicate fluctuations in ambient conditions and fluid sources 

between and during seismic events. Older generations contain more Fe and Mg, while younger 

generations and recrystallized regions contain more Mn. Trace metal variations in a single generation 

indicate multiple pulses of fluid were required to seal some voids. Both Fe and Mg trace metal 

concentrations increase with proximity to the Principal Slip Zone (PSZ), see Figure 2A. Potentially 

caused by enhanced fluid-rock interaction due to ultra-fine grain size and subsequent alteration of clay 

minerals i.e. biotite to chlorite to smectite. 

 

The precipitation of secondary minerals appears to play an important role in fault sealing and 

strengthening through the brittle seismogenic crust. Calcite appears to dominate within the Alpine 

Fault core to depths of <4km, below which calcite and quartz are likely to co-precipitate in the fault 

core; however evidence of this has been wiped out by successive cataclasis. 

 

References: [1] Sutherland, R. et al. (2012). Drilling reveals fluid control on architecture and rupture 

of the Alpine fault, New Zealand. Geology, v. 40, p. 1143–1146. 
 

 

 

Figure 2 – SIMS trace Fe and Mg concentrations in Alpine Fault calcite veins.  

[A] Data points are colour coded according to their location in the fault zone with shape denoting 

individual calcite veins at that depth. [B] A borehole schematic showing the fault rock lithologies sampled 

in DFDP-1 and the estimated extent of the alteration zone, showing the depths at which SIMS analyses 

were undertaken.  
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Eruption dynamics of cyclic vulcanian explosions from Galeras volcano, 

Colombia 

A.A. Bain1, E.S. Calder1, J.A. Cortés1, G.P.J. Cortés2, S.C. Loughlin3 

1School of GeoSciences, University of Edinburgh, Edinburgh EH9 3FE, UK  
2 Servicio Geológico Colombiano, Observatorio de Manizales, Colombia 

3British Geological Survey, The Lyell Centre, Edinburgh 
 

Motivation 

Eruptions of arc volcanoes frequently involve periods of cyclic vulcanian explosions, which may be 

associated with periods of dome growth as well as plinian or sub-plinian activity. This creates a 

diverse range of hazards that may affect local populations. Building understanding of the processes 

that lead to this style of activity and modulate the timing and magnitude of explosions is vital for 

hazard assessment and forecasting. This study quantified the volatiles in groundmass glass from a 

suite of time-constrained bombs from Galeras volcano, Colombia, in order to estimate the storage 

pressure of magma prior to six individual explosions from the 2004-2012 eruptive period. This work 

forms part of a broader study focussing on the ascent, crystallisation and degassing of the magma 

involved in these cyclic vulcanian explosions. Ultimately, textural and chemical indicators of 

crystallisation and degassing from the time-constrained samples will be compared with monitoring 

time series data sets in order to shed light on the processes leading to explosions and their expression 

in seismic, deformation and degassing signals recorded at the surface. 

 

Samples 

The sample suite consists of 39 ballistic bombs of porphyritic 

andesite with rhyolitic groundmass glass. A morphological 

and textural study of the sample suite established the 

existence of three distinct classes of bombs: dense, poorly 

vesicular and inflated (Figure 1). Dense bombs show 

extremely low vesicularity and no textural gradation between 

the interior and exterior of the bomb. Poorly vesicular bombs 

are scoriaceous and have a higher vesicularity in the form of 

large (~1mm), interconnected vesicles with highly complex, 

polylobate shapes and no textural gradation between the 

interior and the exterior of the bomb. In contrast, inflated 

bombs have a highly vesicular core consisting of small 

(~100µm), spherical vesicles with thin glass walls and a 

dense, typically bread-crusted outer rind. Bomb samples are 

thought to represent fragments of a plug of highly crystalline 

magma that stalled in the shallow conduit prior to explosions. 

We hypothesise that inflated bombs were sourced from the 

least degassed magma from the deepest level in the conduit 

and vesiculated upon eruption. Furthermore, poorly vesicular bombs may preserve the porous network 

that degassed this relatively volatile-rich magma to form the magma that gave rise to dense bombs. 

However, the dense and highly crystalline nature of inflated bomb rinds also allows the possibility that 

dense bombs simply represent smaller, more rapidly quenched samples of the magma that gave rise to 

inflated bombs. Analyses of the volatile content of groundmass glass allow us to distinguish between 

these respective interpretations. 

 

Analyses 

We analysed H2O, CO2, S, F and Cl in the groundmass glass of time-constrained volcanic bombs 

belonging to 6 explosions, along with complementary bombs for which the eruption date is unknown. 

The crystallinity of the groundmass of these bombs is variable but typically very high (up to ~70% on 

a vesicle-free basis). In order to counter this problem, we also analysed Si, Ca and Mg so as to identify 

analyses where crystals were intersected. Those analyses were then discarded, or a subset of 

measurement cycles were retained where a crystal was clearly intersected after the first three 

Figure 1. Morphological/textural classes 

of ballistic bombs in the sample suite 
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acceptable cycles. Due to the possibility of intersecting cracks or vesicles containing surface 

contamination, we also eliminated rare analyses where CO2 measurements were high compared to 

others from the same sample and compared to the sample suite as a whole. The median of successful 

analyses of each volatile species was taken as the result for each bomb sample. 

 

Results 

Whilst the matrix glass of all samples is highly degassed, systematic variations between bomb classes 

do exist (Figure 2). Dense and poorly vesicular bomb types typically record the lowest H2O and CO2 

content and inflated bombs record higher H2O and CO2, identifying a threshold water content of 0.4 

wt% H2O below which bombs do not inflate. S is typically low in all bomb types (2-8 ppm) and Cl 

(63-2234 ppm) and F (49-958 ppm) contents are highly correlated but do not depend on bomb type. 

 

Discussion 

H2O and CO2 results are consistent with the work of Hoblitt and Harmon [1] and Wright et al. [2], and 

allow us to discard the hypothesis that dense bombs were sourced from the same magma as inflated 

bombs. Applying the solubility model of Newman and Lowenstern [3] and assuming a uniform 

density of 2600 kg/m3 allows us to calculate pre-eruptive pressure and a first order estimate of 

maximum depth (as it does not account for overpressure) (Figure 3). We conclude that magma was 

expelled from a maximum 500 m depth in any one explosion during the 2004-2012 eruption sequence. 

In addition, magma was stratified with respect to H2O and CO2 content, with dense, relatively water-

rich magma overlain by poorly vesicular, degassed magma and a dense, degassed cap. The poorly 

vesicular samples preserve an extensive, highly interconnected porous network as well as highly 

degassed groundmass glass, therefore the porous network must have efficiently degassed the 

underlying, relatively water-rich magma. This degassed, poorly vesicular magma is assumed to have 

undergone viscous densification to form the dense cap, and this will be further investigated. 

 

Ongoing Work 

Differences in volatile content, storage pressure and depth of magma prior to each explosion will be 

studied alongside crystal size distributions, porosity and permeability measurements and monitoring 

data, in order to shed light on the processes that modulated the timing and magnitude of explosions. 

 

References 

[1] Hoblitt and Harmon (1993) Bulletin of Volcanology 55, 421-437 

[2] Wright et al. (2006) Bulletin of Volcanology 69, 281-300 

[3] Newman and Lowenstern (2002) Computers & Geosciences 28, 597-604 

 

. 

 

 

Figure 3. Median values of H2O and CO2 content 

in the groundmass glass of each bomb sample 

Figure 2. Pre-eruption storage pressure and 

maximum source depth of each bomb 
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Boron and B isotope behaviour during serpentinite dehydration 

E. Clarke1, J,C.M. De Hoog1, L. Kirstein1 , G. Bromiley1 , J. Harvey2 ,  B. Debret3 

1School of GeoSciences, University of Edinburgh, Edinburgh EH9 3JW, UK  
2School of Earth and Environment, University of Leeds, Leeds LS2 9JT, UK 

3Department of Earth Sciences, University of Cambridge, Madingley Road, Cambridge CB3 0EZ, UK 

 

Introduction 

The incorporation of volatiles, particularly water, into the mantle by subduction has played 

a crucial role in the evolution of our planet: water incorporation triggers partial melting, which 

feeds the re-supply of volatiles to Earth’s atmosphere via arc volcanism and the creation of 

continental crust. Without these processes, it is unlikely that Earth could sustain life (certainly 

complex terrestrial life), making deep water recycling a key contributor to Earth habitability.  

A strong candidate for transporting water and 

other volatiles into the mantle is serpentinite 

due to its high water content and widespread 

presence in subducting lithosphere. Along 

with water, serpentinites contain high 

concentrations of B and other fluid mobile 

elements. These elements are released at 

depth during dehydration, and the boron 

isotope ratio (δ11B) can be used to track these 

fluids. It is such a powerful tracer of water in 

the mantle due to the large differences 

between mantle rock (~ -7‰) and seawater 

(+40‰). However, secondary olivine, 

formed by the dehydration of serpentine 

during subduction, has been found to contain 

significant concentrations of B1,2, (this study). This retention of B during dehydration could 

fractionate boron isotopes and undermine current assumptions of the δ11B of serpentinite fluids. 

In addition, evidence for open system serpentinite dehydration is also presented. Therefore, in 

order to use δ11B as a geochemical tracer of water, the behaviour of B and its isotopes during 

serpentinite dehydration must be fully understood. Here we present in–situ B and B isotopic 

analysis of serpentine and secondary olivine (Fig. 1) to investigate B behaviour during 

serpentinite dehydration.  

 

Results and discussion 

Secondary olivines often show 

higher concentrations of B than 

serpentine in the same sample 

(6.4-17.1ppm), whereas it is 

expected to be lower based on 

experimental data3 (Fig. 2). In 

addition, they always show higher 

Li concentrations (0.2-11.5 ppm, 

Fig. 2). This evidences complex 

open system behaviour during 

dehydration with secondary 

olivines inundated with excess B 

and Li potentially sourced from 

 
Fig. 1 Secondary olivine in serpentine matrix (Zermatt-

Saas). Cross-polarised light micro-photograph. 

 
Figure 2 B and Li concentrations in olivine compared to that of 

antigorite in the same sample 
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dehydrating meta-sediments, altered oceanic crust or other serpentinite bodies (or a mixture of 

these). 

Those samples which 

show relatively small 

influence of external fluids, 

i.e., more closed system 

behaviour (i.e. Bol < Bsrp) 

also show elevated δ11B 

values in the olivine 

compared to serpentine 

from the same sample (Fig. 

3). This suggests that B 

isotopic fractionation 

occurs during serpentine 

dehydration, probably due 

to a difference in B 

coordination in olivine and 

serpentine3. If we take B 

isotope fractionation during serpentinite dehydration into account, serpentinite-derived fluids 

have much lower δ11B than previously thought, hence larger amounts of these fluids are needed 

to explain δ11B of arc volcanics (Fig. 4). This also means that the dehydrated slab residue has a 

much higher δ11B value than mantle peridotite, increasing the traceability of subducted slabs 

throughout the mantle. 

 

Analytical details 

Instrumental boron isotope 

fractionation during analysis of 

different minerals (olivine, 

serpentine) was evaluated using 

ultramafic glass reference 

materials (GOR128-G and 

GOR132-G) and serpentine 

minerals analysed in-

dependently for their B isotopic 

composition by TIMS. 

Significant B isotope 

fractionation of about 6‰ 

between olivine and serpentine 

was observed, which has been 

taken into account in the results 

presented here. 

 

 

 

 

References 

[1] Scambelluri et al. (2004) Earth Planet Sci Lett 222, 217-234 

[2] De Hoog et al. (2014) Contrib Mineral Petrol 167 (Art 990) 15 p. 

[3] Tenthorey and Hermann (2004) Geology 32, 855-868 

[4] Ingrin et al. (2014) Am Mineral 99, 2138-2141 
 

 
Figure 3 B and δ11B values of olivine compared to that of antigorite in the 

same sample. 

 
Figure 4 New model taking into account B isotope fractionation 

during serpentine breakdown to olivine vs. traditional model (no 

fractionation) for δ11B behaviour during serpentinite dehydration. 
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Effect of partial melting in mafic rocks on zircon geochemistry – comparing 

mafic gneisses and their leucosomes from NW Scotland 

S. Fischer1, P. Cawood1 & C. Hawkesworth1,2 

1School of Earth & Environmental Sciences, University of St Andrews,  St Andrews KY16 9SY, UK  
2School of Earth Sciences, University of Bristol, Bristol BS8 1RJ, UK 

 

Background 

Isotopic data derived from zircon provides unrivalled insights into the evolution of Earth’s crust.   The 

compilation of global zircon age spectra have been used to reconstruct crustal growth through Earth 

history (e.g. [1]). To circumvent problems with disruption of the U-Pb system during metamorphism, 

Hf model ages in zircon have been used to calculate ages of mantle extraction of the initial magma 

(e.g. [2]), and the δ18O of zircon have been used as a filter for these Hf model ages to overcome 

problems of contamination with crustal material [3]. However, mafic material may reside in the crust 

for millions of years without interacting with meteoric water. Should this material melt and produce 

new zircon, its δ18O would remain mantle-like, but its U-Pb ages would be much younger, dating 

crustal melting rather than crust formation. Hf isotopic compositions are susceptible to hybridisation 

during crustal differentiation and can result in erroneous crustal formation data. The use of trace 

elements in zircon could provide a means to resolve this problem. The aim of this study is to 

investigate the behaviour of key isotopic systems (δ18O, U-Pb, Hf) and trace elements in zircon during 

intracrustal differentiation, more specifically during partial melting of mafic crust resulting in felsic 

melts. For this, zircon populations of the mafic portions of lower crustal mafic migmatites are 

compared with zircons from in situ leucosome found within the migmatites as well as larger felsic 

sheets interpreted to represent early stages of pooling and pathways for melt extraction and ascent. 

 

Regional geology and samples 

The Lewisian complex in NW Scotland can be subdivided into three major units, the Northern, the 

Central, and the Southern Region. All consist of intermediate to felsic TTG gneisses with minor 

supracrustal and mafic material. All regions underwent polyphase metamorphism. Generally, there are 

three metamorphic events recognised in the mainland Lewisian outcrop; two older high-grade events, 

the Badcallian and the Inverian, are separated from a subsequent amphibolite facies event, the 

Laxfordian, by the intrusion of the Scourie dykes. While the Northern and Southern regions record 

amphibolite facies conditions, granulite facies mineral assemblages and in situ leucosome characterise 

the Central Region.  

