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The studied area is located at 35 km of north Kashmar, NE 

Iran. The main geological formations in the area consist of 
Tertiary volcanic rocks with basaltic andesite to rhyodacite 
composition. In this area As-Sb-Au mineralization occurred in 
acidic tuff and further more than two hot springs was 
observed. In some villages at Khuhsorkh district 
concentrations of arsenic in spring water samples were 
determined to range between 10 � 650 ppb, exceeding EPA 
and WHO (2007) limits. Then 4 stream sediment from 
polluted district was sampled in order to distinguish the 
arsenic bearing minerals in the sediments. Concentration of 
arsenic in these samples has been measured between 8-65.3 
ppm that correlate with the Fe contents in the samples. 
Mineralogical investigations with the help of reflected 
microscopy show that the main ore minerals that may contain 
arsenic are magnetite, hematite, oxidized pyrite and 
arsenopyrite. Based on XRD results quartz and calcite are the 
main minerals in the sediments also albite, muscovite, 
montmorionite, hematite and gypsum are the subordinate 
minerals. Oxidized pyrite, iron oxides, arsenopyrite, gypsum 
and carbonate in the sediments samples seem to be as the main 
arsenic sorbent minerals. Detail mineralogical investigation to 
find arsenic concentration in the above minerals is measuring 
by EPMA and SEM. 
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Sorption and diffusion of radionuclides in the deep 

geological environment are key processes to be understood for 
the safe geological disposal of radioactive waste. To set 
reliable parameters for the safety assessment, it is necessary to 
establish a reliable method for experimental evaluation and 
model prediction of sorption and diffusion. The aim of the 
present study is to provide a comprehensive experimental and 
modeling approach to evaluate the ionic diffusion and 
retardation parameter for the sedimentary rock in the 
Horonobe generic underground research laboratory in the 
northernmost region of Japan.  

Diffusion coefficients (De) and rock capacity factors (α) of 
137Cs+, 125I- and HTO in the intact rock samples (HDB-6,  
 -546m) were measured under different salinity conditions by 
through diffusion tests coupled with multiple curve analysis 
including tracer depletion, breakthrough, and depth 
concentration curves. The De values obtained for Cs were on 
the orders of 10-10 m2/s and decreased as salinity increased, 
and those for I were on the order of 10-11 m2/s and showed the 
opposite dependency. The De values for HTO were not depend 
on the salinity. Batch sorption tests for 137Cs were also 
conducted to confirm sorption kinetics and concentration 
dependence. The distribution coefficients (Kd) of Cs showed a 
consistent decreasing trend with salinity between diffusion and 
batch sorption tests. 

Diffusion and sorption behaviors were modeled based on 
the clay-based approach, assuming clay components of 
smectite and illite as dominating mineral for diffusion and 
sorption mechanism. The electrical double layer model was 
applied to explain the observed De trends, the effects of cation 
excess and anion exclusion. For sorbing Cs, sorption behavior 
was modeled by using the additive ion-exchange model of 
smectite and illite. The model predicted the De and Kd values 
obtained by the series of experiments reasonably well, 
implying the key contribution of the clay particle and nano-
size pore for ionic migration in the rock. 

 
This study was partly funded by the Ministry of Economy, 

Trade and Industry of Japan. 
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The discovery of extra-solar super-Earths has prompted 

interest in their possible mantle dynamics and evolution, and 
in whether their lithospheres are most likely to be undergoing 
plate tectonics or be stagnant lids. Unfortunately the origin of 
plate tectonics on Earth is poorly understood, which makes it 
impossible to make reliable predictions for other planets. 
Nevertheless, as a starting point it is common to parameterize 
the complex processes involved as a simple yield stress that is 
either constant or has a linear �Byerlee�s law� dependence on 
pressure (e.g., [Tackley, GCubed 2000ab] in 3D cartesian 
geometry; [van Heck and Tackley, GRL 2008] in 3D spherical 
geometry). For such a simple description, scaling with planet 
size is expected to depend on heating mode (internal versus 
basal) and lithospheric strength profile. Simple scaling laws 
(e.g., Moresi and Solomatov, GJI 1998) suggest that the 
threshold for plate tectonics (i.e., yield stress or friction 
coefficient) does not depend strongly on planet size, and plate 
tectonics is equally likely or more likely for larger planets.  

Because the simplifying assumptions made in developing 
analytical scalings may not be valid over all parameter ranges, 
numerical simulations are needed. Here we present new 
calculations of convection with yielding-induced plate 
tectonics for varying planet size, focusing on the idealized 
endmembers of internal heating or basal heating as well as 
different yield strength profiles, and compare results to 
analytical scalings. Results verify the analytical prediction that 
plate tectonics is equally likely or more likely on larger 
planets, although the details (e.g., power-law exponents) are 
somewhat different than predicted. 

In Earth, physical properties such as density, thermal 
expansivity, thermal conductivity and viscosity change 
strongly with pressure so that their values change substantially 
between the surface and the CMB, and many modelling 
studies have shown that this has a strong effect on convection. 
On super-Earths this will be even more pronounced. Thus, in a 
second set of calculations, we include reasonable variations of 
physical properties with pressure for planets up to twice Earth 
radius, and show that they have a strong effect on convection. 
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Karkas Mountain is located 85 kilometers North of Isfahan 

city in Central Iran. The study area exposes a sequence of 
Cenozoic magmatic rocks of calc-alkaline series. This 
sequence is a part of a long volcano-plutonic belt in Iran 
(Uroumia-Dokhtar Volcanic Belt). Some hydrothermal 
alterations occur in the volcanics of the study area. In northern 
parts of area there is a thick and widespread sequence of 
volcanic and pyroclastic rocks with some tuffaceous 
sediments, which builds up the Karkas Mountain. Some 
volcanics in this area are subjected to hydrothermal alteration 
including kaolinitization and alunitization. The altered rocks 
are characterized by an assemblage of alunite, kaolinite and 
quartz, which is typical of advanced argillic alteration. 
Geochemical results suggest that the alunite is a solid solution 
between alunite [K Al3 (SO4)2 (OH) 6] and natroalunite [Na 
Al3 (SO4)2 (OH) 6]. The alunite formed at a higher temperature 
is usually high in sodium content [1]. These samples also 
contain minor amounts of P2O5 .The occurrence of phosphate 
and/or aluminum - phosphate in the fine grained alunite is a 
unique attribute of advanced argillic alteration in a magmatic 
hydrothermal environment [2] (Rye and Beth lce 1992). 
Mineralogical study suggests that the hydrothermal alteration 
in this area occur in a magmatic hydrothermal environment. 

 
[1] Stoffregen (1987) Econ. Geol. 82, 1575-1591. [2] Rye & 
Bethke (1992) Econ. Geol. 87, 225-262. 
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The Miduk porphyry copper deposit is located 85 km 

northwest of the Sarcheshmeh porphyry copper deposit in 
Kerman province. The deposit is hosted by Eocene volcanic 
rocks of andesite-basalt composition and porphyry-type 
mineralization is associated with two calc-alkaline intrusive 
phases (P1 and Miduk porphyry) of Miocene age. Five 
hypogene alteration zones at the Miduk deposit are 
distinguished including magnetite-rich potassic, potassic, 
potassic-phyllic, phyllic and propylitic. The high intensity of 
mineralization occurs as disseminated and stockwork in the 
Miduk porphyry intrusive phase. On the basis of shape and 
number of phases, five major fluid inclusion types have been 
identified in quartz crystals including multiphase brine, 
opaque-bearing brine, simple brine, vapor-rich and liquid-rich 
inclusions. Based on the petrography and crosscutting 
relationship, the multiphase brine inclusions (halite+ multiple 
opaque and transparent solid phases) are formed in the early 
stage of deposit with potassic alteration zone. The highest 
homogenization temperature and salinity (450-500°C, 50-60 
wt% NaCl) are present in this type of inclusions. The final 
homogenization temperature and salinity of opaque-bearing 
brine inclusions is 400-500°C and 40-60 wt% NaCl, 
respectively. Boiling identified at the Miduk porphyry copper 
deposit by coexisting opaque-bearing brine and vapor-rich 
inclusions that constrained copper deposition at a temperature 
range of 400-500°C and pressure 200-400 bar. The final 
homogenization temperature of majority of brine inclusions is 
indicated with halite disappearance and display a positive 
correlation between final homogenization temperature and 
salinity of these inclusion types at the Miduk deposit. On the 
basis of stratigraphy sequences and fluid inclusion data, the 
emplacement depth of the Miduk deposit is about 2.5 km. 
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According to the mineralogical and petrographical studies 

of High Zagros igneous rocks related salt deposits, they have 
complex mineralogical composition. The minerals assemblage 
in these rocks are formed in three stages, 1. Magmatic stage 
(plagioclase, clinopyroxcene, apatite), 2. Late magmatic stage 
(amphibole, biotite, quartz, albite, calcite and sphene) and 3. 
vein mineralization stage (quartz, albite, epidote, amphibole, 
calcite and garnet). In this area asbestos amphiboles are 
formed in cracks of basalts, diabases, tuffs and gabbroes. 
Based on the new amphibole classification and nomenclature, 
the general formula of amphibole is AB2C5T8O22(OH2). 
Amphibole in these rocks is actinolite in which Si=7.87-7.93, 
CaB>1.5,CaA<0.5, (Na+K)A<0.5. This mineral is stable in 
the widespread thermal (320°C -520°C ) environment and 2k 
bar pressure. 
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Groundwater and surface waters in the Souss-Massa basin 

located in the west-southern part of Morocco are characterized 
by large variations in salinity, up to levels of 37 g L-1. The 
data show that the water quality of groundwater in the western 
Souss-Massa basin is degraded by two sources; (1) seawater 
intrusion into the aquifer; and (2) mixing with geothermal 
water that is characterized by a distinguished chemical 
composition (high calcium and sulfate concentrations relative 
to seawater intrusion). The different calcium to chloride and 
sulfate to chloride ratios provide a simple, yet powerful 
geochemical tool that is able to delineate the source of salinity 
for each of the investigated wells. The preliminary radium 
isotopes data indicate that geothermal water in the Souss-
Massa basin is characterized by relatively high radium 
(combined 228Ra and 226Ra of 9.3 pCi/L) and thus future 
utilization of geothermal water as an alternative source to the 
local groundwater degraded by seawater intrusion should be 
carefully examined given the relatively high level of 
radioactivity. Salinization of water resources in the Souss-
Massa region is also associated with high concentrations of 
toxic trace metals, with high correlation between salinity, 
chromium, and uranium. These findings indicate that 
salinization of water resources may be associated with 
occurrences of other inorganic contaminants in groundwater 
and thus investigation of a large spectrum of inorganic 
contaminants is required to access the water quality in the 
Souss-Massa basin. 
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The solubility of iron in marine sediments is generally 

controlled by redox processes, either through the oxidation of 
ferrous iron by dissolved oxygen, the anaerobic respiration of 
iron oxides, or the chemical reduction by dissolved sulfides. 
Ferric iron, however, may remain soluble in seawater if it is 
complexed by organic ligands. In this investigation, in situ 
voltammetric measurements with gold/mercury (Au/Hg) 
microelectrodes deployed over long time scales in salt marsh 
sediments and on a benthic lander in estuarine sediments have 
been used to study the transformation of soluble organic-
Fe(III) complexes near the sediment-water interface. Our 
results reveal that soluble organic Fe(III) complexes can reach 
near millimolar levels in pore waters and that the flux of these 
complexes across the sediment-water interface probably 
contributes to the significant concentration of dissolved iron in 
surface waters. Seasonal variations suggest that sulfate 
reduction and hydrological processes may indirectly control 
the release of iron from these sediments and thus the supply of 
an important nutrient to coastal waters. 
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The mass extinction at the end-Permian is associated with 

a negative shift of carbon isotope compositions (δ13C). The 
δ13C values of carbonate (δ13Ccarb) varies by 3�6�. On the 
other hand, the carbon isotope excursions of marine organic 
matter are not apparently corresponded to δ13Ccarb excursion. 
One of the reasons is less data set for pelagic sediments 
because of few complete deep-water Permian/Triassic 
boundary (PTB) sections. Here we report the δ13Corg excursion 
in the pelagic deep-water PTB section: Akkamori section-2 
(Am-2; [1]) in accretionary complex of Japan. Our results 
identified a 2.0� negative shift of δ13Corg in the low-latitude 
pelagic Panthalassa at the end of the Permian. The ∆δ13Ccarb-
∆δ13Corg for Am-2 is 1�3�. This estimated range is 
contrasting to the range reported from other areas: smaller for 
the east Tethys (Meishan) and the central Tethys (Abdeh), 
larger for the Boreal sea (Spitsbergen) and the east pelagic 
Panthalassa (Ursula Creek), slightly smaller for the west 
Tethys (Masole and Gartnerkofel-1), compared to this study 
value. Possible cause of these regional differences is 
contribution of isotopically heavier biomass from primary 
producers of phototrophic bacteria including cyanobacteria 
and green sulphur bacteria (GSB). Cyanobacterial blooming 
just after the mass extinction is revealed by biomarker 
evidence in the Meishan section [2] where high ∆δ13Ccarb-
∆δ13Corg values are reported. As cyanobacterial productivity is 
generally higher than GSB, main primary producer might be 
cyanobacteria in the sea area with high ∆δ13Ccarb-∆δ13Corg. 
Increases of anaerobic phototrophic GSB are also supported 
by biomarker evidence in the Meishan section [3]. Therefore, 
∆δ13Ccarb-∆δ13Corg values of PTB could be affected by 
development of photic zone euxinia. This further implies that 
the pelagic Panthalassa is less influenced by photic zone 
euxinia compared to the east shallow Tethys, but more 
influenced compared to the east pelagic Panthalassa and the 
Boreal sea. 
 
[1] Takahashi et al. (2009) Palaeogeogr. Palaeoclimatol. 
Palaeoecol. 271, 1-12. [2] Xie et al. (2005) Nature 434, 497-
494. [3] Grice et al. (2005) Science 307, 706-709.  
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In 2001, Ocean Drilling Program (ODP) expedition 

Leg#195 was conducted in the South Chamorro Seamount 
located in the Mariana Forearc. The geochemistry 
characterization of the subseafloor serpentine mud pore-water 
demonstrated that the subseafloor environment is the most 
alkaline-extreme environment of which pH reaches to pH12.5. 
Based on the culture-independent molecular analysis of the 
subseafloor microbial communities, there were detected hot 
spots of archaeal populations at several depths. The 
subseafloor environment under pH12.5 is almost marginal for 
the microbial habitability (the highest pH limit for microbial 
growth is known as pH12.4). If the active microbial 
communities are truly present, what kinds of energy and 
carbon sources sustain the communities? Is it like �the Lost 
City type�?  

To clarify these questions, we have explored the 
biogeochemical interaction in the highly alkaline crustal fluid 
entrained through the CORK. The CORK entrains the 
endmember of the serpentinization-derived deep crustal fluid 
from ~150 m below seafloor. Using a ROV, the pristine 
subseafloor fluids have been sampled and the detail 
geochemical characterization, SIP-NanoSIMS analysis, RI-
tracer experiments, culture-dependent and �independent 
analyses are now going on. In addition, in situ colonization 
devices for active microbial populations and mineral-microbe 
interaction are also deployed in the borehole for 5 months 
under 4°C and pH12.3. These investigations could clarify the 
question whether the functionally active subseafloor microbial 
ecosystem is truly present there, the most alkaline extreme 
with the geologically-derived dark energy sources. 
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The age of terrestrial core formation can be constrained by 

Hf-W chronometry [e.g. 1, 2]; however, most of previous 
studies assumed achievement of equilibration of the Hf-W 
system after the final giant impact event. In contrast, some 
studies indicate that a perfect homogenization of W isotope in 
the mantle was not achieved [e.g. 3]. 

We analyzed W isotope ratio of numerous rock samples 
using MC-ICP-MS (Isoprobe, Neptune), and examined 
whether perfect homogenization was achieved during the core 
formation [4]. The samples exhibit the same W isotope ratios 
within the uncertainty of isotope analyses. These results 
suggest that a homogenization was achieved in the Earth�s 
mantle after the final giant impact within the detection limit of 
isotope analyses. Hayden and Watson [5] reported higher W 
diffusivity than that of Pt and Ir. Such diffusion effect might 
explain the small or lack of heterogeneity in the mantle. We 
will investigate the influence of the grain boundary diffusion. 

 
[1]Yin et al. (2002) Nature 418, 949-952. [2] Kleine et al. 
(2002) Nature 418, 952-955. [3] Sasaki & Abe (2007) Earth 
Planets Space 59, 1035-1045. [4] Takamasa et al. (2009) 
Chem Geol, in press. [5] Hayden & Watson (2007) Nature, 
450, 709-711.  
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Introduction 
An aerosol climate model, SPRINTARS, has been 

developed for simulating global distributions, radiative 
forcings, and effects on the climate system of all main 
tropospheric aerosols [1, 2, 3, 4]. Several results with 
SPRINTARS was cited by the Forth Assessment Report of the 
Intergovernmental Panel on Climate Change (IPCC AR4). In 
this study a forecasting system for global aerosol distributions 
and its radiative forcing is developed based on SPRINTARS 
(http://sprintars.net/indexe.html). 

 
Global Aerosol Forecasting System 

SPRINTARS is fully coupled with a general circulation 
model, MIROC, developed by a Japanese research group, 
CCSR/NIES/FRCGC [5]. In the present forecasting system, 
the horizontal resolution is T106 (approximately 1.1° by 1.1°) 
and the vertical resolution is 20 layers. SPRINTARS treats 
main tropospheric aerosols, that is, carbonaceous (black 
carbon (BC) and organic carbon (OC)), sulfate, soil dust, and 
sea salt. The aerosol transport processes include emission, 
advection, diffusion, sulfur chemistry, wet deposition, dry 
deposition, and gravitational settling. SPRINTARS also 
calculate the aerosol direct and indirect effects. 

In the present forecasting system, the wind and 
temperature are nudged by the Global Forecast System (GFS) 
data provided by NOAA. Emissions of soil dust and sea salt 
aerosols are calculated inside the model at every time step, and 
those of BC, OC, and precursor gases of sulfate are prescribed 
by several emission inventories. Active fire data from 
MODIS, Fire Information for Resource Management System 
(FIRMS), provided by University of Maryland and 
GSFC/NASA [6] are used for semi-realtime aerosol emissions 
from biomass burning. The forecasting system are 
automatically performed every day and simulated results are 
uploaded to the SPRINTARS homepage about 23 UTC. 

 
[1] Takemura et al. (2000) J. Geophys. Res. 105, 17853-
17873. [2] Takemura et al. (2002) J. Climate 15, 333-352. 
[3] Takemura et al. (2005) J. Geophys. Res. 110, 
doi:10.1029/2004JD005029. [4] Takemura et al. (2008) 
Atmos. Chem. Phys. Discuss. 8, 20463-20500. [5] K-1 Model 
Developers (2004) K-1 Tech. Rep. 1, 34 pp. 
(http://157.82.240.168/ ~storage/papers/k1.pdf). [6] Davies et 
al. (2009) IEEE T. Geosci. Remote. 47, 72-79. 
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The growing need to understand carbon dynamics and 

reactions involving organic matter at the land-ocean interface 
has lead to the development of new proxies such as the BIT 
index [1] in order to allow the contribution of terrestrial 
organic matter to the marine sedimentary environment to be 
estimated. 

We have recently proposed a new approach based on the 
analysis of bacterially derived biohopanoids (BHPs) in a range 
of terrestrial materials (soils, peat) and aquatic sediments [e.g. 
2, 3]. We identified a group of compounds related to 
adenosylhopane [3] which are abundant components in soils 
but generally scarce or absent in lacustrine sediments. Further 
investigations have shown that these compounds are 
ubiquitous in soils from around the globe and comprise a 
mean average of 28% of the total biohopanoid pool [4] in all 
samples analysed to date. Conversely they were found to be 
absent in many lacustrine systems and open marine sediments 
[2]. We subsequently proposed that the relative contribution of 
this group of compounds to the sedimentary BHP pool could 
be used as a proxy for terrestrial organic matter input [4]. 

Here we will present a summary of new developments in 
our knowledge and understanding of the occurrence and 
significance of these compounds, both in terrestrial source 
material and in riverine, estuarine, deltaic and some coastal 
marine sediments. We will then consider the fate of these 
molecules in the marine system and discuss some of the major 
outstanding questions driving the future directions of this 
research. 

 
[1] Hopmans et al. 2004. EPSL 224, 107-116. [2] Talbot & 
Farrimond (2007) Org. Geochem 38, 1212-1225. [3] Cooke et 
al. (2008) Org. Geochem. 39, 1347-1350. [4] Cooke et al. 
(2008) Org. Geochem. 39, 958-971.  
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Phosphorus (P) is a key nutrient essential for all living 

forms, and orthophosphate is the preferred source of P. 
Abiotic (precipitation-dissolution, adsorption-desorption) and 
biotic (mineralization-immobilization) processes control P 
concentration in soil and, thus, determine P status and 
availability. Although several approaches are employed to 
study the P distribution and the biological processes affecting 
P cycle in soils, research suffers from the lack of appropriate 
methods to identify and understand the dynamics of the P 
cycle. A potential and promising tool for soil sciences is given 
by the analysis of the oxygen isotope signature of phosphate 
(δ18O-PO4), first used on biogenic apatite [1], and only 
recently used to characterize biological processes both in 
experimental essays and in the marine environment [2, 3].  

In order to analyze δ18O-PO4 by TC/EA-IRMS, PO4
3- 

must be extracted, purified, and precipitated as silver 
phosphate (Ag3PO4). The use of methods successfully applied 
to marine waters and sediments on soil samples [3, 4] leads to 
the precipitation of Ag3PO4 together with residues of organic 
matter. The presence of an exogenous source of oxygen 
produces erroneous and not reproducible isotope 
measurements. We present an improved purification protocol, 
optimized for the production of pure Ag3PO4 from soil 
samples. After extraction, PO4

3- is purified with ion exchange 
resins and multiple mineral precipitations. The efficiency of 
the method was tested by comparing yields of oxygen of 
Ag3PO4 standards and of Ag3PO4 obtained from soil and 
fertilizer samples. The difference in isotope values in samples 
treated with both the old and the new purification methods 
confirms the presence of oxygen of organic origin. 
Preliminary isotopic results show that differences in origin of 
the fertilizers and in P status in soils are readily expressed in 
the δ18O-PO4. 

 
[1] Longinelli (1965) Nature 207, 716-719. [2] Blake et al. 
(2001) PNAS 98, 2148-2153. [3] Colman et al. (2005) PNAS 
102, 13023-13028. [4] McLaughlin et al. (2006) Marine 
Chemistry 98, 148-155. 
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Replacement texture is a feature that is commonly 

observed in ores. Many studies have been conducted on 
replacement textures [1-4]. One of the experimental researches 
from carbonate to sulfate mineral has indicated that the 
metasomatism from siderite (FeCO3) to erdite (NaFeS2·2H2O) 
and pyrite (FeS2) was proceed at 150°C [5].  

Experiments on metasomatism were performed in the 
cerussite (PbCO3) - aqueous NaHS solution system. We 
changed duration (1 to 30 days), concentration of aqueous 
NaHS solution (0.1 and 1.0 mol/l). The reaction temperature 
was 150°C. Reaction mechanism was considered based on the 
microscopic and SEM observations of the mineral texture and 
chemical analysis of experimental solutions. 

The variation of pH could not be recognized in this study. 
The peaks of galena (PbS) were detected by X-Ray diffraction 
analysis. The intensity of peaks of galena increased with time. 
The metasomatism was easy to proceed in the initial stage. It 
is considered that the reaction rate occurring in initial stage 
was high due to the wide contact area between solution and 
unreacted material. The metasomatism was easy to proceed as 
the concentration of the reaction solution was higher. Galena 
crystals grew toward the inside of unreacted cerussite 
accompanying a lot of micropores, since molar volume of 
galena (31.495 cm3) is smaller than that of cerussite (40.60 
cm3). The reaction solution could easily penetrate through the 
reaction layer to reach the unreacted cerussite. The tendency 
in the thickness variation of chipped sample with time could 
not be recognized in the metasomatism. Therefore, the 
replacement texture from cerussite to galena was classified 
into the pseudomorphic replacement texture [1, 2, 6]. 

