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Introduction: The helium isotopic ratio (3He/4He) 

in the mantle (8 Ra, where the atmospheric 3He/4He is 
1 Ra) is much higher than that in the crust (<0.1 Ra), 
resulting in higher 3He/4He of magma than 1 Ra. Pre-
eruptive 3He/4He rises in volcanic gases have been 
reported in some volcanoes, suggesting an increase in 
magmatic He supplies preceding the eruptions [e.g., 1, 
2]. The argon isotopic ratio (40Ar/36Ar) in the mantle 
(~40000 [3]) significantly differs from that of 
atmospheric Ar (296). Thus, Ar isotopic composition 
in volcanic gases may also reflect variation of 
magmatic gas supply.  

The Kusatsu-Shirane volcano is an active 
stratovolcano consists of three pyroclastic cones (Mt. 
Shirane, Mt. Ainomine, and Mt. Motoshirane) located 
in central Japan. The volcanic activity of Kusatsu-
Shirane is characterized by a well-developed 
hydrothermal system beneath the volcano, and many 
phreatic eruptions have been recorded in the past 130 
years [4]. To detect possible variations corresponding 
to the volcanic activity, we have analyzed noble gas 
isotopic compositions of three fumaroles on the 
northern flank of Mt. Shirane since July 2015. 

Methods: The fumarolic gases collected in glass 
bottles were introduced into a purification line 
connected to a noble gas mass spectrometer “MS-IV” 
(modified VG-5400) at the University of Tokyo. 
Abundances and isotopic ratios of He, Ne, and Ar were 
analyzed from gas fractions of He, Ne, and Ar, 
respectively, separated by charcoals and a sintered 
stainless-steel trap kept at different temperatures. 

Results and Discussion: The temporal variations 
of air-corrected 3He/4He of the three fumaroles were 
roughly synchronized with each other. After a phreatic 
eruption on 23 January 2018 at Mt. Motoshirane, the 
average 3He/4He increased from the pre-eruptive 
values of 7.3–7.4 Ra (April 2017 to November 2017) 
to 7.6–8.0 Ra.  This variation suggests an increase in 
the magmatic He supply after the eruption.  

The 40Ar/36Ar of the samples (up to ~309) is higher 
than that of the atmospheric Ar, indicating the presence 
of excess 40Ar (40Ar*) in the fumarolic gases. Since the 
high 3He/4He implies that 3He and 40Ar* are 

dominantly derived from the mantle, both 3He and 
40Ar* are mostly degassed from the magma. Therefore, 
the 3He/40Ar* can be used as a tracer for the variation 
of the magmatic He/Ar in the fumarolic gases.  

The 3He/40Ar* of the fumarolic gases episodically 
increased after the eruption, which was three to four 
times higher than the pre-eruptive values of ~3 × 10-5. 
Noble gases in a gas phase separated from a silicate 
melt are fractionated as functions of solubilities and 
melt vesicularity. The noble gases with lower 
solubilities are preferentially partitioned into the gas 
phase, and the degree of fractionation decreases with 
increasing vesicularity [5]. The solubility of Ar in a 
silicate melt is lower than that of He [6]. Therefore, the 
increase in 3He/40Ar* is probably due to the increased 
vesicularity of degassing magma beneath the volcano. 
The increase in magmatic He supply after the phreatic 
eruption at the Kusatsu-Shirane volcano in 2018 might 
also be attributable to the increase in vesicularity.  

Assuming that the 3He/40Ar* in the fumarolic gases 
is dominantly controlled by the magma vesicularity, 
the higher 3He/40Ar* should be less fractionated from 
the magma composition. Therefore, the maximum 
3He/40Ar* of ~1 × 10-4 for the samples suggests that the 
3He/40Ar* of the magma beneath the Kusatsu-Shirane 
volcano is higher than the mantle composition (3–4 × 
10-5 [3]) by a factor of ~3 or more. This may indicate 
that the large fraction of Ar in the original magma has 
already been degassed. 

The increase in magma vesicularity might be 
induced by depressurization associated with magma 
ascent or addition of less-degassed magma. In either 
case, 3He/40Ar* of volcanic gases at the Kusatsu-
Shirane volcano is a potential indicator for monitoring 
a state of magma degassing. 
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Introduction:  The helium isotope ratio (3He/4He 

ratio) differs significantly in geochemical reservoirs 
(3He/4He in air and meteoric water: 1 Ra = 1.4 × 10‒6, 
crust: 0.02 Ra, MORB source mantle: 8 ± 1 Ra), and 
because helium is chemically inert, the 3He/4He ratio 
does not change by degassing from magma or by 
dissolution/degassing in water. Therefore, helium in 
volcanic gases, hot spring water, and hot spring gases 
can be used as a sensitive tracer of magma activity, and 
in fact, it has been reported that the 3He/4He ratio 
increased or decreased before and after eruptions at 
several volcanoes [1‒3]. Izu-Oshima volcano, an 
active volcanic island located around 100 km SSW of 
Tokyo, regularly erupted with 30 to 40 years intervals, 
but no eruption has occurred since the last activity in 
1986-1990. In this presentation, we report the 3He/4He 
ratios of volcanic gases and olivines in pyroclastic 
materials collected in Izu Oshima, and discuss the 
long-term secular variation of 3He/4He ratios 
combining the reports of previous studies [4, 5]. 