Samples were collected from three localities within the Central Region. The first lies close to the 

northern end of the central complex, in proximity of the Laxford shear zone, which caused extensive 

local retrogression during the Laxfordian. The second locality is on the Scouriemore peninsular where 

granulite facies assemblages prevail. Both localities lie within the Assynt terrane (northern part of the 

Central Region;  [4]). The third locality lies within the Gruinard terrane, which is reported to record an 

older, pre-Badcallian metamophic event allegedly not found in the Assynt terrane [4].  

 

Locality 1 – Close to the Laxford shear zone 
Mafic gneiss and associated leucosome samples were collected from two sites. In addition, a cross-

cutting  tonalitic sheet (>10 m) was sampled.  

At the first site, the mafic gneisses have δ18O of 5.2–6.6 ‰, 207Pb/206Pb ages of 2444–2500 Ma and 

Th/U of 0.30–0.72. The leucosome grains have δ18O of 5–6.6 ‰, 207Pb/206Pb ages 2470–2500 Ma and 

Th/U of 0.37–0.63. Both mafic gneiss and leucosome contain one zircon analysis with younger ages of 

1875 Ma and 1809 Ma, respectively. While analyses were placed on centres and rims of grains, no 

clear optical or geochemical core-rim trend or distinction could be observed. There is also no 

difference between the mafic gneiss and leucosome population. 

The second sample site shows similar values (mafic: 4.9–6.1 ‰, 2472– 2480 Ma, Th/U = 0–0.73; 

felsic: 4.5–6.22 ‰, 497–2557 Ma, Th/U = 0–1.56) but contains more grains of younger ages (mafic: 5 

in 8, 1756–1829 Ma, felsic: 1 in 7, 1753 Ma). Notably, all younger analyses have very low Th/U 

(<0.05), whereas the older grains span a great range of Th/U (0.3-1.56). 

The felsic sheet has δ18O values of 6.6–7.4 ‰, 207Pb/206Pb ages of 2482–2809 Ma and Th/U of 0.27–

0.49. Discordant, younger grains tend to have lower δ18O values (as low as 2.7 ‰). The ages can be 
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subdivided into two groups, 2663–2759 Ma and 2482–2586 Ma, respectively. Analyses falling in the 

older group are largely on BSE/CL cores, whereas the younger ages largely represent rims. Unzoned 

grains exist in both groups. While the younger age group could be explained as coeval (i.e. same 

tectonothermal event) to the grains from the host rocks (gneisses and leucosomes, see above), the 

cores of older age must be inherited from a different unit. The δ18O of older and younger populations 

is indistinguishable, suggesting that the tonalitic melt inherited its δ18O from its source rock. 

 

Locality 2 – Granulites of the Assynt terrane 
This sample set includes several small scale (a few cm wide) in situ leucosomes and a larger (ca. 30 

cm) felsic sheet that the small leucosomes feed into. No zircons were found in the mafic host. The 

leucosome grains have δ18O of 4.8–7 ‰, 207Pb/206Pb ages of 2485–2762 Ma (one core as old as 2855 

Ma) and Th/U 0.25–1.1. All geochemical proxies show a significant spread in values. However, there 

is no difference between δ18O of a core and a rim of the same grain. While rims are either the same age 

or younger than their corresponding core, there are rims with ages at the upper end of the spectrum 

and cores with relatively young ages.  

Grains from the felsic sheet are similar in δ18O (5.1–6.9 ‰) and ages (2477–2774 Ma; two older 

analyses at 2816 and 2855 Ma). Their Th/U, however, is significantly lower at 0-0.16, with only two 

grains with 0.35 and 1.1, respectively. Here, these values most likely point towards the presence of 

monazite (which has very high partition coefficients for Th) in the felsic sheet. 

 

Locality 3 – The Gruinard terrane 
At this locality a mafic gneiss and the leucosome hosted within it were sampled. Based on 207Pb/206Pb  

ages, two zircon populations can be defined in the mafic gneiss at 2475–2579 Ma and 2656–2815 Ma. 

The younger ages are exclusively found in rims, while the older ages are mainly found in cores and 

unzoned grains (but also include two supposed rims). δ18O values range between 5.2 – 7.3 ‰ and do 

not reflect core-rim zonations or a distinction between the age groups. There is also no correlation 

with Th/U ratios (0.02–0.66), but younger analyses have <100 ppm U whereas the older age group has 

U contents >100 ppm.The leucosome’s δ18O is 4.8–8 ‰ (again no relation to core-rim zonation). 

Similarly to the mafic gneiss, two age groups  (2479–2556 Ma and 2667–2747 Ma, one older core 

2854 Ma) also have comparatively lower U contents for the younger grains (cut off ~60 ppm).  

 

Findings 
While re-analysis of potentially contaminated U-Pb is still outstanding and might improve 

uncertainties, change in the ages is expected to be minimal. The younger ages (around 1.8 Ga) are 

interpreted to be related to Laxfordian reworking. The oldest cores (≥ ca. 2.85 Ga) are interpreted to be 

inherited from the igneous protoliths, whereas the prevalent age groups of ca. 2660–2800 Ma and ca. 

2440–2580 Ma are believed to be related to older Badcallian and the younger Inverian event, 

respectively. The spread of ages found within one population is a general problem with Lewisian 

zircons and can be interpreted either as prolonged phases of thermal events or as variable ancient Pb 

loss that causes zircons to smear along concordia. Substantial evidence for a ca. 2.7-2.8 Ga as well as a 

ca. 2.5 Ga event in both the Assynt as well as the Gruinard terrane. Consequently, there is no need for 

a subdivision of the Central Region [4]. While some younger grains could be found, both the δ18O and 

U-Pb system in pre-existing zircons remained largely unaffected by Laxfordian overprinting and 

grains retained their composition. The δ18O is indistinguishable between grains from a leucosome and 

grains from the hosting mafic gneiss, suggesting that melts (and their zircons) inherit the  δ18O of their 

source. Most δ18O values found in Lewisian zircons (both felsic and mafic) are mantle-like or slightly 

elevated reflecting the (mantle-derived) source rocks and contamination or interaction with supra-

crustal material cannot be detected. While no all-purpose trace element proxy could be identified, trace 

elements could provide a powerful tool in zirconology, making their routine analysis worthwhile.   

 

References 
[1] Cawood et al. 2013 The continental record and the generation of continental crust. GSA Bulletin, 125, 14-32. 

[2] Belousova et al. 2010 The growth of the continental crust: Constraints from zircon Hf-isotope data. Lithos , 119, 457-

466. 

[3] Dhuime et al. 2012 A change in the geodynamics of continental growth 3 billion years ago. Science, 335, 1334-1336. 
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Project rationale 

Recent bulk-rock measurements of boron elemental and isotope systematics of ultramafic rocks from 

either side of the uniquely preserved antigorite-out isograd at Cerro del Almirez (Spain) have revealed 

a large shift in boron isotope ratios and the release of 11B-rich fluids at sub-arc depths. The results are 

consistent with the compositions necessary to impart the distinctive boron isotope fingerprint observed 

in island arc basalts. While this observation is itself significant, it does not permit the identification of 

the fundamental mineralogical controls on this important process, hence the need to investigate the [B] 

and δ11B of the constituent mineral phases in these rocks which requires measurement by SIMS. 

 
Background 

From previous work on bulk rock samples the boron isotope ratio and boron concentration of 

antigorite-serpentinite at the point of dehydration, i.e. the "antigorite-out" isograd (Figure 1) is well 

constrained [1]. The same information for the dehydrated products of subducted antigorite-serpentinite 

at the same locality (Figure 1) is also known [1]. However, at Cerro del Almirez, the only known 

locality of its type, the bulk-

rock boron systematics are still 

difficult to explain in the 

context of subduction 

dehydration alone. Several key 

unanswered questions persist, 

but answering these would 

significantly improve our 

understanding of the nature of 

fluid release during subduction 

and the ultimate fate of boron 

that is transported to sub-arc 

depths. The primary objective 

of this project was to identify 

the role that the most abundant 

B-bearing minerals identified 

in the Cerro del Almirez 

antigorite-serpentinite, or its 

dehydration products play in 

controlling the boron 

elemental and isotopic budget. 

In other words, a quantitative 

mass balance of boron in the 

four key lithologies (i.e. 

antigorite-serpentinite, transitional chlorite-antigorite-olivine-orthopyroxene serpentinite, granofels-

textured chlorite-harzburgite, and spinifex-textured harzburgite; Figure 2) was sought. Given the 

potential uncertainty in the origin of the spinifex-textured chlorite-harzburgite [2], on the prograde side 

of the isograd our attention was mostly focussed on the granofels textured chlorite harzburgite, 

although an examination of the spinifex-textured chlorite-harzburgite was also performed. 

 

Figure 1. Field relationships between antigorite-serpentinite, transitional 

lithologies, and chlorite-harzburgite, and their modal variations. Boron 

abundances ([B]) expressed in μg g−1. δ11B = {[(11B / 10B sample) / 

(11B/10B NIST-SRM951) − 1] x 1000}. Loss on ignition (LOI) expressed 

in weight % H2O[1]. 
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The specific aim of this project was to measure δ11B and [B] along with the concentration of other 

fluid mobile element concentrations such as F and Li, both commonly used in subduction-related 

studies, in antigorite, secondary olivine and chlorite identified in four key lithologies.  

 

Results and discussion 

In the hydrated antigorite serpentinite (bulk-rock [B] = 7 µg g-1), boron is equally distributed between 

antigorite and residual olivine (Fig 2). In the transitional lithologies boron is equally distributed 

between antigorite and tremolite (Fig 2) with a minor contribution from talc and chlorite. However, in 

the prograde spinifex-textured chlorite harzburgite (bulk-rock [B] = 8 µg g-1 to 10 µg g-1), prograde 

olivine dominates, with a reduced contribution from talc and chlorite (Fig 2). However, the other 

prograde chlorite harzburgite (bulk-rock [B] = 7 µg g-1) derives almost all of its boron from prograde 

olivine with little or no contribution from the accompanying tremolite and hydrous minerals (talc and 

chlorite; Fig 2). 

 

Therefore, in spinifex harzburgite 

AL95-34, it is easy to determine the 

mineralogical control on the boron 

systematics of this rock type (Fig 2), 

deriving from a mixture of talc and 

secondary olivine. In the other three 

lithologies analysed (antigorite 

serpentinite, transitional serpentinite 

and granular harzburgite) this 

mineralogical control is less clear. 

Here, different samples of the same 

lithology were analysed for bulk-

rock [B] and δ11B. The differences 

between bulk-rock and 

representative minerals suggests that 

a certain degree of heterogeneity is 

preserved between different samples 

of the same lithology. Until new 

bulk-rock measurements are made 

for the exact same samples from 

which the mineral measurements 

were determined, the fine scale 

interpretation of the mineral data will 

be difficult to interpret. What is clear though is that the dominant host of boron in the prograde 

samples is secondary olivine which, as a nominally anhydrous mineral, has the potential to deliver 

boron back into the mantle as deep as the transition zone. 

 

References 
[1] J. Harvey et al. (2014) Chemical Geology 376, 20-30. [2] Evans and Cowan (2012) American Journal 

Science 312, 967-993. 

 

Figure 2. Boron concentrations and boron isotope ratios for the 

four peridotite lithologies and their constituent minerals at Cerro 

del Almirez 
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Overview 

Fisheries for the common whelk, Buccinum undatum, throughout the North Atlantic have grown 

steadily in value since the mid-1990s [1]. In 2015, the UK fishery had a value of £18.7million which 

related to roughly 20,000 tonnes of whelks landed into UK ports alone [2]. With concerns about 

sustainability for this increasingly important fishery, new management strategies are being sought to 

monitor a species which has been historically difficult to assess. Due to highly variable growth rates 

between and within populations, standard size based estimations of age are ineffective, meaning that 

individual age assessments are a necessity for population age structure calculations. The current 

method of age determination using organic opercula has been shown in many studies to be ineffective 

due the poor readability of growth lines contained within this structure. This has led to extensive 

research into the calcium carbonate statoliths (which contain clear growth rings) as reliable analogues 

to the currently used opercula [3]. Initial chemical analysis of statolith growth rings using SIMS 

revealed clear cycles in the Mg/Ca ratio which related to the visible growth rings in statoliths from a 

range of specimens from several wild populations. A single clear cycle in Mg was also observed in 

the statoliths of 1 year old laboratory reared whelks. This report outlines further chemical analysis 

undertaken on the statoliths of 2 year old laboratory reared whelks from the same conditions as those 

analysed previously. 2 clear cycles of Mg were found in all sampled 2 year old specimens which 

corresponded to the visible growth rings. These finding support the validation of annual growth ring 

formation which has been outlined by laboratory based growth experiments [3]. 

Rationale for using SIMS 

Due to the small size of the statoliths, their radial structure and the large time period covered by their 

growth a high sampling resolution was required. In the statoliths of the 2 year old whelks, a maximum 

growth axis of only ~100 µm was available in larger specimens. It would have been difficult to 

sample sub-annually using other conventional in-situ analytical techniques such as LA-ICP-MS. The 

detection limits for lighter target elements such as Na and Mg are also better when using SIMS. 

Methods 

Using the IMS-4F instrument, a line transect analysis profile was run across the midpoint of the 

polished central plane of each statolith. Firstly a 25µm high current beam was used with a step size of 

10µm to pre-condition the surface, removing any contamination; along this 25µm track a low current 

1 µm beam was used at a 2 µm step size to analyse the targeted trace elements (Ca, Na Mg, Sr and 

Al). 

Results and discussion 

A total of 8 statoliths were analysed from 2 year old laboratory reared specimens representing a range 

of fast growing (large) and slow growing (small) specimens. In the previous report, 1 year old animals 

were demonstrated to contain a single cycle of Mg within the year of growth. For the 2 year old 

animals, 2 clear cycles of Mg were found within each statolith, corresponding to the visible growth 

rings (Figure 1.) 
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Figure 1. Cycles in the Mg/Ca ratio (mg.kg-1) across statoliths overlaid on photomicrographs from large 

specimens (~50 mm shell length a) & b)) and small specimens (~35 mm shell length c) & d)). Red dotted lines 

represent growth rings with matching Mg/Ca cycles, blue boxes indicate larval growth (to be discounted). 