 
[1] Edwards (1960) Textures of minerals, pp. 155. [2] Bastin 
(1969) GSA 45, 1-97. [3] Ramdohr (1969) The ore minerals 
and their intergrowths, pp. 1174. [4] Mariko (1988) 
Replacement texture of ore minerals, pp.470. [5] Honma et al. 
(2003) Bull. of TGU 55, 39-44. [6] Craig and Vaughan (1981) 
Ore microscopy and ore petrography, pp. 406. 
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From many drills, several thick sequences of salt deposits 

containing sylvite and carnallite were discovered in 
southeastern Laos. In order to constrain the origin of the brine 
that formed thick sequences of salt mineral deposits, we 
measured strontium and boron isotope composition of some 
salt minerals in the cores. Boron isotope composition of the 
halite and potash-associated minerals in the deposit varies 
from 19.91 to 31.01�, which is very close to that of marine 
evaporites. The 87Sr/86Sr ratios (0.707542 to 0.709461) of the 
salts are very close to the values of the Cenozoic seawater 
(from the late Cretaceous to the Miocene, the value ranged 
from 0.707 to 0.709). Moreover, the content of Br- (0.01-
0.25%) and Br×103/Cl ratios (0.10-0.52) of halite in the salt 
deposits are more than 10 times higher than that of the 
common continental salts. All of these characteristics indicate 
that the ancient salt deposits in southeastern Laos from the late 
Cretaceous to the Miocene were deposited from seawater 
invasion. According to the depositional environment of the 
world potash deposits, large-scale potash deposits are 
commonly formed in the marine environments. Hence, the 
results of recent regional drilling work and geochemical 
research suggest extensive potash resources should be 
expected in ancient salt sequences of Tagong Formation (E1tg) 
of southeastern Laos. 
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Significant mass-dependent isotope fractionation of 

146Nd/144Nd was recently reported for marine carbonates [1,2]. 
In this study, degree of natural isotopic variation of Eu among 
carbonates and many kinds of igneous rocks was evaluated to 
understand the isotopic variation observed in rare earth 
elements (REE). 

Europium was extracted and purified by conventional 
cation-exchange chromatography. Precise 153Eu/151Eu isotope 
ratios were determined by multiple collector ICP-MS with a 
Sm doping technique to correct its mass discrimination effect, 
and discussed in the epsilon scale relative to an in-house 
standard reagent (Alfa Aeser 99.999% Eu2O3).  

The ε153Eu values of three basalts are identical within 
analytical uncertainty and the average is -0.8 ± 0.5 (2SD). The 
ε153Eu value of a manganese nodule is �0.3 and 
indistinguishable from those of the basalts. On the other hand, 
the ε153Eu values of the marine limestones and dolomites are 
significantly higher than basalts. The ε153Eu values of marine 
carbonate rocks are correlated with their ε146Nd values [1]. 
The correlation between Eu and Nd isotopic compositions 
indicates that the mass-dependent isotope fractionation of Eu 
and Nd was produced when the marine carbonates were 
formed. It is consistent with the correlation between Ce and 
Nd isotopic compositions reported previously [2]. Europium is 
stable as both trivalent and divalent whereas Nd and other 
REE are generally stable only as trivalent. The observed 
correlation indicates that Eu and Nd behaved similarly as 
trivalent species in seawater and in the marine carbonates, and 
the isotope fractionation is produced by non-redox reactions 
such as precipitation and/or dissolution. 

The ε153Eu values of felsic igneous rocks are also 
determined, and an isotopic variation is observed beyond 
analytical uncertainty among some of the felsic rocks. Possible 
isotope fractionation processes will be discussed. 

 
[1] Wakaki & Tanaka (2007) GCA 71, A1079. [2] Ohno & 
Hirata (2007) GCA 71, A733. 
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Biogenic Mn oxide has attracted many geochemists in 

terms of the ability to highly adsorb and oxidize various trace 
elements. In this study, we focused on rare earth element 
(REE), and especially studied change in chemical states of Ce 
by Mn oxide produced by a Mn-oxidizing fungus. 

We used Acremonium sp. strain KR21-2 as a model of 
Mn-oxidizing fungi [1]. Strain KR21-2 was cultured in 
HEPES-buffered AY medium with and without 1 mM Mn2+, 
respectively. Manganese oxide was formed around hyphae in 
the cultivation in the medium containing Mn2+. Partitioning 
experiments of REEs between hyphae plus Mn oxide and 10 
mM NaCl solution were carried out under different pH 
conditions. Oxidation states of Ce adsorbed on the hyphae and 
Mn oxide were determined using XANES. 

The REE partitioning pattern between hyphae without 
biogenic Mn oxide and 10 mM NaCl solution showed no Ce 
anomaly. The observation without Ce anomaly is consistent 
with the results of XANES analyses, which indicated that Ce 
adsorbed on the hyphae was trivalent. The partitioning 
patterns between biogenic Mn oxide plus hyphae and 10 mM 
NaCl solution show variation with increasing pH. At pH4.5, 
fairly large positive Ce anomaly was observed, which is 
consistent with previous works using synthetic Mn oxide 
[2,3]. The presence of Ce(IV) on the biogenic Mn oxide was 
shown by XANES analysis. In contarst, no Ce anomaly was 
observed at pH 5.96, and negative Ce anomaly appeared at 
pH6.51. XANES analyses showed the presence of Ce(IV) on 
the biogenic Mn oxides even at pHs 5.96 and 6.51. This 
suggests that Ce(IV) was probably stabilized in solution under 
higher pH conditions due to complexation with organic ligand 
excreted by hyphae. 
 
[1] Miyata et al. (2006) Appl. Environ. Microbiol. 72, 6467-
6473. [2] Ohta & Kawabe (2001) GCA 65, 695-703. 
[3] Takahashi et al. (2002) Anal.Chim. Acta 468, 345-354. 
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Rock under a reducing environment will oxidized rapidly 

when exposed to the atmosphere. Since this can possibly cause 
a cavity wall to degrade quickly, it is necessary to understand 
the mechanism of weathering. This study presents the results 
of geological and geochemical investigations about the redox 
front in diatomaceous mudstone of the Neogene Koetoi 
Formation in the east shaft constructed by JAEA and its 
outcrop in Horonobe, Japan. The shaft has now reached a 
depth of 140m below ground level (GL) and is still under 
construction. The geology of the shaft consists of humic soil 
and filling (GL-5m and above), unconsolidated breccia of 
diatomaceous mudstone (GL-5 to -19.3m), and diatomaceous 
mudstone (GL -19.3m and below). This mudstone is poor in 
clay and carbonate minerals and contains framboidal pyrite. 
The shallower part of the shaft is classified into oxidized, 
dissolved, and transition zones. Oxidized zone (GL-5 to  
-5.5m): Soil and breccia are brown because of oxidation from 
the surface. Pyrite and siderite are absent, and Fe, Mn, and P 
are present in high concentrations. The percentage of clay 
minerals is slightly elevated. The pore water is rich in SO4

2-, 
Fe, and Al. Dissolved zone (GL-5.5 to -19.3m): Siderite is 
absent but pyrite remains. Pore water was replaced by 
meteoric water. Cl- in the pore water is about 200�350mg/l. 
The concentration of whole-rock major elements is relatively 
low. Transition zone (GL-19.3 to -32m): Cl- concentration 
increases rapidly to 2,000mg/l at GL-32m, and increases 
gradually to 3,500mg/l at GL-100m. The replacement of pore 
water is advancing. Whole-rock major elements (except for 
SiO2) increase gradually. This result suggests the following 
models: (1) infiltration of meteoric water and an atmosphere 
containing oxygen from the land surface, (2) generation of 
acid water by oxidization of pyrite, and (3) dissolution of 
minerals and progress of weathering inside the rock. 
Dissolution of minerals is advancing into the Koetoi 
Formation. Replacement of pore water by meteoric water 
reached more deeper than GL-19m. On the other hand, oxygen 
has permeated only to the surface of the breccia. This study is 
part of a joint research between JAEA and CRIEPI. 

Episodic fluid action in continental 
subduction zones: Geochemical 

evidence from marble-hosted UHP 
eclogite in the Sulu orogen 
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(juntang@ustc.edu.cn) 

 
Zircon U-Pb ages and Lu-Hf isotopes, mineral O isotopes, 

whole-rock major and trace elements were analysed for UHP 
eclogites within marbles in the Sulu orogen, a Triassic 
continental deep-subduction zone by collision between the 
South China Block and the North China Block. The results are 
used to contrain the protolith nature of eclogites and the 
metamorphic effects on elemental and isotopic systems in M-
type eclogites. The eclogite layers are generally parallel to the 
marble beddings, and occur as cm-scale pods or lenticular 
layers. Such M-type eclogites are characterized by: (1) the 
presence of Triassic metamorphically grown zircons, with two 
group U�Pb ages at 241±6 Ma and 224±4 to 229±4 Ma, 
respectively; (2) positive zircon εHf(t) values of 5.4 to 10.4 at t 
= 230 Ma, with Hf model ages of 774±31 Ma; (3) MORB-like 
whole-rock REE pattern and large variations of LILE contents 
and Mg# values; and (4) extremly high δ18O values of 9.4 to 
19.5� for whole-rock and 11 to 19� for zircon, with 
preservation of O isotope equilibrium between most of 
omphacite, garnet and metamorphic zircon at eclogite-facies 
conditions. These observations suggest that protolith of the M-
type eclogites has the same age as those of UHP granitic 
gneiss and G-type eclogite elsewhere in the Dabie-Sulu 
orogenic belt, but it was primarily formed as mafic volcanic 
interlayer during mid-Neoroproterozoic rift magmatism with 
possible growth of juvenile crust at that time. Their high δ18O 
values were caused by low-T water-rock interaction in the 
volcanosedimentary process, which are in striking contrast to 
low δ18O values for the UHP granitic gneiss and G-type 
eclogite. The two groups of zircon U-Pb ages are interpreted 
to suggest two episodes of fluid action, respectively, predating 
and postdating the UHP metamorphism. The 
volcanosedimentary protolith of the M-type eclogites were 
primarily rich in aqueous fluid relative to that of the G-type 
eclogite. Thus it has the great potential to episodically liberate 
the fluid during the subduction and exhumation of continental 
crust, with the minimum fluid activity at peak UHP 
metamorphic phase. Therefore, petrological and geochemical 
studies of the M-type eclogite provide insights into 
metamorphic dehydration and partial melting in the 
continental subduction zone. 
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Urey model or Bigeleisen-Mayer equation based 

theoretical method and the super-molecule clusters are used to 
precisely evaluate the fractionations between the absorption 
complexes at the surface of (Fe,Mn)-oxyhydroxides and many 
possible Mo species in aqueous solution. The B3LYP/(6-
311+G(2df,p), LANL2DZ) level method is used for harmonic 
frequency calculations. 24 water molecules are used to form 
the super-molecules surrounding the aqueous Mo species. At 
least 4 different conformers for each super-molecule are used 
to prevent the errors from the diversity of configurations in 
solution. 

Our results show that the solvation effects can 
dramatically change the fractionation numbers from the ones 
in gas-phase. For example, the MoO4

2--Mo(OH)6 fractionation 
at 25°C is 0.8� (in terms of 97/95Mo and same as below) for 
gas-phase but it is about 2.0� in solution. Our results show 
that no matter the dominant aqueous species MoO4

2- is 
adsorbed on the (Fe,Mn)-oxyhydroxides by the mono-dentate 
or bi-dentate way, it only can bring less than 1� isotopic 
fractionation differences. The polymerized MoO4

2- forms (e.g. 
Mo3O9) also have less than 1� isotopic fractionation relative 
to aqueous MoO4

2-. In another word, the 1.7 - 2� Mo isotope 
offset found between the seawater and the Fe,Mn-oxides, is 
unlikely caused by the absorption of MoO4

2- into such oxic 
sediments. This study provides a base for discussing the 
mechanism of Mo removal from the seawater. 

 
[1] Barling & Anbar (2004) EPSL 217, 315-329. 
[2] Tossell (2005) GCA 69, 2981-2993. 
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Prediction of the H2S generation potential of a petroleum 

reservoir prior to drilling is a major challenge for the oil 
industry, primarily due to the fact that published estimates of 
the kinetic parameters that describe the rate of thermochemical 
sulfate reduction (TSR) vary widely and are inconsistent with 
geologic observations. The apparent unreactivity of free 
aqueous sulfate ions (SO4

2-) has led previous researchers to 
conclude that the presence of reduced sulfur is required to 
catalyze the TSR reaction. Recent experimental and 
theoretical evidence indicate that TSR in natural environments 
probably involves a two-stage reaction mechanism. The initial 
stage involves the reduction of a reactive sulfate species to 
H2S in the absence of reduced sulfur; however, once a 
threshold partial pressure of H2S has been attained a much 
more rapid catalyzed reaction becomes dominant. Aqueous 
geochemical modeling of typical reservoir brines and 
experimental solutions shows that the reactive sulfate species 
at common reservoir temperatures (100-200°C) is aqueous 
MgSO4 contact ion-pairs (CIP�s) while at the higher 
temperatures (>200°C) used in laboratory simulations it is 
bisulfate ions (HSO4

-). Based on ab initio quantum chemical 
calculations, the kinetic parameters for the reduction of HSO4

- 
and MgSO4 CIP are equivalent (Ea~56 kcal mol-1 and 
Af~1.5e+13 sec-1), and experiments involving HSO4

- and 
several different crude oils provide a range of activation 
energies from 55.3 to 58.9 kcal mol-1 and frequency factors 
from 5e+16 to 1e+17 sec-1. The variation in the kinetic 
parameters observed for different oil types appears to be 
related to the concentration of labile sulfur compounds in the 
whole crude oil. Once the threshold concentration of H2S has 
been exceeded, the rate of TSR increases significantly, and 
detailed experimental work shows that the activation energy 
for the catalyzed reaction is directly proportional to the 
concentration of H2S. These findings lay the foundation for a 
predictive model of TSR in geologic environments; however, 
accurate determination of the H2S generation potential will 
likely require some knowledge of the chemistry of petroleum 
present, the local water chemistry, and the thermal history of 
the reservoir. 
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Zn substitution in apatite-like materials has been the focus 

of many studies because of its presence in all biological 
tissues and diverse roles in biological functions, including 
calcification. The uptake and release of Zn in the body is 
strongly mediated by the bone reservoir, even though it only 
contains a small portion of the total body Zn. The presence of 
Zn in teeth has been used as an indicator of environmental 
exposure. Yet, the mode of Zn incorporation into 
hydroxylapatite, specifically the binding site and its local 
structure, is still not clearly understood. The main 
uncertainties arise due to the presence of two structurally 
distinct cation sites and the potential for different Zn 
coordination geometries (tetrahedral and octahedral). 

Results of theoretical modelling and X-ray absorption 
spectroscopy have been used to evaluate the local coordination 
structure of Zn incorporated into hydroxylapatite. Density 
function theory (DFT) calculations show that Zn favors the 
Ca2 site over the Ca1 site, with a preference for tetrahedral 
coordination. X-ray absorption near edge structure (XANES) 
spectroscopy suggests one dominant coordination environment 
for Zn, and no evidence was observed for other Zn-containing 
phases. Extended X-ray absorption fine structure (EXAFS) 
fitting of the synthetic samples confirms that Zn occurs in 
tetrahedral coordination at the Ca2 site, with two P shells at 
~2.85�3.07 Å, and two Ca shells at ~3.71�4.02 Å. These fit 
results are consistent with the most favored DFT model for Zn 
substitution in the Ca2 site. The tetrahedral coordination 
requires local disruption of the structure. The results provide 
the structural basis for future models of Zn uptake and 
exchange in apatite-like biomaterials. 

Fast reduction of U-Pb data using R 
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U-Pb data of Laser Ablation Inductively Coupled 
Plasma Mass Spectrometry 

Laser Ablation Inductively Coupled Plasma Mass 
Spectrometry (LA-ICP-MS) provides fast and reliable U-Pb 
dating of minerals like Zircons. Careful treatment of raw data 
is key to get reproducible results. 

Our script �Upb.age� for R, a free software environment 
for statistics and graphics, provides functionality to read and 
process series of measurement files. Measured standard 
materials are recognized by the measurement names. User 
defined integration windows are used for gas blank correction 
of the signals. Possible inclusions and outliers are detected 
with a robust regression model and presented to the user for 
exclusion or to redefine the corresponding signal integration 
window. Instrument drift can be included in correction factors 
based on data of a linear model of the standard measurements. 
Age relevant isotope ratios are calculated from average ratios. 
Alternatively down-hole fractionation can be addressed by 
using the x-axis intercept of a linear model through the 
individual time related ratios [1]. For samples with reduced 
integration window correction factors are recalculated 
applying this new window on all standard measurements. The 
results are saved in comma separated value (CSV) format and 
can directly be evaluated by the Excel addin Isoplot [2]. 

The provided functionality is currently optimized for a 193 
nm excimer laser ablation system coupled to an ICP-
quadrupole-MS. Therefore a common lead correction is not 
provided but data for mathematical correction following 
Anderson [3] is included in the result file. 

 
[1] Horn et al. (2000) Chem. Geol. 164, 281-301. [2] Ludwig 
(1980) Earth Planet. Sci. Lett. 46, 212-220. [3] Andersen 
(2002) Chem. Geol. 192, 59-79. 
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Coal-measure source rocks with type �and type � organic 

matter in fluvial-swamp facies and lacustrine-swamp facies 
developed widely in Xujiahe formation in the Sichuan basin. 
Usually, type� and �kerogens generated mainly oil in the oil 
window, while type � kerogens generated mainly gas and 
little oil at the early and middle stages of coalification 
(equivalent to the oil window with Ro from 0.7% to 1.3%). 
The Ro(Ro =0.8%-1.3%, Fig.1) is not high in general and is at 
early-middle mature stage in central Sichuan area where most 
of the discovered fields are gas fields, and Guang�an gas field 
is the biggest one among them where most of the wells 
produce gas. For example, more than 90 percents of the wells 
in Guang�an and Hechuan gas field are pure gas wells, and 
some gas wells containing condensate have high gas-oil ratios, 
from 150 to 4600.The hydrocarbon composition of natural gas 
is mainly CH4, and the content of heavy hydrocarbon gas (C2+) 
is high. And most of the dryness(C1/(C1～C5)) are less than 
0.95, so the natural gas is mainly wet gas. Most of the wells 
have no or little H2S, which means there is no oil and gas 
interfused from the lower marine beds. The δ13C values of 
methane, ethane, propane and butane are of -44�~-33�,  
-29�~-22�,-23.3�~-28.6.�, -21.1�~-27.1�, 
respectively, indicative of typical coal-related gas. The gas 
was generated from the coal-measure source rocks in the 
Xujiahe Formation and there was no gas generated from 
source rocks with sapropelic organic matter in the lower beds, 
which indicate gas-formation dominated hydrocarbon 
generation at the early-middle stages of colification. 

 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 1: Distribution map and gas fields and Ro isoline of 
source rocks in Upper Triassic Xujiahe Formation in Sichuan 
Basin 

 
[1] Dai(1992).Sci. in China,Ser. B, 35(10), 1246-1257. 
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Although considerable debate exists about the nature of 

primary mantle-derived carbonatite melts, there is consensus 
that they play a major role in mantle metasomatism including 
diamond formation. The recognition of carbonatite 
metasomatism in peridotites is based on the geochemical 
features of carbonatites found at the Earth�s surface such as 
strong REE enrichment and relative Zr-Hf depletion. 
However, trace element enrichment factors calculated from 
new high-P partial melting experiments suggest that these 
�hallmark� characteristics may not correspond to trace element 
features of primary carbonatitic melts in the mantle and that 
the majority of surface carbonatites acquired the extreme trace 
element features during differentiation processes instead [1]. 
A small number of carbonatites are associated with carbonate-
rich ultramafic silicate magmas (aillikites and kimberlites) and 
these occurrences play a key role in addressing the nature and 
origin of primary carbonatite melts beneath cratons. Here we 
present new data on the petrology and geochemistry of the 
North Atlantic craton carbonatite-aillikite-kimberlite 
association with particular emphasise on the newly discovered 
Jurassic Tikiusaaq intrusion, West Greenland. Several lines of 
evidence including bulk-rock Sr-Nd-Hf-Pb and O-C-Li 
isotope data suggest that the dolomite-bearing carbonatites 
were derived from hybrid carbonate-silicate ultramafic 
magmas reminiscent of aillikite. Our model invokes carbonate 
liquid separation from proto-aillikite melt at uppermost mantle 
pressures triggered by crystallization of olivine and 
phlogopite, which form cumulates. This process alone is 
capable of elevating the REE concentration levels in the 
carbonate-rich liquid by an order of magnitude. Furthermore, 
upon crustal emplacement, fractionation of typical carbonatite 
accessory minerals such as baddeleyite and pyrochlore greatly 
affect the trace element features of the magma and thereby 
produce many of the so-called �hallmark� carbonatite trace 
element characteristics. 
 
[1] Foley et al. (2009) Lithos, in press. 
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The South Australian Kimberlite Province 
Within the South Australian kimberlite province, most 

kimberlites have been discovered in the Adelaide Fold Belt, 
where they occur as a semi-continuous dyke swarm of Jurassic 
age. These kimberlites include the diamondiferous kimberlites 
of the Eurelia area [1,2].  

Here we present compositional and petrographic data for 
kimberlitic minerals from 35 kimberlites from the South 
Australian kimberlite province, most of which are newly 
discovered. The composition of groundmass minerals, 
particularly spinel and phlogopite, shows discrete regional 
variations. For example, kimberlites from the Eurelia area, in 
the north-western part of the Adelaide Fold Belt, and 
kimberlites from the Monks Hill area, in its eastern part, 
contain groundmass spinels and phlogopites with overall high 
Mg-numbers (Mg/Mg+Fe2+) and low titanium contents. In 
contrast, spinels and phlogopites from kimberlites in the 
central and southern part of the Adelaide Fold Belt kimberlite 
field, around Peterborough and Terowie, are more enriched in 
iron and titanium.  

Petrographically Eurelia kimberlites are distinguishable 
from other kimberlites in the South Australian kimberlite 
province by their generally low abundance of groundmass 
phlogopite, which is typical for Group I kimberlites. The more 
micaceous kimberlite varieties in South Australia, particularly 
in the eastern part of the Adelaide Fold Belt, which are more 
Group II like, may represent a separate kimberlite generation. 

 
Discussion 

The apparent compositional and petrographic differences 
of the kimberlites in South Australia probably reflect 
variations in the composition of the underlying lithospheric 
mantle. The more enriched character of the groundmass 
minerals in the central kimberlites may be a reflection of 
enrichment processes during the Proterozoic rift-stage of the 
Adelaide Fold Belt. 

 
[1] Scott Smith et al. (1984) in Kornprobst, J.: Kimberlites and 
related rocks. [2] Tappert et al. (2009) Geology 37(1), 43-46. 
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The interpretation of natural inclusions in plastically 

deformed minerals has been problematic for many years. 
Although modifications of shape, density and sometimes 
composition have been suspected, no reliable criteria are 
available to interpret the significance of the modified 
inclusions for reconstructions of paleo-fluid properties. In 
order to better understand the mechanisms of the 
modifications and to determine to what extent fluid inclusions 
in such contexts can be used for paleo-fluid analysis, low 
strain experiments were conducted on natural, single crystals 
of quartz containing CO2-H2O-NaCl fluid inclusions. 

In a first step, hydrostatic experiments were conducted to 
define the PT conditions under which the inclusions 
experienced no differential pressure (Pinternal = Pconfining). Our 
observations showed that, at T = 700°C and P = 600 MPa, the 
inclusions adopted negative-crystal shapes and that the 
original microthermometric values (Tm(cla) and Th(car)) 
remained the same. 

Axial compression experiments were then performed at 
these P–T conditions using a Griggs piston-cylinder apparatus. 
After the experiments (all with less than 5% strain), the 
original fluid inclusions are surrounded by planar haloes of 
newly-formed inclusions. The orientation of these planes is 
dictated by the crystallography of the host quartz. With 
increasing deviatoric stress the density of the relict inclusions 
systematically decreases, whereas the density of the new 
satellite inclusions systematically increases, and is always 
higher than that of the original inclusions. 

In our compression experiments, the fluid inclusions 
became flattened and elongated along the crystallographic 
plane of quartz closest to the least compressive stress σ3. The 
decrease in density of the original inclusions is attributed to an 
increase in volume via micro-cracking. The new satellite 
inclusions represent the fluid density appropriate to the 
maximum principle stress σ1. 

The textures of the fluid inclusions and of the quartz 
crystals in our experiments are similar to those found in 
plastically deformed quartz in nature. The experimental results 
therefore offer a framework in which to interpret the 
significance of natural fluid inclusion assemblages. 
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Leucogranites display petrological and geochemical 

heterogeneities that can be related to either primary processes 
acting at the source, or to secondary processes of 
differentiation. In the Armorican Massif, a Hercynian domain 
in western France, syn-tectonic leucogranites were emplaced 
along major shear zones. The Lizio and Questembert massifs 
are derived from a similar metasedimentary source and 
emplaced at distinct depths, ca. 3-4 kbar and 1-2 kbar, 
respectively. Questembert rocks are more differentiated than 
Lizio rocks, as demonstrated by a lower amount of modal 
biotite, a higher SiO2 content and a more pronounced 
peraluminous character. The high-SiO2 Questembert rocks can 
derive from low-SiO2 Lizio samples by a 15 wt.% 
fractionation of the assemblage kfs + pl + bt. The magmatic 
evolution is well recorded by the oxygen isotope evolution of 
whole rocks and mineral separates, demonstrating that these 
granites crystallized from almost crystal-free liquids (Fig. 1).  