 
Helium isotope ratios of fluid samples:  The 

3He/4He ratio of the observation steam well located in 
the north of the caldera in the center of Izu Oshima 
increased sharply immediately after the 1986 eruption 
from a low value of 1.7 Ra, peaked in 1988 at 5.5 Ra 
[4], and has been decreasing until now. The present 
3He/4He ratio is around 1.5 Ra, which is lower than 
that before the last eruptive activity. The 3He/4He ratio 
corrected for atmospheric contamination using 
4He/20Ne ratio was about 6.2 Ra throughout the last 
active period from 1986 to 1990 [4]. On the other 
hand, air-corrected 3He/4He ratios of hot spring gas 
collected from a well 500 m away from the steam well 
have been constant at 6.2 Ra since 2001. These results 
suggest that the mixing ratio of magma-derived and 
atmospheric helium in the steam well has changed in 
response to the decrease of supply of magma-derived 
helium, and the magmatic contribution has now almost 
completely decayed, while the 3He/4He ratio of 
magmatic gas itself has been constant over the past 30 
years. 

 
Helium isotope ratios of olivine samples:  The 

observation that the helium released from the present 
magma is significantly lower than the value of 8 Ra, 

which is considered to be the value of the mantle 
wedge in subduction zone, suggests the significant 
contribution crustal helium in the magma reservoir. On 
the other hand, the 3He/4He ratio of olivines separated 
from lava flows of the Senzu Group, which erupted 
20,000‒40,000 years ago, and that from scoria in the 
lowest part (O95) of pyroclastic layers of the Older 
Oshima group, which was active after 20,000 years 
ago, are 7.4 ± 0.4 Ra and 7.1 ± 0.7 Ra, respectively, 
suggesting that 3He/4He ratios of the magma at these 
stages were almost equal to that of the mantle. 
However, the 3He/4He ratio of olivines in the N4 scoria 
erupted about 1300 years ago is 4.6 ± 0.2 Ra, 
indicating that crustal helium was significantly 
contaminated into the magma. 

 
Discussion:  Based on these results, two possible 

changes in the 3He/4He ratios of the steam and hot-
spring wells can be expected: first, if the magma 
reservoir erupted in 1986 is reactivated, the 3He/4He 
ratio of hot spring gas will remain unchanged at about 
6 Ra, and only the contribution of magma-derived 
helium observed in the steam well will increase. This 
means that the change in the 3He/4He ratio observed 
during the previous activity in 1986‒1990 will be 
reproduced. The second scenario, in which the 
reactivation of the magma reservoir is caused by the 
supply of primitive magma with a high 3He/4He ratio 
derived from the mantle, is that not only the 
contribution of magmatic helium in the steam well 
increases, but also the air-corrected 3He/4He ratio of 
the steam and hot-spring wells themselves become 
higher than 6 Ra. In other words, it is expected that the 
3He/4He ratio can be used to clarify whether the next 
eruption results from new magma supply from greater 
depths or just reactivation of the old magma. 
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Shimoike, Y. and Notsu, K. (2000) JVGR, 101, 211‒
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Introduction:  Since the rheology of mantle 

controls the behavior of deep earthquakes and orogenic 
activity, it is important to understand elementary 
processes of deformation of the mantle rocks. Alpine-
type peridotites are rock bodies formed by the solid 
penetration of upper mantle fragments along large 
faults at convergent plate boundaries, and are likely to 
preserve deformation structures in the brittle-ductile 
regime during the ascending process. We focus on the 
effect of water on the deformation characteristics 
preserved in Finero phlogopite-peridotite in Northern 
Italy, which is an alpine-type peridotite and had been 
metasomatized by slab dehydration in the mantle 
wedge during the Paleozoic and Mesozoic [1], [2], [3].  

Methods:  In order to clarify the water-rock 
interaction and deformation history of the peridotite, 
we performed: (1) microstructural observations using a 
scanning electron microscope and a transmission 
electron microscope, and (2) noble gas analysis of 
fluid/melt inclusions in mineral grains, which provides 
information of the origin of fluids/melts. For the noble 
gas analysis, the crushing method was adopted to 
selectively extract noble gases from fluid/melt 
inclusions. 

Samples:  In the field survey, we found a strain 
localization zone about 80 m wide in the peridotite, 
and collected rocks in the strain localization zone and 
750 m away from the strain localization zone, 
respectively. A comparison of the two rocks by thin-
section observation shows that the rock of the strain 
localization zone may have been deformed with 
forming microcracks under hydrous condition and 
subsequently may have trapped fluid/melt inclusions. 
On the other hand, no such characteristic was observed 
in the samples away from the strain localization zone. 
The results of the olivine slip system observation 
suggest that fluid may have penetrated the rock of the 
strain localization zone during brittle-ductile 
deformation. 