Summary and Impact 

SIMS was used to highlight two clear cycles in Mg/Ca ratios along growth axes in all sampled 

statoliths from 2 year old animals, coinciding with visible growth rings. This suggests an annual 

periodicity inherent in their growth. This information has been used to develop aging techniques 

which are currently being adopted by CEFAS (Centre for Environment, Fisheries and Aquaculture 

Science) for UK based fisheries policy and management. Additionally, it will also be presented at a 

dedicated workshop for North American fisheries scientists in Newfoundland, Canada this coming 

May. The study is currently being written up for a special issue of the Chemical Geology journal, 

arising from the 4th International Sclerochronology conference where it was given as an oral 

presentation. This work was also presented at the ICES annual science conference in a theme section 

organised by Phil Hollyman and several colleagues titled ‘Innovative use of sclerochronology in 

marine resource management’. 
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Introduction 

The amount of CO2 emitted from basaltic arc volcanoes is orders of magnitude higher than 

that measured in melt inclusions [1] due to insolubility of CO2 in basaltic magmas [e.g. 2] at 

the pressures at which they are trapped. CO2 is isotopically fractionated during exsolution 

from basaltic magmas which results in a gas enriched in the 13CO2 and the melt enriched in 
12CO2. By measuring the CO2 content and δ13C of a suite of glasses the style of degassing, 

initial CO2 content and initial δ13C of the magma can be reconstructed This technique has 

been applied to bulk rock samples [e.g. 3] in the past but only one study has been conducted 

on melt inclusions from Hawaii [4]. The isotopic fractionation factor between CO2 in the melt 

and corresponding vapour phase (Δ13Cmelt-vapour) is currently poorly constrained, with 

estimates varying between 1.8 ‰ to 4.6 ‰ [5]. All current values are derived from anhydrous 

experiments and H2O may affect Δmelt-vapour. The availability of standards, especially with high 

CO2 contents and containing H2O is currently very limited. 

 
IHPV Experiments 

To address the lack of standards and hydrous experiments, equilibrium solubility experiments 

at 1250 ºC were carried out on a hydrous basaltic starting composition at Leibniz Universität 

Hannover, Germany. IHPV experiments were carried out at 1, 3, 5, and 7 kbar with 0 – 5 

wt.% initial H2O and 0 – 5000 ppm initial CO2. C was only added as calcium carbonate with 

known isotopic value (Oka carbonatite -5.43 ± 0.02 ‰, Seaford Head Chalk 1.99 ± 0.03 ‰, 

and a mix of these two -1.81 ± 0.02 ‰) so that under saturated runs could be used at 

standards. Product runs were glassy and major/minor element chemistry was quantified using 

EPMA. Glasses were mounted in indium to reduce C background during SIMS analysis. 

 
SIMS results 

Figure 1 (next page) shows the SIMS results from the experimental glasses. The black square 

had no added C to the starting material but contains ~ 800 ppm CO2. This unfortunately 

means the glasses were contaminated with C at some point and therefore we cannot assume 

the isotopic composition of the added CaCO3 is the isotopic composition of the CO2 in the 

under saturated experiments. Runs with sufficient glass will be sent for bulk C isotope 

analysis for use as standards. Once the bulk analysis has been carried out, the isotopic 

composition of these glasses will be measured allowing measurement of the fractionation 

factor. 
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[1] Wallace (2005) Journal of Volcanology and Geothermal Research 140 217-240 

[2] Lesne et al. (2011) Journal of Petrology 52 1737-1762 

[3] DesMarais & Moore (1984) Earth and Planetary Science Letters 69 43-57 

[4] Hauri (2002) Chemical Geology 183 115-141 

[5] D.P. Mattey (1991) Geochimica et Cosmochimica Acta 55 3467-3473 

[6] Newman & Lowenstern (2002) Computers and Geosciences 28 597-604 
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Figure 1 CO2 against H2O of the experimental run products. Symbol indicates pressure (kbar): diamond = 1, 

square = 3, triangle = 5 and circle = 7. Colour indicates initial H2O concentration (wt.%): red = 0 – 2, green = 2 – 

4, blue = 4 – 6. Open symbols have initial CO2 concentrations (ppm) of 2000 – 3000 and closed symbols ~5000. 

The black square had no added C to the starting material. Solid lines indicate closed system degassing paths with 

initial CO2 concentrations of 5000 ppm and H2O concentrations of 2 (red), 3.5 (green) and 6 (blue) wt.%. 

Dashed lines indicate isobars for 1 (small), 3 (medium) and 5 (long) kbars. Degassing and isobars are calculated 

using [6] at 1250 ºC. 
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Introduction 

The motivation of this study was to investigate the distribution of volatiles throughout the magmatic 

plumbing system underneath a subduction zone volcano. Dissolved magmatic volatiles are an 

important control on phase relations, modal abundances, mineral compositions and oxygen fugacity, 

as well as the main driver of explosive volcanic eruptions. Variations in dissolved volatile composition 

are typically studied using melt inclusions, but can also be recorded by hydrous minerals such as 

apatite and hornblende, which incorporate essential volatiles (OH+F+Cl) into the crystal structure. 

Apatite can also incorporate carbon in the form of CO3
2-, either in the volatile channel site or by 

substitution for a phosphate group. Our aim was to use coexisting hornblende and apatite compositions 

to investigate the volatile contents of the recharging mafic magma at Soufrière Hills Volcano, 

Montserrat, as well as the magma that fractionates to produce the andesite. Specifically, we aimed to 

quantify volatile exchange coefficients between amphibole and apatite and melt, and to compare 

estimates of volatile composition determined using apatite with those from melt inclusions. We 

analysed amphibole phenocrysts and apatite inclusions from three samples of andesite, as well as 

amphiboles and apatites from a hornblende gabbro [1] and a mafic enclave.  

 

Results and preliminary interpretation 

1. Amphibole volatile composition 

Measured H2O contents for amphibole phenocrysts from rapidly quenched samples are ~ 1.6 wt% 

which is consistent with previous measurements for pumices from a sub-plinian eruption at Soufrière 

Hills Volcano [2] and for amphiboles from the 1980-1986 and 2005 eruptions of Mount St Helens [3]. 

However, this H2O concentration is insufficient to account for the sum (OH+F+Cl) = 2 and suggests 

that there is a significant oxy-component (O2-, i.e. hydrogen vacancies) within the amphibole formula.  

Li contents are very low (e.g. 2-3 ppm) and rims have slightly lower H2O than cores (by ~0.05 wt%). 

In contrast, phenocrysts from more slowly 

cooled samples are offset to higher OH deficit 

(~0.9-1.0 wt% H2O), indicating syn-eruptive 

dehydrogenation (involving simultaneous 

oxidation, loss of H2) and/or dehydration by 

loss of H2O [3-4]. These amphiboles are also 

variably enriched in Li (up to 100 ppm). 

These observations are consistent with 

temporary sub-surface storage prior to 

eruption, perhaps with Li enrichment due to 

accumulation of a discrete gas phase [5]. Melt 

inclusions from Soufrière Hills Volcano are 

also variably enriched in Li ([6] and 

unpublished data). Amphiboles from the 

hornblende gabbro have variable but low H2O 

contents (0.8 to 1.1 wt% H2O), moderate Li 

concentrations (11-35 ppm) and slightly 

higher Cl contents (460-570 ppm) than 

rapidly quenched phenocrysts. Amphiboles 

from the mafic inclusion also have variable 

but low H2O (1-1.2 wt% H2O) and moderate 

to high Li (30-80 ppm), but with a trend to 
 

Figure 1. Amphibole volatile compositions showing 

variable enrichment of Li in samples with high OH 

deficit, consistent with temporary sub-surface storage. 
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lower Cl contents and higher F (from ~550 ppm Cl, 1600 ppm F to ~90 ppm Cl, 3300 ppm F).  

 

2. Apatite volatile compositions 

Apatite compositions measured are relatively uniform with no significant, systematic differences in 

composition between different samples, except for those in the mafic enclave. H2O contents are 

typically in the range 0.50 – 0.65 wt% with 2.4-2.9 wt% Cl and 0.7-0.9 wt% F. CO2 contents are 

typically < 500 ppm but with a significant sub-set of measurements in the range 1200-1700 ppm. For 

apatites in the hornblende gabbro this variability increases, with wide scatter and the highest value 

>4500 ppm CO2. Apatites in mafic enclaves have highly variable compositions but trending towards 

the F-rich end-member, and CO2 contents in the range 500-2600 ppm.  

 

KD calculations 

We focused on Cl-OH exchange between apatite-melt and hornblende-melt. We define distribution 

coefficients as (e.g.) KD
ap-m

 Cl-OH = (Cl/H2O)ap/(Cl/H2O)m in line with previous studies. 

(i) Apatite-melt: Using the melt inclusion data of [6] Cl/H2O(m) is 0.107 ± 0.03. For apatite inclusions 

in rapidly quenched phenocrysts Cl/H2O(ap) is ~4.4 ± 0.6. This gives log KD
ap-m

 Cl-OH = 1.6 which 

agrees well with a new P- and T-dependent regression of existing literature data (log KD
ap-m

 Cl-OH = 

1.55 for T = 830 °C, P = 200 MPa; Riker et al. in prep).  

(ii) Amphibole-melt: We followed [7] to calculate amphibole-melt KD for Cl-OH exchange from the 

amphibole major element composition. For the phenocrysts this gives KD ~ 0.41 ± 0.06 and for the 

gabbros KD ~ 0.46 ± 0.06. Mafic enclave amphiboles give calculated KDs that are more variable (KD ~ 

0.38 ± 0.10). Applying these calculated KDs to the measured amphibole volatile contents predicts melt 

compositions with [Cl]/[OH] = 0.020 ± 0.002, similar to the lower range of measured values from [6] 

which are typically 0.02 to 0.053.  

 

CO2 contents 
Carbonate contents of apatites are difficult to interpret because carbonate appears to be primarily 

incorporated into the channel site (Riker et al. in prep). This means that a similar exchange KD for C-

OH or C-halogens must be employed to infer melt CO2 contents. We can estimate melt CO2 contents 

for the andesite but are unable to do so for the mafic enclave magmas as these apatites have undergone 

partial re-equilibration towards the fluor-apatite end-member due to degassing and/or cooling. Using 

previously calculated KDs we estimate the CO2 content of the andesite magma during storage to be 

~2800 ppm (with wide upper and lower limits due to the variability in apatite compositions). This is 

similar to constraints from melt inclusion studies (~2000 ppm, [8]). 

 

Discussion 
Our mineral-melt KDs defined through this study appear remarkably consistent with those determined 

from the literature. This gives confidence that apatite-melt and amphibole-melt equilibria can be used 

to improve understanding of the behaviour of magmatic volatiles prior to eruption. However, it is less 

clear how easily this practice can be extended to investigation of volatiles during solidification of 

plutonic rocks containing amphibole and apatite but no melt. Our analysis of mineral compositions in 

the hornblende gabbro shows that apatites have similar Cl/OH ratios to those included in amphibole 

phenocrysts, but amphiboles have significantly lower measured OH and slightly higher Cl. This 

suggests that equilibrium may not have be maintained between amphibole and apatite in slowly-cooled 

rocks. However, it is not clear which phase is most likely to have re-equilibrated. Further work is 

needed to examine changes in Fe3+/Fe and the stoichiometry of the amphibole, and the trace element 

compositions of both minerals, to understand the impact of fractionation on the volatile elements.  
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Introduction 

Torfajökull, the largest rhyolitic centre in Iceland, intersects the south-west tip of the Veiðivötn fissure 

swarm. Simultaneous activity at these two systems has been reported for three of the latest Torfajökull 

eruptions (1477-1480, 871 AD and ~6500BP) during which rhyolites, basalts and hybrid products 

were erupted. Whole rock chemistry shows clear evidence for mixing1-2 and LA-ICP-MS analyses of 

plagioclase crystals is broadly consistent with mixing, showing two distinct core populations (An~80 

and An~20) and an intermediate rim (An~60-~40). However, large variations in Sr and Mg concentrations 

(600-900ppm and 500-900ppm respectively) observed at the same An content, are inconsistent with 

simple binary mixing and suggest a more complex relationship and mingling between different melts. 

However the laser spot required to allow sufficient amount of material to be analysed is large (57µm), 

therefore a one-day pilot study was carried out to acquire high-resolution data across single 

plagioclase crystals with the aim of helping us to better understand the variations and causes in crystal 

chemistry across single plagioclase grains.  

Methods  

Plagioclase crystals were selected from thin sections and analysed by SIMS for major and trace 

element compositional profiles (Li, Na, Mg, Al, Si, K, Ca, and Sr) from core to rim across profiles of 

up to 250 µm. 250 µm profiles were measured using 15µm spots moving the sample underneath the 

beam in 10µm steps. Higher resolution, shorter profiles were then measured with a low primary beam 

focussed into a 2µm spot moving 

the sample in 2µm steps. 

Microphotographs of the analysed 

grains were taken in order to match 

compositional profiles to micro-

textural observations and to assess 

the feasibility of diffusion 

modelling for zoned crystals.  

Results  

Figure 1 shows the Sr 

compositional profile of a rhyolite-

hosted grain. Whilst the data 

appears to show a diffused 

boundary between core and rim of 

the crystal, petrographic 

observation have shown that the 

data has been affected by analysis 

of the groundmass. Small-scale 

variations are observed at ~~70-

40µm. Figure 2 shows the Sr 

compositional profile of a 

plagioclase crystal hosted in a less 

evolved groundmass. This grain 

shows a constant concentration of 

around ~600 ppm and a drastic 

change to ~1000 ppm at 50µm from 

the rim in correspondence with a 

thin, lighter rim which can be 

Figure 1: SIMS scan (white line) and resulting Sr concentration 

profile. Grey lines indicate the boundary between the crystal edge 

and the groundmass. Black box is for scale (100µm). The 

microphotograph highlights the extent of the scan into the 

groundmass. No microtextures seem to correspond with the small-

scale variations in Sr concentration.  
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observed in the microphotograph of the plagioclase grain. The drastic drop in Sr concentration 

immediately after the rim again suggests sampling of the groundmass. 