 
 

 
 
 
 
 
 
 

 
 

Figure 2: δ18O vs. SiO2 for Lizio (●) and Questembert (○) 
whole rocks and for quartz (+), muscovite (×) and feldspar (-). 
 

We propose that the differences between the Questembert 
and the Lizio granites are related to processes acting during 
magmas rising. Questembert is more differentiated than Lizio 
because it covered a longer distance during its vertical 
migration, allowing more crystal-liquid segregation. Regional 
deformation likely enhanced this process through a filter-press 
type mechanism. The shallower emplacement of Questembert 
liquids led to the exsolution of a fluid phase, which further 
interacted with surrounding rocks, developing a pervasive 
deuteric alteration. A further influx of fluids from the surface 
was possible because of the very shallow depth of 
emplacement. 
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Different multi-stage crystallization histories of primary 

anorthite in three type B Ca-Al-rich inclusions (CAIs) are 
revealed by cathodoluminescence combined with in situ O and 
Al-Mg isotopic analyses. Primary anorthites in CAIs 3655A 
(Type B1 from CV3 chondrite Allende), 4022 (B2, Allende) 
and CGI-10 (B1, Efremovka) exhibit blue 
cathodoluminescence (CL) with variable brightness. In each 
CAI, some CL-dark domains are slightly enriched in MgO 
(>0.10 wt%) and Na2O (>0.10 wt%). 

In 3655A, CL-dark Mg-rich domains of anorthite form 
mantles with angular boundaries on CL-bright cores. Analyses 
of both domains show near-canonical Al-Mg isotopic 
systematics (initial 26Al/27Al ~ 5x10-5; see Fagan et al. 2007, 
MaPS v. 42, 1221-1240) and are 16O-poor (new isotopic 
analyses by secondary ion mass spectroscopy using the 
Hokkaido University Cameca 1270 ion microprobe). In 4022, 
CL-dark Mg-rich domains occur as embayed relict cores 
mantled by CL-bright anorthite. The cores have near-
canonical Al-Mg isotope systematics, whereas the CL-bright 
mantles have smaller 26Mg excesses. Both domains are 16O-
poor, but the 16O-depletion is less extreme in one CL-dark 
core. In CGI-10, separate crystals of CL-dark Mg-rich and 
CL-bright Mg-poor anorthites were identified. Both types are 
16O-rich. All analyses exhibit sub-canonical Al-Mg isotope 
systematics, but 26Mg excesses are smaller or absent in the 
CL-bright domains.  

Relatively pure anorthite in 3655A was overgrown by Na-
Mg-bearing anorthite. Both feldspar domains formed prior to 
closure of the Al-Mg isotopic system. Oxygen isotopic 
alteration either occured early or did not disturb Al-Mg 
isotopes. The CL-dark cores in 4022 are relics of an early 
stage of igneous crystallization. CL-bright mantles formed in a 
later igneous event that was rapid enough so that canonical Al-
Mg systematics and 16O-rich oxygen in some of the early 
anorthite were preserved. Early Na-Mg-bearing anorthite was 
also followed by a later stage of igneous Na-Mg-poor 
anorthite in CGI-10. Low excesses of 26Mg in the Na-Mg-poor 
anorthite combined with the 16O-rich compositions of all 
analyzed anorthite in this CAI suggest that a 16O-rich reservoir 
was present in the solar nebula after the decay of most 26Al. 

Figure 1: δ18O 
vs. SiO2 for 
Lizio (●) and 
Questembert 
(○) whole rocks
and for quartz 
(+), muscovite 
(×) and feldspar 
(-).  
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A better understanding of biocalcification mechanisms 

improves the interpretation of environmental proxies. Here a 
new model organism Parerythiopodium fulvum, building high 
magnesian calcite spicules (~13mol% MgCO3), was grown 
under controlled laboratory conditions in natural seawater at 
(i) a temperature range from 19 to 32°C at constant pH; and 
(ii) a pH range from 7.6 to 8.5 at constant temperature and 
dissolved inorganic carbon concentration. Results indicate that 
trace element ratios and Ca isotope fractionation are controlled 
by more than one environmental parameter. 

The temperature response of Mg/Ca in P. fulvum is 
significant (1.0±0.1mmol/mol/°C), but less sensitive than 
inorganically precipitated Mg-calcites [1]. Additionally, the 
Mg content of the calcite is lower than for inorganic marine 
cements [2]. While the weak temperature dependency of Sr/Ca 
in P. fulvum (-0.012±0.003mmol/mol/°C) agrees well with 
experimental data of inorganic calcites, precipitated at rates 
typically known for corals (log(R)=4µmol/m2/h), the 
strontium distribution coefficient is slightly higher (DSr, 

P.fulvum~0.3 compared to DSr, inorg.<0.2 [3]). 
The pH exerts an even stronger control on metal 

partitioning, with 6.1±0.5 and 0.22±0.04mmol/mol/pH-unit 
for Mg/Ca and Sr/Ca, respectively. So far no other studies 
have been conducted in this field. 

Although being a high Mg-calcite, the δ44/40Ca of P. 
fulvum (0.79±0.05� relative to NIST SRM 915a) is identical 
within error with mean value measured for Acropora sp. 
(0.81±0.05�, [4]), an aragonitic scleractinian coral, but  
shows no significant temperature dependency. On the other 
hand δ44/40Ca demonstrates a weak dependence on pH  
(-0.18±0.14�/pH-unit). 

 
[1] Mucci (1987) GCA 51, 1977-1984. [2] Dickson (2002) 
Science 298, 1222-1223. [3] Tang et al. (2008) GCA 72, 3718-
3732. [4] Böhm et al. (2006) GCA 70, 4452-4462. 

Early differentiation of the lunar 
magma ocean � New Lu-Hf isotope 

results from Apollo 17 
D.J. TAYLOR*, K.D. MCKEEGAN, T.M. HARRISON  

AND E.D. YOUNG  
Department of Earth and Space Sciences & Institute of 

Geophyscis and Planetary Physics, UCLA, Los Angeles, 
CA, USA 90095 (*correspondence: dtaylor@ess.ucla.edu) 
 
The current paradigm for the early silicate differentation 

of the Moon holds that the outer few hundred km of the Moon 
was completely molten due to the high temperatures 
associated with its formation in a giant impact event [1]. Over 
time this vast silicate ocean cooled and crystallized, forming a 
layered cumulate mantle topped by a bouyant plagioclase 
crust, with an incompatible-trace-element-enriched (ITE) layer 
(KREEP) sandwiched in between. Despite nearly 40 years of 
investigation, the timescale for the silicate differentation of the 
Moon is not agreed upon. Model ages for crystallization of the 
lunar magma ocean (LMO) range from as late as 4.352 Ga [2] 
to as early as 4.505 Ga [3] and a recent ion probe U-Pb date of 
a lunar zircon [4] provides a younger age limit of 4.417±0.006 
Ga. 

Our approach has been to undertake coupled Lu-Hf/U-Pb 
analyses of individual lunar zircons since zircons effectively 
freeze-in the Hf isotopic compositions of their source magmas 
thus constraining the timescale of Lu/Hf fractionation 
accompanying silicate differentiation. Highly non-radiogenic 
Hf in zircons from Apollo 14 confirm that they have sampled 
the KREEP source region and indicate a separation age of 
4.478±0.046 Ga (~90 Ma after CAIs) of the KREEP source 
[5]. As the last region of the LMO to crystallize, this 
formation age of KREEP provides a robust constraint for the 
differentation age of the Moon. 

We have extended this approach to zircons isolated from 
Apollo 17. Breccia 72275 appears to sample a different 
KREEP reservoir from Apollo 14 and provides evidence for 
geographic compositional variation of KREEP [6]. The 72275 
zircons also show negative εHf (ranging from -2 to -4), adding 
to the emerging picture of early differentiation of KREEP on a 
global scale. 

 
[1] Wood et al. (1970) Science 167, 602-604. [2] Rankenburg 
et al. (2006) Science 312, 1369-1372. [3] Touboul et al. 
(2007) Nature 450, 1206-1209. [4] Nemchin et al. (2009) 
Nature Geoscience 2, 133-136. [5] Taylor et al. (2009) EPSL, 
in press 10.1016/j.epsl.2008.030. [6] Salpas et al. (1987) Proc. 
17th LPSC, JGR, 92, E340-E348. 
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Planets and large asteroids seem to have followed their 

own muse in creating and modifying their crusts. The list of 
processes ([1] with some additions by me) affecting crustal 
compositions includes the abundance of 26Al in planetesitmals; 
mixing during planetary accretion; effects of large impacts on 
primary differentiation and early crustal evolution; the style of 
primary differentiation (magma oceans and processes in 
them); planet size, mass, and composition; extent of volatile 
element depletion compared to CI chondrites; oxygen 
fugacity; H2O content; and atmosphere-crust interactions. The 
stochastic interactions among these factors produces a baffling 
array of compositional variations.  

We can, however, identify some general trends. Depletion 
of moderately-volatile elements: K/Th is a useful parameter 
because we have or will have global measurements for K/Th 
for the Moon, Mars, Vesta, and Mercury. K/Th values are: 
Earth and (probably)Venus, 2900; the Moon, 360; Mars, 5000; 
Vesta (HED meteorites), 1050; CI chondrites, 19,000. (The 
uniform depletion of volatiles in the Moon suggests that loss 
when the Moon formed by a giant impact was not driven by 
simple evaporation followed by fractional condensation [2]. It 
seems likely that the Moon inherited its volatiles from the 
impactor.) The planetesimal population that fed the terrestrial 
planets, the Moon-forming impactor, and Vesta accreted while 
26Al was still present and at relatively high temperatures 
(causing volatile depletion). Planetesimals that formed later 
were cooler and did not heat as much, forming chondrites and 
partial melts from them (e.g., GRA 06128/9, which is not 
depleted in volatiles [3]). Basaltic magmatism: Basaltic crusts 
are abundant on Earth and Venus (alkalic and tholeiitic), the 
Moon (FeO-rich mare basalts and terrestrial-like KREEP 
basalt), Mars (tholeiite and alkalic), and Vesta (similar to 
aluminous mare basalts). Tertiary crusts are rare: Evolved 
crust is present in significant amounts only on Earth. 
Weathering styles: Surface-atmosphere interactions are highly 
variable, but reflect the abundance of water in each body. 
Only Earth and Mars show evidence of aqueous weathering, 
with weathering on Mars at much lower pH and water/rock 
than on Earth. 

 
[1] Taylor & McLennan (2009) Planetary Crusts. Cambridge. 
[2] Taylor et al. (2006) GCA 70, 5904-5918. [3] Day et al. 
(2009) Nature 457, 179-183. 
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Evolution of Plants, Mycorrhizas and Weathering 
Two axes of plant evolution have been implicated in 

enhanced weathering of silicate minerals leading to drawdown 
of atmospheric CO2 during the Phanerozoic aeon: the advance 
of forests in the Devonian, and the rise of angiosperms 
beginning in the Cretaceous [1]. This paradigm overlooks the 
co-evolution of roots with the major groups of symbiotic 
fungal partners that have dominated terrestrial ecosystems 
throughout the Phanerozoic. The evolution of arbuscular 
mycorrhizas (AM) was coincident with the colonisation of 
land by plants in the Devonian, whilst the Cretaceous 
witnessed the rise of ectomycorrhizas (EM) that associate with 
some gymnosperm and angiosperm trees. Modern evidence 
for the influence of AM and EM on mineral weathering 
reveals that the key processes underpinning the current 
paradigm and ascribed to plants are actually driven by the 
combined activities of roots and mycorrhizal fungi [2].  

 
Mycorrhizal Weathering 

Emerging evidence suggests that ancestral AM fungi may 
promote weathering by locally acidifying the soil solution. 
Later evolving EM, which are now common in trees of 
families Pinaceae, Dipterocarpaceae, Fagaceae and 
Betulaceae, often aggressively weather minerals both by 
acidifying the soil solution and releasing low molecular 
weight organic chelators. Although it may not be possible to 
attribute CO2 drawdown to a single mechanism, the advance 
of ectomycorrhizal trees is more likely to have increased 
weathering than the rise of angiosperms. Field and laboratory 
studies must distinguish between AM and EM gymnosperms 
and angiosperms to better understand the relative weathering 
effects of trees and their mycorrhizas through the Phanerozoic. 

 
[1] Berner (2004) The Phanerozoic carbon cycle. CO2 and O2. 
Oxford University Press, Oxford. [2] Taylor et al. (2009) 
Geobiology (in press). 
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Glendonites (CaCO3) were found in two horizons of Early 

Jurassic (Upper Pliensbachian, spinatum zone) dark shales 
near Cremlingen, northern Germany. These distinctly shaped 
calcite crystals are pseudomorphs after the mineral ikaite, a 
calciumcarbonate hexahydrate, that is usually linked to 
formation in waters with near-freezing temperatures, organic-
rich sediments, high alkalinity and high phosphate 
concentrations. Few of the marine findings of ikaite have been 
directly linked to the seepage of methane. Glendonites are 
common carbonate minerals that are known throughout the 
geologic history but their occurrence has been used up to now 
as indicators of cold climates or cold water temperatures. The 
glendonites of the Cremlingen section have been identified as 
carbonate precipitates induced by anaerobe oxidation of 
methane by their distinct light δ13C values of up to -42 
�PDB. Individual calcitic carbonate concretions show even 
lighter values of up to -48 �PDB. The sparse benthic biota 
and lacking evidence of a chemosynthetic community 
indicates that the methane seep was probably located in a 
largely oxygen-deficient system. The microfauna in the 
adjacent strata is composed of species-rich and thermophile 
calcifying organisms. This points towards a temperate or sub-
tropic climate zone. Since paleo-reconstructions from that area 
suggest a shallow epicontinental ocean during this time 
interval, we assume that bottom water temperatures were 
clearly above ikaite-favoring temperatures. These findings 
suggest that ikaite and, in the fossil record, glendonites can be 
methane-induced carbonate formations at methane seeps. 
Maybe in a larger dimension then yet recognized, especially 
since ikaites have only a limited physico-chemical stability. 
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A suite of syntectonic granites (G1 to G10) occurs in the 

Carrazeda de Ansiães area. They were emplaced during the 
post-collisional stage of the Variscan orogeny and intruded 
Cambrian and Ordovician metasediments producing 
micaschist and hornfels contact metamorphism aureoles. 

Structural and petrographic data of granites G1 to G6 yield 
evidence for ductile and brittle deformation, characteristic of 
late magmatic and solid states, and ID-TIMS U-Pb ages for 
zircon and monazite show that they are the oldest granites of 
the Carrazeda de Ansiães area (329.9 ± 0.8 Ma � 318.9 ± 1.9 
Ma). These six granites contain quartz, microcline, 
plagioclase, biotite, muscovite, tourmaline, zircon, sillimanite, 
apatite, monazite, ilmenite and rutile. Generally, they have 
more muscovite than biotite and contain surmicaceous 
enclaves. 

Granites G1 to G6 are alkali-calcic and peraluminous, 
with ASI ranging between 1.21 and 1.45 and normative 
corundum of 2.63 � 4.77 %. Variation diagrams for these 
granites and their minerals, their REE patterns, δ18O of 10.55 
� 11.80 �, different mean values of 87Sr/86Sri and εNdt for G1 
(0.7097 ± 0.0000; -6.3), G2 (0.7149 ± 0.0008; -8.2), G4 
(0.7112 ± 0.0006; -8.0) and G5 (0.7124 ± 0.0007; -7.5) show 
that they correspond to distinct pulses of S-type granite 
magmas, resulting from partial melting of heterogeneous 
metasedimentary material. Two series can be distinguished: a) 
G2 and G3 and b) G5 and G6. Modelling of major and trace 
elements show that the most silicic samples of granite G2 and 
granite G3 are derived from granite magma G2 by fractional 
crystallization of quartz, K-feldspar, plagioclase and biotite 
and that G6 is derived from G5 by fractional crystallization of 
K-feldspar, plagioclase and biotite. The 87Sr/86Sri values do 
not show variation from G2 to G3, indicating that fractional 
crystallization was the main mechanism; this is supported by 
the Rb-Sr isochron and relatively uniform εNdt and δ18O data. 
However, in the G5 and G6 series, there was also a 
contemporaneous assimilation of metasedimentary material, as 
shown by 87Sr/86Sri, εNdt data and a Rb-Sr errorchron. 
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Unusually thick, old oceanic crusts are found in the East 

Mariana Basin to the north and in the Nauru Basin to the east 
of the Ontong Java Plateau (OJP). The thicker than normal 
oceanic crusts in these locations are attributed to the 
emplacement of large volumes and thick lava flows from the 
OJP. However, areas to the west of the plateau, in the Lyra 
Basin, is yet unexplored and has the potential to reveal 
information about the extent of OJP volcanism in both space 
and time. 

We explore the possible relationship between Lyra Basin 
and OJP through the Hf and Os isotope study of volcanic 
rocks recovered by dredging during the R/V Kairei 
(JAMSTEC) KR06-16 cruise in December 2006. Dating and 
geochemical studies suggest that the Lyra Basin volcanic 
rocks are alkalic lavas formed by low degrees of melting ~60 
m.y. after the main stage of plateau volcanism [1]. Our Os and 
Hf isotope results also indicate a distinct mantle source 
compared to that of OJP plateau lavas. Combined Pb-Nd-Sr-
Os-Hf isotope data for the Lyra Basin basalts show some 
affinities with the younger alkalic rocks associated with OJP 
lavas in Malaita, Solomon Islands. Together with the Solomon 
Islands alkalic lavas, the Lyra Basin alkalic basalts could 
represent post plateau volcanism as the basin travelled over 
the South Pacific hotspots on its way to its present position. 

 
[1] Shimizu et al. (2008) Geochim. Cosmochim. Acta 72, 
A860. 
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Recently, an increasing number of studies have explored 

the phylogenetic diversity of microbial communities 
associated with weathered basalt surfaces on the seafloor. 
However, the likely metabolisms of the epilithic biofilms 
appear to be surprisingly varied and poorly defined. Moreover, 
we cannot yet constrain how the microbial communities may 
control the progressive alteration of the volcanic rocks, and 
the composition of the secondary minerals that persist over 
time.  

It is broadly assumed that basalt-hosted biofilms at least 
partially rely upon C fixed by Fe(II)-oxidizing 
chemolithoaotrophic organisms, yet we cannot quantitatively 
and predictively define the role of microbial organisms in the 
oxidative alteration of the ocean crust. Thus our primary 
objective is to mechanistically understand the microbially-
mediated cycling of Fe (and associated Mn and C) during 
basalt dissolution. During the past 5 years, we have employed 
numerous cultivation techniques to isolate psychrophilic 
metal-oxidizing and reducing bacteria from submarine basalts. 
These isolates are commonly detected in basalt-biofilm 
environmental clone libraries, and so we have subsequently 
used laboratory and field-based studies to explore microbially-
influenced rates and mechanisms of Fe solubilization, 
oxidation, re-reduction, and biomineralization. Much our our 
data relies upon the development and application of spatially-
resolved, synchrotron-based x-ray scattering and spectroscopic 
techniques to define Fe (and Mn) oxidation state and 
mineralogy from the ~10nm to the ~10 micron scale. We have 
coupled this work with high-resolution SEM, focused-ion 
beam (FIB) milling and TEM analysis of the incipient 
weathering rinds to structurally and chemically characterize 
the bacteria/mineral associations. We will present a conceptual 
framework for understanding the feedbacks between basalt 
weathering, Fe biomineralization and biofilm formation in the 
deep ocean. In particular, rapid cycling of Fe (and Mn) is 
quantitatively significant and exerts a strong impact on the 
mineralogy of the basalt alteration assemblages, as well as the 
synergistic interactions among microbial community 
members. 
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Water can be transported to the Earth�s mantle in hydrous 

minerals. However, most of them are decomposed at a 
pressure smaller than 44 GPa (1250 km depth). Recently, δ-
AlOOH phase is focused as a water carrier in the Earth�s deep 
mantle. δ-AlOOH is a hydrous sediment component in the 
subducted slab and stable up to at least the core-mantle 
boundaty. If δ-AlOOH is transported to the core-mantle 
boundary by subducting slab, a reaction between δ-AlOOH 
and FeNi metal, the core material, is key factor for the light 
element in the Earth�s core. Only a small amount of hydrogen 
may possibly acount for the density deficit of the core due to 
its small atomic weight. In this study, in situ X-ray diffraction 
study was conducted to determine hydrogen partitioning 
behavior between Fe-Ni metal and δ-AlOOH up to the core-
mantle boundary conditions. 

High pressure experiments were performed using multi-
anvil press and diamond anvil cell at BL04B1 and BL10XU 
beamlines, SPring-8 synchrotron facility in Japan. Starting 
material was Fe0.95Ni0.5 foil or powder embedded with AlOOH 
powder. In the multi-anvil press experiment, the sample was 
enclosed in hBN capsule and heating was performed using 
TiB2 cylindrical furnace. In diamond anvil cell experiment, 
heating was conducted using the fiber/YLF laser. X-ray 
diffraction of the sample was collected at high temperatures 
with 100-200 K step. 

The results show that δ-AlOOH does not react with FeNi 
metal at low temperatures and then hydrogen dissolves into 
FeNi and hydride is formed together with (Fe, Ni)O and Al2O3 
at high temperature in the wide pressure range of 19 � 121 
GPa. Although the temperature of Fe-Ni hydride formation 
(hydrogenation) tends to increase with increasing pressure, 
this hydrogenation temperature is well below the mantle 
geotherm. Therefore, hydrogen is likely to dissolve into the 
Earth�s core and only a small amount of hydrogen can account 
for the density deficit of the core. 

In situ monitoring of the diurnal 
evolution of the dynamic metal 
species in the Riou-Mort river 

M.-L. TERCIER-WAEBER*, T. HEZARD AND M. MASSON 
University of Geneva, Dept.. of Inorganic, Analytical and 

Applied Chemistry, 1211 Geneva 4, Switzerland 
(*correspondence: marie-louise.tercier@unige.ch) 
 
The past decade studies performed in rivers and streams 

demonstrated that many trace metal and metalloid experience 
diurnal cycles, with total dissolved metal concentrations often 
changing one- to five-fold during a 24h period. However, most 
of these studies were performed in summer under low-flow 
conditions. Moreover, samples were collected hourly by hand 
for later laboratory analysis. This laborious sample collection 
and processing approach limits hourly sampling to 1�3 days at 
maximum. More frequent analysis is required to understand 
the seasonal occurrence and amplitude of diel metal cycles, 
and the processes controlling these cycles.  

With this goal in mind, we applied an automated 
voltammetric analyzer to study, at time scale of hour and 
under contrasting bio-chemical and hydrological conditions, 
the diurnal evolution of Cd, Cu and Pb in the Riou-Mort river 
(France) impacted by polymetallic pollution resulting from 
former open-cast coal mining and Zn ore treatment. This 
analyzer is based on a bioanalogic microsensor which allows 
in situ real-time monitoring of the dynamic fraction, i.e. the 
potentially bioavailable fraction, of the target analytes. In 
parallel, T, pH, dissolved oxygen and conductivity were 
monitored in situ and water samples were collected for 
complementary analyses of the water composition.  

Here, we summarise the original results of this work [1]. 
The data revealed that, in the studied river, the diurnal cycles 
of the Cd, Cu and Pb dynamic species were controlled by 
redox and sorption effects induced by either: pH diurnal cycle 
linked to metabolic activity of benthic biofilms; 
photoreduction of colloidal Mn oxides; and/or biofilm 
exudation of extracellular polymeric substances. We also 
observed that: the dynamic fraction of a given cationic metal 
can show diurnal cycle with opposite trends depending on the 
bio-chemical conditions; the trends of the diurnal dynamic 
metal species cycles may be different that those reported for 
the dissolved metal species. The importance of these findings 
is discussed in the context of interpreting existing data banks, 
assessing metal ecotoxicity impact, and designing more 
appropriate monitoring control strategies. 

 
[1] Tercier-Waeber et al. (submitted) Env. Sci. Technol. 
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PGEs behaviour is still little known in hydrothermal and 

magmatic fluids due to their low concentrations, approaching 
the detection limit. In this work, the PGEs behaviour and Os 
isotopes were studied in the high-temperature mainly 
magmatic fluids from the Kudrivay volcano, as well as in 
hydrothermal ore facies from three distinctly different Urals 
VHMS deposits. 

The Kudryavy volcano in the Kurile Islands (Russia) is 
passively degassing with fumarole temperatures of up to 940° 
C, offering the possibility for the direct study of magmatic 
volatiles. The concentration of each of the PGE does not 
exceed 1 ppb, with the highest Os and Pt contents reaching 
907 and 490 ppt, and the Pt/Pd ratio ranging from 0.3 to 2.3. 
The Os is the most vapor-compatible element. While Pt and 
Pd are the less vapor-compatible, they are still enriched by 2�3 
orders of magnitude in the volatile phase relative to the 
volcanic rocks. Fumaroles have relatively unradiogenic 
187Os/188Os isotope ratios in a range from 0.122 up to 0.152, 
similar to these of peridotite xenoliths from the underlying 
mantle wedge within the Kurile�Kamchatka subduction zone. 