Result and investigation: Noble gas analyses of 
fluid/melt inclusions showed that He, Ne, and Ar 
isotope ratios of all samples can be accounted for by 
three-component mixing of atmosphere/seawater, 

radiogenic/nucleogenic and mantle components. 
Similar mixing relation has been observed in very fine-
grained apatite and orthopyroxene separated from the 
Finero peridotite [4]. On the other hand, the Ne-Ar-Xe 
elemental ratios of the samples show that a seawater-
derived component is dominant. In addition, while  
3He/4He ratios are uniform, 40Ar/36Ar ratios become 
lower with increase of degree of deformation of the 
sample rocks. This suggests that the seawater-derived 
component may have added to a mixture of mantle and 
radiogenic/nucleogenic components, and that the 
metasomatism by slab-derived, water-rich fluids may 
have promoted plastic deformation of peridotite in the 
mantle region. The observation that the mantle + 
radiogenic/nucleogenic end members behave as a 
single component cannot be explained by an addition 
of fluid released from surrounding metamorphic rocks, 
in which abundant  radiogenic/nucleogenic noble 
gases had accumulated, during exhumation of the 
Finero peridotite body. Alternatively, the 
radiogenic/nucleogenic component would result from 
accumulation of radiogenic/nucleogenic noble gases in 
the mantle wedge previously metasomatized by slab-
derived fluids enriched in U, Th, and K.  

References: [1] Selverstone and Sharp (2011) 
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(1993) GCA, 57. 1761-1782 [3] Zanetti et al. (1999) 
Contrib. Mineral. Petrol., 134. 107-122 [4] Matsumoto 
et al. (2005) EPSL, 238. 130-145 
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Introduction: Subduction zone is essential for 

transporting water and other volatiles into the mantle. 
However, the details of transporting processes remain 
debated. In this study, we determined the halogens and 
noble gases in a series of metamorphic rocks that 
recorded a paleo slab-mantle wedge boundary [1], to 
constrain how slab-derived fluids modify volatile 
compositions in mantle wedge and how volatiles 
recycle in subduction zones. 

Background: Analyzed samples are ultramafic 
serpentinite (derive from the mantle wedge) and schist 
(derive from subducted sediment) of the Sanbagawa 
metamorphic belt in central Shikoku, Japan. 

The metamorphic grade of the Sanbagawa belt was 
expressed by mineral zones based on the appearance of 
index minerals in pelitic schist. Analyzed serpentinite 
body occurs along garnet zone (440 ± 15 °C, 0.7–0.8 
GPa) and albite–biotite zone (520 ± 25 °C, 0.8–0.9 
GPa, ~30km) of the metamorphic belt. [2] 

Experimental methods: A portion of each sample 
was neutron-irradiated to convert halogens to noble gas 
isotopes. The determination of halogens via neutron-
irradiation and noble gas mass spectrometry has lower 
detection limits than direct analyses of halogens with 
other methods. In-vacuo stepwise crushing and 
heating methods were conducted in order to extract 
gases contained in different sites of the rocks. The 
irradiated and un-irradiated portions were analyzed by 
noble gas mass spectrometry at the University of 
Tokyo, to determine halogens and noble gases, 
respectively. 

Results and discussion: The halogen compositions 
of fluids in the serpentinite and schist obtained by 
crush extraction show relatively high I/Cl ratios with 
stable Br/Cl ratios compared with halogens in MORB-
mantle or AOC. These features are similar to the data 
for the nearby Higashi-akaishi mantle wedge peridotite 
exhumed from ~100 km depth [3], which are 
considered to partially preserve the signals of 
sedimentary pore fluids. In addition, the serpentinite 
body shows overall decreasing I/Cl ratios with 
increasing distance from the subduction interface. This 
supports the idea that the original high I/Cl fluids were 
transported along the subduction interface and 
penetrated upward into the mantle wedge. 

The noble gases in crush-released fluid of the 
serpentinite are dominated by an air/seawater-derived 

component, except helium. Helium shows distinct and 
diverse 3He/4He ratios ranging from 0.1 up to >50 Ra 
in serpentinite for crush and heat extraction (Ra 
denotes atmospheric 3He/4He ratio), which is likely to 
be strongly influenced by the cosmic ray, producing 
helium with high 3He/4He ratio. On the other hand, 
both the elemental ratios and isotope compositions of 
Ne, Ar, Kr, and Xe support the predominance of 
seawater and/or air-derived noble gases. This cannot 
be explained solely by air contamination during sample 
preparation. Instead, the pore-fluid subduction 
contribution can also account for seawater and/or 
atmospheric noble gases observed in the serpentinite 
fluid. This adds another support to the idea that the 
shallow part of mantle wedge has been influenced by 
addition of volatiles from the subducted slab. 