 

Discussion  
Preliminary diffusion chronometry modelling of Sr concentration profiles3 has been carried out to 

assess the timescales of mixing processes during the 871 AD eruption of Torfajökull. The line of best 

fit on the graph in Figure 3 suggests a timescale of ~ 5+9
-2.8days. Significant uncertainty arises from 

experimental determination of diffusion coefficients for certain elements, such as Mg, and diffusion 

chronometry modelling we carried out for Mg resulted in shorter timescales than those calculated from 

Sr. Results suggest short residence times and therefore may have resulted in cooling prior to full 

hybridisation of mingled melts. These observations are consistent with the morphological features we 

observe in samples from the same eruption, where physical mingling textures such as filaments and 

mafic blobs hosted in rhyolites suggest failed hybridisation4. 

The adequacy of the spatial resolution of the low beam analysis and step-scan profiles for this study 

can be assessed by looking at the data in figure 1, where small scale oscillatory zoning is present at 

~70-40µm, with an accuracy of 5% on elemental concentrations across a single grain. Whilst issues 

such as sampling of groundmass and analysis in correspondence with cracks and sieves in the crystal 

are present, the study has highlighted the importance of SIMS high-resolution data for our study. The 

concentration profiles across plagioclase crystals provide us with important information on the 

magmatic history of the melt in which the crystal was hosted in and therefore provide us with 

information on the nature of magmatic processes occurring at Torfajökull, such as different mixing 

components, extent and timing of the interactions and, ultimately, to understand eruption trigger 

mechanisms for these twinned eruptions. Future analyses will sample a larger range of grains and will 

be coupled with EPMA analysis to better constrain major elements variations. These will be paired to 

investigate the relationship between microtextures and crystal chemistry as well as provide a stronger 

background for diffusion chronometry modelling and to compare timescales obtained from different 

elements across the same profile. Moreover, high-resolution data will be used to validate the numerical 

model we are currently developing which aims to reproduce crystal chemistry patterns in a volcanic 

system subject to open system processes, such as magma mixing and assimilation.  
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Figure 2 (left): SIMS scan (red) and resulting Sr concentration profile. Grey lines indicate the boundary 

between the crystal edge, the rim and the groundmass. Black box is for scale (100µm). Figure 3 (right): 

diffusion chronometry modelling of the steep chance in concentration observed in figure 2 using the method 

by [3].  
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Background 

Mid-ocean ridge basalt (MORB), the most abundant magma on Earth, has long been recognised as a 

probe for the composition of the upper mantle. Crustal-level modifications to MORB compositions 

have traditionally been attributed to fractional crystallisation, which can be corrected for through using 

experimental and thermodynamic constraints [e.g., 1]. However, it is now recognised that the 

assumption that fractional crystallisation is the only process responsible for crustal-level magma 

evolution may not be correct: the incompatible trace elements in MORB are over-enriched with 

decreasing differentiation indices compared to fractional crystallisation scenarios [2, 3]. This raises a 

fundamental question about MORB petrogenesis: which crustal-level processes modify MORB after it 

leaves its mantle source?  

In order to further understanding of the crustal-level modification of MORB we conducted a series of 

melt-rock reaction experiments. The main aim was to investigate the mechanisms of reactions between 

MORB and primitive cumulates (troctolites) in the lower oceanic crust. All of the experiments were 

conducted at 5 kbar and the respective liquidus temperature of the starting melt with duration ranging 

from 6 to 48 hours. Different cooling rates (quenching and slow cooling) were used to study the 

chemical and lithological variations, texture, and the liquid line of descent of the reacted melt. 

Systematic in situ trace element analyses using the Cameca 1270 ion microprobe were carried out on 

the melt and cumulate before and after reaction to investigate the effect of melt-rock reaction on the 

trace element distribution in the experimental cumulates. 

 

Results and Discussion 

After reaction with the troctolite, melt at the melt-troctolite interface decreases in almost all of the 

incompatible elements except for Sr and Ni, which can be accounted for by a dilution effect due to 

assimilation of ~10% troctolite for most elements. Such an assimilation calculation also matches major 

element variations. However, two highly incompatible elements, Zr and Nb, decrease more rapidly 

than other elements, by a factor of 20% for melt at the interface compared to the starting melt 

compositions. Correspondingly, highly to moderately incompatible element ratios, such as Zr/Y, 

decrease towards the interface (Figure 1), indicating that assimilation can change the trace element 

ratios of melts. 

 

Figure 1a. BSE image of run TE1: 

troctolite reacting with an evolved melt 

for 6h quench run. Melt is on the left 

side and troctolite on the right. B. 

Variations of chondrite normalised 

highly to moderately incompatible 

element ratio Zr/Y in melt after reaction. 

The grey field represents the original 

compositions of the melt. Clinopyroxene 

crystallisation increases the melt Zr/Y 

ratio, whereas reaction with troctolite 

decreases Zr/Y ratio. 
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The rim of a relatively large olivine crystal in the troctolite contains higher concentrations of almost 

all incompatible elements (except for Zr) compared to the starting olivine composition, with lower 

Zr/Y ratios. The core of this olivine remains unchanged after reaction (Figure 2a and b). Smaller 

olivines, on which only a single ion microprobe analysis could be made, also show increased 

incompatible trace element contents. These data suggest that reaction with melt can change the trace 

element concentrations and ratios of cumulus crystals, even on short time scales (<48 hrs).  

Plagioclase shows two different trends for core and whole-grain data (Figure 2c and d), distinct from 

olivine. Whole-grain plagioclase analyses yielded increasing Zr/Y ratios. The core of a relatively large 

plagioclase contains much lower Zr and Nb concentrations after reaction, without changes in other 

incompatible elements. Such an observation indicates reaction with melt might have stripped the core 

of plagioclase of its highly incompatible elements. This would be consistent with observations made in 

oceanic lower crustal plagioclase from Hess Deep (Pacific Ocean) [2]. 

 
Figure 2. Variations of chondrite 

normalised Zr/Y ratios versus a) 

Ca and b) Ni in olivine, as well as 

c) Ti and d) Ca in plagioclase 

before and after reaction. Green 

squares are for olivine and 

plagioclase before reaction. Red 

diamonds are for whole-grain 

analyses of olivine and 

plagioclase, and due to the small 

sizes (~10-15um) for most 

crystals, the SIMS spot (5-10um 

in diameter) may sample the 

whole crystal, named the “whole-

grain” analyses. Yellow filled 

triangles are for cores of big 

olivine and plagioclase (~50um in 

length). Open triangle is for the 

corresponding rim for the big 

olivine. 

 

 

 

 

 

Implications 

After melt-rock reaction, both plagioclase and olivine show fractionated trace elemental ratios; 

however, the fractionation is different between the two phases. Melt-rock reaction did not affect the 

core of olivine, but did affect that of plagioclase, suggesting different mechanisms drive reaction 

between melt and different cumulate crystals. Dissolution-reprecipitation [4] may be responsible for 

reaction between melt and olivine. However, the mechanisms of reaction between plagioclase and 

melt are enigmatic: a mechanism is required that strips highly incompatible elements Zr and Nb from 

the plagioclase core without changing other elements. It might be a special type of chromatographic 

effect, but further investigations are necessary. Regardless, it is important to note that the depletion of 

highly incompatible elements in plagioclase cores has been observed in lower oceanic crustal 

cumulates [2], indicating that this type of melt-rock reaction might be common in lower oceanic crust, 

and play a role in element fractionations that are not readily explained by conventional models of 

MORB evolution. 
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Motivations 

The solid Earth volatile cycles remain significantly uncertain. Though the volatile make-up of the 

depleted mantle is comparatively well understood,1,2 a quantification of the flux of volatile elements 

associated with subduction recycling remains elusive. In part, this arises from the difficulty in measuring 

the total gas flux out of subduction zone arcs (and therefore the remaining flux into the mantle).  

 

A different approach is to establish the volatile content of recycled components when they are sampled 

by melting at Earth’s surface. Icelandic volcanism samples both depleted mantle and recycled mantle 

(Figure 1). The Berserkjahraun eruption is close to the extreme recycled end of the Icelandic isotope 

array, owing to its location away from the main rift zones (Figure 2). To overcome mixing and degassing 

processes that affect the matrix glass composition, we analysed olivine hosted melt inclusions from this 

eruption. These inclusions were trapped at much greater pressures in the presence of primitive melts.  

 
Volatile saturation pressures 

The volatile concentrations within melt inclusions (Figure 3) suggest saturation at a range of pressures 

up to 4000 bar. Prior to the SIMS analyses, the CO2 content of shrinkage bubbles within the melt 

inclusions was determined using Raman spectrometry, once these concentrations have been added back 

into the glass, the maximum saturation pressures recorded will be significantly higher. Preliminary work 

suggests this corrected CO2 concentration could be as high as 8000 ppm in some inclusions. 

 

Volatile- trace element systematics 

Figure 4 compares the concentrations of the volatile elements CO2, H2O, F and Cl with the 

concentrations of trace elements previously reported to show similar chemical behaviours during mantle 

melting and fractional crystallisation. If degassing takes place, or this assumption in incorrect, the 

volatile-trace element ratios will not be constant, i.e. the data will not sit on a horizontal line in Figure 

4. The Ce/Y ratio is reported alongside the data, as a proxy for the depth from which the melts were 

sourced in the mantle; high Ce/Y corresponds to a strong garnet signature. 

 

CO2 does not behave identically to Ba, as shown by the negative correlation between CO2/Ba and Ba 

in Figure 4. This is likely due to degassing, either into shrinkage bubbles (which we will correct for), or 

out of the system. The CO2/Ba ratio of the source is at least 20, significantly lower than that of depleted 

mantle (1005). 

Figure 1. Global compilation of MORB and OIB 

glass analyses. Coloured symbols indicate glasses 

from Iceland. The red arrow shows the vector 

towards a greater contribution from the recycled 

component in the Icelandic mantle. 

Figure 2. Map showing the location of 

Berserkjahraun in relation to the rift zones 

(dark grey), the neovolcanic zones (outlined 

in red), and eruptions with existing melt 

inclusion datasets (red circles). 
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Similarly to CO2, H2O does not behave like Ce, however many of the inclusions record much higher 

values of H2O/Ce than previously reported for the mantle. This is likely due to diffusive over-hydration 

of the inclusions6. 

 
The Cl/Nb ratio of the Berserkjahraun glass is typical of glasses from Iceland, which has previously 

been assumed to correspond to the mantle source composition.7 Melt inclusions record much higher 

values, indicating that either Nb is a poor element to compare Cl with, or the concentration of Cl in the 

mantle may be higher than previously thought. The F/Nd ratio of the Berserkjahraun inclusions is 

similar, though maybe a little higher, than that inferred for the HIMU mantle end-member. 
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Figure 3. CO2 and H2O dissolved in melt 

inclusions and embayment glass (circles), 

and matrix glass (squares). Colour is Ce/Y 

ratio, as shown in Figure 4. Isobars for CO2-

H2O saturation calculated using the 

Shishkina et al. (2014) solubility models, 

and the method of Dixon et al. (1995) for 

mixed volatile solubility. 

Figure 4. Melt inclusion and 

embayment data shown by 

circles, matrix glass as squares. 

If the volatile element behaves 

identically to the trace element 

shown, data should plot along a 

horizontal line (as indicated by 

previous estimates of global 

end-members EM1, EM23 and 

HIMU4). 
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Introduction 
Dehydration of downwards going slab initiates melting in overlaying mantle wedge. The primary arc 

magmas generated during dehydration melting believed to be basaltic in composition. However, it is 

difficult to resolve chemical diversity of basaltic magmas with single mantle wedge peridotite source. 

It was proposes earlier that reactions between wedge peridotite and slab-derived fluids produce exotic 

lithologies (like clinopyroxenites veins) that melt to produce variety of primary magmas compositions 

(e.g. Weaver et al 2013; Elkins-Tantin & Grove 2003). To test this hypothesis we proposed to study 

mantle xenolith from Bezymyanny volcano (Kluchevskoy Group in Kuril-Kamchatka arc, Russia) and 

perform experiments based on our findings to reconstruct processes leading to the diversity of basaltic 

magmas reported from Kluchevskoy Group of volcanoes. In these report we present our preliminary 

results on geochemistry of xenoliths.    

 

Results 
We measured trace elements in minerals, melt inclusions and interstitial melt in seven mantle 

xenoliths from Bezymanny volcano.  Xenoliths collection comprises of two harzburgites, two olivine-

websterites, two dunites and pyroxeneite. This small collection of xenoliths is very diverse with 

complex textures and mineralogy. All xenoliths are hosted directly by andesitic lavas and show 

evidence of metamorphism. The harzburgites, SK13-20c and VK12-22c contains Fo-rich olivines 

(Fo90-92) high in Ni and Cr, subhedral orthopyroxene and Cr-rich spinel (Cr2O3  ≤  34wt%). Olivine and 

spinel phenocrysts are big ( ≥ 2mm). Olivine always has low-Fo rims (Fo86-88). Xenoliths cross cut by 

pyroxenite veins with some secondary oxides. Sometimes pyroxenite veins form interlocking chains 

parallel to newly form plagioclase, but not always. Pyroxene in these veins < 15 µm and oxides are 

less < 5 µm, which makes them difficult to analyse. Secondary oxides are low-Cr, high-Al spinel. The 

sample VK12-22c has interstitial melt with SiO2 content of 72wt% and high in K2O and Na2O, 6 and 4 

wt% respectively.  

 

 
Figure 1. Melt infiltration channel, VK12-24c. Granitic melt with newly formed plagioclase and 

clinopyroxene.  

 

Olivine-websterites VK12-23f and VK12-24a contain primary and secondary pyroxenes, magnetite 

and olivine with Fo content 82-86. VK12-24a has completely recrystallized interstitial melt. However, 

melt inclusions in plagioclase and clinopyroxene are pristine and have been analysed. SiO2 in these 

melt inclusions range from 63 to 77 wt% with K and Na2O ranging from 2.8 to 7.9 wt%. Both samples 

have traces of apatite and phlogopite. 

Dunites VK12-14b and VK12-24c have big olivine crystals, which often cut by clynopyroxenite veins 

and/or contain clusters of clinopyroxene. Olivine is Mg-rich (Fo91). Cr-rich spinel forms euhedral 
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crystals few mm in diameter. The sample VK12-24c is unique because the part of a melt infiltration 

channel has been preserved (Fig. 1). 

Pyroxenite VK12-15b equgranual xenolith with interstitial high-SiO2 melt, 70 to 72 wt%. Interesting 

enough, the melt composition from this sample lower in Na2O and K2O compared to melt in 

harzburgite, dunite or websterite.    