The modern hydrothermal fluids have unradiogenic Os 
isotopes pointing to a nearly complete domination of osmium 
isotopes from the host volcanics (mostly basalts). The Os 
concentration in fluids is typically buffered at seawater 
concentration. In Urals VHMS deposits, the PGEs are 
enriched in first-stage high-temperature portions of 
hydrothermal systems and correlate with Co and Au contents. 
187Os/188Os ratio increases with depth in the hydrothermal 
system in the following order: seafloor altered sediments � 
clastic sulphides � massive sulphides � stockwork zone � 
sulphide chimney. The straight line correlation between initial 
187Os/188Os and 1/Common Os shows the mixture of two 
components, which could be identified as hydrothermal fluid 
and seawater. 

In conclusion, even little contribution of PGEs-rich 
magmatic fluid into hydrothermal system will significantly 
influence the Os isotope composition. 

Investigating gallium speciation in 
hydrothermal conditions by X-ray 

absorption spectroscopy 
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Context 

The importance of gallium in high technology applications 
(opto- and semiconductor- electronics, thin-films, metal 
alloys, etc.; see [1] and references therein) calls for a 
comprehensive understanding of its geochemistry. An 
exhaustive set of speciation and thermodynamical data was 
already determined for the system Ga-O-H, in a broad range of 
aqueous conditions up to 250°C (see [2] and references 
therein). But speciation of gallium at higher temperatures in 
presence of other ligands remains unknown: what 
element/ligand is likely to play a major role in hydrothermal 
Ga transport?  

In this context, we aimed at determining the speciation of 
gallium from ambient to 425°C, at 300 bar, in acidic 
conditions, in presence of nitrate, bromide and chloride 
ligands. Our study is based on X-ray absorption spectroscopy 
measurements, EXAFS (Extended X-Ray Absorption Fine 
Structure) analysis and ab initio XANES (X-ray Absorption 
Near Edge Spectroscopy) calculations which permit to 
determine both the gallium speciation and molality as a 
function of temperature [3]. 

 
Results 

The fate of aqueous gallium as a function of temperature 
can be described in several temperature steps. First, 
precipitation of GaOOH above 100°C in agreement with 
previous studies ([2,4] and references therein); then 
redissolution of gallium driven by bromide and chloride 
ligands for intermediate temperatures; finally, for T> 300°C, 
possible existence of an aqueous nitrated complex in contact 
with a precipitate.  

The role and relative strength of the different ligands, and 
the consequences for transport of gallium in hydrothermal 
conditions will be discuted. In light of these results, the 
pertinence of using bromide ligands as analogues for chloride 
ligands (for spectroscopic reasons) will also be considered.  
 
[1] Wood et Samson (2006) Ore Geol. Rev. 28, 57-102. 
[2] Bénézeth et al. (1997) GCA 61, 1345-1357. [3] Testemale 
et al. (2005) Rev. Sci. Instrum. 76, 043905. [4] Da Silva et al. 
(2008) J. Mol. Liq., doi:10.1016/j.molliq.2008.06.022. 
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Lake Nyos is a volcanic crater lake in northwest 

Cameroon, which suffered a sudden catastrophic release of 
CO2 in 1986 that killed about 1700 people. It is permanently 
stratified with an oxidized epilimnion of about 55 m 
magnitude during overturn in the dry season. Its deep water 
contains high concentrations of CO2(aq), HCO3, Ca, Mg and Fe 
and its composition is governed by the dissolution of local 
rock. It is continuously fed by a source of warm water with a 
high partial pressure of geogenic CO2, which accumulates in 
the deep water of the lake. To avoid the recurrence of a 
catastrophic CO2 outgassing, the lake is now artificially 
degassed by a tube that drains water from 203 m depth to the 
surface. 

The degassing of Lake Nyos provides the opportunity to 
study the strong isotopic variation of dissolved Fe(II) and to 
identify the governing processes by reaction-transport 
modeling. Two depth profiles sampled in the lake in March 
2004 and 2005 reveal an increase in iron concentrations and 
δ57Fe from 1.6 mg L-1 and −1.88 � at 55 m to 344 mg L-1 and 
+0.83 � at 210 m, respectively. A steep increase in δ57Fe was 
observed across the oxic-anoxic boundary. 

As many biological and geochemical processes are known 
to fractionate Fe isotopes, we used a calibrated reaction-
transport model to disentangle the processes governing the Fe 
cycle. The model combines the isotopic signatures of 
dissolved Fe(II) and settling Fe(III) particles with the 
concentration profiles and settling fluxes of the Fe particles in 
the lake. 

We explore the possible processes that could create the 
δ57Fe depth profile, with empasis on the large shift across the 
oxic-anoxic boundary.  

Tectonostratigraphic controls on the 
localization of Archaean komatiite-
hosted nickel-sulphide deposits and 

camps in the Yilgarn Craton  
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Komatiite-hosted nickel-sulfide deposits in Archaean 

granite-greenstone terrains generally occur in clusters. We 
investigate the early craton-scale litosphere architecture that 
favoured the emplacement of large komatiite systems and the 
development of nickel-sulfide deposits and camps in the 
Yilgarn Craton in Western Australia. Our investigation to date 
focus on the 2.9 Ga belts of the Youanmi Terrain. The 
combination of belt-scale tectonostratigraphic reconstructions 
and chemiostratigraphic studies of mafic and ultramafic 
volcanic assemblages point toward a complex stratigraphic 
evolution. From the Marda Complex in the north to the 
Ravebthorpe greenstone belt in the south, the supracrustal 
greenstone pile varies considerably along strike: Barberton-
type komatiites are dominantly present in the north, whereas 
Munro-type sequences are located mostly in the south. In 
addition, the greenstone stratigraphy is dominated by tholeiites 
in the north, whereas the ultramafic rocks are dominant in the 
south. We argue that this broad setting may reflect a larger-
scale lithospheric architectural control which may be essential 
to the onset of nickel mineralisation. 

We report U-Pb SHRIMP ages on zircon grains from 
coherent and volcaniclastic dacites along the Lake Johnston 
Greenstone Belt, where the Maggie Hays deposit is located, of 
2920 ± 10 Ma for the coherent sequences and 2873 ± 4 Ma for 
the volcaniclastic rocks. In-situ Lu-Hf isotopic data on zircon 
grains from the dacites display epsilon Hf values ranging 
between 0 and -10. The results exhibit an intermediate 
signature between a juvenile and a reworked older source. 

The significance of the genetic and spatial relationship 
between komatiites and felsic sequences in the 2.9 Ga belts of 
the Youanmi Terrain is currently being investigated, because it 
bears significant similarities with the 2.7 Ga belts of the 
Eastern Goldfields where numerous world-class Ni deposits 
are hosted. 
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Deep-sea corals are a unique archive in paleoceanography. 

They have large banded skeletons that allow for high 
resolution records and have a high uranium content allowing 
for accurate calendar ages independent of radiocarbon age 
measurements. However, their use as a paleoceanographic 
archive is complicated by the fact that the bulk isotope and 
trace-metal compositions of their skeletons are generally out 
of isotopic equilibrium with co-existing seawater. We explore 
the mechanisms of this �vital� effect through �clumped 
isotope� analyses of CO2 evolved by acid digestion of natural 
deep-sea corals. 

Carbonate clumped isotope thermometry is a temperature 
proxy based on the extent to which 13C and 18O atoms are 
ordered into bonds with each other in the same carbonate ion 
in a carbonate mineral lattice. Unlike other 
paleothermometers, this thermometer is independent of the 
δ18O of the water and the δ13C of the DIC from which the 
carbonate grew.  

Our calibration is based on 10 specimens of three species 
of deep-sea corals and one species of a surface coral spanning 
a temperature range of 2-25°C. Analytical precision for 
measurements made over the course of this study was 
typically in the range 1-2°C (1σ). We find that skeletal 
carbonate from deep-see corals shows the same relationship of 
∆47 (the index of 13C-18O ordering) to temperature as does 
inorganic calcite. In contrast, the δ18O values of these 
carbonates (measured simultaneously with ∆47 for every 
sample) differ markedly from equilibrium with seawater; 
i.e., these samples exhibit pronounced �vital effects� in their 
bulk isotopic compositions. We explore several reasons why 
the clumped isotope compositions of deep-sea coral skeletons 
exhibit no evidence of a vital effect despite having large 
conventional isotopic vital effects. Our results also indicate 
that clumped isotope measurements in deep sea corals can be 
used to reconstruct deep ocean paleotemperatures. 

Chemical weathering during rapid 
erosion and subtropical climate:  

A case study from Taiwan  
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The relationship between chemical weathering and 

physical erosion in rapidly exhuming mountain ranges is still a 
matter of debate. Subtropical climate with mean annual 
precipitation of 2-3m/yr within the rapidly uplifting Central 
Range of Taiwan provides an environment for high rates of 
erosion, which can be compared to rates of chemical 
weathering. Seven drainage basins along the eastern slopes of 
the Central Range have been studied with U-series isotopes in 
order to constrain average basin-wide chemical weathering 
rates. Isotopes (238U-234U-230Th, 235U-231Pa) have been 
analyzed from both dissolved and suspended load (>0.2µm). 
Preliminary results yield remarkably high 234U/238U activity 
ratios (1.3-3.0) in both dissolved load, and suspended load 
(1.07-1.19). Furthermore our data indicate 230Th excess  
(1.08-1.36) in suspended particles. Although both activity 
ratio of the suspended load above 1 suggests a complex 
chemical weathering process, the high activity ratio of the 
dissolved load indicate extremely high mobilization of 234U 
considering the humid climate. We compare this weathering 
measure to physical erosion rates obtained from detrital zircon 
fission-track (dZFT) age distributions of modern sand 
sediments of 6 basins in the same region. The dZFT indicate 
high basin-wide erosion rates with ≥ 98% of the detrital grains 
defining a population with a mean age of 1.1 Ma, 
corresponding to an average erosion rate of >4km/Myr. Taken 
together, this suggests a correlation between physical erosion 
and weathering, though a one-to-one correspondence cannot 
yet be demonstrated and previous published models do not 
account for Taiwan. 
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Over the last years, imaging mass spectrometry has been 

emerging as a promising tool for the chemical analysis of 
biomaterials. Among a number of powerful spectral imaging 
methods, Time-of-Flight Secondary Ion Mass Spectrometry 
(ToF-SIMS) is recently attracting the attention of the 
geobiological community, due to its potential to obtain 
elemental and molecular information at a sub-µm lateral 
resolution, i.e. well within the range of microbial systems. 

In ToF-SIMS, primary ions are applied to the sample 
surface in short pulses. The impact of these projectiles causes 
the emission of secondary ions characteristic for the 
composition of the surface analyzed. The secondary ions are 
accelerated into a time-of-flight mass spectrometer to give a 
high-resolution mass spectrum of the analysed spot. By 
scanning of the primary ion beam over the sample surface and 
recording the intensity of each detected secondary ion species, 
each rastered pixel can be displayed in an 'ion image', e.g. 
according to a colorscale. Thereby, information on the 
distribution of elemental as well as organic and inorganic 
chemical components can be obtained in a single 
measurement. 

This talk gives an introduction into the principles, 
capabilities and limitations of ToF-SIMS imaging of 
biomaterials, with particular emphasis placed on the analysis 
of substances and samples of interest in biogeochemistry and 
geobiology. Examples introduced here encompass (i) imaging 
of complex lipid biomarkers in microscopic sections of 
microbial mats, (ii) organic and inorganic mapping of fossil 
biofilms along fracture fillings within deep granitic rocks, and 
(iii) detection of sterane and hopane hydrocarbon biomarkers 
in minute amounts of crude oils. Considering not only the 
strengths, but also current analytical drawbacks and 
limitations inherent to the method, an outlook is given on the 
potential of ToF-SIMS imaging mass spectrometry for 
interdisciplinary molecular approaches in the future. 

Mass independent isotopic 
fractionations: Discovery and recent 
applications in nature: Earth and the 

early Solar System 
M.H. THIEMENS 

UCSD. Department of Chemistry and Biochemistry, 0356. La 
Jolla, CA. 92093-0356 (mthiemens@ucsd.edu) 
 
A motivation for the experiments of Thiemens and 

Heidenreich [1, 2] was to test the basic assumption that the 
only mechanism by which meteoritic mass independent 
isotopic compositions could be produced was via a nuclear 
process. That work [1] has lead to new theories and 
experiments in basic chemical physics and was the first to 
suggest that meteoritic oxygen and nitrogen isotopic 
compositions were the result of photochemical isotopic self 
shielding, now recently rediscovered. As in the case of the 
nuclear model, self shielding has several, crucial assumptions. 
1) in the nebular dissociation process, the only fractionation 
derives from the optical filtration of photons by carbon 
monoxide. 2) Once the filtered light is absorbed, it leads to an 
immediate dissociation (quantum yield of one). These crucial 
assumptions have now experimentally been shown to be 
wrong [3]. The experimental test was formidable because:  
1) the only short UV source of sufficient photon fluence is 
synchrotron radiation and 2) at relevant wavelengths all 
windows are opaque and experiments must be done in a 
window free mode. In [3], these obstacles were overcome and 
self shielding was probed directly. The crucial parameters; 
shielding depth, wavelength (specific quantum states), and 
temperature were tested. The beam profile of the radiation is 
also directly measured to quantify the states. It is directly 
shown that 1) the quantum yield is far different from unity,  
2) there is a thousands of per mil fractionation associated with 
the process of dissociation itself, which has nothing to do with 
self shielding as it also occurs at wavelengths where shielding 
is not possible. Further, the fractionation pattern does not 
produce the equal 17O,18O composition required for shielding 
and therefore there is no experimental support for self 
shielding models. 

The mass independent fractionation process has also been 
observed to occur in nature; in the Earth�s atmosphere (pre 
Cambrian to present), Mars, and tests a multitude of 
geochemical processes [2] which will be discussed. 

 
[1] Thiemens & Heidenreich III (1983) Science 219, 1073-
1075. [2] Thiemens (2006) Ann. Rev. Earth Planet. Sci. 34, 
217-262. [3] Chakraborty et al. (2008) Science 321, 1328-
1331. 
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Thanks to their particular properties due to their size, the 

nanomaterials (dimension < 100 nm) are widely used in many 
industrial applications. This study is dedicated to a deep 
understanding of the physicochemical and biological 
interactions between two cellular models from the 
environment: Synechocystis (cyanobacteria essential for the 
biosphere) and Escherichia coli (bacteria of mammalian 
intestines) with cerium oxide nanoparticles (ex: diesel 
additive). We showed that the stability, aggregation, 
dissolution and surface chemistry of nanoparticles in the 
contact medium, strongly influence the toxicity [1]. The 
physicochemical interactions (flocculation, adsorption, redox 
mechanisms) are linked to the presence of exopolysaccharides 
(for Synechocystis) as natural barrier between the cell wall 
and the nanoparticles. Moreover, the composition of the 
nanoparticles dispersion medium has a major influence on the 
survival and membrane integrity, whereas for E. coli, the 
nanoparticles are the main culprits for the mortality [2]. 

 
[1] Thill et al. (2006) ES&T 19, 6151-6156. [2] Zeyons et al. 
(submitted) Langmuir. 
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(burt_thomas@usgs.gov, brosenbauer@usgs.gov, 
ykharaka@usgs.gov) 
 
The buffering capacity of coals at circumneutral pH is 

very low. As a result, the flooding of coals with carbon 
dioxide rich fluid is expected to produce an acidic aqueous 
phase in addition to the supercritical water-rich carbon dioxide 
phase. At low pH, low molecular weight organic acids within 
porewater and within the rock matrix preferentially exist in 
neutral form and are likely soluble in the supercritical phase. 
Here we describe the experimental interaction between 
supercritical carbon dioxide and thermally immature coal at 
300 bars and 75 C. We also describe a protocol to sample both 
supercritical and aqueous phases for the chemical analyses of 
dissolved organic acids. Short chain monocarboxylic acids are 
measured by HPLC, whereas longer chain mono and 
dicarboxylic acids are analyzed as n-propyl esters of the 
organic acids via conventional gas chromatography and mass 
spectroscopy. The potential carbon dioxide-induced liberation 
of organic acids from natural earth materials could affect 
mechanisms of mineral surface reactivity and this process 
could provide an important, unintended source of labile carbon 
to the deep biosphere. 
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Ever since Charlson et al. [1] proposed a feedback loop 

between ocean ecosystems and the earth's climate (so called 
CLAW hypothesis), there has been considerable interest in 
understanding the role of dimethyl sulfide (DMS) in 
regulating the atmosphere over oceans. However, so for the 
exact contribution of each process in their proposed feedback 
loop is still uncertain. Here, we attempt to diagnose the 
localized aerosol-cloud climate feedback due to the DMS 
alone using the methods available. For this, first, we try to 
assess changes in cloud microphysical properties arising from 
prescribed perturbations to oceanic dimethyl sulphide (DMS) 
emissions in a present day climate scenario using a state of the 
art general circulation model, ECHAM5-HAMMOZ. 
ECHAM5-HAMMOZ consists of three interlinked modules, 
the atmospheric model ECHAM5, the aerosol module HAM 
and the tropospheric chemistry module MOZ. This study 
focuses on the atmosphere over the southern oceans where 
anthropogenic influence is minimal. We investigate changes in 
a range of aerosol and cloud properties to establish and 
quantify the linkages between them. We focus on changes in 
cloud droplet number concentration (CDNC), cloud droplet 
effective radii, total cloud cover and radiative forcing due to 
changes in DMS. Our preliminary results suggest that 
ECHAM5-HAMMOZ produces a realistic simulation of the 
first and second indirect aerosols effects over the Southern 
Ocean. The regions with higher DMS emissions show an 
increase in CDNC, a decrease in cloud effective radius and an 
increase in cloud cover. The magnitude of these changes is 
quantified with the ECHAM5-HAMMOZ model and will be 
discussed in detail. 

 
[1] Charlson et al. (1987) Nature 326, 655-661. 

Al-Si complexing in high-P aqueous 
fluids: Implications for Al transport 

in subduction-zones 
R. THOMAS* AND C.E. MANNING 

Dept. of Earth and Space Sciences, University of California, 
Los Angeles CA 90095 
(*correspondence: robthomas@ucla.edu) 
 
Low solubility of Al in pure H2O suggests that Al is 

immobile in metasomatic environments such as subduction 
zones [1]. However, Al-rich minerals in veins in the same 
settings imply significant Al mobility. To address this 
paradox, we investigated (1) the solubility of corundum in 
fluids of varying initial SiO2/H2O ratios at 800°C and 10 kbar, 
(2) the effect of P on corundum solubility at fixed SiO2/H2O 
ratio, and (3) the effect of temperature on the solubility of 
corundum at 15 kbar. Starting materials of synthetic 
corundum, natural high-purity quartz, and ultrapure H2O were 
equilibrated using hydrothermal piston-cylinder methods [2]. 
Initial SiO2 concentrations were varied between zero and 
quartz saturation by adding small quartz crystals. Solubility 
was determined by the weight loss from the corundum 
crystals. The solubility of Al in pure H2O was 0.0028 molal, 
consistent with previous work [1]. We find that at 800°C, 10 
kbar, the concentration of Al increases with increasing 
dissolved SiO2, to a maximum of 0.0152 molal at quartz 
saturation. The data are described by the equation mAl = 
0.0065(mSiO2)2 - 0.0004(mSiO2) + 0.0032, where m is the 
molality of the subscripted solute. The increase in Al 
concentration with increasing Si requires Al-Si complexing, 
consistent with recent predictions of Al-Si oligomerization in 
high P-T fluids [3,4]. The concave upward trend in the 
isothermal isobaric data indicates that on average, Al/Si in the 
oligomers is <1 [4]. In addition, Al solubility rises with 
increasing pressure at constant T and mSiO2 = 0.675 ± 0.017 
molal, according to the equation mAl = - 0.0037P2 + 0.0175P - 
0.0069. The Al solubility is ~2X higher than that of corundum 
in pure H2O at each P. At 900°C, 15 kbar, the Al solubility is 
33X higher than predicted values in pure H2O, and at 950°C, 
15 kbar the solubility is 100X higher. These results suggest 
that Al-Si complexing is a simple mechanism for enhancing 
Al solubility during subduction-zone metasomatism, as well as 
in other metamorphic settings. 

 
[1] Tropper & Manning (2007) Chem. Geol. 240, 54-60. 
[2] Manning & Boettcher (1994) Am. Min. 79, 1153-1158.  
[3] Manning (2004) Earth Planet. Sci. Lett. 223, 1-16.  
[4] Manning (2007) Geofluids 7 258-269. 
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The Nuvvuagittuq greenstone belt (NGB, Northeastern 

Superior Province, Canada), is an Eoarchean volcano-
sedimentary suite that was emplaced prior to 3.75 Ga [1], and 
possibly as early as 4.28 Ga [2]. The NGB includes two 
distinct sedimentary lithologies (a banded iron formation 
(BIF) with cm-scale quartz-rich and magnetite-rich 
laminations, and a sulfide-bearing silica formation) that may 
represent the oldest remains of the sedimentary record on 
Earth. 

We performed multiple S-isotope ratios measurements 
(δ33S, δ34S, δ36S, ∆33S, ∆36S) in samples covering the entire 
lithological suite of the NGB. Samples from the silica-
formation and BIF display a narrow range of δ34S values 
(0.8� ≤ δ34S ≤ 3.3�), in good agreement with ranges 
reported so far from early Archean sediments [3, 4]. The same 
samples exhibit non-zero ∆33S and ∆36S values (respectively 
ranging from 0.18 to 2.27� and from -2.9� to -0.6�) that 
are negatively correlated (∆36S ≈ -0.9 ∆33S) and conform to the 
linear array that characterizes most of the Archean Eon [5]. 
Finally, the NGB BIF and silica formation reveal a compact 
correlation between ∆33S and δ34S values (∆33S ≈ 0.9 δ34S) 
that matchs previous observations from Neoarchean and 
Paleoarchean samples [6, 7, 8]. 

For the best investigated sample suites, the δ34S- ∆33S-
∆36S correlations have been taken to reflect both a retricted 
chemistry of the atmosphere and a dynamic microbiologically-
dominated sulfur cycle during the Neoarchean. We will 
discuss the implications of a straightfoward uniformitarian 
application of this interpretation in light of the unique events 
that characterized Earth's earliest history (e.g., the late heavy 
bombardment). 

 
[1] Cates & Mojzsis (2007). [2] O�Neil et al. (2008) 
[3] Mojzsis et al. (2003). [4] Whitehouse et al. (2005). 
[6] Farquhar et al. (2008). [6] Ono et al. (2009). [7] Kaufman 
et al. (2007). [8] Ueno et al. (2008). 
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Stable isotopes of key elements for life were extensively 

studied in Archean rock records since decades allowing the 
reconstruction of biogeochemical cycles on the early Earth. 
The ancient nitrogen cycle and early nitrogen metabolism, 
however, are only poorly constrained. Here, we report 
nitrogen and organic carbon isotopes for the slightly 
metamorphosed sedimentary Tumbiana Formation at 2.73 Ga 
(Pilabara Craton, Western Australia).  

Bulk δ15N was measured in 3 lithologies: mudstones, 
stromatolites and siltstones, along the 100 meter depth PDP-1 
diamond drill core at the ppm level using a �Static � IRMS� at 
the IPGP. Nitrogen content and δ15NAIR values vary markedly 
at the meter scale and range from 0.6 to 14.6 ppm and 8.6 to 
50.4 �, respectively. N content and atomic Corg/N ratio do not 
show any obvious correlation with δ15N suggesting that the 
15N-enrichment cannot be explained by preferential loss of the 
14N isotope during metamorphic devolatilization. Moreover, a 
negative correlation between decreasing δ13Corg (ranging from 
-23.8 to -55.9 �) and increasing 15N-enrichment supports the 
interpretation that a primary nitrogen isotopes signature was 
preserved in the shallow water Tumbiana Formation.  

The δ13Corg negative excursion recorded in these samples, 
namely the Fortescue Excursion� most likely results from a 
drastric increase of secondary biomass production by 
methanotrophic microorganisms in response to a �local� redox 
increase. Accordingly, we propose that a slight increase of 
oceanic redox conditions, at around 2.7 Ga, may have been the 
driving force of both low δ13Corg and high δ15N, 100 Ma 
before the oxygenation of the ocean. 
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Density and viscosity of hydrous silicate melts are two 

geologically important physical variables that reflect the 
increased mutual solubility of minerals, melts and fluids with 
+P along the hydrous solidus. Although, we prefer to view the 
hydrous melts and mineral+H2O solubility as two separate 
effects, there are some simple advantages to representing them 
as a single phase. One is to use viscosity determinations for 
hydrous melts relative to pure H2O to limit the values for 
intermediate compositions. With available experimental data 
we have considered the viscosity and densities of concentrated 
natural fluids between H2O and silicate melts. We have 
examined how expected changes in PT during natural 
processes will encourage fluids to dissolve or precipitate, as 
rock melts dissolve or evolve H2O. 