References: [1] Kawahara et al (2016). Lithos, 
254–255. [2] Enami et al (1994), Contrib. to Mineral. 
Petrol, 182-198 [3] Sumino et al (2010). EPSL, 163–
172. 
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Introduction:  While the origin of the primordial 
noble gases (3He, 20Ne) in deep Earth remains the 
subject of debate, the prevailing paradigm requires that 
the deep mantle is enriched in primordial noble gases 
relative to a largely degassed, more vigorously 
convecting upper mantle [see review in 1].  The 
presence of extremely high 3He/4He in picritic basalts 
from the proto-Iceland plume basalts that span a huge 
range of incompatible trace element ratios and Sr-Nd-
Pb isotopic compositions is consistent with the high 
primordial He concentration of the deep mantle 
dominating the He in mixtures with degassed/enriched 
mantle domains [2]. This widely held view has been 
challenged by some who propose that high 3He/4He is 
sourced in shallow mantle and reflects mantle 
depletion [e.g. 3]. This is not borne out by He partition 
coefficients [4] but nevertheless highlights the need to 
understand He concentrations in the major mantle 
reservoirs.   
Results:  New 3He/4He of basalt glasses from 26°N to 
11°N along the Red Sea spreading axis, combined with 
data from [5,6], show a systematic, near-linear increase 
with distance south.  The strong along-rift change in 
3He/4He (7.9 to 15 Ra) coincides with similar change in 
incompatible trace element ratios.  that are consistent 
with a binary mixture between moderately enriched 
shallow asthenospheric mantle and Afar plume mantle 
evident in basalts from the Gulf of Tadjoura, Djibouti.  
The high-3He/4He basalts have incompatible trace 
element ratios and Sr-Nd-Pb isotopic compositions that 
are similar, but not identical, to the high 3He/4He (22 
Ra) high Ti (HT2) picrites erupted during the initial 
phase of the flood basalt volcanism [7]. It suggests that 
the deep mantle component in the modern Afar plume 
has a HIMU-like composition, indicative of an origin 
in subducted hydrated oceanic crust. 
Implications: The Red Sea basalts define well-defined 
hyperbolic mixing relationships in 3He/4He-K/Th-
Rb/La space. Using established trace element 
concentrations for depleted convecting upper mantle 
and HIMU it appears that the upwelling Afar plume 
mantle has a He concentration that is 3-5 times lower 
than the shallow asthenosphere mantle beneath the 
northern Red Sea. This is contrary to the prevailing 
model that requires the high 3He/4He deep mantle with 

to be enriched in primordial volatiles relative to 
degassed-depleted upper mantle.  The modest 3He/4He 
(15-21 Ra) and restricted trace element and Sr-Nd-Pb 
isotope composition are consistent with the low-He 
content of the Afar plume. It contrasts markedly with 
highly buoyant Iceland plume where high 3He/4He (40-
50 Ra) is present in basalts with large compositional 
and isotopic composition [2].   
The simplest way to generate a large volume of 
thermally-bouyant mantle with low He concentration 
yet high 3He/4He is to mix 3He-rich deep mantle with 
essentially He-poor enriched mantle. In this scenario 
the Afar plume composition requires less than 10% 
deep mantle, implying that it is impossible to unravel 
the chemical or isotopic composition of the deep 
mantle. The low He content of the enriched mantle is 
difficult to reconcile with the radiogenic Pb isotope 
composition of the high 3He/4He basalts (206Pb/204Pb > 
19.5 [7]) and the origin of the He-poor mantle remains 
enigmatic.  
References:  
[1] Mukhopadhyay S. and Paria. R. (2019) Ann. Rev. 
Earth Planet. Sci., 47, 389-419. [2] Starkey N. et al. 
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S. et al. (2005) Nature 437, 1140-1143. [4] Jackson, C. 
et al. (2013) Earth Planet. Sci. Lett. 384, 178-187. [5] 
Marty, B. (1993). Geochem. J. 27, 219-288 [6] Moreira 
M. et al. (1996). Geophys. Res. Lett. 23, 2453-56. [7] 
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Abstract: Meteorites are segment of rocks or stones 
which came from different asteroid or planets to the 
Earth. With the availability of large number of meteor-
ites, the last three to four decades gave us a boost for 
their study for unravel secrets of our Solar system in 
new way. Although plenty of work has been done on 
meteorites to understand the how the Solar system has 
been formed or how it has been modified, but many 
points are need to be clarified yet. Ordinary chondrites 
are the largest group of available meteorites i.e. 86% 
are chondrites and rest are achondrites. Further we 
subdivided ordinary chondrites based on the process 
they have gone through and their chemical composi-
tions. [1] 
    
Introduction: In this work, firstly we will understand 
the implantation of cosmic ray effects LL chondrites. 
We recalculated the Cosmic Ray Exposure (CRE) ages 
of 165 LL chondrites (using the data from literature) 
based on the Neon isotopic abundance and using up-
dated methodology [3]. CRE age is the duration in 
which meteorite has been exposed to Galactic Cosmic 
Rays (GCR, ~GeV range particles) until their fall on 
the Earth. Secondly, we have estimated the concentra-
tions of trapped Ne in bulk LL chondrites. [2,3] 
 
Meteoroidal ejection Events: We have calculated the 
CRE age of LL chondrites based on the Neon isotopic 
abundance and latest production rate of 21Ne cosmo-
genic [3]. We have also shown (fig. 1) histogram plot 
of CRE ages of these 165 LL chondrites. One group of 
CRE ages can be considered as one major impact event 

LL Chondrites

Figure 1
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on to its parent asteroid. Here we suggest that total 
more than five major impact events are required to 
eject all these 165 LL chondrites from its parent aster-
oid body(ies) [4]. 