Clinopyroxene from pyroxenite veins in harzburgite, dunite and ol-websterite enrich in LREE and Zr 

(Fig.2). Zr concentration in ol-websterite (VK12-24a) reaches 108ppm.  

 

High Ba demonstrates enrichment of melt in fluid mobile components and Ba/Sr demonstrate 

evolution of melt during interaction with xenolith minerals and crystallisation. No magmas were 

reported from Bazymanny volcano of a similar composition to melt found in theses xenoliths. 

Preliminary results show that interstitial melt in these xenolith is a result of interaction of a slab fluid 

with mantle peridotite.  

 

 
Figure 2. Concentrations of Ce and Zr in clinopyroxene; circles - ol-websterite, triangle -  dunite, 

square – harzburgite, diamond – pyroxenite.  

 
Figure 3. Melt geochemistry. Ba and Ba/Sr as a function of SiO2 content of melt. Symbols as in fig.2 
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Background 

Recording and interpreting the duration and P-T evolution of UHT metamorphic terranes has become 

increasingly dependent on texturally controlled accessory mineral geochronology and temperature 

estimation utilising the Ti-in-zircon and Zr-in-rutile trace element geothermometers. However, 

controversy has arisen over the robustness of these accessory mineral thermometers at extreme 

temperatures, with evidence on their relative closure temperatures being in conflict (Kelsey and Hand, 

2015; Harley, 2016). The Napier Complex of East Antarctica, which underwent UHT metamorphism 

over prolonged time interval in the latest Archaean (90-50 Myr from ca. 2580 Ma: Harley, 2016) 

provides an excellent terrane in which to test the resilience of the Zr-in-rutile thermometer. Diagnostic 

mineral assemblages, conventional thermobarometers and phase equilibrium modelling (Hollis and 

Harley, 2002; Shimizu et al. 2013) indicate peak metamorphic temperatures to >1000-1050°C, whilst 

Ti-in-zircon thermometry indicates that temperatures of greater than 900°C persisted for more than 90 

Myr (Harley, 2016). Despite this, Zr-in-rutile temperatures so far obtained from the Napier Complex 

are significantly lower, generally in the range 740-680°C (Harley, 2016).  

 

Samples 

The resilience of Zr-in-rutile thermometry has been examined in this study using four aluminosilicate 

bearing granulites from Mt Charles, a locality in the highest-pressure UHT region of the Napier 

Complex. P-T phase equilibrium modelling of garnet-sillimanite bearing granulites constrains post-

peak cooling with moderate decompression, from ~14kbar, 1100°C to ~11kbar and 900-800°C. Phase 

equilibrium modelling of a kyanite-mesoperthite-quartz-rutile-chromite granulite that has been 

extensively retrogressed to a fuchsite-kyanite-quartz assemblage requires the addition of ca. 9 wt% H2O 

at temperatures between ~820°C and 600-650°C at P > 7-8 kbar. 

Figure 1: Examples of zircon formed on rutile grain boundaries (677-ru3, 688-ru6), and as rods and thin 

lamellae within rutile (688-ru5 and 688-ru6). Each grain is 200-300 µm in maximum dimension. 

 

Methods 

Rutiles were analysed using SIMS, EPMA and SEM-BSE image analysis. Secondary Ion Mass 

Spectrometry (SIMS) trace element analysis of rutiles was carried out on the EIMF Cameca IMS-4f ion 

probe. A 5μA primary beam was applied with a 15kV impact energy, 15μm spot size and a 25μm image 

field, using a 4.5kV secondary ion acceleration voltage. Ion yields were calculated from the NIST 610 

glass standard using GEOREM reference values. Negligible corrections for 54Cr-54Fe and 181Ta-Ho2O3 

overlaps were required. Twelve SIMS analyses were obtained, complementing 106 EPMA analyses for 

Zr, Nb, Ta, Cr, Si, Fe and Ti obtained on the Cameca SX-100 electron microprobe at the University of 

Edinburgh. Reintegration of zircon exsolved from rutile was accomplished using ImageJ software 

applied to back-scattered images. Molar proportions of zircon and rutile were calculated from area 

proportions following density corrections.  
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Results 

Core-to-rim Zr concentration profiles (600-1100 ppm Zr) are flat in all analysed rutiles, and result in 

grain- and sample-dependent Zr-in-rutile temperatures of 606°C and 780°C using the Tomkins et al. 

(2007) thermometer (Fig. 2), some 200-400°C lower than the peak UHT conditions. Reintegration of 

zircon precipitates that occur as needles within rutile grains or as rods along rutile grain boundaries 

recovers maximum Zr concentrations of between 0.7 and 2.2wt%, corresponding to maximum peak 

temperatures of 965-1150oC depending on the selected rutile grain and sample.  

 

Figure 2: In situ trace element trends and Zr-in-rutile thermometry with temperatures from zircon re-integration. 

Petrological sketches of rutile grains show adjacent phases and the in-situ location of SIMS and EPMA point and 

line analyses (error = 2σ). EPMA line analyses of rutile trace elements with Zr-in-rutile thermometry and Nb/Ta 

ratios are displayed. (ii) Sample 49702, (iii) Sample 49688. 
 

Implications for Zr-in-rutile thermometry 

UHT conditions are seldom directly recorded by the Zr contents preserved in rutiles in slowly-cooled 

granulites, but may in optimal microtextural setting be retrieved by zircon reintegration on a grain-by-

grain basis. The exsolved zircon lamellae and granules documented in this study coupled with lack of 

Zr diffusion profiles in host rutile adjacent to zircon lamellae are interpreted to reflect the coupled 

dissolution-reprecipitation of rutile and zircon. We infer that zircon has formed directly rather than as 

a replacement of baddelleyite, a mechanism suggested in recent studies invoking Si diffusion as a 

control on zircon formation (Taylor-Jones & Powell, 2015). The widespread Zr-in-rutile resetting and 

presence of several habits of zircon associated with individual rutile grains indicates that rutile 

petrography cannot be used to discriminate discrete prograde, peak and post peak metamorphic Zr-in-

rutile concentrations. Instead, the zircon-rutile petrographic relationships reflect sustained dissolution-

reprecipitation and related Zr-in-rutile resetting on post-UHT cooling that may be strongly modified by 

domainal fluid interaction when late-stage but still high-T retrogression occurs.  
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Introduction 
An active area of research that is of great interest to the volcanological and petrological communities is 
the rate of magma transfer throughout the crust, particularly the amount of time it takes for melt to 
travel from the upper mantle to the surface. So far, there has only been one high-profile study that has 
investigated the timescales of transport of crystals that were in equilibrium with mantle melts [1]. 
Despite suggesting that these timescales occur on the order of months, the depths from which these 
crystals were entrained is poorly constrained. 
Borgarhraun, a picrite lava flow in the Theistareykir Volcanic System of Northern Iceland is one of the 

best petrologically characterised eruptions in Iceland. Three independent geobarometric methods 

(OPAM, cpx-liquid equilibria and phase equilibria experiments) have suggested that crystallisation took 

place in deep sub-Moho magma chambers (~24 km) (Fig. 2), whilst melt inclusion studies of primitive 

olivine macrocrysts (Fo88-90) indicate that they were derived from a suite of geochemically distinct 

mantle melts that were CO2 undersaturated [2-3]. Zoning 

in plagioclase macrocrysts holds a record of growth from 

these variable mantle melts, as well as ascent through the 

crust prior to eruption [4]. We have modelled the diffusive 

modification of trace element profiles across these 

plagioclase macrocrysts to gain a valuable insight into the 

rate of magma transport from the very base of the Icelandic 

crust to the surface.   

 

Methods  
We handpicked primitive plagioclase macrocrysts from 

fresh glassy tephra, mounted them in epoxy and diamond 

polished. Trace element compositional profiles from the 

edge of the plagioclase macrocrysts, across their rims and 

into their cores of up to 800 µm, using 10 µm spots, were 

measured in order to assess long-range compositional 

variation. High resolution step scan profiles, with 2-3 µm 

spacing, were then measured over a shorter interval 

(typically 100-200 µm) close to the core-rim interface to 

capture short timescale diffusive modification. EPMA 

profiles were then measured to characterise major element 

composition and normalise the SIMS data.  

We then developed finite-element forward models using 

FEniCS to track the compositional evolution of an initial 

step-like profile through time until the model matched the 

observed profile; thus giving us a diffusive timescale. 

 

Results 

A total of 15 ‘coarse’ profiles and 13 step scan profiles 

were measured across plagioclase macrocrysts at the 

EIMF. By examining how calculated partition coefficients (RTlnK) for a given measurement deviates 

from known partitioning relationships for plagioclase, we can assess the amount of disequilibria and 

diffusive modification in each macrocryst. Fig. 3 shows that there is extensive variability in the 

measured data set for Mg, Sr, Ba and K suggesting that the plagioclase cores crystallised from melts 

with significant major and trace element variability. Meanwhile rim compositions are fairly 

homogeneous suggesting the crystals were entrained into the same carrier liquid. 

Figure 2. Schematic cross-section 

through the Icelandic crust showing the 

range of eruptive behaviours and the 

depths of magma genesis. Picrites, such 

as Borgarhraun are derived from sub-

Moho magma chambers (red box). 
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The deviation of core compositions from 

linear partitioning relationships defined at 

carrier liquid conditions indicates that 

disequilibrium exists and that diffusion 

profiles can be modelled. Crystals with 

enriched Sr and Ba zones look to have 

undergone significant diffusive 

modification. Preliminary 1D finite-

element Sr and Ba in plagioclase diffusion 

models (figure 4) show that at 1250 °C the 

timescale of magma ascent prior to eruption 

was on the order of 50 days, whilst long-

term crystal residence can exceed 300 

years.   

 

Discussion   
These results show that magma can ascend 

from the base of the crust to the surface in 

under a few months, meaning picrites such 

as Borgarhraun are the result of high-

speed conduits to sub-Moho magma 

chambers. Diffusive modification in 

internal zones suggests that these plagioclase macrocrysts can have a residence time that is greater than 

300 years, which supports interpretations of U-series disequilibria that crystal storage in Icelandic 

magmatic systems can last thousands of years [5].  We plan to expand this study to a multi-phase 

approach by conducting diffusion models of major and trace element profiles of olivine crystals 

contained in wehrlitic nodules from Borgarhraun tephra. This will be used to assess whether there is 

any additional complexity associated with multiple crystal-cargoes, whilst the clinopyroxene in these 

nodules can provide direct depth constraints.  
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Figure 3. Calculated partition coefficients (RTlnK) vs. 

anorthite content plots for all collected data; (a) Mg, (b) Sr, (c) 

Ba and (d) K. Circles are EPMA analyses, squares are SIMS 

analyses. Colours are based on the distance from the edge of 

the crystal. Deviation from known partitioning relations at 

carrier liquid conditions (black line) indicates disequilibrium 

and diffusive modification. 

Figure 4. (a) BSE image of a plagioclase macrocryst showing the location of coarse SIMS (blue), step scan (green) 

and EPMA (red) analyses. (b) 1D Sr diffusion model of corresponding profile showing the output at different time 

steps. The best model fit to the data is at 50 days. Data colours are the same as in (a). (c) Diffusion model showing 

how gradients in the activity of Sr (RTlna), which is dependent on anorthite content, are smoothed out over time. 
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Introduction and Motivation 

Sulfur plays an important role in many geological environments; as a driver for volcanic eruptions, as 

an electron acceptor in sulfate metabolism, and as a host for economically important elements such as 

Cu and Au. This ubiquity is an outcome of sulfur’s many redox states (-2, 0, +4, +6) and their diverse 

geochemical behaviour. Predicting the stability of these various species is clearly a prerequisite for 

understanding many geological processes, and their role in the sulfur cycle. 

This investigation concerned the igneous processes within the sulfur cycle. The stable sulfur species in 

silicate melts have been shown to be the sulfide (S2-) and sulfate (S6+) ions [1,2], with the latter 

replacing the former as conditions become more oxidizing [3]. However, the influence of a silicate 

melts’ major-element chemistry on the speciation of its dissolved sulfur is unclear, and accordingly 

has become the object of this study. 

 

Experiments  

To investigate the dependence of sulfur’s valence on silicate melt chemistry, experiments were 

performed on six sulfur-bearing silicate melt compositions, which encompass most of the range 

observed among natural magmas: two putative Martian basalts, two terrestrial MORBs, and andesite, 

and a dacite. These melts were equilibrated together (at one-atmosphere pressure, 1300°C) with 

various CO-CO2-SO2 gas mixtures, which imposed on them a range of oxygen fugacity (fO2) 

conditions. This range was 1.6 log units above and below the Fayalite-Magnetite-Quartz (FMQ) buffer 

– spanning most of the observed variation in natural magmas – and had a step size of ~0.2 log units. 

During each experiment (each involving a different gas mixture) the six melts were equilibrated 

simultaneously to guarantee that they experienced identical fO2 and fS2 conditions. 

Measurements of the sulfate/sulfide ratio in the quenched melts from these experiments were first 

made using X-ray Absorption Near-Edge Spectroscopy (XANES). This indicated differences in the 

speciation of the sulfur dissolved in chemically distinct melts, despite having been brought to 

equilibrium at the same fO2; tantalising evidence for a control over speciation by melt chemistry. 

However, uncertainty surrounds the application of XANES to silicate glasses due to previous reports 

of beam-induced sample alteration, and therefore a second method for determining the sulfate/sulfide 

ratio was desired. 

An ‘indirect’ approach was pursued, whereby the covariance between each melt’s total dissolved 

sulfur concentration and their fO2 and fS2 equilibration conditions were related to the stoichiometry of 

chemical equilibria potentially governing sulfur dissolution. This method exploits the manner in which 

the sulfur concentration is forced to change (in response to changes in fugacity) by the equilibrium 

constant; if the trends observed are consistent with a particular chemical equilibrium, then the sulfur 

species participating in that reaction is likely to be present in the melt in question. Following the 

suggestions of previous studies, two dissolution reactions were considered: 
  

 

(1) 

 

(2) 

There may be rearranged to yield the following expected relationships between log S2- (or log S6+) and 

the fugacities of sulfur and oxygen: 

 

(3) 

 
(4) 
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If the log K and log O2- terms are considered invariant, the presence of S2- should manifest itself as a 

straight line of gradient ½ in log S–log fS2/fO2 space (note that here, concentrations are assumed equal 

to activities). Since log S6+ displays a more complex relationship with fO2 and fS2, this theoretical 

relationship cannot be plotted on the same axes, but expected values can be computed for each 

experiment (this is done below). Analysis by SIMS was necessary for measuring the glasses’ sulfur 

concentrations since these are typically well below the detection limit of the electron microprobe. 