Other fluid components can practically be viewed as inert 
dilutents. 

Stable isotope fractionation as a tool 
to determine substrate bioavailability 

MARTIN THULLNER1*, MAKEBA KAMPARA1,  
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Germany (*correspondence: martin.thullner@ufz.de) 
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In environmental systems, the overall dynamics of 

microbial degradation processes does not only depend on the 
abundance of microorganisms and their enzymatic capabilities 
but also on the bioavailability of the substrate. Substrate 
bioavailability depends on various factors including mass 
transfer processes providing the substrate to the location of the 
microbial cells. Degradation kinetics observed at the macro 
scale are thus influenced by both, the dynamics of the mass 
transfer processes and the kinetics of the enzymatic reaction. 

Due to the inherent difficulties in measuring the kinetics 
of each of these processes independently in situ, indirect 
detection methods are required to determine which of these 
processes is ultimately controlling macroscopic degradation 
rates. In recent years, compound specific stable isotope 
fractionation has been established as a tool for the 
investigating biodegradation processes. Fractionation is 
caused by the enzymatic degradation with mass transfer 
processes assumed not to lead to any significant fractionation. 
The aim of this study is to investigate how isotope 
fractionation observed at the macro scale is influenced by 
bioavailability restrictions and how such effects can be used as 
an indicator for substrate bioavailability.  

By a combination of laboratory experiments and 
theoretical calculations we could show that observed isotope 
fractionation factors increasingly differ from enzymatic 
fractionation factors the more the bioavailability of the 
substrate is limited by diffusive mass transfer at the micro 
scale. This allows establishing a quantitative relation between 
observable isotope fractionation factors and the effective 
bioavailability of the substrate. An analysis of this relation for 
the batch systems used in this study shows that even in well 
mixed systems the effective bioavailability depends on the 
concentration of the substrate and of the microbial cells. The 
lower the substrate concentration and/or the higher the cell 
concentrations the more the effective bioavailability is 
restricted. 
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The experimental pyrolysis of crude oil in a closed system 

produces gases characterized by abundance of wet gases and 
large methane carbon isotope fractionation [1, 2]. Crude oil, 
however, is a mixture of various compounds whose thermal 
and geochemical vary significantly [3]. The kinetic model of 
gas generation and methane carbon isotope fractionation based 
on the pyrolytic data of aromatics with an initial carbon 
isotope of -28.34� illustrates that the cracking of aromatics 
could produce drier gases with dryness index more than 60% 
and heavier methane carbon isotopes ranging from -41.1� to 
-30.9�, which is quite different from the gases derived from 
the cracking of crude oil or saturates [1, 2]. The results further 
indicate that a compositional kinetic model of oil cracking, 
including both gas generation and carbon isotope 
fractionation, is very essential to understand the oil cracking in 
some high maturity basins. 
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Figure 1: The evolution of dryness and methane carbon 
isotope of gases from the cracking of aromatic hydrocarbons 
at a geological heating rate of 2°C/Ma. 
 

Supported by NSFC(Grant No. 40802025 and 40625011 ). 
 
[1] Tang et al. (2000) GCA 64, 2673�2687. [2] Hill et al. 
(2003) Org. Geochem. 34, 1651-1672. [3] Behar et al. (2008) 
Org. Geochem. 39, 764-782. 
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In the amphibole-rich mafic and ultramafic intrusives of 
the Re di Castello Unit (southern Adamello), olivine-rich (+ 
clinopyroxene + spinel) clusters have been found. Olivine (Fo 
up to 85 mol%) show triple junctions and clinopyroxene (mg# 
up to 0.9) is locally included into olivine. These clusters 
represent fragments of an older ultramafic rock (possibly a 
wehrlite) that was dismembered by the injection of the 
hydrous magma that gave rise to the host amph-rich gabbroic 
rocks. Trace element compositon of clinopyroxene included 
into olivine indicates that these early intrusive bodies were 
crystallised from a high-Mg andesite enriched in LREE, Th, U 
and strongly depleted in HREE. 

The process of recycling/assimilation is confirmed by the 
in situ U-Pb zircon geocronology. Zircons were separated 
from mafic and ultramafic amph-rich rocks and were 
charaterised for the internal structure by cathodoluminescence. 
The occurrence of inherithed cores texturally distinct from the 
rims has been found. The age determinations with excimer 
laser ablation ICPMS on the outermost rims with oscillatory 
zoning and quartz inclusions confirm the literature age of 40 
Ma [1]. Inherited cores with igneous trace element 
composition yield significantly older Alpine ages. 

Implications of this work are twofold. Data provide 
evidence for a magmatic activity, most likely subduction 
related, older than 40 Ma. The evidence of assimilation of the 
ultramafic roots of island arc by later hydrous melts has also 
implications for the genesis of the continental crust being an 
alternative or complementary way to subtract the ultramafic 
component. 
 
[1] Hansmann & Oberli (1991) Contrib. Mineral. Petrol. 107, 
501�518. 
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The global warming over the Antarctic ice-cap produces 

amplified signals, well imaged especially in the transition zone 
between the Antarctic Peninsula and the adjacent Drake 
passage. The presence of a diffused and discontinuous BSR 
was detected during the Italian Antarctic cruise 1989-90 and 
better defined in a later cruise 1996-97, both onboard R/V 
OGS-Explora and supported by Progetto Nazionale di 
Ricerche in Antartide. The seismic data showed a relevant gas 
hydrate reservoir on the South Shetland margin. In order to 
quantify the concentrations of gas hydrate and free gas in the 
pore space, we proposed a procedure based on theoretical 
model (Biot equations and approximations in case of seismic 
frequency). This approach models the different layers 
associated with the BSR (two solids -grains and clathrates- 
and two fluids �water and free gas-) including an explicit 
dependence on differential pressure and depth, and the effects 
of cementation by hydrate on shear modulus of the sediment 
matrix. The theory gives both compressional and shear wave 
velocities, and needs easy to hypothesise physical parameters 
(porosity, compressibility, rigidity, density, frequency 
dependence). These can be determined from available 
lithostratigraphic information, and experimental data sets if no 
direct measurements are available. In particular, a detailed 
geological knowledge of the area is essential in order to 
suppose a normal gradients of physical properties (porosity, 
density, rigidity, and compressibility) of marine sediments, in 
order to correctly associate the velocity anomalies to chlatrate 
and free gas presences and avoid misinterpretations, like the 
case of over- and/or under-consolidated sediments. The 
concentrations can be estimated by fitting the theoretical 
velocity to the experimental P-wave velocity obtained from 
travel-time inversion. Finally, the BSR depth obtained by 
seismic data can be used to estimate the geothermal gradient 
fitting the seismic depth of the BSR with the theoretical depth 
evaluated by using modeling. This procedure was used to 
analyse the seismic data (multichannel and OBS data) 
acquired offshore South Shetland Margin, in which there are 
evidences of gas hydrate and free gas in the marine sediments. 
We detected also several mud volcanoes and evidences of 
fluid expulsions. 

Process-related Mg isotope 
fractionation during a seasonal cycle 

in a granitic catchment 
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River water elemental or isotopic ratios are controlled by 

mixtures of end-members with differing compositions. The 
compositions of such end-members are either inherited from 
heterogeneity in the original lithological sources 
(e.g. carbonate, silicate) or from process-related fractionation 
of elemental or isotopic ratios during weathering. 
Distinguishing process-related variations from lithological 
mixing trends is a problem fundamental to partitioning 
weathering fluxes between different sources, and 
understanding the underlying mechanisms that control 
chemical weathering. In many studies, distinguishing chemical 
signatures in river waters related to lithology from those 
related to weathering processes is complex because of 
heterogeneous lithology in most catchments. 

In this study the 26Mg/24Mg ratios (expressed as δ26Mg) 
was analysed from a mono-lithological granitic, weathering-
limited first order catchment from the Swiss Alps. The 
Damma glacial forefield (part of the BigLink project), is one 
of the largest multi-disciplinary experimental catchments of its 
kind. Water samples were collected every two weeks during 
the melt season, from five localities. The advantage of having 
a continuous sequence of samples from the same sites, is the 
constant lithology over the sampling season. 

Mg is one of the major components in the dissolved load 
of the rivers, and concentrations show variations over the 
seasonal cycle. These are more complex than dilution with 
varying runoff. Rather, they relate to mixtures of water bodies 
with distinct chemical compositions. δ26Mg in the dissolved 
load of the rivers has a significantly lower isotopic 
composition than the granite (greater than 1� in some cases), 
the principal source of Mg to the rivers. This is caused by 
fractionation of the 26Mg/24Mg ratio during weathering, 
consistent with previous data on Mg isotopes in rivers [1]. 
Sub-epsilon level analytical precision reveals that the data 
show a continuous trend in their isotope ratios across a 
seasonal cycle. The processes behind the seasonal cycle and 
offset between the granite and the waters will be discussed. 
 
[1] Tipper et al. (2006) EPSL 250, 241�253. 
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The Cuddapah alkaline Province, Andhra Pradesh, 

Southern Peninsular India characterised by isolated pockets of 
sub-alkaline and alkaline lithounits and located along the 
eastern margin of the intracratonic Proterozoic basin of South 
India Craton. The Settupalle Complex forms the saturated to 
oversaturated component of the said �Cuddapah alkaline 
province� .It is conspicuously confined to an extremely 
narrow linear belt which is close to known basement fracture 
zone with which the major bouguer gravity axis is parallel in a 
NNE=SSW direction. This particular belt lies at the junction 
zone between fold belts i.e Dharwar (granite-greenstone belt 
towards the west and the Eastern ghat (gneiss-granulite) 
mobile belt towards east. The Settupalle complex was post-
kinematic, tectonically controlled and passive emplacement in 
to the Precambrian amphibolites and granite gneiss basement. 

The mineralogical and geochemical analysis suggest that 
the parental magma diversified into tholeiitic basalt and mildly 
alkaline basalt magma. The tholeiitic magma was dry and 
differentiated under very low oxygen fugacity conditions in a 
closed system fractionation process whereas the mildly 
alkaline basalt magma was hydrous differentiated under very 
low water pressure conditions. The existence of two 
diversified magmas suggests the three dimensional model. i.e. 

 
a. Evolution by branching differentiation (Petrogenys 

residua system) from single tholeiitic magma. 
b. Evolution by two independent magma (tholeiitic on 

one side and alkaline on the other side). 
c. Evolution of alkaline trend by branching 

differentiation only. 
 
The exact mechanism is subject to be a question of debate 

and it is left for discussion. 

New Mg/Ca calibration of benthic 
foraminiferal species: Mapping of the 
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Because the Atlantic Meridional Overturning Circulation 

(AMOC) transports warm and salty surface waters to high 
latitudes, where deep-water formation return southwards, 
reconstruct changes within the tropical thermocline and 
intermediate and deep-waters circulation might solve the 
mechanisms linking high and low latitudes climate changes 
and restrain our understanding in heat transport and 
temperature distribution. As a part of this strategy we need a 
best possible calibration methods to reproduce water mass 
properties and to get a good representation of the thermocline 
area at the Brazilian Atlantic margin. 

In order to map the thermocline gradient dynamics in the 
western tropical Atlantic we use Magnesium/Calcium 
(Mg/Ca) on bottom water living foraminifera as a 
representation of temperature at site. For the calibration we 
used a set of CTD casts and we calibrated Mg/Ca content 
versus oxygen isotopic temperature to provide an estimate of 
thermocline depth penetration in modern climate. 

We present new Mg/Ca data calibration from a depth 
transect from the western tropical Atlantic, which is 
characterized by a bottom temperature range from 6 to 4°C 
corresponding to a water depth of sites from 600 to 1000 m, in 
order to map the thermocline gradient. We analysed on 
multiple benthic foraminiferal species from a series of core-
tops. Mg/Ca were performed from samples cleaned using 
oxidative steps and by ICP-OES. 

The incorporation of Magnesium have a strong correlation 
to calcification temperature. Depending on the foramiferal 
species, we examined the sensitivity of foraminiferal inter-
species in response to the carbonate ion saturation effect 
(∆ [CO3

2-]) on Mg/Ca ratios. 
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Ice is characterised by subzero temperatures, the absence 

or lack of any substantial quantities of liquid water, and 
chemically dilute conditions, thus allowing the long-term 
preservation of biomolecules and other organics that get 
trapped within the ice. Moreover, glacial ice is a repository for 
aerosol and wind-blown dust. It may also harbor biosignatures 
from ice dwelling life, as well as organic matter from extinct 
life and meteorites. As such, modern glacial ice environments 
are key field study sites to distinguish allochthonous 
(i.e., formed in the ice) from autochthonous (i.e., of foreign 
sources) organic records and to develop sampling strategies to 
detect biosignatures from extraterrestrial ice environments 
(e.g., polar regions of Mars, Europa, Titan, Enceladus). 

The Signatures of Life in Ice (SLIce) project is a 
multidisciplinary, comprehensive investigation of organic 
biosignatures and abiogenic organics in near-surface (0-1.25 
m depth) glacial ice on Svalbard. Much like planetary 
missions, one of the biggest challenges for this study is 
forward contamination. For this, contamination was carefully 
controlled and monitored in-situ using adenosine-5�-
triphospate (ATP) and lipopolysaccharides (LPS) abundances 
on surfaces; where, ATP is a marker for metabolic activity and 
LPS is used as a marker for Gram negative bacteria and used 
as a proxy for total bacterial loads. ATP and LPS were also 
measured for >0.2 µm filtered particulates. These data along 
with live/dead cell counts and 16S rDNA analyses indicate 
that active microbial consortia are most abundant / diverse in 
ice layers close to the surface snow and in some sediment-rich 
ice. Fatty acid profiling and hydrocarbon detection is being 
used to estimate microbial biomass and to identify potential 
allochthonous organic sources.  

Hf isotopic evidence for small-scale 
heterogeneity in the mode of mantle 
wedge enrichment: Southern Havre 
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ERIN TODD1*, J.B. GILL1, R.J. WYSOCZANSKI2, 
M. HANDLER3, I.C. WRIGHT4 AND J. GAMBLE5 

1Dept of Earth & Planetary Sciences, University of California, 
Santa Cruz, USA (*correspondence: etodd@ucsc.edu) 

2National Institute of Water and Atmospheric Research 
(NIWA), Wellington, New Zealand 

3School of Geography, Environmental, and Earth Sciences 
Victoria University of Wellington, New Zealand 

4National Oceanography Centre, University of Southampton, 
Southampton, UK 

5Dept of Geology, University College Cork, Cork, Ireland  
 
Morphologic and petrologic segmentation in the southern 

Havre Trough (SHT) reflects changes in along-arc melt-
generation processes at a transitional rifting-to-spreading 
back-arc. Widespread reflective seafloor and fresh basalts 
indicate magmatism throughout the back-arc synchronous 
with progressive extension. Source heterogeneity appears to 
occur at along-arc intervals resembling the �Hot Fingers� 
proposed for NE Japan (Tamura et al. 2002). Locally 
concentrated zones of high melt productivity may explain the 
formation of across-arc shallow (≤ 2200 mbsl) constructive 
volcanic ridges (e.g. 36°S, 34.7°S, 33.5°S). Intervening deep 
elongate rift basins (>2600 to >4000 mbsl) are floored by low-
relief axial mounds of fresh pillows. 

SHT basalts span a wide range in Nb/Yb, from E-MORB-
like (ridges) to N-MORB-like (basins). Most SHT are 
enriched in LILE, Th and LREE relative to MORB; elevated 
LILE are more prominent among basin samples, whereas REE 
+ Th tend to be higher in ridge samples. Ridges include more 
isotopic enrichment, and positive correlations between 
176Hf/177Hf and Hf/Hf* suggest addition of sediment melts 
where zircon is variably residual. Variable 176Hf/177Hf in 
samples lacking REE + Th enrichment and with Hf/Hf* ≈ 1.0 
indicates isotopically heterogeneous mantle independent of 
subduction. 

The diversity of SHT basaltic compositions suggests 
along-arc variability in petrogenesis consistent with 
morphologic contrasts. Cross-arc ridge segments are derived 
from locally focused zones of high-productivity melting 
fluxed by sediment partial melts. Segments with abundant 
deep basins have basalt compositions indicating only fluid 
fluxing. 
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Introduction 
Observations show that the rate of heating in the 

atmosphere due to human pollution varies with latitude and 
height. The largest warming of the troposphere for mid-
latitudes is found at about 300mb [1]. As this tendency in the 
vertical distribution of heat is projected to continue, the 
thermodynamical structure of the troposphere will change [2]. 

Aerosol pollution is known to cause the formation of 
smaller cloud droplets, thus suppressing the conversion of 
cloud to rain water [3,4]. However, aerosol impact on 
precipitation in a changing atmosphere is difficult for 
qualitative evaluation [2]. 

 
Model Simulations 

A case study was modeled using RAMS v.6.0 model [5], 
which is 3D, nonhydrostatic cloud resolving model, that 
includes a two moment bulk microphysics scheme with 
7 hydrometeor categories. The simulations were initiated with 
rawinsonde sounding data from Sofia, Bulgaria on 14.07.2006 
and a warm moist bubble was used to trigger convection. Two 
single clouds were modeled � a large and a small cumulus. 
Simulated in-cloud characteristics and precipitation are 
compared for simulations with different CCN concentrations 
(clean and polluted air) and modified soundings in the range 
of expected temperature increase. 

 
Discussion of Results 

The results show that global warming acts to suppress 
convection at lower levels, so that the small cloud develops 
slower and produces less precipitation. For the big cloud both 
precipitation rate and total rainfall volume increase. The CCN 
impact on precipitation for both clouds is weaker compared to 
present day conditions. 

 
[1] Santer et al. (2003) J. Geoph. Res. 108. [2] ICCP(2007) 
Cambridge University Press, 921. [3] Levin & Cotton (2007) 
WMO/IUGG IAPSAG. [4] Rosenfeld et al. (2008) Science 
321, 1309-1313. [5] Pielke et al. (1992) Meteorol. Atmos. 
Phys. 49, 69-91. 
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The ice ages have traditionally been viewed as a 

phenomenon driven by the insolation over the ice sheets in the 
Northern Hemisphere. Since the discovery of ice-age CO2 
variations in Antarctica thirty years ago, however, much of the 
focus has shifted to the greenhouse effect from atmospheric 
CO2 and the south. The missing piece is an understanding of 
the CO2 mechanism and the way it is related to the insolation 
variations in the north. Ice-age climate variations are described 
here in terms of two centers of action, the traditional one in the 
north and a new one in the south. The southern center drives 
the temperature variability in Antarctica and atmospheric CO2. 
The northern center activates the southern center via the 
temperature contrast between the hemispheres. Individual ice 
ages come to an end when the temperature difference between 
the hemispheres is flattened and they start up when the north-
south temperature difference is greatest. This form of north-
south communication is actually very familiar, as it is readily 
observed during the Younger Dryas interval 13,000 years ago 
and in the various �millennial-scale events� over the last 
90,000 years. 
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Human activity and climate fluctuations are major factors, 

affecting groundwater quality, first of all within the industrial 
areas. Forecasting of unfavorable consequences of these 
factors includes (a) experimental evaluation of aquifer flow 
and migration parameters, identification of pollutant sources, 
etc.; (b) mathematical simulation of flow and mass-transport. 

3H/3He dating [1] is an important tool to groundwater 
investigation on 50 yrs scale. As 3H measurement is routine, 
the main dating procedure is to obtain tritiogenic 3He amount 
by (a) measuring noble gas isotope abundances, and (b) 
subtracting non-tritigenic components of 3He, e.g., dissolved 
and �excess� air, etc. [2]. Isotope data and 3H/3He age can be 
used to estimate the young and old water mix proportions, as 
well as to verify and calibrate mathematical models of water 
flow and solute transport.  

Isotopic approach has been applied to study different 
groundwaters at several sites in Russia with intense mining 
activity and/or radioactive wastes disposal. (1) 3H/3He dating, 
isotope (15N, 2H, 18O) and chemical (SO4

2�, Cl�, NO3
�, pH, Al) 

data enabled to map the recharge area, identify the main 
pollutant sources, assess the mixing proportions, and predict 
the changes in water chemical composition around apatite 
mines (Khibiny alkaline massif, Kola peninsula). (2) Data on 
2H, 18O, 3H, 3,4He, 20Ne, 36,40Ar, 234U/238U in water and U, Th 
in water-bearing rock allowed to delineate the injection front 
and to quantify the migration parameters controlling 
radionuclide propagation in vicinity of deep wells injecting 
radioactive waste at the Siberian Chemical Combine (Tomsk-
7). (3) 3H/3He dating was used for calibration of the flow and 
transport numerical models at St.Petersburg province 
potentially affected by research and industry reactors, as well 
as surface waste disposal facilities. 

 
Acknowledgements: ISTC 3590. 
 

[1] Tolstikhin & Kamensky (1969) Geokhimiya 8, 1027-1029. 
[2] Aeschbach-Hertig et al. (2000) Nature 405, 1040-1044. 
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Collisional granitoids in the Ekecikdag area (central 

Anatolia-Turkey), represent a S- and I-type igneous 
association formed by crustal melting related to the Alpine 
thickening during the Late Cretaceous. The I-type grano-
diorite characterized by the presence of K-feldspar 
phenocrysts and mafic microgranular enclaves together with 
its abundant biotite and hornblende content is calc-alkaline 
metaluminous based on whole-rock and mineral chemistry. 
The S-type granitoids with two-mica and lower mafic mineral 
content are peraluminous microgranite and metaluminous 
leucogranite. The Ekecikdag granitoids, in general, exhibit 
negative Ba, Nb, Sr, P, Eu and Ti anomalies, and Th, U, K, Pb 
and LREE enrichment on the primitive-mantle normalized 
spider diagrams. Whole-rock elemental and Sr-Nd isotope 
geochemical data indicate crustal magma sources with minor 
amounts of mantle contribution. Moreover, mineral chemistry 
data suggest an emplacement depth of 6-16 km for the 
granodiorite, and ≥10 km for the microgranite and 
leucogranite. 

Mean LA-SF-ICP-MS zircon 2°6Pb/238U ages are between 
80 and 85 Ma and considered as crystallization ages. Inherited 
zircon core ages, on the other hand, extend back to the 
Archean. Moreover, LA-MC-ICP-MS zircon Lu-Hf isotope 
analyses imply heterogeneous sources from the Archean to 
pre-Late Cretaceous, but the narrow range of isotope data 
obtained from the rims and younger zones of the zircons from 
the Ekecikdag granitoids (i.e., εHf(t): -1.3±0.5 to -8.8±0.5; 
176Hf/177Hf(t): 0.28250 to 0.28268) suggest a crustal 
homogenization at the Late Cretaceous. 
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The proposal to use 3H � 3He systematics for ground water 

dating was inspired by discovery of anomalously high 3He 
abundance in He emanated by hot springs of the Kuril 
volcanic arc [1]. Because of the high [3H] concentrations in 
meteoric waters in mid-sixties (up to ~ 10,000 TU), 3He 
accumulation in an air-isolated water parcell could result in a 
substantial 3He(3H) signal. Even though decay of bomb-
produced 3H was considered in [1] as an objectionable 
explanation for the high 3He contribution in volcanic He, 3H � 
3HeTRI duo appeared to be quite a promising (in some respects 
unique) hydrological tracer [2].  

The first 3H � 3He dating of terrestrial waters was 
performed for the North Atlantic: according to the excellent 
contribution [3], a 3He maximum at depth 500 m along with 
enhanced [3H] yielded 3H � 3He apparent age 2.6 ± 0.6 yrs, in 
agreement with an earlier estimate from [3H] along [4]. Even 
much deeper 3He excess at ~2 km was also considered as a 
core of down welling cold waters from the Labrador sea, the 
3H � 3He apparent age of this core being 12 yrs and the mean 
velocity of a water stream ~0.01 m sec-1.  

Later on data obtained for the Great Lakes [5] illuminated 
facilities of the method. The spring and fall overturns of lake 
waters provided a constant [3H] within a lake and its efficient 
degassing and thus set the 3H � 3He clock at zero. Hence, 
excess 3He versus depth profiles portrayed 3H � 3He ages, 
from a few days for the epilimnion to a few months for the 
hypolimnion waters. 3H - 3He age of these waters in Huron 
(110 days) was similar to time between the spring overturn 
and sampling, supporting a closed system approximation for 
the hypolimnion and the 3H � 3He age derived.  

Almost 20 yrs after [2] the first 3H � 3He results were 
obtained for ground waters [6,7], these are discussed as 
examples of early approaches to the dating. Some data for 
shallow aquifers in Russia are also presented [8].  