Trapped Neon gas concentration: Fig. 2 is neon-
three isotopic plot for the bulk sample of 92 LL chon-
drites. The components of Solar wind (SW) [5], Ne-Q 
[6], Air [7] and HL [8] are shown for comparison. The 
average concentration value of 20Ne trapped calculated 
using the standard schematic [9,10]. 

LL Chondrites
Figure 2
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Discussion: In figure 2, it is observed that most of the 
LL chondrites falls near the GCR region. The average 
value of 20Ne trapped concentration of LL chondrites is 
lower than the Carbonaceous Chondrites [11]. For LL 
chondrites, the average concentration of 20Ne trapped 
value is 5.80 × 10-8 cm3 STP/g and the range of trapped 
20Ne is (0.06 to 141.55) × 10-8 cm3 STP/g. 
 
Acknowledgments: We are very thankful to Depart-
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Introduction:  Astronomical phenomena, including 

solar activity and galactic cosmic rays, have played a 
scientifically significant role in Solar System history 
(e.g. [1-4]). It has been hypothesised that the Moon’s 
regolith cover (fine particles of rock broken up and 
redistributed by processes such as impacts) preserves a 
record of astronomical phenomena from over more than 
4 billion years of Solar System history (e.g., [5,6]). 
However, to interpret this record, it is first necessary to 
understand the evolution of the lunar regolith. 

The history of the regolith at any given locality is 
complex, however, most previous studies of 
cosmogenic isotopes have largely required (due to 
method constraints) a simplified ‘single-stage’ cosmic 
ray exposure age calculation. Here, we demonstrate that 
noble gases extracted from individual basaltic regolith 
particles can potentially provide more detailed insights 
into the cosmic ray exposure history of each sample and 
thus the evolution of the local regolith.  

Methods:  Nine individual basalt fragments from 
parent soil 12003, and one fragment from sample 
12030,187 were analysed. Each sample was split, with 
one fraction used for bulk chemistry analysis, and the 
other fraction used for noble gas analyses (See [7-9] for 
details of the bulk chemistry measurements). Gases 
were extracted in 700, 1000, 1400, and 1700 °C steps, 
for 20 minutes in a double-walled UHV furnace. The 
He, Ne and Ar isotopic compositions were determined 
in a MAP 215-50 mass spectrometer at SUERC. 

Results: Measured He, Ne and Ar concentrations 
(and isotopic ratios) are within the typical range for 
lunar crystalline rocks with the exception of sample 
12030,187, which has between 3-10 times higher gas 
concentrations (than other samples measured in this 
study) of each measured noble gas isotope. The 
measured range of noble gas concentrations for this 
sample are within the range expected for Apollo 12 
lunar regolith samples (based on comparison to data 
collated by [10]). 

Cosmic Ray Exposure Histories: Single-stage 
exposure ages derived from Ne range from 122 to 468 
Myr, overlapping previous studies. The samples were 
collected by the Apollo 12 astronauts from the upper 
surface of the Moon (using an approximately 5×5×5cm 
cube scoop). We can therefore assert that these samples 
resided within ~5 cm of the surface for a period of their 
history. By taking the bulk chemistry data of each 

sample, and applying those sample-specific Ne target 
element concentrations to the theoretical cosmogenic 
nuclide production rates of [11], we construct depth-
dependent cosmogenic nuclide production rate ratio 
curves in 21Ne/22Ne-20Ne/22Ne space, for each sample. 
From the cosmogenic Ne isotope composition of each 
sample, we can construct a two-stage history that 
includes a surface exposure duration at 0 g/cm2, and a 
second period at a depth dictated by a tie line from the 
0 g/cm2 value, through the cosmogenic end-member 
composition specific to that sample, to its intercept with 
the theoretical cosmogenic nuclide production rate ratio 
curve. Note, we use the ‘0 g/cm2’ shielding depth to 
allow a calculation of the minimum amount of time the 
sample resided within ~5 cm of the lunar surface (i.e. 
the depth these samples were collected from). 

Conclusions: Almost all samples had relatively 
short surface residency times; 3 samples show a 
minimum surface exposure duration of 7 Myr, the 
remaining samples show surface exposure of less than a 
few hundred thousand years. We infer that these 
samples had significantly longer residency within 500 
g/cm2 (≈ 300 cm) of the lunar surface and it was during 
this residency that the majority of cosmogenic isotopes 
were produced. We found that fragments of comparable 
type and texture from a single lunar regolith soil sample 
show distinct histories but those histories display some 
degree of similarity. Thus, in a given 5×5×5cm cube of 
lunar regolith, many cosmic ray exposure histories may 
be represented, but the statistics of that sample are likely 
dominated by the larger impacts that have emplaced 
regolith into the sampling volume. Clusters of CRE ages 
suggest major overturn events (large impacts) are more 
significant to the Apollo 12 regolith evolution history 
than depth changes due to gradual gardening. 
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Introduction:  Crater-based age modeling is key 

for remotely estimating the ages of unsampled geolog-
ical units on the Moon and other planetary bodies in 
the solar system. The calibration for this method is 
based on Apollo and Luna samples that can be linked 
to a geological unit (e.g., a lava flow) or an impact 
basin/crater, whose absolute radiometric or cosmic ray 
exposure (CRE) ages have been determined (Fig. 1; 
[1-3]). For the last 1 Ga, the lunar cratering chronology 
function is anchored by the crater densities on the ejec-
ta blankets surrounding Copernicus, Tycho, North Ray, 
and Cone craters. Since these craters are crucial cali-
bration points for the lunar cratering chronology, we 
re-evaluate here the formation age of Cone Crater and 
North Ray Crater to improve our understanding of the 
most recent (≤100 Ma) impact rate at the lunar surface.  