 

Analysis with SIMS 

The sulfur concentration (specifically the S32 isotope) was measured in each experimental glass using 

the Cameca 1270 ion probe. The most reduced group of experimental glasses served as primary and 

secondary standards, because their sulfur concentrations were known from electron probe analysis, 

and because they are closely matrix-matched to the other experimental glasses. The sulfur/silicon 

relative ion yield was used to calibrate the instrument, since it was shown to be constant from one 

glass type to another. Between 4 and 5 analyses were made on each glass. 

In figure 1, log S is shown for the two most dissimilar melts studied (black circles are the measured 

concentrations). Note that the x-axis is log fS2/fO2, and that data points lying further to the left 

represent successively higher fO2 conditions. Each glass exhibits a linear trend in sulfur concentration 

at low fO2 with gradient ½, (black line) consistent with the presence of the sulfide ion according to 

reaction (1). The data diverge from this trend as conditions become more oxidizing, consistent with 

some other species occurring in the melts. Modelled sulfate concentrations derived from equation (4) 

are shown by the red circles. The divergence from ‘pure sulfide’ certainly has a different character for 

the two melts, but neither undergo the transition from S2- to S6+ at appreciably different fO2 conditions. 

This is in contradiction to the XANES data, which now warrant closer scrutiny. 
 

Figure 1. Trends in log S with fugacity ratio for a putative Martian basalt (left) and terrestrial dacite (right). 

 
Figure 2. Strong inverse relation between log S6+ and molar 

Si+Ti for the most oxidized melts (right). 
 

Some conclusions about these melts’ capacities for 

dissolving sulfur can also be made. Inter-melt 

comparisons at the same fO2 show a positive 

dependence of S2- on wt% FeO, as reported by 

previous studies [4]. In addition, the most oxidized 

glasses (assumed to contain sulfate exclusively) 

exhibit a strong negative relation between log S6+ and 

the mole fractions of the tetrahedrally co-ordinated 

cations Si and Ti, as shown in figure 2 (R2 = 0.98). 
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Figure 1.  Chondrite normalize REE 

profiles for anorthosite clasts within 

NWA 2995 

Figure 2. Plagioclase trace-elements 

variations vs. plagioclase maximum shock 

pressure (GPa) 

Shock induced trace-element mobilisation in plagioclase 

J. F Pernet-Fisher1 & K. H. Joy 1 
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Rational  

The nature of mineral shock modification has been implied to have a significant effect on trace-

element systematics. However, to date, this relationship has not been quantitatively investigated for 

the mineral plagioclase.  In this study, we characterized 

such relationships for plagioclase crystals within lunar 

meteorite sample (North West Africa (NWA) 2995) that is 

known to have experienced a wide range of shock 

pressures. Understanding how minerals are modified 

during impacts events represents an important ‘first-order’ 

question that has implications for our understanding of 

impact structures on Earth, but also serve as important 

analogues for impact structures on all the terrestrial bodies 

within the Solar System.  We focus on anorthosite clasts 

within NWA 2995 as the plagioclase mineral structure 

incorporates several elements whose ionic radii are too 

large to fit into earlier-crystallising ferromagnesian 

minerals; therefore, its chemistry has the potential to 

record physical and chemical magmatic processes (e.g., 

primary magma oceans, basaltic partial melts). 

 

 
Results 

Plagioclase is a good shock indicator mineral due to 

the significant crystalline structural modification that 

occurs during shock compared to other igneous 

minerals such as olivine and pyroxene.  Such 

modification results in marked differences in the 

optical reflectance spectra (e.g., FTIR spectra), 

enabling shock pressures to be easily calculated [1].  

Plagioclase grains selected from 3 anorthosite clasts 

within NWA 2995 display a range of maximum shock 

pressures ranging from 3 to 15 ± 3 Ga. Lunar 

anorthosites sample the primary lunar crust, and have 

been sampled predominantly by Apollo 16 (the 

Ferroan Anorthosite suite; FAN). The REE 

systematics for anorthosite clasts from NWA 2995 

overlap the range of values reported for Apollo 16 

FANs (Fig. 1; [2]).  The FAN clasts analysed within 

sample NWA 2995 display weak correlations between 

some incompatible REE ratios such as La/Y (0.487 r2) 

or Sm/Nd (0.289 r2) and shock state < 25 GPa in 

NWA 2995 indicating that shock-induced 

metamorphism can act to modify some trace-element 

systematics (Fig. 2).  Despite this, no correlations are 

observed between compatible elements and ratios that 

are controlled by fractional crystallisation (such as 

Eu/Sm; 0.031 r2) and shock state.  Ratios such as 

Eu/Sm have recently been used by several studies in 

order to classify subsets of lunar anorthosites; thus, 

this suggests that regardless of the weak to moderate 
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shock state typically displayed by lunar plagioclase, robust geochemical information about the original 

mineral composition can be recovered by analysing the REEs, even if some chemical systematics 

(such as Sm/N or La/Y) have been effected. 

 

Wider Impactions 

The observation of weak correlations between Sm/Nd and shock has important implications for the use 

of radiogenic isotope chronometers to obtain crystallization ages from shock samples.  The 147Sm–
143Nd isotope system is considered to be one of the most robust chronometers to impact shock 

modification [3].  However, some mineral open system behaviour (i.e., inter- and intra-mineral 

element diffusion) in the Sm–Nd isotope system has been proposed [4].  Norman et al. [4] noted that 
147Sm–143Nd isochrons for lunar samples that include a plagioclase mineral fraction (such as 

anorthosite sample 67215) yielded more scatter than isochrons that only include pyroxene-whole rock 

fractions, indicating that some plagioclase disturbance in the Sm-Nd isotope system has occurred.  The 

typically short duration of impact events (< 1 minute) are unlikely to fully reset Sm-Nd ages, which 

require elevated temperatures at longer time scales to fully re-equilibrate the Sm-Nd isotope system 

(e.g., >0.1 Ma for Nd within 100 μm plagioclase at >1000 oC), however, the weak correlations 

between Sm/Nd and shock state observed in this study suggest that weak to moderate shock 

modification may be sufficient to partially reset/re-equilibrate the Sm-Nd isotope system in 

plagioclase.   
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A deep source of dissolved iron in the ocean during the last deglaciation? 
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Background and Objectives 

Dust input to the ocean has been shown to increase by an order of magnitude on average during the 

last glacial period in tandem with declines in CO2; suggesting a causal link between the efficiency of 

the biological pump and mirconutrient (Fe, Zn) supply1. However, only a very small but highly variable 

proportion of dust-borne Fe is solubilised on deposition in sea water. Solubilisation is affected by a 

range of factors such as the size and nature of the mineral aerosols as well as the presence of ligands in 

the water. In addition, there are clear evidences that dust is not the only source of Fe to the surface 

ocean. Therefore paleo-reconstructions of micronutrient biological availability cannot be solely based 

on sedimentary dust accumulation. So far the lack of a suitable proxy to evaluate changes in 

micronutrient availability has limited our understanding of the role of micronutrient supply in 

modulating carbon cycling. Reconstructing past micronutrient availability in areas like the Southern 

Ocean is crucial to understand the role of dust supply on biological productivity and to assess whether 

biological carbon pump was invigorated during glacial time, hence contributing to atmospheric CO2 

draw-down.  

Laboratory studies have demonstrated that diatoms incorporate trace metals such as Fe and Zn, in 

proportion to their biological availability in sea water2. More recently, I have used the ion microprobe 

technique (Grant IMF396/0510) on settling and sedimentary diatoms to further investigate the 

incorporation of trace-metals in diatom frustules in natural seawater and the subsequent preservation of 

the diatom-bound signal in sediments3. Our results demonstrate that trace metal concentrations in 

sedimentary diatom frustules can be used to track past changes in micronutrient availability in the 

surface ocean. The advantage of using this method in sediment cores is that it would provide for the 

first time a direct measure of past changes in micronutrient bioavailability rather than indirect 

inferences from dust fluxes as it has been the case so far. 

The close synchronicity between atmospheric CO2 variations and Antarctic temperature history 

suggests a tight coupling between carbon dioxide levels and climate in the southern hemisphere high 

latitudes. In the Southern Ocean (SO) deep upwelling of CO2- and nutrient-rich waters at the Polar 

Front Zone facilitates the efflux of CO2 from the ocean to the atmosphere. This release of CO2 to the 

atmosphere is dampened by surface biological carbon fixation utilising the macronutrients (nitrate, 

phosphate and silicic acid) in the upwelled waters. However, biological productivity and nutrient 

utilisation in the SO appear to be severely hampered by the limited availability of micronutrients 

(mainly Fe) partly supplied through dust. 

In this study I proposed to test 2 hypotheses using diatom-bound-Fe: 1) The deep SO was an 

important source of dissolved Fe to the sea surface during the last deglaciation. Dissolved Fe fertilised 

the SO surface and partially offset the CO2 efflux associated with deep upwelling; 2) Dissolved Fe was 

exported to the low latitude where it promoted the biological pump of carbon during the deglaciation. 

       

Results  
The following isotopes were measured in the clean sedimentary diatom samples and in a NIST 

standard for comparison: 23Na, 26Mg, 27Al, 30Si, 54Fe. A total of 460 analyses were conducted on the 

cleaned diatom frustules from 2 sediment cores. Each measurement focussed on a single or a couple of 

isolated diatom frustules. It was therefore important to analyse several diatoms (at least 12) in each 

sample in order to account for the variability in the sample and to obtain statistically significant average 

values. The Fe:SiO2 (ppm) values plotted in the Figure below represent an average of the 12 

measurements made for each sample. Potential terrigenous (clay) contamination and signs of early 

diagenesis were assessed by measuring 27Al in the diatoms frustules and found to be negligible. Al has 

been shown to replace Si in the biogenic silica matrix during synthesis of the frustule and even more so 

during diagenesis after the organism’s death and post deposition4. 
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Figure: (Top right insert) SEM images of clean diatoms from the SO, (bottom right insert) Core locations. (Left 

panel, from bottom to top) Diatom-bound iron concentrations (ppm) in the Subtropical core (orange, 

IMF501/1013, Pichevin et al., in prep.), the Sub-Antarctic core (blue, this study, IMF 585/0516) and the 

Equatorial pacific core (red, this study, IMF 585/0516), Dust input to Antarctica and ice core record of CO2 

concentrations over the last 25,000 years B.P.    
 

1) Iron availability in the Sub-Antarctic zone. We measured diatom-bound Fe concentration in a 

sediment core retrieved from the sub-Antarctic SO (MD84-551), a region where deep upwelling of old, 

CO2 rich water is reported to have occurred during the deglaciation, in order to verify whether increased 

sea surface Fe availability is linked to deglacial overturning events. Our data (blue record) show an 

overall decrease in Fe availability in the sub-Antarctic in tandem with declining dust supply during the 

deglaciation. Superimposed on to this long-term trend, 2 smaller peaks in diatom-bound Fe during the 2 

rapid overturning events indicate a slight increase in dissolved Fe availability probably related with an 

increase in the deep marine source of Fe. Such millennial scale increases in Fe availability are also 

observed in the Sub-tropical core situated directly northward.  

2) Iron availability in the Equatorial Pacific. Intermediate waters that provide nutrients to the low 

latitude upwelling zones such as the Eastern Equatorial Pacific are transformed SO deep water and 

subducted in the sub-Antarctic SO. We measured diatom-bound Fe concentration in a sediment core 

from the Equatorial Pacific (CD38-17) in order to document whether Fe availability increased in the 

low latitude ocean in relation with the documented deep upwelling events in the SO as suggested by the 

subtropical Indian ocean records (Fig. 3, Pichevin et al, in prep). Our data (red record) show neither 

glacial-interglacial trend nor millennial scale variations in diatom-bound Fe in the Equatorial Pacific 

despite documented changes in dust supply to the region (not shown). While this is surprising, this 

could be explained by the fact that Core CD38-17 is close to the Galapagos Islands and therefore 

influenced by Fe supply from the shelf (local conditions) rather than more global atmospheric or 

oceanic circulation changes. These local conditions might conceal changes in global dust input as well 

as dissolved Fe from the Southern Ocean. 

  

Implications of the findings. While the clear discrepancy between the dust records and the new Fe 

biological availability reconstruction (diatom-bound metal) can not always be straightforwardly 

explained (for instance Core CD38-17), it confirms that dust accumulation records can not be used to 

reconstruct past changes in micronutrient availability. For instance productivity variations in the Sub-

antarctic (not shown) during the deglaciations are better explained by changes in  Fe biological 

availability (diatom-bound Fe) from a deep source than by dust inputs. So far, there is no evidence that 

dissolde Fe from the Sub-Antarctic reached the low latitudes and impacted productivity there. 

References. 1. Martinez-Garcia et al. (2009) Paleoceanography 24, doi:10.1029/2008pa001657; 2. Ellwood & 

Hunter (2000) Limnology and Oceanography 45, 1517-1524; 3. Pichevin et al.. (2014) Nature Geoscience 7, 541-

546, doi:10.1038/ngeo2181; 4. Lal et al. (2006) Geochimica Et Cosmochimica Acta 70, 3275-3289  
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Abstract 

The Father’s Day 2007 eruption at Kīlauea Volcano, Hawai‘i, is an unprecedented opportunity to align 

geochemical techniques with volcano monitoring data collected by the Hawaiian Volcano Observatory 

(HVO). Increased CO2 emissions were measured during a period of inflation at the summit of Kilauea 

in 2003-2007, suggesting that the rate of magma supply to the summit had increased [1]. The June 2007 

Father’s Day eruption in the East Rift Zone (ERZ) occurred at the peak of summit inflation. The bulk 

rock composition of the lavas erupted are >8.5 wt% MgO compared to a typical 7.0-7.5 wt% for con-

temporaneous Pu‘u‘O‘o ERZ lavas. It offers the potential to sample magmas that have ascended on 

short timescales prior to 2007 from the lower crust, and perhaps mantle, with limited fractionation in 

the summit reservoir. The melt inclusion chemistry shows homogenised and narrowly distributed trace 

element ratios, medium/low CO2 abundances and high concentrations of sulfur (unlike typical ERZ 

magmas). We use diffusion modelling of volatile elements and major and minor element zoning in the 

olivine crystals to determine timescales of storage in the summit reservoir and lateral dike intrusion to 

the ERZ. We compare these timescales with those observed by geophysical monitoring.  