 
[1] Mamyrin et al. (1969) Dokl. Akad. Nauk 184, 122-126.  
[2] Tolstikhin & Kamensky (1969) Geokhimiya 8, 1027-1029. 
[3] Jenkins et al. (1972) EPSL 16, 122-126. [4] Begemann & 
Libby (1957) GCA 12, 277-296. [5] Torgersen et al. (1977) 
Limnol. Oceanograph. 22, 181-193. [6] Schlosser et al. (1988) 
EPSL 88, 353-362. [7] Poreda et al. (1988) J. Hydrol. 103, 1-
9. [8] Kamensky et al. (1991) GCA 55, 2895-2899. 
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To specify sites of noble gas isotopes, shed light on their 

origin and estimate their residence times we investigated 2.5 
Gyr old mafic rocks from the Moncha Pluton (Kola peninsula, 
Baltic shield) using different extraction methods: crushing, 
fusion, step-wise, isothermal and incremental heating. A 
contribution of in-situ produced HeRAD was estimated from U 
and Th concentrations.  

The He release pattern obtained by relatively fast (~ 1.5 
hour) incremental heating of olivine consists of three distinct 
release peaks for He: a low-temperature (600°C) l-peak, a 
middle (800 to 1100°C) m-peak and a high-temperature 
(~1400°C) h-peak; however, He extraction from the powder 
yields mainly the middle m-peak: the l- and h-peaks gases are 
derived from gas-liquid inclusions opened in the course of 
crushing. Slow heating (14 hours) also results in a broad He 
release peak in contrast to two well-separated l- and h-peaks 
of 40Ar*. This implies He migration from l- and h- inclusions 
into the matrix m during long heating, in contrast to less 
mobile Ar. A simple model envisaging the three different sites 
for noble gases was able to reproduce both fast- and slow-
heating release patterns for 40Ar* and He. The diffusion 
parameters (for He in the olivine), D0 = 2.4 × 10-2 cm2 s-1 and 
Ea = 133 kJ mol-1, are similar to published values [1, 2]. The 
He solubility found for olivine, HHe ~0.01, greatly exceeds 
estimates reported in [3]; however the products DHe(T) × HHe 
(that governs He migration in materials consisting of matrix 
and inclusions) are similar. Extrapolation to the ambient 
temperature (0°C) gives long and similar He residence times 
in l- and h- vesicles, exceeding 1010 yrs, and even longer time 
scales ~ 1016 yrs are obtained for the matrix. Therefore, at low 
temperatures our samples may be considered as excellent 
samplers of trapped volatile species, including He.  

 
[1] Blard et al. (2008) GCA 72, 3788�3803. [2] Shuster et al. 
(2003) EPSL 217, 19-32. [3] Trull & Kurz (1993) 57, 1313-
1324. 
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129I Geochronology 
Natural iodine system comprises one long-lived 

radioactive iodine (129I; T1/2=15.7 Myr) as well as stable 127I. 
Because of the strong biophilic behavior of iodine, marine 
organic materials are enriched in iodine, and the subsequent 
decomposition of buried organic materials liberates iodine into 
pore waters together with hydrocarbons. The 129I/I 
measurements in pore waters thus provide the collapse time 
since the organic materials had accumulated and separated 
from seawater. Here we show the 129I/I results from the gas 
hydrate deposits off Shimokita Peninsula, NE Japan to 
determine the source formations responsible for hydrocarbons 
in gas hydrate. 

 
Results and Discussion 

Iodine concentrations rapidly increase downward, 
reflecting upward migration of deep fluids enrichd in iodine. 
The 129I/I ratios range between 300x10-15 and 400x10-15, 
suggesting ages for iodine and hydrocarbon sources as old as 
40 Ma. These ages correlate well with the Eocene coaly 
formations, which are also responsible for the conventional 
natural gas deposit underlying the gas hydrate.  
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We have developed a theoretical framework that describes 

the influence of soil organic matter on the fate of insecticidal 
Cry proteins from genetically modified Bt crops in agricultural 
soils. We performed in situ monitoring of protein adsorption 
to and desorption from various humic acids (HA) at different 
solution conditions (pH, ionic strength) using a quartz crystal 
microbalance (QCM-D). We reproducibly coated HA to 
QCM-D sensors via electrostatic layer-by-layer assembly 
(SiO2�poly-L-lysine�HA). We investigated adsorption of 
Cry1Ab to a variety of HA that differ in chemical composition 
and origin. These different materials showed a remarkably 
similar pH and ionic strength dependence of Cry1Ab 
adsorption. From a modeling standpoint, these results suggest 
that sorption of Cry proteins to different soil organic matter 
types may be captured by one set of parameters. The adsorbed 
concentration of Cry1Ab to HA decreased slightly with 
increasing pH, and, in contrast to hydrophilic and negatively 
charged quartz, the initial adsorption rate of Cry1Ab to HA 
was independent of solution pH. These findings imply that 
Cry-HA interactions are governed by hydrophobic and/or 
entropic interactions, while electrostatics have a minor 
modulating effect. This was corroborated in control 
experiments in which adsorption of Cry1Ab to negatively 
charged poly-acrylic acid was highly pH dependent and, 
hence, governed by electrostatics. A significant mass fraction 
(70-80% at pH 5 and 6 and 50-70% at pH 7 and 8) of Cry1Ab 
adsorbed to HA did not readily desorb upon buffer rinsing, 
indicating that the protein may have partially unfolded on the 
HA surface. Therefore, in field soils, much less Cry is 
expected to desorb from HA than from mineral surfaces upon 
decreasing protein solution concentrations. Our results 
indicate that soil organic matter is an important sorbent for 
Cry proteins and that its relative contribution to total 
adsorption increases with pH as adsorption to negatively 
charged minerals decreases. 
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The source of metamorphic sulfur, critical in 

understanding ore-forming processes, has been hypothesised 
for some time to be largely derived from breakdown of pyrite 
(FeS2) to pyrrhotite (Fe1-xS) during regional metamorphism. 
Previous field-based studies of sulfur production focused on 
graphitic schists or massive sulfide deposits because these are 
typically pyrite-rich and thus easy to study. In these rocks 
pyrite has been found to break down over a broad range of 
temperatures from the lower amphibolite facies up to lower 
granulite facies. However, in many regions carbonaceous 
rocks and massive sulfides are volumetrically insignificant, so 
these studies are not broadly applicable to understanding 
regional sulfur generation. Pyrite is also found in trace 
quantities in common metamorphic lithologies that may, 
through their greater volumes, be more important as source 
rocks on a regional scale. 

In this study a mass balance approach and the 
thermodynamic computer programs THERMOCALC and 
PerpleX were used to constrain the P-T range of pyrite 
breakdown in common metamorphic lithologies. The results 
suggest that most of the continental crust�s metamorphic 
sulfur is produced in a relatively narrow temperature window 
corresponding to the terminal breakdown of chlorite. This is 
because pyrite stability is controlled partly by temperature, 
and partly by the amount of H2O present. As T increases, more 
sulfur is required to maintain equilibrium proportions of H2O, 
H2S and SO2 in the fluid. At low T, little sulfur is required by 
metamorphic fluid released during initial chlorite breakdown, 
whereas at higher T coinciding with the terminal breakdown 
of chlorite, not only is more fluid present, but the fluid�s sulfur 
requirement has also increased dramatically. Beyond the 
chlorite stability field there is minimal metamorphic fluid 
production, except at low P and high T where muscovite can 
break down without causing melting; conditions that are a 
long way from typical crustal geotherms.  

However, the role of deformation must also be considered. 
Without deformation, small amounts of fluid in chemical 
communication with individual pyrite grains will quickly 
aquire equilibrium concentrations of the sulfur species. But 
during deformation, there may be a continuous fluid flux past 
pyrite grains, promoting continual sulfur liberation. In this 
way, periods of deformation may be the major sulfur-
generating episodes during a metamorphic cycle. 
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Different geochemical He components can be 

distinguished by their typical 3He/4He isotope ratios (~10-5 for 
mantle-type He, ~10-8 for crustal He and 1.36·10-8 for 
atmospheric He). Therefore the 3He/4He isotope ratio 
gradients measured in lacustrine sediments allow to 
characterize the underlying geochemical reservoir from where 
terrestrial He and simultaneously other transient fluids 
originate (e.g. CH4) at a local scale. 

The routine measurement of noble gases in the pore waters 
of ocean sediments was up to now limited by textural 
problems which allowed only a partial degassing of the 
sediment/water mixture. 

A new extraction method to determine routinely noble gas 
concentrations in unconsolidated sediment was developed in 
the last years with the goal to extend the application of 
dissolved noble gases to the pore water of oceanic sediments. 
The method applies high speed centrifugation to separate the 
liquid from the solid phase and allows to use standard 
protocols for noble gas analysis in water. 

The cold seeps offshore the eastern edge of New Zealand 
have been invstigated on recent cruises with RV TANGAROA 
in 2006 and RV SONNE in 2007. During the SO191-3 
expedition ocean sediment samples intended for noble gas 
analysis were collected along the Hikurangi margin at three 
sites (two located at Omakere Ridge and one at Rock Garden). 

Our noble gas measurements show that at Omakere Ridge 
mainly crustal He emanates (3He/4He ~3.7-4.2·10-7). This 
finding is in line with the δ13C signature of the water samples 
collected over the bubble plumes indicating a biogenic CH4 
source. 

The seeps at Rock Garden are characterized by the (weak) 
release of He from a depleted mantle source (3He/4He ~ 
3.8·10-6). The vicinity of the Pacific-Australian subduction 
plate boundary near the northern part of New Zealand may 
foster the release of such mantle fluids into the sediment 
column. 
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The Precambrian Southern Granulite Terrain (SGT) of 

South India is a collage of discrete crustal blocks that are 
divisible broadly into Archaean and Proterozoic terrains based 
on regional granulite facies metamorphism at ca. 2.5 Ga and 
ca. 0.5 Ga. The Madurai Block (MB) represents the largest 
Neoproterozoic terrain across the crustal-scale Palghat-
Cauvery shear zone system (PCSZ) with widespread calc-
alkaline felsic magmatism between ca.0.75 � 0.56 Ga. The 
crustal history of the MB region is directly relevant to the 
elucidation of the Neoproterozoic assembly of the Eastern 
Gondwana Supercontinent. Here, we present a large data set of 
major and trace element geochemical data for charnockite 
orthogneiss samples from across the MB, together with Sr-Nd 
isotopic compositions in an attempt to constrain the magma 
genesis and emplacement conditions.  

The Neoproterozoic charnockites of the MB range from 
quartz monzonite to monzogranite with minor tonalite and 
granodiorite. The suites are calc-alkaline, metaluminous to 
weakly peraluminous and show a similar range of enrichment 
and fractionation of LREE and HREE. Fe-Ti oxide and apatite 
saturation temperatures at 7.5 kbar suggest high-melting 
temperatures (800-1080°C). Interestingly however, 
charnockites along an ~10 km-wide belt straddling the Karur-
Oddanchattram-Kodaikanal Shear Zone (KOKSZ) yield 
Middle Archaean Nd-model ages (3.2�3.0 Ga) and show 
either negative or no Eu-anomaly, while elsewhere throughout 
the MB, the charnockites show prominent negative Eu 
anomaly and relatively younger model ages (2.8-1.8 Ga). The 
Sr and Nd isotopic correlations present consistent hyperbolic 
mixing trends between two end-members; a juvenile mantle 
material and ancient contiental crust characterised by low εNd 
and highly radiogenic 87Sr/86Sr. This supports tectonic 
processes invoving arc magmatism and intra-crustal melting 
that can be linked to the broad picture of the Neoproterozoic 
terrane accretion in Eastern Gondwana across the Pan-African 
Orogen. Thus, the MB could represent the deep-section of a 
collisional orogen, where the PCSZ as well as the less known 
KOKSZ could represent Palaeo sutures or manifestations 
thereof.  

Boron isotope systematics in Central 
America Volcanoes  
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(s.tonarini@igg.cnr.it, s.agostini@igg.cnr.it) 
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The Central American Volcanic Arc (CAVA) is 

characterized by pronounced geochemical zoning along its 
volcanic chain [1]. As an additional constraint on the nature of 
subduction contributions to arc magma sources, we report 
δ11B data for Nicaragua (NI) and Costa Rica (CR) volcanoes 
together with previously published δ11B for El Salvador (ES) 
volcanoes [2]. The samples show a wide variation in fluid-
mobile/fluid-immobile element ratios such as B/Nb (0.2 to15) 
and B/La (<0.1 to 5.4), with the highest B enrichments 
occurring in ES and NI lavas and the lowest ratios (similar to 
normal mantle values) seen in CR samples. δ11B is elevated 
(up to +6�) in ES and NI lavas, and decreases (as low as  
-8.5�) at the southern end of the arc. δ11B is positively 
correlated with tracers of fluid mobile element enrichment 
(e.g., B/Nb, Pb/Ce, U/Th, Cs/La) implying a dominance of 
hydrous fluids derived from the subducting slab beneath ES 
and NI, and small slab fluid inputs beneath the CR sector. A 
weak correlation between δ11B and 10Be suggests that B and 
10Be are unlikely to be derived from the same reservoir. 

Variations in δ11B with respect to the radiogenic isotopes 
suggest that boron is added to a depleted mantle source 
beneath ES and NI, whereas an enriched mantle source with 
weak slab influence seems involved beneath CR. However, 
the dramatic decrease of δ11B in CR lavas coupled with 
elevated 206Pb/204Pb (particularly for Platanar and Irazu 
volcanoes, which overlies the projected locus of a 
morphological boundary where the Cocos ridge is currently 
subducting) implies that B and Pb isotope signatures likely are 
controlled by the same reservoir. The low hydrous fluid signal 
indicated by fluid-mobile/fluid-immobile element ratios 
together with the Galapagos-type Pb isotopes suggest a 
dominant role of silicate melt transport of slab components. 

 
[1] Carr et al. (2003) In : J.Eiler and G. Abers (eds): Inside the 
subduction factory. AGU Geophsical Monograph 138, 153-
179. [2] Tonarini et al. (2007) Geochemistry, Geophysics, 
Geosystems doi:10.1029/2006GC001508. 
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Hydrothermal venting at mid-ocean ridges is globally 

widespread, and responsible for a gross dissolved iron (Fe) 
flux to the ocean that is approximately equal to continental 
riverine runoff. Previously, it had been assumed that most of 
this Fe was precipitated in inorganic forms that were deposited 
close to their sources of venting and, consequently, 
represented a negligible flux to the global deep ocean. 
However, recent perspectives from our isotopic[1], 
voltammetric[2], and spectroscopic [3] studies appear to 
contradict this. Taken together, our research builds the case 
that hydrothermal Fe may indeed enter into deep- and open-
ocean cycles. Isotopically, it appears that a significant 
proportion of the Fe incorporated into authigenic minerals in 
deep open-ocean environments may be hydrothermal in origin. 
In support of this, our most recent work has revealed a 
potentially important role for both dissolved and particulate 
organic matter in the complexation of Fe that may be exported 
off-axis in hydrothermal plumes. These discoveries are 
opening new avenues of inquiry regarding the properties of 
organic materials in hydrothermal plume systems and indicate 
that highly-localized vent-systems along mid-ocean ridges 
could play an influential role in the global-scale 
biogeochemical cycle of Fe, a bio-limiting micro-nutrient, 
throughout the deep ocean. 

 
[1] Chu, N. C. et al. (2006) Earth Planet. Sci. Lett. 245, 202-
217. [2] Bennett, S. A. et al. (2008) Earth Planet. Sci. Lett. 
270, 157-167. [3] Toner, B. M. et al. (2009) Nature Geosci. 2, 
197-201. 
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Organic deuterium/hydrogen stable isotope ratios 

(i.e. D/H, expressed as δD value in �) in the tissue of an 
organism are related to the D/H of precursor hydrogen in its 
diet and ingested water. Bone collagen preserves the 
biochemical D/H isotopic signal in the δDn value of collagen�s 
non-exchangeable hydrogen. Therefore, δDn preserved in 
fossil bone collagen can potentially be used to constrain 
paleoenvironmental and trophic conditions. Our data calibrate 
δDn values of modern collagen in terms of environmental 
forcing factors in preparation for future work on archeological 
and fossil specimens. Collagen δDn is mainly affected by D/H 
of environmental water and the trophic level of an individual 
[e.g., 1, 2]. Minor isotopic variation occurs among individuals 
of a population, possibly even among different body parts of 
an individual, due to dietary and time differences associated 
with collagen biosynthesis and bone mineralization. δDn 
values of collagens from arid Joshua Tree National Park 
indicate evapotranspirative D-enrichment of physiological 
fluids relative to local spring (oasis) drinking water. Collagen 
δDn values from terrestrial species collected in south central 
Indiana with local meteoric average δDwater ~ -47� ranged 
from -100� to +100� and thus reflect strong trophic 
differences; herbivores tend to have low δDn values, 
omnivores rank intermediately, and carnivores express the 
highest δDn values. Body size and metabolic rate may be 
additional factors since smaller animals with typically faster 
metabolic rates and relatively high evapotranspiration tend to 
be D-enriched (e.g. white-footed mouse). California sea lions 
from San Nicolas Island, California, express a δDn variance of 
20� indicating intraspecific diversity that can arise from 
individual dietary differences (e.g. pre-weaned infants vs. 
adults). Although ocean water is relatively D-enriched, our 
preliminary data suggest that marine carnivores have lower 
δDn values than many terrestrial carnivores, possibly because 
the latter are more affected by evapotranspiration. 

 
[1] Cormie et al. (1994) GCA 58, 377-391. [2] Reynard & 
Hedges (2008) J. Archaeol. Sci. 35, 1934-1942. 
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Denitrification is the most significant attenuation process 

of nitrate-polluted groundwaters, involving the reduction of 
nitrate via a chain of microbial reduction reactions to nitrogen 
gas. Some denitrifiers are autotrophs, obtaining their energy 
from the oxidation of inorganic species (e.g., pyrite). Although 
autotrophic denitrification regulated by pyrite oxidation has 
been suggested in field studies and positively tested in 
laboratory experiments [1], feasibility of denitrification driven 
by pyrite oxidation has been questioned several times. The 
present laboratory experiments aim at (1) studying the ability 
of Thiobacillus denitrificans to colonize pyrite surface and  
(2) to clarify whether pyrite acts as electron donor in the 
bacteria mediated denitrification. To this end, two series of 
batch experiments using either pyrite slabs or pyrite powder 
were performed under an anoxic atmosphere of N2 and CO2 
(90%/10%).  

Colonization and bacteria growth were studied on polished 
surfaces of the pyrite slabs (approx. ca. 3x1x1 mm) fully 
immersed in modified medium solution (thiosulfate, iron and 
sulfate-free specific medium for T. denitrificans growth) and 
inoculated with pure culture of T.denitrificans. Pyrite slabs 
were taken out every week. Cells adhered to pyrite surface 
were observed by SEM and quantification of cell density was 
made by UV-fluorescence microscopy. Results show that  
T. denitrificans colonize pyrite surface slowly with formation 
of microcolonies after 3 weeks of reaction.  

To test denitrification driven by pyrite oxidation, similar 
experiments were performed, using pyrite powder (size 
fractions of 25-50 µm or 50-100 µm) instead of pyrite slabs. 
Aqueous samples were taken every 10 d. Results show that as 
pyrite oxidizes nitrate reduces with no accumulation of nitrite. 
Moreover, the nitrate reduction rate was dependent on pyrite 
reactive surface area. 

 
[1] Torrentó et al. (2007) GCA 71, A1032. 
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The processes of aerosol activation to form cloud droplets 

represent a major uncertainty in global atmospheric chemistry 
and climate modelling. In addition to the available moisture, 
the mass, number and chemical composition of the aerosol 
particles determine the amount of cloud droplets originating 
from activated aerosols. 

This study analyses the process of aerosol activation in the 
general circulation model EMAC (ECHAM5/MESSy 
Atmospheric Chemistry version) in which the microphysical 
and thermodynamical characteristics of the atmospheric 
aerosol are determined by the GMXe submodel. Aerosol 
activation into cloud droplets can be calculated either using 
state-of-the-art parameterisation schemes or alternatively it is 
explicitly derived from the hygroscopic growth of the 
particles. 

Effects on both cloud and precipitation properties from 
model simulations using the different approaches are inter-
compared and thus the impact of this process on the indirect 
aerosol effects is determined. 
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The effective remediation of hydrocarbon contaminations 

is largely dependent on natural attenuation processes and 
volatilization rates in soil venting, air sparging and soil vapor 
extraction systems. A laboratory model was developed for 
simulating multicomponental transport of volatilized 
compounds in unsaturated media. For modeling purpose eight 
special glass columns were used, with four types of height. In 
volatilization experiments clay, sand and liquid hydrocarbon 
mixture were used. Due to stagnant experimental conditions 
and considerable media homogeneity, it was possible to define 
volatilization rates and to investigate sorption processes. 

Volatilization rates of 29 hydrocarbon compound were 
determined using results of GC-FID analyses. Lighter 
hydrocarbons suffered losses, heavier ones signed relative 
enrichments, as it was expected. Some component showed 
altering volatilization tendencies. Composition of the liquid 
phase changed significantly after 640 days. Individual 
properties of investigated components and thickness of filling 
material proved to be determinative factor of volatilization. 
ATD-GC/MS and Rock-Eval analyses show that the sorbed 
phase of sand and clay is different in quantity and distribution. 
Large amount of hydrocarbon components can be determined 
using free gas analysis. Mainly heavier components can be 
measured in sorbed phase (e.g. toluene, xylenes, C8-C13), than 
as free hydrocarbons (e.g. C5-C7, methylcyclopentane, 
cyclohexane, benzene). On grounds of XRD results the 
volatilized components are adsorbed on surfaces of minerals 
or staying in the pores as free hydrocarbons. 

New 146Sm-142Nd data for lunar rocks 
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The timescale of lunar differentiation and the Nd isotope 

composition of the Moon have been widely investigated using 
the coupled 147,146Sm-143,142Nd systematics of lunar samples 
[1-3]. Available datasets yield consistent ages for Nd isotopic 
closure within the lunar magma ocean (LMO) of ~200 Myr 
after CAI formation but different estimates of the 142Nd 
abundance for the Moon, ranging from chondritic [2] to 
superchondritic [1, 3]. Furthermore, ε142Nd vs. 147Sm/144Nd 
correlation for lunar samples might also potentially reflects 
mixing processes within the lunar mantle and hence be 
chronologically meaningless. Here, we present new Sm-Nd 
data for a high-Ti mare basalt (70135), two low-Ti mare basalt 
meteorites (LAP 02205 and MIL 05035) and a KREEPy low-
Ti mare basalt meteorite (NWA 2977), that are used to 
evaluate the age of lunar differentiation and the bulk Nd 
isotope composition of the Moon. While showing an offset 
relative to the regression derived by Rakenburg et al. [2], the 
linear ε142Nd vs. 147Sm/144Nd correlation defined by our new 
Sm-Nd data is identical within errors to those derived by [1, 3] 
and passes significantly above the chondritic reference. If the 
correlation is interpreted as an isochron, its slope corresponds 
to a lunar differentiation age of ∼218 Myr after CAI 
formation. The ε142Nd of the LMO at ∼218Myr as given by 
the intersept of the correlation with y-axis is 10ppm higher 
than the chondritic ε142Nd at the same time. This could reflect 
the presence of a hidden reservoir with low 147Sm/144Nd ratio 
complementary to the LMO within the lunar mantle. 
Nevertheless, it more likely indicates that the bulk Moon has a 
superchondritic 147Sm/144Nd ratio. For instance, assuming a 
formation at ∼50 Myr after CAIs from a chondritic reservoir, 
the ε142Nd anomaly of +10 ppm at 218 Myr requires a bulk 
Moon with a 147Sm/144Nd ratio of 0.213, consistent with the 
superchondritic bulk composition of the Earth and Mars as 
proposed previously [4]. This is only the lowest estimate as 
∼50 Myr is the earliest time the Moon can have formed [5]. 

 
[1] Nyquist et al. (1995) GCA 59, 2817-2837. [2] Boyet et al. 
(2006) EPSL 250, 254-268. [3] Rankenburg et al. (2006) 
Science 312, 1369-1372. [4] Bourdon et al. (2008) Phil. 
Trans. R. Soc. A 366, 4105-4128.[5] Touboul et al. (2007) 
Nature 450, 1206-1209. 
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In order to understand chemical characteristics of 

kimberlites we have analyzed major and trace elements in 21 
samples collected from South Africa and China (Shandong 
and Liaoning) by ICP-MS (inductively-coupled plasma mass 
spectrometry). The samples have been revealed to be enriched 
in such incompatible elements as light REEs, U and Th 
compared to other ultramafic rocks. Degree of partial melting 
was estimated by assuming that the kimberlite magma was 
produced from garnet lherzolite composition. The result has 
shown that the degree was considerably lower than 1% by 
using literature values of bulk distribution coefficients. A 
marked difference in the concentrations of heavy REEs 
between two Chinese regions suggests that their source 
materials might have been different, because Shandong 
samples are much depleted in heavy REE compared to 
Liaoning ones. The Th/U ratios in the kimberlite samples, 
particularly the Chinese ones, are much higher than those in 
MORBs. The I/Br ratios of samples from China have shown 
significantly lower values than those of South African 
samples. 