Samples and analytical methods: He, Ne, and Ar 
were extracted from Apollo 14 and 16 rock fragments 
(42.453 to 61.891 mg in mass) by single-step heating 
using a filament furnace and analyzed using the No-
blesse HR (Nu Instruments) noble gas spectrometer at 
the CRPG noble gas facility. Helium was analyzed in 
peak-jumping mode, whereas the three isotopes of ne-
on and argon were analyzed in multi-collection mode.  

Results and discussion: For most Apollo 14 mare 
basalts and Apollo 16 anorthosites analyzed here, 
measured 20Ne/22Ne, 21Ne/22Ne, and 36Ar/38Ar ratios 
are close to the theoretical production rate ratios for 
spallation reactions triggered by galactic cosmic rays. 
This indicates that neon and argon are almost purely 
cosmogenic (with the addition of radiogenic 40Ar). 
Therefore, in most cases, measured concentrations 
directly reflect the abundances of cosmogenic 20,21,22Ne 
and 36,38Ar accumulated during exposure to galactic 
cosmic rays at the lunar surface.  

The CRE age of material that was exposed by the 
Cone and North Ray impact events can be estimated by 
comparing the accumulated abundance of cosmogenic 
noble gas nuclides with their production rates. The 
most prominent issue of this method is that published 
production rate estimates are highly variable [4-8], 
even when variations in target chemistry and shielding 
are considered. As a consequence, 21Ne and 38Ar expo-
sure ages of a given sample cover a significant range 
of values. Nonetheless, it is evident that mare basalts 
14053, 14068, and 14072 – collected near the rim of 
Cone Crater – have been exposed to cosmic rays at the 
lunar surface for a relatively short time interval (i.e., 

<21 ± 3 Ma, when the low 21Ne and 38Ar production 
rates from [6] are excluded). These values roughly 
agree with, yet are slightly lower than, the mean age of 
26 ± 2 Ma previously estimated for Cone Crater [9]. 
For anorthosites 67075 and 67955, we obtain CRE 
ages of 16 to 27 Ma (± 10–15%); these values are low-
er than the mean value of 50.0 ± 1.4 proposed by [9] 
for the formation age of North Ray Crater.  

Based on the results from this study, we conclude 
that the three Apollo 14 mare basalts 14053, 14068, 
and 14072 were excavated slightly more recently than 
the two Apollo 16 anorthosites 67075 and 67955.  
These findings are consistent with the notion that Cone 
Crater is younger than North Ray Crater. However, the 
results also demonstrate that the absolute recent crater-
ing chronology remains a matter of significant debate. 

Fig. 1: Lunar cratering chronology (modified from [1-
3]). Cumulative number of craters ≥1 km in diameter 
per km2 vs. the age of dated lunar surfaces. 
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The noble gas isotopic composition of meteorites 

provides information on the distribution of volatiles in 
the early solar system, and the delivery of volatiles 
during planetary formation [1]. Furthermore, the dis-
tribution of cosmogenic noble gas isotopes formed by 
cosmic ray exposure can give key insights into the 
irradiation history of the meteorite parent body, as well 
as any pre-irradiation recorded in the accretionary 
phases [2].  

However, due to the low abundance of the 
noble gases, relatively large sample sizes are typically 
required for analysis. Conventional analysis techniques 
such as step-heating obscure the heterogeneity between 
the plethora of different phases within meteorites, es-
pecially chondrites. We present here a new extraction 
system developed at CRPG Nancy, utilising laser abla-
tion combined with traditional noble gas mass spec-
trometry. This allows in-situ targeting of chondrite 
thick sections, permitting easy resolution of different 
isotopic signatures in chondrules, chondrule rims, 
CAI's and matrix. Ablation pit volumes are calculated 
using a laser interferometer, allowing the determina-
tion of noble gas abundances as well as isotope ratios. 

We discuss the application of this methodolo-
gy, and present preliminary data measured in the Paris 
CM chondrite [3] and Acfer 082 CV chondrite. In each 
sample several different phases were selected for anal-
ysis, and isotopes of He, Ne and Ar were measured. 
Isotopic signatures are dominated by cosmogenic iso-
topes within chondrules, while matrix analyses record 
signatures closer to "planetary" isotopic endmembers. 
Significant differences up to a factor of 5 in cosmogen-
ic exposure levels between chondrules and matrix may 
be due to pre-irradiation of chondrules before accretion 
into the chondrite parent body, but could also be due to 
the small grain sizes in the matrix precluding effective 
retention of noble gases. Chondrule rims in Acfer 082 
show anomalously low 21Ne/22Ne ratios, which is like-
ly due to increased concentrations of presolar material 
in the chondrule rim. 