 

Methodology 

The quenched crust of the lava flow (top ~5cm) was col-

lected from the Father’s day lava effusion site, approxi-

mately 10km along the East Rift Zone (ERZ) from the 

Kīlaeua summit calder. Samples were crushed by hand, ol-

ivine crystals picked and each crystal was individually 

double polished to expose melt inclusions (MIs) (Figure 

1) for XANES analysis and SIMS. Olivine-hosted glassy 

MIs both with and without visible shrinkage bubbles were 

analysed. Those with bubbles were analysed for CO2 by 

Raman Spectroscopy (Cambridge). MIs and matrix glass 

(MG) were analysed  for a full suite of trace elements, 

CO2, H2O and F using the 4f-ion probe (SIMS, Edin-

burgh), and major elements, Cl and S using electron micro-

probe (EPMA, Cambridge). Major and minor elements in 

olivines crystals were analysed by EPMA in Cambridge 

on core to rim profiles. 

 
Results  

Fathers day lava exhibits the highest bulk MgO wt% (8.5 

wt%) at the ERZ since Pu’u’O’o in 1998 [2] and MI have 

up to 10wt% MgO. The Mg number of the matrix glass 

quenched around the olivine crystals is higher than the 

Pu’u’O’o matrix glass and is not in equilibrium with the 

olivine Fo% or MI composition. It is also higher than MIs 

collected during the opening of the Halema’uma’u 

(HMM) summit lava lake in 2008 (Figure 2). FD MIs 

show a fairly depleted mantle trace element signature, with 

low LREE/HREE (La/Yb 4-8). This is the same range as 

HMM in 2008 and historic summit eruptions but less 

LREE-enriched than high fountaining eruptions Kilauea 

Iki and Mauna Ulu [3]. The volatile signature of FD MIs 

is similar to HMM 2008, it is fairly degassed in CO2 

(400ppm) but has up to 0.7 wt% H2O (Figure 3a), which 

Figure 1: Scanning Electron Microscope 

image of an olivine crystal with hosted melt 

inclusions. SIMS pits are visible in MIs.  

Figure 2: Rhodes plot with EPMA measure-

ments of MgO and FeO wt% in MI, MG and ol-

ivine cores for FD and HMM. Kd = 0.3+/-10% 

for olivine Fo% in equilibrium with carrier 

glass Mg#. 
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is some of the highest water measured at Kilauea [3]. FD 

is particularly rich in S (1700 ppm) [2] which appears to 

be un-degassed compared to H2O (Figure 3b). 
 

Discussion 

(1)The MgO wt% of the FD MIs indicate that olivine crys-

tals grew and trapped MIs in MgO-rich conditions. The 

carrier liquid MG is not in equilibrium with the crystal 

cargo. This suggests FD olivines grew in the summit res-

ervoir during the MgO-rich magma surge event, but were 

transported to the ERZ by low-MgO, cooler magma be-

fore eruption (Figure 2). Diffusion modelling of major 

and minor elements within the olivine crystal agrees with 

this theory. Diffusion timescales suggest that growth of 

the olivine cargo was on the order of months to years dur-

ing the surge event, but transport to the surface at the ERZ 

was in a matter of hours, in agreement with geophysical 

observations. 

 

(2) The CO2 and S volatile systematics of the FD eruption 

are similar to the summit reservoir. However, while CO2 

shows degassing during entrapment of the MIs, the H2O 

trend could be due to either degassing or diffusive re-

equilibration of hydrogen through the olivine crystal (Fig-

ure 3a). This may also explain the S-H2O trend (Figure 

3b): MIs are undegassed in S over the full range of olivine Fo%, while H2O, despite having similar 

saturation systematics to S, appears to be variable. H-diffusion through olivine is fast (hours/days) and 

so the range in H2O in the MIs may not be due to degassing during MI entrapment but rather diffusive 

H re-equilibration of the MIs to low pressure MG degassed concentrations on ascent. The range in MI 

H2O wt% indicates that re-equilibration has not reached completion and so storage at low pressures must 

have been limited to <day. 

 

Conclusions 
FD MIs represent summit reservoir magma accumulated during the mantle surge 2003-07. Olivines 

grew and trapped MIs in MgO-rich magma but were carried by a lower MgO magma to intrusion in the 

ERZ. H2O is not completely equilibrated to shallow storage pressures so the FD olivines and host melts 

ascended quickly from the summit reservoir to eruption. This is in agreement with diffusion modelling 

of the major and minor element zoning in the olivine crystals and short timescales of intrusion obtained 

from geophysical observations.  
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Figure 3a, b: SIMS MI and MG analyses of 

CO2, H2O, and S (EPMA), with modelled So-

lEx degassing trend [4]. 
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Introduction 

This work aimed to characterise the volatile concentrations recorded in apatite crystals and melt 

erupted during the Laacher See Tephra eruption from the Eifel region, Germany to: further understand 

volatile evolution of the zoned magmatic system; and to test our experimentally-determined apatite–

melt exchange coefficients for OH, F, and Cl.  

 

The Laacher See eruption 

The Laacher See eruption tapped a strongly compositionally-zoned magma column that comprised 

highly-differentiated phonolite at the top and mafic phonolite at the base, as evidenced by systematic 

variations in phenocryst abundances and major and trace element chemistry throughout the stratigraphic 

sequence [1]. Significant volatile zonation within erupted products has also been noted [1,2], and phase 

equilibria experiments suggest that the LST magma was H2O-saturated at the top of the chamber but 

undersaturated at higher pressures [2,3]. The range of volatile abundances, as well as the systematic 

zonation of volatile contents within the eruptive stratigraphy, were thought to be an ideal test case for 

our experimental partitioning data.  

 

Samples and analysis 

We analysed apatite and glass compositions from the: most differentiated, phonolitic magma that 

was erupted during the initial Plinian phase, the Lower Laacher See Tephra (LLST); the intermediate 

phonolite that was erupted during the main Plinian phase, the Middle Laacher See Tephra (MLST); and 

the crystal-rich, mafic phonolitic magma that was erupted during the late-stage phreatomagmatic phases, 

the Upper Laacher See Tephra (ULST). The apatite microphenocrysts between 44 and 250 microns were 

extracted from pumice clasts using density separation techniques. H, C, Cl, F, Na, Ca, Si, Mn, Mg, P, Y 

were analysed the apatite microphenocrysts and matrix glasses and using the ionprobe. We also analysed 

a few melt inclusions in crystals from LLST and ULST.  

 

Melt compositions 

Major and trace element glass data 

confirm the compositional variation through 

the sequence with the most evolved 

phonolitic melt tapped first with a more mafic 

phonolite erupted in the later stages of the 

eruption, but there is significant mixing and 

mingling of the melts (Fig. 1). The volatile 

concentrations do not show clear variation 

through the sequence as previously suggested 

[2] with all samples showing a similar wide 

range in most elements (Fig. 1).  

 

 

 

Apatite compositions 

All the apatite major and trace element data collected, using the ionprobe and electron microprobe, 

show no clear differences in the apatite composition through the stratigraphy. The compositions suggest 

that all the apatites grew within the same compositionally variable melt. Preliminary estimations using 

partition coefficients for Ce and La [4] show that the apatites in the LLST and MLST are not in 

Figure 1: Melt compositions vertically through the Laacher 

See Tephra sequence collected on the ionprobe (SIMS) and 

electron microprobe (EMP). 
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equilibrium with the carrier melt, and the compositions are more likely to have crystallised in the ULST 

melt.  

 

Apatite-melt volatile partition coefficients 

 Our new partition coefficients [5] combined with data from the literature, show OH-Cl and OH-F 

exchange are very dependent on temperature, with an increased preference for the OH component at 

higher temperatures. These partitioning experiments were done at 1250oC and the Laacher See system 

was ~750-850oC, which means these Laacher See data cannot be used validate the new Nernst partition 

coefficients.  

 

The Laacher See magmatic system 

Two volatile trends can be identified in the apatite 

microphenocrysts, with most displaying positive 

correlation between XF/XOH and XCl/XOH, and XF/XCl 

showing little variation with XCl/XOH (Fig. 2) These trends 

are consistent with volatile-undersaturated crystallisation 

[cf 6,7]. Another trend, observed in many the smaller 

crystals (<90 microns), extends to high XF/XCl and XF/XOH 

at low XCl/XOH and reflects volatile-saturated conditions 

[cf 6,7] (Fig. 2). This shows that the apatite crystals record 

crystallization at both volatile-undersaturated and 

volatile-saturated conditions [6,7]. The diffusivities of the 

halogens are thought to be rapid for intra-crystalline 

exchange [8] therefore, the apatites are likely to re-

equilibrate on the order of months. Given that only some 

of the crystals, and mostly the smaller crystals, record 

volatile-saturation it implies that that the system was 

probably volatile-undersaturated until shortly before the 

eruption.  

The wide variation in the melt volatile and apatite 

compositions indicate mixing and mingling of melts 

within the magmatic system. This is more consistent with 

a ‘wholesale mush collapse’ model disturbing multiple 

pockets of melt [e.g. 9] instead of the successively tapping 

a zoned magmatic system.  
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Figure 2: Apatite volatile concentrations 

in the Laacher See Tephra. Small crystals 

are <90 microns.  
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Scientific Report: Zircon is a ubiquitous and robust mineral that survives multiple sedimentary cycles 

with little modification to its isotopic composition. This feature makes zircon the perfect archive for 

recording changes in crustal processes over deep time. In particular, oxygen isotopes in zircon inform 

on the degree to which a magmatic system has incorporated supracrustal material. That is because 

oxygen isotopes are highly fractionated by near surface processes, resulting in sedimentary and 

meteoric-altered crystalline rocks becoming strongly enriched in 18O, especially during the formation 

of clays [1, 2]. When these materials are assimilated into magmatic systems the δ18O composition of 

the magma also becomes isotopically heavy with the δ18O VSMOW of sedimentary rocks ranging 6-

40‰ [4]. In contrast, the mantle δ18O signature is narrowly constrained between 4.7‰ and 6.0‰ [3]. 

Any significant increase from the mantle value in zircons with concordant U-Pb ages is conventionally 

interpreted to result from incorporation of supracrustal material [5], i.e. plate tectonic recycling. 
 

Work over the past decade has shown that the maximum δ18O value of zircons has increased through 

geologic time, indicating secular evolution of supracrustal reworking in Earth’s magmatic systems [5, 

6]. Archean δ18O values in zircon remain relatively subdued with maximum values ~8‰ [5, 7].  Then, 

sometime between 2.5 and 2.1 Ga, the maximum values seem to rise to ~14‰ and remain relatively 

constant to the present [6, contra interpretation of continuous increase in δ18O-envelope from an 

earlier, smaller Proterozoic-Phanerozoic database in reference 5].  
 

This Archean-Paleoproterozoic step-function represents either a secular shift in sediment composition 

[5] or else change in the magnitude or pattern of supracrustal reworking via tectonic processes [6].  

However, the interval spanning this change in data structure is notable for low n relative to earlier and 

later ages; so the structure and precise age of this change is uncertain.  Even if this data gap reflects 

tectonic preservation bias [8], filling it and other database gaps is crucial to hypothesis testing.   
 

Conventional interpretations of the zircon- δ18O database infer transfer of high- δ18O in altered 

supracrustal material (e.g., clays) to the lower crustal recycling factory or the subduction wedge.  

Alternative shuttles for incorporation of high- δ18O zircon into granitoid melts deserve closer 

inspection.  For example, we are intrigued that the rise in atmospheric oxygenation, known as the 

Great Oxidation Event [9], essentially coincides (within δ18O data gaps) with the fundamental shift in 

the zircon-δ18O database.  If that δ18O zircon data gap can be filled in, significant δ18O increase should 

date closer to 2.2 Ga, since atmospheric oxygenation began ca. 2450 Ma (diminished MIF S) but 

accelerated <2320 (absent MIF S) and <2219 Ma (redbeds, oxidised palaeosols, MnIV, sulphates).  
 

Oxygen isotopic analyses of 2.5-2.2 Ga detrital zircons from southwestern Australia better constrain 

zircon-δ18O rise [10]. These data show a step change in δ18O with ~50 Ma time lag from the 

disappearance of mass-independent fractionation of sulphur isotopes and enhanced deposition of 

marine sulphate, marking the Great Oxidation Event.  Our data will test a hypothesis [11] in which 

formation and subsequent subduction of marine sulphate shuttles enriched 18O directly from distilled 

atmospheric oxygen into marine sulphates, clays, and marls.  This alternative mechanism [12] may be 

partly responsible for the now-well-dated, early Palaeoproterozoic strong shift in zircon δ18O values. 
 

References: [1] Lawrence G (1970) Phys. Rev. A2: 397–407; [2] Land LS, Lynch FL (1996) Geochim. Cosmochim. Acta 60: 

3347–3352; [3] Valley JW et al. (1998) Contrib. to Mineral. Petrol. 133: 1–11; [4] Eiler J (2001) Reviews in Mineralogy and 

geochemistry; [5] Valley JW et al. (2005) Contrib. to Mineral. Petrol. 150: 561–580; [6] Spencer CJ et al. (2014) Geology 

42: 451–454; [7] Kirkland CL et al. (2010) Lithosphere 2: 3-12; [8] Hawkesworth et al (2009) Science 323: 49-50; [9] Kump 

LR (2008) Nature 451: 277–278; [10] Spencer CJet al. (in preparation); [11] Raub TD et al. (in preparation); [12] Spencer CJ 

et al. (in submission) Nature Geosciences 
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K-Ca dating in biotite 
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Background and aims 

 
A 1-day pilot ion microprobe study was undertaken in April 2016 to assess the viability of dating 

biotite mica using the K-Ca decay system. This followed submission of a full proposal titled “Dating 

mid-crustal shear zones using K-Ca on mica and the development of a new mineral exploration tool”, 

which was considered by the steering committee to require pilot work prior to resubmission of the 

proposal. 