Further, we have determined 87Sr/86Sr and 143Nd/144Nd 
isotope ratios in samples by MC-ICP-MS (multiple collector 
inductively-coupled plasma mass spectrometry). The results 
indicate that present kimberlites can be classified in two 
groups. 

We have also carried out chemical analysis of separated 
minerals (olivine, serpentine and phlogopite) and matrix 
(residual of the mineral separation) of kimberlites. The results 
show that the REEs, U and Th concentrations in serpentine 
and phlogopite are relatively high. However, they are not 
sufficient enough to explain the high concentration of these 
elements in whole rocks. Hence it is inferred that the 
concentration of these elements in kimberlites would be 
controlled by minor minerals contained in the matrix. 
Analytical results by SEM-EDS (Scanning Electron 
Microscopy Energy Dispersive Spectroscopy) have shown that 
REEs are concentrated in perovskite and barite, and U in 
biotite and feldspar. 

OH in zircon 
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Experiments were performed in simple SiO2-H2O-ZrO2 

melts in order to characterize the incorporation of hydrous 
species into zircon. Preliminary experiments from 1550-
1650°C and 1.5-2.5 GPa produce OH concentrations (as H2O) 
of 100 ppm or less, as determined by polarized FTIR spectra. 
Sharp, well-defined IR absorption bands at ~3180 and ~3400 
cm-1 are similar to natural zircons [1-3]. In the apparent 
absence of HOH bending modes, these are interpreted as 
evidence for OH stretching in the zircon lattice. 

In order to gain some insight into the substitution 
mechanism(s) that support OH in zircon, we synthesized 
zircons with 1.7 wt% Lu2O3 under similar conditions. A 
~3100 cm-1 band was detected; if structurally OH, calculations 
suggest an order of magnitude increase in concentration. 
Although no ~3400 cm-1 bands were observed in Lu-doped 
zircons, an overlapping ~3180 cm-1 band may be present. 
Some zircons from this run product were heated to 1000°C for 
64 hrs; this resulted in a decrease in the putative OH 
concentration by factor of three. In order to further explore 
whether this band is related to OH stretching, instead of lattice 
vibration combination modes in perfectly crystalline zircon 
[1], spectra were collected from two zircons grown by the flux 
method (i.e., in the absence of water). Pure and Dy-doped 
zircons were prepared in the same fashion as experimental run 
products, which also included grains that were heated to 
1000°C for 2-3 days. None of these grains yielded identifiable 
peaks in the OH stretching region (i.e., >3000 cm-1). These 
tests provide some confirmation that the ~3100cm-1 band is 
related to structural water, and are not some feature of 
perfectly crystalline zircon or adsorbed molecular water. 

Our measurements of kimberlitic zircon from Botswana, 
Tanzania, South Africa, and Brazil indicate OH contents of 
15-40 ppm, and bands of ~3180 cm-1 and ~3400 cm-1, which 
corroborate past studies of kimberlitic zircon [1-3]. 
Experimental characterization of the parameters that control 
OH incorporation into zircon (e.g., P, T, [REE], aH2O) will 
provide a new tool to constrain the formation environment of 
zircons.  
 
[1] Woodhead et al. (1991) Am. Min., 76, 1533-1546. 
[2] Nasdala et al. (2001) Am. J of Science, 301, 831-857. 
[3] Bell et al. (2004) J. of Petrology 45, 1539-1564. 
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The structure and composition of iron (hydr)oxide 

surfaces is influenced by solution conditions, particularly the 
redox state (e.g. aqueous Fe(II)/(III) activity) of the contacting 
solution. The structural variations in turn may influence the 
overall reactivity of the mineral-water interface with respect to 
binding of trace dissolved constituents. The present study is 
focused on the structure of hematite (0001) and ( 0211 ) 
surfaces during reaction with aqueous Fe(II) using synchrotron 
based crystal truncation rod (CTR) X-ray diffraction. The 
results show surface bound Fe occupies crystallographic 
lattice sites on both surfaces with average Fe-O bond lengths 
of surface bound Fe characteristic of Fe(III). However, the 
overall coordination chemistry of surface functional groups 
remain distinct on the different surfaces and suggest different 
pathways for sorption, resembling incipient growth, that are 
distinct based on the crystallographic orientation of the 
substrate. The experimental observations to date will be 
discussed in conjunction with the results of periodic density 
functional theory (DFT) calculations. Calculations have been 
performed on super-cells with variable degree of surface site 
occupancy, providing surface energies and optimized 
geometries that are directly compared with experimental 
structures. We will also discuss recent work focused on the 
binding of aqueous Pb(II) to the modified surfaces as a probe 
of surface reactivity. 

Speciation of anthropogenic 
radionuclides in Arctic marine 

environment 
A. TRAVKINA AND O. STEPANETS 

 
Arctic Basin plays a very important role in preservation of 

ecological equilibrium on earth. The sources of it�s 
radionuclide contamination are very different. They could be 
local like direct dumps including industrial pollution and 
operation of vehicles and global ones like Northern 
hemisphere fallout or trans-boundary transfer. 

One of the most important sources of radioactive pollution 
of Russian Arctic area is the Great Siberian Rivers runoff. PO 
Mayak is very well-known reprocessing plant, which can be 
very dangerous contaminator due to connection with Kara Sea 
throw rivers Techa-Iset-Tobol-Ob water system. On the other 
hand functioning of Krasnoyarsk mining industrial plant leads 
to radionuclide contamination of Yenisey river and as a 
consequence to pollution of Arctic Basin. 

In order to study geochemical behaviour of man-made 
radionuclides in marine environment determinations of 
plutonium isotopes, 137Cs and 90Sr activities in suspended 
matter and colloidal forms have been carried out. 240Pu/239Pu 
isotopic ratios were studied to separate various sources of 
radioactive contamination. 

Summarized the obtained results, it has shown a 
significant difference in behaviour and migration pathways of 
plutonium, caesium and strontium isotopes in the system river-
estuary-adjunct part of the sea. 



Goldschmidt Conference Abstracts 2009 
 

A1345

The mobility of U in groundwater:  
A study done in a semi-arid region  

of South Africa 
M. TREDOUX1*, A. LITTHAUER1 AND P.D. VERMEULEN2 

1Dept of Geology, Univ. of the Free State, PO Box 339, 
Bloemfontein, 9300 South Africa 
(*correspondence: mtredoux.sci@ufs.ac.za) 

2Inst. for Groundwater Studies, Univ. of the Free State, PO 
Box 339, Bloemfontein, 9300 South Africa 
(vermeulend.sci@ufs.ac.za) 
 
The current trend to limit fossil fuel burning will 

inevitably lead to an increase in the use of nuclear power. 
Understanding of the geochemical behaviour of U thus 
becomes of renewed importance in order to estimate the 
impact of more intense activity at all levels of the U fuel cycle. 
This study investigated the area around an abandoned U 
exploration target , so as to establish the extent to which U 
from a disturbed ore body would be taken up by water, 
especially the groundwater, in contact with it. This 
information is of cardinal importance to inhabitants of the 
region, as boreholes are the major source of potable water [1]. 

The ore body consists of coffinite and secondary uraninite 
disseminated in C-rich sandstone [2] (Cole and Wipplinger, 
2001). Seventeen boreholes were sampled, most of them in the 
immediate vicinity of the zone with elevated U concentrations. 
Five surface samples were taken, four from a semi-permanent 
stream which crosses the ore zone and one from a small pond 
in an exploration pit. The samples were analysed for major 
ions by ICP-OES and for U, Pb, Mo, W and As by ICP-MS. 

Chemical contour maps will be presented, from which it is 
clear that (a) all the samples had very low (<1µg.L-1) trace 
element concentrations, and (b) slightly elevated U values in 
the water occur only within the ore zone. The observed 
immobility of U in this study is in concert with the findings of 
research done at the Oklo Natural reactor (e.g. [3]) and in the 
marine environment (e.g. [4]), and indicate that U mining, if 
responsibly done, may be environmentally less invasive than 
coal mining. 

 
[1] Sami & Druzynski (2003) Water Res. Council of Sth Af. 
Report 1236/1/03. [2] Cole & Wipplinger (2001) Council for 
Geoscience of Sth Af. Memoir 80. [3] Bros et al. (2003) Appl. 
Geochem. 18, 1807-1824. [4] Jarvis, Linder & Wade (1994) 
Trans. Roy. Soc. S.A. 49, 201-224. 
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The current paradigm for orogenic gold deposits is that 

they are derived from metamorphic fluids. However, the 
recognition of hypersaline H2O±CO2 fluid inclusions, with up 
to ~60 wt. % TDS in orogenic gold deposits of the Loulo 
mining district in West Mali, enables us to question this 
model. Two, distinctly different, fluid inclusion populations 
have been recognised in the Loulo deposits. The dominant 
population are low salinity (<10 wt. %), CO2-rich and mixed 
CO2-H2O inclusions of low salinity both with variable 
amounts of N2 and CH4. These inclusions are similar to those 
reported throughout the Birimian of West Africa where they 
are generally interpreted as being derived from fluids of 
metamorphic origin. Hypersaline inclusions form a 
volumetrically smaller, but important, set. We have cracked 
open hypersaline inclusions hosted in quartz veins and 
identified an array of associated daughter minerals that include 
Na, Fe, K and Ca chlorides, Fe oxides and carbonates. Other 
metals detected in the daughter minerals include Cu, Pb, Zn, 
Sr and Ba at > 1000ppm. These fluid chemistries and those of 
their daughter minerals are characteristic of magmatically 
derived fluids. Au mineralisation is associated with a 
pervasive B flux marked by extensive syngenetic tourmaline 
growth, and substitution of Ni and Co into sulphide phases. 
These factors, together with the lack of evaporites in the 
region, all suggest a significant magmatic fluid influence on 
the origin of these �typical� orogenic gold deposits. However, 
two features suggest a potential link into a deeper seated 
IOCG system. One is the widespread albite alteration that 
accompanies mineralisation. The other is the presence of 
spatially associated Fe-skarn deposits. We stress the 
recognition of a potential important linkage between a hitherto 
unrecognised but important magmatic contribution to orogenic 
gold deposits and IOCG systems. 
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Sunken whale carcasses, so-called whale falls, are 

sulfogenic habitats supporting chemosynthetic communities 
similar to cold-seep and hydrothermal-vent systems in 
otherwise energy-poor deep-sea habitats. Whale-fall carbon is 
transferred to the surrounding sediments, where it becomes 
degraded by the benthic microbial community, or it is made 
available through lipid-rich whale bones, where microbes 
gradually consume the carbon from bone periphery to the 
inner core. A consequence of intensive microbial degradation 
processes, i.e., sulfate reduction and methanogenesis, is the 
release of reduced sulfur (hydrogen sulfide) and carbon 
(methane) into the environment where they can form a basis 
for chemosynthetic life. Here we present an intensive study of 
an originally ~30 ton whale fall in the Catalina Basin (1675m) 
6-7 years after its deployment on the sea floor. Highest 
microbial activity was found within 0.5-m of the whale fall 
revealing areal ex situ sulfate reduction and in-vitro 
methanogenesis of up to 717 and 99 mmol m-2 d-1, 
respectively. Rate integrations suggests that within this 0.5-m 
spacing, covering a sediment area of 18 m2 around the whale 
fall, ~200 mmol free sulfide d-1 were available. Sulfide 
production in bones was much lower, accounting for a net 
sulfide flux of ~10 mmol d-1. Conversions into carbon 
equivalents suggest that at least 122 kg (4%) and 23 kg (0.8%) 
of the whale carbon were consumed by sulfate reduction and 
methanogenesis in the sediments, respectively, and 0.7 kg  
(0.3 �) by sulfate reduction in the bones within the first 7 
years. Comparisons will be made with energy and carbon 
fluxes at other chemosynthetic habitats. 
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Open pit mining of base-metals and Ag from the high 

sulfidation epithermal type deposit of Kirki (Thrace, NE 
Greece) resulted in the formation of an acid pit lake by 
infilling of the open cast by rain and drainage waters after 
mine closure. The acidic and oxidative pit lake waters show 
high concentrations of trace metals largely due to the high 
toxic metals content of the ore, the limited buffering capacity 
of the host rocks and the direct exposure of the ore zone to 
weathering. The floor of the pit lake is covered by a fine-
grained mineral precipitate that comprises mainly detrital 
quartz, dickite/kaolinite, pyrophyllite and feldspar, originating 
from erosion of the rocks exposed on the walls of the open pit. 
Secondary anglesite, several species of the jarosite-group, 
rozenite, melanterite, gypsum, bukovskyite, beaverite, 
scorodite and minor goethite are also detected. The mineral 
precipitate presents significant heavy metal content indicating 
effective removal of metals from the acidic waters. The 
speciation/mass transfer computer code PHREEQC-2 and the 
MINTEQ database were employed for geochemical modelling 
of the equilibrium between the acidic pit lake waters and the 
secondary phases of the mineral precipitate. The �Chemical 
Kinetics� approach was employed in this study. Both 
�Forward� and �Inverse Modelling� were investigated, with the 
latter indicating that meteoric waters play a key role in the 
formation of secondary phases in the Kirki pit lake system. 
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The ca. 2.2 Ga old Voëlwater Subgroup is a virtually 

undeformed, unaltered and unmetamorphosed sedimentary 
succession in the Transvaal Supergroup, deposited on the 
Kaapvaal Craton, South Africa. It contains the Hotazel 
Formation, the world�s largest minable manganese ore 
resource. The Hotazel Formation can be subdivided into 
chemosedimentary cycles that commence with cherty 
hematite-magnetite BIF, hematite lutite, jacobsite lutite and 
Mn-rich braunite lutite. The final BIF unit of the Hotazel 
Formation grades upward into carbonate turbidites, 
stromatolitic dolomites and limestones of the Mooidraai 
Formation that represent the stratigraphic top of the Vöelwater 
Subgroup. As part of a multidisciplinary study, we report a 
detailed investigation of C and O isotopes throughout this 
succession. 

Overall, the C isotopic composition ranges from  
�21.8 to +1.5 �. Correlations exist with stratigraphy, 
carbonate mineralogy and total inorganic carbon content 
(TIC). Fe-dominated carbonates are more 13C depleted than 
Mn-carbonates. Limestones and dolomites of the overlying 
Mooidraai Formation have the heaviest carbonate C isotope 
values. This suggests an overall development towards more 
oxidizing shallow water conditions up-section. Second-order 
variations in respect to carbonate mineralogy are discernible. 
Furthermore, clear differences exist between sections from 
different paleogeographic positions. In particular, Fe-
dominated carbonates from the northern part of the 
depositional basin are more 13C depleted than in the south, 
pointing to primary differences in the depositional conditions. 
Hence, carbonate isotope geochemistry clearly records 
paleoenvironmental variability. 
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The BPIP is an ideal testing ground for the influence of 

crustal composition on ascending magmas as four isotopically 
distinct tectono-stratigraphic terranes are affected by 
Palaeocene magmatism. We have analysed more than 200 new 
samples of mafic to felsic compositions for Sr, Nd and Pb 
isotopes from the igneous centres of Rum, Ardnamurchan, 
Mull, Arran, Slieve Gullion and Carlingford. Together with 
new data on crustal lithologies from surface exposures and 
xenoliths, our results suggest that the local crust has indeed 
had a significant influence on the majority of magma 
compositions at the six centres investigated. A broad 
correlation between crustal terrane and isotopic composition 
of BPIP exists (crustal provincialism). For example, the 
mantle Sr-isotope ratio at 60Ma (0.7023�0.7032) is 
considerably lower than most basaltic samples from the area 
(0.7028 to 0.7111). Felsic rocks yield elevated values (0.7066 
� 0.7226), with crustal lithologies ranging from 0.7065 to 
0.7379. Styles of contamination differ not only between 
centres, but also within individual centres, e.g. through time. 
Our data underline that only very primitive, high MgO rocks 
are unequivocally suited for extraction of sensible information 
on primary magma sources. In turn, mafic rocks frequently 
display lower crustal influences, while felsic rocks regularly 
record a more complex, multi-stage evolution, reflecting the 
cumulative effects of progressive magma-crust interaction in 
deep and shallow crustal reservoirs. 
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Monazite (CePO4) and xenotime (YPO4) are important 

accessory minerals because they host REE and Y and are 
useful for geochronology. It is therefore essential to 
understand their behavior during high-grade metasomatic 
processes. To constrain solubilities at high P and T, we carried 
out weight-loss experiments on synthetic single crystals of 
each phosphate at 800°C, 1 GPa, with H2O, H2O-NaCl or 
H2O-NaF (methods of [1-3]). Results indicate that the molality 
(m, mol/kg H2O) of CePO4 and YPO4 dissolved in pure H2O is 
very low (CePO4: 0.0006 m, YPO4: 0.0002 m) but that CePO4 
solubility increases strongly with increasing NaCl to 0.021 m 
at 40 mol% NaCl, similar to fluorite [3] and calcite [4]. 
Solubility of YPO4 increases only moderately, to 0.0037 m at 
the same NaCl content. Thus CePO4 shows a stronger 
solubility enhancement by NaCl than YPO4. Data from the 
NaF-H2O system show an enormous increase in solubility of 
both phosphates: CePO4 and YPO4 solubility increase to 0.22 
and 0.49 m in only 10 mol% NaF; YPO4 thus shows stronger 
solubility enhancement. These data support previous 
indications that REE and Y mobility are strongly promoted by 
complexing with Cl and especially F in the aqueous phase. 
Because F is readily partitioned into high-grade fluids, even 
small amounts of this element in metasediments will yield at 
least local REE metasomatism during devolatilization 
reactions associated with high-grade metamorphism. 

 
 [1] Manning & Boettcher (1994) American Mineralogist 79, 
1153-1158. [2] Tropper & Manning (2005) American 
Mineralogist 90, 502-505. [3] Tropper & Manning (2007) 
Chemical Geology 242, 299-306. [4] Newton & Manning 
(2002) American Mineralogist 87, 1401-1409. 
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Corrosion of steel canisters stored in deep geological 

nuclear waste repository leads to the generation and 
accumulation of H2 gas in the surrounding environment. This 
study focussed on the mechanism and rate of redox reactions 
induced by the accumulation of H2 in an argilite host-rock.  

Preliminary batch experiments carried out with Callovo-
Oxfordian argilite [1], synthetic porewater and H2 gas led to 
an important H2S production in only few hours at 250°C to 
few months at 90°C. In order to explore whether H2S can 
originate from sulphate or pyrite reduction we performed 
dedicated experiments. 

Sulphate reduction experimented in diphasic systems 
(water+gas) at 250-300°C and under 4 to 16 bar H2 partial 
pressure exihibits a high activation energy (131kJ/mol) and 
requires H2S initiation and low pH condition as already 
observed in other plublished TSR experiments [2, 3]. The 
corresponding half-life is 210,000 yr at 90°C (thermal peak of 
waste repository). These features can be modelled by three 
chemical steps between H2 and non symmetric sulphate 
species. Heterogeneous reactions were explored by using 
magnetite, an usual steel corrosion by-product and a well 
known catalyst for redox reduction [4, 5]. First results showed 
enhanced reduction rates. 

Beside TSR, pyrite reduction into pyrrhotite is another 
possible H2 sinks. Rates measured under slighly alkaline 
buffered pH conditions (calcite) in the 90-180°C interval 
showed a fast reaction proportional to the hydrogen pressure. 

In addition to the contribution for the nuclear waste 
storage assessment, this study may also provide relevant 
conclusions in the understanding of redox processes governing 
hydrothermal systems. 

 
[1] Andra, Dossier (2005) Public report. [2] Cross et al. (2004) 
Org Geochem. 35, 393-404. [3] Zhang et al. (2008) GCA 72 
(14), 3518-3530.[4] Peterson et al. (1996) Colloids and 
Surfaces 107, 77-88. [5] Shevdov & Tremaine (2000) Journal 
of Solution Chemistry 29, 889-904. 
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Moissanite (natural SiC) has been recovered from 

podiform chromitites of the Luobusa and Donqiao ophiolites 
of Tibet, the Semail ophiolite of Oman and the Ray-iz 
ophiolite of the Polar Urals, Russia. The moissanite grains are 
mostly small fragments (20 to 150 µm) with a conchoidal 
fracture produced during sample preparation. A few euhedral 
hexagonal grains were recovered and many grains are clearly 
fragments of euhedral grains. Some grains are twinned 
crystals. The moissanites are colorless to light bluish-gray to 
blue or green. Many grains contain inclusions of native Si and 
Fe-Si phases. The carbon isotope compositions of the 
moissanites were determined by SIMS analyses on polished 
grain mounts. All ophiolite-hosted moissanite grains have 
distinctive 13C-depleted isotopic compositions (δ13C from -18 
to -35 �; mean = -27 ± 3.4, n= 28), a range that includes all 
published C-isotope data from terrestrial moissanite. These 
findings confirm that silicon carbide is a widespread mineral 
in Earth�s mantle. The light C-isotope values are difficult to 
explain by sediment subduction because subducted sediments 
should contain a significant proportion of marine carbonates, 
which have δ13C values of 0 �. The moissanite values are 
significantly lower than those of most kimberlitic diamonds 
and other phases thought to represent the main carbon 
reservoir in the mantle (δ13C near -5�, suggesting the 
possibility of C isotope fractionation between SiC and C 
phases but the degree of fractionation needed seems unlikely 
at the high temperatures expected. Thus, we tentatively 
suggest the presence of separate carbon reservoirs in the 
mantle. 
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Atmospheric aerosols consist of a large number of 

components with an important fraction in organic form 
produced by oxidation of gaseous precursors, namely 
secondary organic aerosols (SOA). The significant 
contribution of SOA to the total aerosol mass and their effect 
on the physical and optical properties of aerosols has now 
been acknowledged.  

For the SOA parameterization in global atmospheric 
models, an independent aerosol module has been developed 
accounting for SOA production from both biogenic and 
anthropogenic precursors. This module is suitable to simulate 
aerosol production in environments presenting different 
pollution levels. Various configurations exist, with different 
degrees of complexity; from the simplest ones with the 
minimum number of species for models where CPU time and 
memory are vital, to others with more species and processes 
included, for models that demand a detailed representation of 
SOA.  

The effect of the degree of complexity of the module on 
the present day SOA production and burden is investigated by 
performing global 3-d chemistry transport simulations. The 
computational efficiency of the lumping methodology is 
demonstrated by the similar results obtained using the more 
detailed SOA production scheme. This method is flexible and 
compatible with the newly developed volatility-basis set 
method for the total organic aerosols. 
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Existence of hydrogen in the deep earth interior is paid 

attention because it is known to significantly affect the 
physical properties such as viscosity, melting temperature, and 
elastic properties of the earth constituent minerals. Wadsleyite 
is thought to be a primary constituent in the upper part of the 
Earth�s transition zone and this phase can be a significant 
water reservoir in the Earth. We have investigated and 
clarified the high pressure structural and elastic properties of 
hydrous wadsleyite using first principles calculation [1]. We 
demonstrated that our structural models show good 
agreements with high pressure experimental studies and the 
seismic velocities of hydrous wadsleyite decrease almost 
linearly with increasing the degree of hydration. For the next 
step, we have also calculated vibrational properties of hydrous 
wadsleyite under pressure based on our structural models. 
Comparing our data with existing Raman and IR 
measurements, we discuss the possible hydrogen positions and 
the effect of water on structural properties of hydrous 
wadsleyite under pressure. 

 
[1] Tsuchiya & Tsuchiya (2009) J. Geophys. Res. 114, 
B02206. 
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First principles density functional simulations have been 

applied with great success to investigate high-pressure 
crystallographic and thermodynamic properties of various 
classes of materials from elemental and molecular solids, 
oxides and other compounds to complex silicate minerals. It is 
definitely worthy to extend this powerful technique to high-
P,T thermodynamics of multi-phase and multi-component 
systems, which are, in particular, of significant geophysical 
interest. Since such studies are so far limited mainly in the 
research field of relatively simple alloy systems, we try to 
develop the computation techniques for solid solution 
thermodynamics of Earth and planetary materials with much 
more complex structural and compositional degree of 
freedom, with including statistical effects and phonon effects. 