We would like to thank Jean-Alix Barrat and Addi 
Bischoff for the provision of the samples used in this 
study. 
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Introduction:  The recently discovered primitive 

achondrite Erg Chech 002 has unique properties which 
have shed new light on our understanding of the condi-
tions prevalent in the early Solar System. Its andesitic 
composition implies it derives from the remnants of a 
fully differentiated protoplanet with an igneous crust, 
and yet with an 26Al-26Mg age of 4565 Ma it signifi-
cantly predates the formation of the Earth [1]. Here we 
present isotope data for noble gases extracted from EC 
002 using a variety of extraction methods; step heating, 
crushing and laser ablation. 

 
Results and Discussion:  The light noble gases (He & 
Ne) are dominated by cosmogenic isotopes. Bulk step 
heating data shows high cosmogenic 3He contributions 
with 3He/4He = 0.00731 ± 0.00007. Neon isotope ratios 
are close to predicted galactic cosmic ray (GCR) cos-
mogenic production values, with 20Ne/22Ne = 0.768 ± 
0.002 and 21Ne/22Ne = 0.846 ± 0.015. Cosmic ray ex-
posure (CRE) ages calculated from the step heating 
analyses are Texp

21Ne = 25.6 Myr; Texp
3He = 26.0 Myr, 

with good agreement between the He and Ne calculat-
ed ages [1]. Argon isotope ratios are strongly enriched 
in radiogenic 40Ar produced from the decay of 40K 
which is abundant within the mineral assemblage. The 
40Ar/36Ar from cumulative step heating is 5523 ± 42, 
with a maximum 40Ar/36Ar = 25100 ± 240 released at 
the 1200 °C heating step. The calculated K-Ar age of 
4534 ± 125 Myr is indistinguishable from the 26Al-
26Mg system, implying that EC002 underwent no sig-
nificant thermal events after the breakup of its parent 
body soon after formation.  

Krypton and xenon abundances are low, with total 
step heating 84Kr = 1.25 (±0.02) x10-14 molg-1 and 
130Xe = 3.34 (±0.21) x10-16 molg-1. Krypton and xenon 
concentrations are therefore depleted by between 1 and 
2 orders of magnitude relative to enstatite [2] and car-
bonaceous chondrites [3]. Xenon isotopes show a no-
table dichotomy between crushing and step-heating 
results. Step-heating extractions at 1200 and 1400 °C 
show strong enrichments in cosmogenic 124Xe and 
126Xe, with 124Xe/132Xe = 0.0123 ± 0.0007 and 
126Xe/132Xe = 0.0172 ± 0.0013 at 1200 °C (~3.5x and 
~5x the atmospheric ratios respectively). Conversely, 
Xe isotopes released by crushing have no significant 
cosmogenic contribution, but exhibit resolvable ex-
cesses in fissiogenic 134Xe/132Xe and 136Xe/132Xe up to 
0.571 ± 0.068 and 0.499 ± 0.061 respectively. This 
implies a differential siting of cosmogenic and fissio-

genic isotopes within the sample, with cosmogenic 
isotopes sited within the mineral lattices, while fissio-
genically-produced Xe appears to be sited in more 
fragile phases such as fluid / gas inclusions, healed 
cracks within silicates, or along grain boundaries that 
facilitate the release of noble gases during crushing. 
Krypton isotopes show some excess of cosmogenic 
78Kr and 80Kr in step heating extractions, although 
crushing data are largely indistinguishable from at-
mosphere.  

Finally, laser ablation was used to target individual 
pyroxene grains and feldspars within the groundmass, 
revealing a strong difference in argon isotope composi-
tion between the two. The highest measured pyroxene 
40Ar/36Ar = 811 ± 20, whereas the feldspar analysis 
gave a 40Ar/36Ar of 50,000 ± 3,000, confirming that the 
feldspars host the majority of the radiogenic potassi-
um. Pyroxene grains were also found to be dominated 
by cosmogenic He and Ne, while the feldspar grains 
were indistinguishable from blank levels. 

 
Conclusion: The recently discovered achondrite 

Erg Chech 002 represents a rare opportunity to study 
the first igneous crusts that formed on young planetes-
imals. This study shows that Erg Chech is largely de-
void of primordial noble gases indicating that it was 
efficiently degassed during its original formation. 
Helium and Ne give consistent CRE ages of 25.6 and 
26.0 Myr respectively. This coupled with K-Ar ages 
that agree well with previously determined Al-Mg ages 
[1] indicate that the sample has been minimally ther-
mally processed since the break up of its original par-
ent body.  
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Introduction: Aguas Zarcas is a brecciated 

carbonaceous chondrite that fell in Costa Rica on 23 
April 2019. The meteorite contains at least five different 
lithologies [1]. Aguas Zarcas is similar to the two 
asteroids Ryugu and Bennu [2], samples of which were 
recently or will soon be returned by JAXA and NASA 
missions. We report noble gas data on four samples of 
three lithologies. Two of the samples were collected 
immediately after they fell and have experienced 
minimal terrestrial alteration (MF7 and MF8). Two of 
the samples were collected after rainfall, PRCP and 
PRCR. Preliminary examination suggests MF7 and 
PRCP may belong to the same lithology and could be 
used to evaluate the effect of the rain. As part of a larger 
coordinated study on Aguas Zarcas [2] we are interested 
in 1) the noble gases in Aguas Zarcas as a carbonaceous 
chondrite with possible affinities to Ryugu and Bennu 
and 2) in the effect of the rain on the noble gases. 