 

The absolute age dating of ductile deformation has been achieved convincingly using Ar-Ar, Rb-Sr, 

and U-Pb isotope systematics. There are two approaches that can provide evidence that radioisotope 

systems are recording the age of deformation. The first is to prove quantitatively that crystal-plastic 

deformation induced isotopic disturbance of the micro-analytical volume and modified 

parent/daughter isotopic ratios. The second is to prove texturally that the chosen mineral chronometer 

defines a penetrative recrystallization fabric or a shear sense indicator. A common problem of the 

decay systems with volatile radiogenic daughter products (e.g. Ar-Ar) is that deformation-induced 

diffusional resetting may yield significantly complex age patterns. For that reason, decay systems with 

more retentive daughter products are preferred (e.g. U-Pb, Rb-Sr). An underutilised isotope system for 

the age dating of deformation and metamorphic events is the K-Ca system. In more detail, 40K 

undergoes a branched decay to 40Ar (10%) and 40Ca (90%) giving rise to K-Ar and K-Ca decay 

schemes. So far, the K-Ca isotope system has been applied successfully as a geochronometer of high 

K/Ca igneous, metamorphic, and authigenic minerals and in one study isotopic microanalysis using 

ion microprobe has been used [1]. 

 
The main aim of this study was to test if the in-situ K-Ca age dating of fabric-forming and syn- 

kinematic potassic micas can be used to directly date deformation in mid-crustal environments. This 

will be tested on well-characterized samples from greenschist to amphibolite facies, biotite-rich 

mylonitic zones, which are spatially related with globally significant Ni-Cu-PGE sulphide ore bodies 

in the highly deformed South Range of the Sudbury impact structure (Sudbury, ON, Canada).  

 

Samples 

 

The two structures under investigation are the Six Shaft and RAR shear zones that crop out in 

Creighton Mine (southern part of the Sudbury impact structure). The Six shaft shear is a km- scale, 

biotite-rich mylonitic zone that exhibits a strain gradient from proto-mylonites up to the local 

 
Fig 1. Collage of photomicrographs that depicts (a) Syn-kinematic biotite mica fish from the Six shaft 

shear zone, with red spots indicating spots for ion microprobe analysis, (b) scanned thin section from a 

Biotite-rich mylonite from the RAR shear zone. In this scale is evident a strong shape preferred 

orientation of the biotite flakes that define the mylonitic fabric. 
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development of ultra-mylonitic bands. The RAR shear is a steeply dipping structure with a penetrative 

mylonitic fabric defined by calcic amphibole (ferro-hornblende) and biotite grains. Microstructural 

observations show that both structures contain potassic micas with consistent synkinematic 

relationships, including mica fish, and biotite grains with strong shape preferred orientation that define 

the mylonitic fabrics (Fig. 1). Previous work on the samples provides independently constrained age 

data with which to compare the K-Ca results. Preliminary U-Pb isochron age data from titanites with 

strong shape preferred orientation, which we interpret to record syndeformational growth, yield ages 

of 1672 ± 53 Ma and 1663 ± 66 Ma in the Six Shaft and RAR shears respectively. 

 

Results and outlook 

 

K-Ca isochrons with at least six analyses were measured, and ages calculated from four samples: two 

from the Six shaft shear zone, and two from the RAR shear zone (Fig 2). In all cases, the isochrons 

give precisions of c.1%, which demonstrates analytically that the method produces good quality and 

reproducible data. In terms of accuracy, the ages are all much younger than the titanite U-Pb ages. 

This was an unexpected result and demonstrates that the closure temperature for Ca in biotite must be 

low. The area is ca.7km north of the Grenville Front and hitherto there had been no recorded thermal 

overprint of the area. These new data imply that this is not the case and so low T Grenvillian 

overprinting should be taken into consideration in future studies of the southern part of the Sudbury 

impact melt sheet and its mineralisation. Further work on white mica, which will have a higher closure 

temperature for Ca, is likely to be the best way forward for dating ductile shear zones that are above 

greenschist facies or have been subjected to later thermal overprinting. Biotite K-Ca dating could be a 

useful addition to low temperature geochronometry. 

 

 

 

Fig 2. K-Ca isochrons from biotites within the Six shaft shear zone (samples 15 and 1403 – red 

spots) and RAR shear zone (samples PL7 and PL19 – green spots) 

References 
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Scientific Report 

The transfer of H2O and other volatile compounds between the Earth’s mantle and surface reservoirs 

regulates the planet’s biological, geological, and thermal evolution. The largest volatile fluxes between 

mantle and surface reservoirs occur at subduction zones, but the magnitudes of these fluxes are the 

most poorly constrained (Parai and Mukhopadhyay, 2012). The objective of this study is to understand 

the underlying processes controlling the flux of volatiles and other elements from the slab to the sub-

arc mantle in Chile’s Southern 

Volcanic Zone (SVZ). These results 

will then bear on global estimates of 

mantle-to-exosphere volatile fluxes, 

and the general elemental fluxes 

from the slab to the continents and 

mantle. The SVZ (Fig. 1) provides 

an ideal natural laboratory to target 

as it is one of the best understood 

continental arc systems, has varied 

but well constrained physical 

subduction parameters, and because 

it is possible to obtain a dense and 

widespread set of samples from this 

region which bear olivines with 

relatively primitive compositions 

(Fig. 2). 

 
We analysed multiple melt 

inclusions from 12 different sample 

sites including arc-front stratovolcanoes, arc-front monogenetic cones, and rear arc monogentic cones, 

with the general goal of obtaining a suite of analyses with diverse slab and mantle sources.  The 

diversity among these samples allows us to understand the full range of slab processes occurring in the 

SVZ. A total of 125 MIs were analysed for H2O, CO2 and light trace element compositions, and about 

half of these MIs were also analysed for heavy trace elements and 11B. 

 

The B inventory of arc magmas is derived primarily from sources in the slab (sediment, altered 

oceanic crust, and serpentinite). Alteration on the ocean floor produces elevated 11B in ocean crust 

and serpentine, and extraction of B into a fluid phase following subduction further magnifies B 

isotopic fractionation. These compounded effects produce elevated 11B (typically 0<11B<10) in arc 

basalts (e.g. Jones et al., 2014). Therefore B and B isotopes can be used as tracers for the slab 

component in the Chilean magmas. As water is believed to be primarily sourced from the downgoing 

slab, our hypothesis therefore is that the concentration of H2O (relative to other elements with similar 

partition coefficients during mantle melting) will co-vary with 11B. Following this logic, we 

hypothesise that the rear arc samples which have the least evidence for a slab influence to have 11B 

similar to MORB (-5<11B<0), or perhaps similar to enriched mantle domains, which may have 11B 

extending to below -10 (Walowski et al., in prep). This interpretation would be additionally verified 

based on covariation of either H2O contents or 11B with trace element ratios sensitive to slab 

contributions (Pb/Ce, B/Be, La/Nb, etc.). Our plan is to use our new data to test this hypothesis. 

Testing this hypothesis will allow us to quantify the slab flux and by comparing volcanoes from along 

and across the arc to interrogate which physical subduction zone parameters control it (e.g., slab dip, 

depth and convergence rate, mantle thermal structure). We are still working on the data but 

preliminary results are shown below. 

 
Figure 1: Map of our sample set from Southern SVZ region.  

Samples are taken from both stratovolcanoes and small eruptive 

centers (SECs) on the arc-front, as well as monogenetic cones from 

the rear-arc. LOFZ = Liquiñe-Ofqui Fault Zone. 
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Preliminary results 1 

   

        
 

 
Of the 125 MI analysed for CO2 and H2O, 26 retained CO2 concentrations >500 ppm (figure 3a), 

indicating entrapment pressures likely greater than 3 km depth in the crust.  16 of these high CO2 MI 

were also possible to analyse for 11B, and for these samples there is a clear correlation between 11B 

and H2O/Ce.  It may thus be possible to use 11B as a robust proxy for H2O transfer to from the slab to 

the mantle source of arc volcanics.  Such a tool would be invaluable, due to the difficultly of locating 

undegassed MI in arc settings. 11B, unlike H2O, is not likely to be fractionated by crustal processes. 

 

Preliminary results 2  

Other notable observations thus far include correlations between 11B and various other trace element 

concentrations and ratios.  Generally 

speaking, these correlations appear to 

indicate a single slab component 

mixing in variable proportions among 

arc front and rear arc volcanics.  

Notably, the 11B in the SVZ extends 

to more negative values than observed 

in other arc settings (Figure 4), 

potentially due to an enriched mantle 

source, as proposed by Turner et al. 

(in review).  Also notable is the 

differing chemical systematics of the 

Apagado cone, which most likely 

samples the forearc mantle In the 

southernmost portion of the study 

region.  11B values from this cone form an array that is perpendicular to the rest of the SVZ (Figure 

4), and likely sample a slab component that is more dominated by an aqueous fluid, as proposed by 

Watt et al. (2013).  Thus far these results otherwise appear most consistent with a slab component that 

is dominated by a hydrous melt in both the arc from and rear arc.  
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[1] R.A. Berner et al. (1983) American Journal of Science 283, 641-683 

[2] M.E. Raymo and W.F. Ruddiman (1992) Nature 359, 117-122 

 

 

44



Tracking volatiles in the OIB mantle source with B isotopes 

 K. Walowski,1,2*, L. Kirstein1, J.C.M. De Hoog1, T. Elliot3, & I. Savov4 

1School of GeoSciences, University of Edinburgh, Edinburgh EH9 3JW, UK  
2*Department of Geology, Middlebury College, Middlebury, Vermont 05753, USA (current affiliation) 

1School of Earth Science, University of Bristol, Bristol BS8 1TH, UK 
4School of Earth and Environment, University of Leeds, Leeds LS2 9JT, UK 

Introduction 

 Recycling of the lithosphere at subduction zones drives the chemical evolution of the Earth’s mantle 

supplying both solids and volatiles (e.g., H, C, S, Cl) to the Earth’s interior. Yet, how this recycled 

material influences mantle heterogeneity remains unclear. Extensive trace element and radiogenic (Sr, 

Nd, Pb, Hf, Os) isotope work on mid ocean ridge basalts (MORB) and ocean island basalts (OIB) has 

shown that the mantle is not homogeneous, and preserves signs of recycled components including 

sediments, altered ocean crust and foundered lower continental crust. However, geochemical signatures 

from a primordial mantle interior, little changed since the Earth’s formation, with high 3He/4He isotopic 

ratios, also persist and are detected in ocean island basalts. The recognition of distinct, yet internally 

heterogeneous, reservoirs forming the ‘mantle zoo’ of compositional heterogeneity, is characterized by 

4 main endmembers that are sampled by OIB (Figure 1A): EM1 (enriched mantle 1), EM2 (enriched 

mantle 2), FOZO (focal-zone type OIB), and HIMU (high-μ, U/Pb enriched; e.g., [1]). These reservoirs 

are commonly distinguished by their radiogenic isotope compositions (e.g., Figure 1A), but these 

elements tell us little about the volatile character of the recycled components.  

 Boron (B) isotopes could be an ideal tracer of recycling because it behaves similarly to volatiles 

during high-temperature processes, should only be fractionated at/near the Earth’s surface, and any 

addition into the mantle by recycling will have a strong influence on mantle compositions which are 

characterized by very low B concentrations <0.2 ppm and δ11B ~-7‰ [2,3]. B is also considered resistant 

to high temperature perturbations en route back to the surface. Traditionally, B isotope work has been 

accomplished with bulk silicate dissolution 

and TIMS techniques. However, these 

techniques require large amounts of material 

which are often affected by seawater 

alteration, are potentially degassed, and do 

not allow for the correlation of volatile (H2O, 

CO2, Cl, and F) and fluid mobile elements 

and B isotopes within the same sample. In 

this study, we utilize in-situ analyses of 

submarine basaltic glasses (Figure 2A) and in 

particular, glassy melt inclusions 

(microscopic blobs of magma trapped in 

growing crystals beneath the surface; Figure 

2B), which is only possible with the SIMS 

instruments available at the IMF facility at 

the University of Edinburgh. Here, present 

the initial results from our NERC funded 

proposal (NE/M000427/1) in which we 

created the first comprehensive B isotope and 

volatile dataset. 

  With our new dataset, which includes 

B isotope compositions and volatile 

concentrations for each of the main OIB 

endmembers described above (global 

locations of all samples analysed shown in 

Figure 1B), we aim to better understand the 

source, processing, and volatile character of 

chemical heterogeneities in the mantle.  

 

Figure 1: A) The ‘mantle zoo’ based on Sr and Pb 

isotope systematics, and B) the locations of samples 

used in this study. 
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Initial Results 

 Figure 3 summarises key results of δ 11B 

data collected at the Edinburgh IMF facility 

during this study. We found it was necessary 

to measure between 10-20 melt inclusions to 

obtain sufficiently well-defined fields for 

individual ocean islands. This is exemplified 

in Figure 3 by resolving isotopically light, La 

Palma melting inclusions from MORB-like 

values at Reunion. Our data also illustrate that 

melt inclusions protect the primary magmas 

from contamination during ascent to the 

surface (see bulk glass and MI from the same 

locality in Figure 3), providing better 

estimates of initial δ 11B than for previous bulk 

glass studies (i.e., Iceland and Azores; Figure 

3). Our data show a well-behaved distribution 

relative to the recently redefined MORB 

datum.  We find that the studied OIB magmas 

have B that is isotopically lighter and heavier 

than the upper mantle as estimated by MORB.  

The one exception is Reunion, which lies 

within the MORB range, but is distinct 

amongst our samples for having a so-called 

DUPAL signature.  We attribute the 

isotopically variable boron signature to reflect 

different recycled components. Further work in comparing our boron isotopic measurements with the 

volatile and bulk geochemical analyses, will allow us to shed more light on the nature and amount of 

volatile recycling into different mantle components.  
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Figure 2:  Examples of prepared 

samples. (A) Photomicrograph 

of a polished submarine glass 

shard from St. Helena. (B) 

Photomicrograph of an exposed 

olivine-hosted melt inclusion 

from Piton Caille, Reunion. 

Melt inclusions from this sample 

are large (~100 µm on average) 

and glassy. 

 

 

Figure 3:  The B isotope composition of selected OIB from 

this and previous studies. The coloured symbols represent 

data collected in this study (explained in legend). Each 

symbol is a calculated average from 10-20 melt inclusions 

(MI; filled symbols), or 5 repeat analyses on a single glass 

shard (open symbols) with 2 error bars. Data from the 

literature is plotted as boxes which represent the value and 

uncertainty published by each author [2][3][4][5][6]. 
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