As the first example, we have assessed high-P,T post-
perovskite phase equilibria in the MgSiO3�Al2O3 
pseudobinary system [1], which is thought to be closely 
related to the deep mantle D� seismic discontinuity. Although 
earlier studies based on the static cationic substitution 
properties reported a significant divariant loop suggesting no 
sharp transition expected to occur in this system, present 
calculations demonstrate that Al2O3 produces a narrow 
perovskite-post-perovskite coexisting P,T area (∆P~1 GPa) 
for the pyrolitic Al concentration, which is sufficiently 
responsible to the seismic discontinuity. We also found that 
the perovskite structure spontaneously changes to the 
Rh2O3(II) structure with increasing the Al concentration 
involving very small displacements of the Mg-site cations. 
Results suggest that the technique appears to work well even 
for complex mineral solid solution systems. 

 
[1] Tsuchiya & Tsuchiya (2009) Proc. Natl. Acad. Sci. USA 
105, 19160. 
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Recent reports underline the potential environmental risks 

linked to the �nano� revolution, yet little is known regarding 
the fate and impacts of engineered nanomaterials following 
their release in natural soils and groundwaters. To better 
understand the transport and fate of these materials in aquatic 
environments, a growing number of experimental studies are 
being conducted. Studies of nanoparticle transport commonly 
involve laboratory-scale sand- or soil-packed column 
experiments and more recently, deposition experiments using 
a quartz crystal microbalance (QCM). When used with silica-
coated crystals, the QCM simulates deposition of 
nanoparticles onto a model sand surface. Such experimental 
investigations of nanoparticle transport and deposition provide 
valuable insights into their migration behavior and, hence, 
potential risks linked with the release of these materials in the 
natural environment. 

Ongoing studies in our laboratory are aimed at examining 
the transport and deposition behavior of nano-sized TiO2, 
zero-valent iron (ZVI) and commercial quantum dots (QDs) in 
model groundwater environments. Well-controlled 
experiments are conducted over a wide range of solution 
chemistries (e.g., varying pH and ionic strength) in an effort to 
link deposition behavior at the microscale (QCM studies) with 
the mesoscale (packed column studies). Transport studies are 
complemented with physicochemical characterization of the 
nanoparticles using several techniques (e.g., dynamic light 
scattering (DLS), fluorescence correlation spectroscopy 
(FCS), transmission electron microscopy (TEM), atomic force 
microscopy (AFM), and laser Doppler velocimetry (LDV)). 
Taken together, this data is used to interpret the stability of the 
different nanomaterials in aquatic environments.  
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A knowledge of the partitioning behaviour of Ni between 

olivine and co-existing silicate melt is a necessary prerequisite 
to models that relate to many aspects of the Earth�s evolution, 
such as early core formation (e.g., [1]) and magmatic 
processes (e.g., [2]). The majority of previous investigations 
into Ni partitioning have been on sulfur-free systems and only 
a handful of studies have looked into the effect of sulfur on Ni 
partitioning between olivine and melt (e.g. [1, 3]). These 
studies have produced contrasting results: Li et al. [3] suggest 
that sulfur has a large effect on Ni partioning, whereas Gaetani 
& Grove [1] suggest sulfur has only a minor influence. 

In order to reconcile this discrepancy, we have determined 
olivine-melt partition coefficients for Ni, Co, Fe, Mn, Cr, V 
and Sc in experiments at 1 atmosphere and 1370 to 1400°C, 
over a wide range of sulfur fugacities (sulfur-free to log �S2 = 
-1.300) and fixed �O2 (log �O2 = -9.6), for six haplobasaltic 
compositions with olivine on the liquidus in the system 
CMAS, both Fe-free and with variable amounts of FeO added.  

The KD
Ni-Mg(ol-melt) values at lower melt-sulfur contents 

(≤ 1500 ppm) determined here agree with the values reported 
by Gaetani & Grove [1] and suggest that the influence of 
sulfur is minor. Our study shows that Ni retains compatible 
behaviour in olivine to much higher sulfur contents of the melt 
(≤ 2500 ppm) than previous investigations (~1800 ppm; [3]) 
and indicates that the activities of neither NiO nor any other of 
the studied components are greatly affected by the sulfur 
content of the melt. 

 
[1] Gaetani & Grove (1997) Geochim. Cosmochim. Acta 61, 
1829-1846. [2] O�Hara (1977) Nature 266, 503-507. [3] Li, 
Ripley & Mathez (2003) Chem. Geol. 201, 295-306. 
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This study describes a series of laboratory experiments to 

investigate the role of deformation on metamorphic reactions 
in a quartz-muscovite rock. The thermodynamic calculations 
for the KFASH system in the equilibrium conditions were also 
taken into account to compare theoretical and experimental 
data and to show the effect of deformation and rock 
composition on mineral reactions and melt generation 
(Perple_X 2007, Connolly). Two types of experiments (static 
and dynamic) were conducted in an internally heated gas 
medium deformation apparatus at 750°C and 300 MPa for 
different time periods. The dynamic experiments were made in 
torsion with a constant strain rate of 3x10-4/s. The samples 
showed disequilibrium breakdown reaction of muscovite. 
After 1 hour some melt appeared, then sillimanite and then 
some Fe-rich minerals (probably spinel and biotite) were 
crystallized from the melt. The last product phase was K-
feldspar. The rate and amount of melting and crystallization is 
independent of the imposed conditions (static/dynamic) for the 
first 1.5 hours of experiments. The application of differential 
stress gradually become effective in terms of the increasing 
the rate and the amount of partial melting compared to the 
static experiments. 

Carbonate-silicate equilibria in 
upper-mantle peridotites saturated 

with C-O-H fluids 
S. TUMIATI*, P. FUMAGALLI AND S. POLI 

Dip. Scienze della Terra, Università di Milano, Italy 
(*correspondence: simone.tumiati@unimi.it) 
 
The mass transfer from the subducting lithosphere to the 

overlying mantle wedge is mediated by complex solutions 
deriving from dehydration and decarbonation processes. 
Relations among high pressure fluids, carbonates, hydrous 
silicates, graphite/diamond and nominally volatile-free phases 
in C-O-H-bearing ultramafic systems are substantially 
unexplored in the subsolidus, with the exception of a couple of 
pioneristic works [1, 2]. 

We experimentally investigated at P=1.8-3.5 GPa and 
T=900-1050°C the phase relations in fluid-saturated ultramafic 
compositions, involving hydrates and carbonates at controlled 
oxygen fugacity. A K-bearing lherzolite has been modelled in 
the system KNCFMAS+ COH. Seeded gels were loaded in a 
piston-cylinder using double capsule technique, and NNO as 
fH2 buffer. GCOH fluids are generated by addition of 10 wt.% 
oxalic acid dihydrate and pure graphite. 

Phlogopite is the ubiquitous hydrate and coexists with 
olivine, orthopyroxene, clinopyroxene, garnet, ternary 
carbonates, and, up to 3 GPa at 900°C, amphibole. As 
expected Na/Na+Ca content in amphibole is increasing with 
pressure, and it is coupled by jadeitic content in 
clinopyroxene. XMg ranges from 0.90 to 0.92, not that different 
compared to clinopyroxene (0.89-0.93), which displays a 
jadeite content from 13 to 25%. At 980°C, Al in 
orthopyroxene decreases with pressure from 0.15 to 0.09 
a.p.f.u. (at 1.8 and 3.2 GPa, respectively). Garnet displays XMg 
from 0.81 to 0.88. The XCa (Ca/Ca+Mg) increases with 
pressure from 0.09 (1.8 GPa, 980°C) to 0.18 (3.2 GPa, 
980°C). Phlogopite shows an increase of Si content with 
pressure, which is anti-correlated with Al. Carbonates are 
represented by dolomite and magnesite. At 1.8 GPa and 
T=900-1000°C, dolomite is the stable carbonate. It displays an 
XMg ∼0.93 and XCa of ∼0.49. At 2.35 GPa, both carbonates 
dolomite and magnesite are stable. In dolomite, XCa decreases 
with temperature (0.40 at 1000°C, 0.46 at 900°C). In 
magnesite, XCa is 0.04 and XMg 0.94. At P>3GPa, magnesite is 
the stable carbonate, and it shows a XMg of 0.92 and XCa 0.04.  

The position of the amphibole-out, the dolomite vs. 
magnesite stability fields, and the element partitioning 
between garnet and carbonates are discussed.  
 
[1] Olaffson & Eggler (1983) EPSL 64, 305-315. [2] Wallace 
& Green (1988) Nature 335, 343-346. 
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A series of branched alkylbenzene compounds ranging 

from C15 to C19 with several structural isomeric forms (2-5) at 
each carbon number were identified in a number of sediments 
from the Dongsheng sedimentary uranium ore deposits, Ordos 
Basin, China. The distribution patterns of the branched 
alkylbenzenes show significant differences in the samples. 
Branched alkylbenzenes in sample extracts from carbonaceous 
argillites and coals range from C15 to C19 homologues, and are 
dominated by the C17 or C18 homologues. In contrast, in the 
sandstone/siltstone extracts, the branched alkylbenzenes are 
dominated by the C19 homologues. The obvious differences in 
the distribution patterns of the branched alkylbenzenes, along 
with many other differences in organic geochemical 
characteristics between the sandstones/siltstones and the 
interbedded barren carbonaceous sediments, probably indicate 
their potential use as biological markers associated with 
particular depositional environments and/or maturity 
evolution. Possible origins for this series of branched 
alkylbenzenes include interaction of simple aromatic 
compounds with, or cyclization and aromatization reactions 
of, these linear lipid precursors such as fatty acids, methyl 
alkanoates, wax esters or alkanes/alkenes that occur naturally 
in carbonaceous sediments. The possible simple aromatic 
compounds may include substituted benzenes, functionalized 
compounds such as phenols that are bound to kerogen at the 
benzylic position, and phenols that are decomposition 
products derived from aquatic and terrestrial sources. 
Differences in the initial distributions of methyl alkanoates 
and n-alkanes, indicating different kinds of organic precursor 
inputs to the sediments, are probably the main reasons for the 
resulting distinct distributions of branched alkylbenzenes in 
the lithologically different sediments. 

 
The project was supported by the China National Natural 

Science Foundation (Grant Number: 40773052) and China 
973 National Key Research and Development Program (Grant 
Number: 2003CB214606). 
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The chemical transformation of seawater to hydrothermal 

vent fluid reflects the integrated water-rock ratio and the 
temperature of reaction within the hydrothermal system. 
Quartz-epidote veins that form during discharge from the 
hydrothermal system record chemical and isotope composition 
of hydrothermal vent fluids. We use analyses of oxygen 
isotopes and fluid inclusion filling temperatures in quartz and 
quartz-epidote mineral pairs to estimate hydrothermal fluid 
compositions in the Troodos ophiolite and a series of 
Ordovician ophiolites in Newfoundland and Quebec, Canada 
and compared our analyses with previously published data. 
High 87Sr/86Sr ratios and low δ18O of epidote allow us to 
identify the vent fluids with the highest water-rock ratio, 
which in turn place minimum constraints on the δ18O of the 
ocean. The δ18O of modern vent fluids range from close to 
seawater to slightly enriched values (1 to 3�). If the δ18O of 
the ocean were significantly different in Earth history, this 
should be reflected in a different range of δ18O of vent fluids. 
In the Ordovician ophiolites, the δ18O of vent fluids calculated 
from the δ18O quartz with temperatures from fluid inclusion is 
-4 to -1� (~170-185°C), whereas those estimated from 
quartz-epidote pairs are slightly heavier. 
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During the mid- to late Cretaceous, the Earth was 

characterised by elevated surface temperatures [1] and high 
atmospheric CO2 resulting in reduced latitudinal heat gradients 
and sluggish oceanic circulation. Several intervals of marine 
anoxia are recorded by widespread organic-rich shales 
deposited during this time, with the Cenomanian-Turonian 
Boundary Event (CTBE; ca. 93.5 Ma) being the most 
ubiquitous and arguably best studied of these Oceanic Anoxic 
Events (OAE). 

Osmium isotope measurements [2] indicate that large-
scale magmatic activity occurred close to the onset of black 
shale deposition, as indicated by the Os isotope ratios in 
organic-rich sediments. The calculated initial 187Os/188Os 
ratios � reflecting contemporaneous seawater Os isotopic 
values � drop abruptly from 0.7-1.2 to unradiogenic values of 
~0.14-0.15 at CTBE onset. These low values are most likely 
linked to magmatic activity as no evidence of bolide impact 
has been reported near this stage boundary. These results 
indicate that >97% of the Os in contemporaneous seawater is 
magmatic in origin, a ca. 30-50 fold increase relative to pre-
OAE2 conditions. 

In contrast, zinc � which has been attributed to elevated 
hydrothermal activity during the Cretaceous [3] � shows 
gradually increasing Al-normalised ratios over several Myrs 
leading up to the CTBE, with enrichment factors exceeding 
130× average shale composition at distant sites [4, 5]. This is 
agreement with Sr isotopes which, despite long residence 
times, suggest that hydrothermal activity started well before 
the onset of OAE2, indicating either a decoupling of the Os 
and Sr reservoirs in the mantle or that the large Os signal is 
associated with a specific magmatic event.  

 
[1] Clarke & Jenkyns (1999) Geology 27, 699-702. 
[2] Turgeon & Creaser (2008) Nature 454, 323-326. 
[3] Brumsack (2006) Palaeogeogr. Palaeoclim. Palaeoecol. 
232, 334-361. [4] Turgeon & Brumsack (2006) Chem. Geol. 
234, 321-339. [5] Hetzel et al. (in press) Palaeogeogr. 
Palaeoclim. Palaeoecol.  

Growth and recycling of the Archean 
crust: Isotope data on the 

southwestern margin of Siberian 
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The interval 2.75-2.65 Ga corresponding to the lagest 

anomaly in the isotopic age distribution of juvenile continental 
crust is considerd the major period of continental crust growth 
[1]. Identified pre-3.1 Ga crustal terranes account for much 
less than 5% of continental crust [2], and significance of the 
Paleo-Mezoarchean crust in succesive crustal evolution is 
controversial. Previous isotope data on the Siberian craton 
mainly from the Aldan and Anabar shields suggest the 
existence of the main crustal-forming event in Mezoarchean 
(3.1-2.9 Ga) [3]. New U-Pb and Sm-Nd isotopic data on Early 
Precambrian metamorphic and granitoid complexes from the 
southwestern margin of the Siberian craton (Sharyzhalgay 
shield) is used to estimate lateral extension of the Paleo- and 
Mezoarchean crust and to reveal the main stages of crustal 
growth and recycling. In the Onot and Bulun granite-
greenstone domains two periods of crustal growth are 
identified: 3.3-3.4 and 2.8-2.9 Ga. The TTG complexes were 
formed in the Paleoarchean as a result of two dicrete 
magmatic events, at 3.4 and 3.3 Ga, and their metamorphism 
and migmatization took place at ca. 3.2 Ga. The isotopic 
signatures of the TTGs suggest the input of pre-3.3 Ga crust in 
their formation. The Mezoarchean (2.8-2.9 Ga) greenstone 
sequences include oceanic metabasalts and metasedimentary 
schists in the Bulun domain and bimodal basalt-rhyolite 
metavolcanics and metasedimentary schists in the Onot 
domain. The isotopic composition of greenstone metabasalts 
indicate their depleted mantle sources. The Mezoarchean 
crustal growth via greenstone volcanism was accomponied by 
recycling of the older crust which served as one of the sources 
of felsic volcanics and detrital material for terrigenous 
sediments. The isotopic composition of most of the 
Paleoproterozoic (ca 1.87 Ga) collisional granitoids strongly 
suggests that they were formed by partial melting of old crust 
and traced lateral extention of the pre-2.8 Ga crust.  

This work was supported by RFBR grants 09-05-00382.  
 
[1] Condie (1995) Geophys. Res. Lett 22, 2215-2218. 
[2] Vervoort et al. (1996) Nature 379, 624-627. [3] Kovach et 
al. (2000) Petrology 8, 394-408. 
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A review of the island arc literature from the past two 

decades highlights the profound impact U-series disequilibria 
measurements have had upon our understaning of magmatic 
rates and processes. The observations are most extreme in the 
depleted lavas from the southwest Pacific arcs (Tonga, 
Marianas and eastern Sunda). A number of geochemical lines 
of reasoning suggest that sediment (melt) and fluid 
contributions are added separately from the subducting plate. 
U-series and Be isotopes can be used to infer that the sediment 
component is added ~ 350 kyr to a few Myr ago, possibly via 
alternating amphibole formation and breakdown reactions 
migrating into the mantle wedge. Formation of a sediment 
melt is permissable in thermal models that assume a 
temperature dependent viscocity.  

In contrast, estimates for the timing of fluid addition are 
decreasing with the most recent U-Th-Ra data suggesting this 
probably occurs within millenia of eruption rather than 10�s 
kyr. Such a short time scale requires a rapid physical 
mechanism such as hydrofracturing. The corolory is that melt 
ascent occurs via chanelled, as opposed to percolative, flow 
through the mantle wedge liming the amount of melt � wall-
rock reaction that can take place. The observation of 
apparently fluid-related disequilibria 100�s km from the trench 
in lavas from the back-arc spreading centres of both the Lau 
and Manus basins remains an outstanding issue. 

Near ubiquitous Pa exceses require in-growth in a 
dynamic melting process whereby the mantle wedge flows 
through the melting region. A road correlation between 
average Pa excess and local subduction rates suggests this 
reflects the induced convection within the mantle wedge. 

21°Pb disequilibria exhibit both deficits and excesses 
indicating both gas loss and accumulation within individual 
arc volcanoes. In more silicic magmas this may require gas 
transfer via gas-laden packets, pipes or fractures. The deficits 
indicate degassing over a few decades prior to eruption 
whereas the excesses require gas flux from volumes of magma 
which are 2-10 times those of the erupted volumes suggesting 
the presence of significant magma volumes at depth. 

Limits and possibilities for 
subsistence and climate 

reconstruction based on organic and 
inorganic oxygen isotopes in 
vertebrate calcified tissues 
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We report on the oxygen isotopic composition in three 

different populations: 1) experimental rodent cohorts that vary 
in their location of birth, domicile and in the isotopic 
composition of their drinking water, 2) late Pleistocene 
mammoths recovered from known latitudes and 3) several 
archaeological human populations from known locations and 
with variation in their diets. 

The ability to assess differences in the local hydrology and 
drinking water δ18O is limited by at least two factors: the 
compression of the meteoric water oxygen isotopic values in 
both inorganic and organic animal tissues and the influence of 
food δ18O values in consumer tissues. In spite of these 
limitations there is a robust relationship in the mammoth 
population between the organic oxygen values in collagen and 
the latitude of origin. In contrast, human δ18O values from 
both apatite and collagen can be impacted by complex dietary 
inputs in ways that obscure drinking water oxygen isotopic 
values. 
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Contemporary investigations of present-day calcite 

forming processes in caves, and their relationship to specific 
environmental factors such as precipitation and temperature, 
are a key task for interpreting the paleoclimate signals 
recorded in the speleothems. This contribution analyzes the 
variability in the fabric and growth rates of present-day calcite 
speleothem deposits in two selected karst systems of N Spain: 
Cueva Mayor (Atapuerca) and Kaite (Ojo Guareña). The area 
is a key region for understanding the evolution of the 
European climate because its geographic position set between 
North Atlantic, Mediterranean, and North African regimes.  

A multi-year continuous monitoring record is available for 
these sites. Short time scale (seasonal) and inter-annual 
variations in drip rate and chemistry have been investigated. 
Drip water discharge is continuous in time but rates at which it 
occurs are variable and highly dependent on the site and the 
patterns of precipitation. All the monitored points are 
oversaturated for CaCO3 and seasonally invariant cave-air 
pCO2 values have been measured. Present calcite deposition is 
also continuous in time, but reflects intra-annual variations in 
the crystallographic fabric (columnar, fibrous and dendritic) 
which interestingly correlated well with drip rates. Ca ratio 
variations (e.g. Mg/Ca, Sr/Ca, Ba/Ca) in drip water correlate 
with calcite growth rate and fabric.  

Columnar fabric appears when drip rate is constant, then 
the crystals show same orientation, flat faces and few crystal 
defects. As drip rate increases crystal defects and porosity 
increase as well (fibrous fabric). When drip rate is highly 
variable calcite crystals are constituted by flat face blocks 
miss-oriented between one to each other. Latest presents the 
higher Ca ratios. 

 
Contribution to project CGL2007-60618-BTE, grants PR-

2007-0111 and PR-2007-0197, and the Paleoclimatology and 
Global Change Research Group (UCM-CM-910198). 
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REE are ingested with the diet and, given a REE content 

of 320±50 ppb (n = 10) in recent bones, the 143Nd/144Nd ratio 
of the recent skeletal apatite can be used as a tracer of the 
bedrock geology or water mass to evaluate migration of extant 
vertebrates. However, REE are enriched during diagenesis and 
recrystallisation by up to 5 orders of magnitude and in vivo εNd 
values in fossils are overprinted. 

REE patterns of fossil bones reflect those of the diagenetic 
fluid and allow to reconstruct porewater compositions. As 
such, the REE patterns of fossil bones and teeth are important 
tracers for taphonomy, diagenetic milieu and provenance. 
However, REE patterns can be biased by fractionation 
processes during REE incorporation into the apatite crystal 
lattice. This is not the case for the εNd value, which accurately 
reflects that of the early diagenetic fluid in which the bone or 
tooth fossilized. 

The Nd isotopic composition of a fossil bone is often 
similar (within analytical error of ±0.3 εNd units), despite large 
Nd concentration gradients of 101 to 103. Bones from 
autochthonous fossil assemblages have only a small variation 
of εNd values (~1 εNd unit), while specimens from 20 different 
marine and terrestrial fossil sites have a total range of εNd 
values from �13.0 to 4.9 (n = 90). εNd values of fossil bones 
and surrounding sediment are usually similar, indicating in 
situ fossilization in the presence of sediment influenced 
diagenetic porefluids. Differences in εNd values between 
skeletal remains and embedding sediment may indicate fossil 
reworking and/or a REE uptake from a diagenetic fluid with 
non-sediment derived εNd values; e.g. fossil shark teeth often 
have seawater-derived εNd values. 

The Nd isotopic composition of fossil bones and teeth is 
thus a valuable taphonomic tracer that allows inferences to be 
made on the diagenetic conditions and hence enables 
determination of fossil provenance and detection of fake 
fossils. 
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The 187Re to 187Os system gives information on the 

formation of planetary interiors because both elements have 
siderophile characters. For the Re-Os isotope systematics 
precise measurements of the 187Os/188Os isotope ratio are the 
major target. Analytical methods need to be sensitive and 
accurate because the abundances of Re and Os are very low in 
the ng/g range or even in the pg/g range and variations of the 
187Os/188Os in silicate rocks are in the range of <1%. For 
negative thermal ionization mass spectrometry ionization 
efficiencies in the range of 10%-20% can be achieved, thus 
making TIMS the ideal analytical technology for high 
precision Os isotope ratio measurements of extremely small 
samples.  

Because of the small sample sizes the use of ion counting 
detectors is the only possibility because the noise level of 
Faraday cup detectors is too high to achieve the necessary 
precision and accuracy on sub pg sample sizes. Today most 
instruments just use single collector peak jumping on the ion 
counting detector. In this study we evaluate the performance 
of an improved multi ion counting setup for Os isotope ratio 
measurements on ultra small samples. The attainable precision 
and accuracy will be discussed and a comparison to single 
collector peak jumping data will be given. 
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Field experiments of CO2 sequestration into the Ogachi 

hot dry rock site (HDR; the temperature is 200°C at 950m 
depth) have been performed for 3 years to investigate 
mineralization of a part of CO2 as carbonates by interaction 
with rocks (Georeactor; Ca extraction from rocks and 
carbonate fixation). In 2008, two types of experiments were 
done; Test1 is that groundwater (EC=150 mS/m and 10m3 in 
volume) with tracer was injected into OGC-2 well to study the 
behavior of the fluid in the well. This result shows the fluid in 
the well can be replaced by reservoir fluid (EC=150 mS/m) 
within 5 days. Then, CO2 dissolved groundwater (0.8 
wt%CO2) with tracer was injected (Test 2). These field 
experimental conditions were determined from the previous 
results at Ogachi, and laboratory experimental data on CO2-
water-rock interaction and their geochemical and reservoir 
simulations. Water samples are collected at the depth of 950m 
by a sampler (500ml in volume) and monitored for their 
chemical and isotopic compositions. 

During the field experiments, dissolution or precipitation 
rates of calcite were determined by using a technique of �in 
site analyses�. Calcite crystals covered with Au film is hold in 
a crystal cell and set in a crystal sonde. The crystal sonde is 
then put into OGC-2 and water samples at the certain depth is 
introduced into the sonde. After 3 hour, the sonde is recovered 
and the calcite crystal is observed by a newly developed phase 
shift interferometer to analyze the dissolution or precipitation 
rates of calcite from the well fluids. The �in situ analyses� 
show that calcite precipitation was observed within 2 day after 
the injection. These data with the laboratory experiments and 
geochemical simulation results show a part of CO2 injected 
above 150 degree C can be fixed as carbonate within a week 
and the saturation degree with respect to carbonate increases 
with decreasing CO2 content. 