Methods: Two aliquots of each sample were 
analyzed for He-Xe, a small chip (4-6 mg) and a larger 
powdered (18-32 mg) sample. Analytical procedures are 
detailed in [3]. We used the model by [4] to determined 
production rates for all shielding depths within a 
meteoroid of carbonaceous chondrite composition and a 
radius of 20-65 cm. The cosmic ray exposure (CRE) 
ages reported here should be considered preliminary as 
they might change once we have the bulk chemistry. 

Results and Discussion: The noble gas composition 
of Aguas Zarcas is similar to that of other primitive 
carbonaceous chondrites [5,6]. The Xe isotopic 
composition is a good fit to Q with small (2-5%) 
additions Xe-HL. Krypton isotopic compositions scatter 
around that of Q and Ar is most likely a mixture of Q, 
radiogenic 40Ar, and cosmogenic Ar. The 3He/4He ratio 
is slightly higher than that of primordial He in all 
samples, due to cosmogenic 3He.  

The samples plot in three different groups in the Ne 
three isotope plot (Fig. 1). This is partly due to variable 
amounts of cosmogenic Ne (Necos) but also due to 
variability in the composition of trapped Ne (Netr). MF7 
contains Netr with higher 20Ne/22Ne ratio than the other 
samples, indicating a higher relative contribution of Q, 
an unknown trapped component, or solar wind (SW).  

CRE ages. Remarkably, the concentrations of Necos 
vary by a factor of 6 between the different samples. The 
two aliquots have similar concentrations of 21Necos in all 
samples. Neon-21 CRE ages are ~2 Myr for PRCR, ~6 
Myr for MF7, and ~13 Myr for MF8 and PRCP. The 
variable CRE ages indicate that at least some of the 
clasts in Aguas Zarcas were irradiated by cosmic rays 
on the parent asteroid. From this follows that these 

clasts must have been located at a depth no larger than 
a few meters at the time of irradiation. However, there 
is no clear evidence for SW in the samples, expected to 
be present in regolith breccias. The possible exception 
is MF7, it has high concentrations of He and Ne and a 
20Ne/22Netr ratio higher than HL (Fig. 1).  

Effects of rain on noble gases. MF7 has high 
concentrations of He and Ne compared to all the other 
samples, including the potential post-rain sample of this 
lithology, PRCP. This could possibly indicate that this 
sample contains a Ne carrier that is susceptible to water 
and that lost its noble gases during the rain. Krietsch [5] 
discovered that a large fraction of the Ne in a primitive 
CR chondrite was lost during etching with water. 
However, it is also possible that the high He and Ne 
concentrations in MF7 is due to SW. In general, the pre-
rain samples MF7 and MF8 have higher gas 
concentrations than the post-rain samples PRCP and 
PRCR, indicating minor gas loss due to water exposure. 
There is no evidence for any air contamination in the 
samples, showing that the rain did not result in any 
incorporation of terrestrial noble gases, as is known to 
happen during extensive residence time on Earth [7]. 
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Fig. 1. Neon three isotope plot showing the Ne isotopic 
composition of the samples. L = large, S = small. 
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Introduction: The use of noble gases (NG) as 

natural tracers to characterize storage, migration and 
origin of fluids in geological environments requires the 
knowledge of their solubility in various geo-fluids. 
While there are many studies dedicated to water, the 
solubility of NG in oil has rarely been considered 
because experiments are very challenging [1-2]. It is 
often simply assumed that their solubility is a function 
of temperature and density of oil only [1]. This work 
aims, first, at verifying this assumption and, second, at 
providing predictive approaches to estimate the 
solubility of NG in oil. 

With recent advances in molecular modelling, 
molecular simulation has shown to be an efficient 
method to provide accurate results on thermophysical 
properties of geo-fluids, including noble gases and 
hydrocarbons [3]. Hence, in this work, this numerical 
tool has been used as an alternative to experiments. 

Materials and Methods: Solubility of trace 
elements can be quantified by Henry’s law constant. To 
estimate this quantity for NG (He, Ne, Ar, Kr, Xe,) in 
oil, Gibbs Ensemble Monte Carlo method combined 
with Widom insertion method has been employed [3]. 
Oil (hydrocarbon) molecules were modelled by the 
TraPPE-UA force field [4], whereas NG molecules 
were described by Lennard-Jones particles [5]. It has 
been found that this approach is able to provide good 
results compared to available experimental data in pure 
normal alkanes.   

Results and discussion: 
Simulation Results. Molecular simulation results 

have shown that Henry’s law constant of NG is not only 
dependent on temperature and density (API gravity) of 
oil, but also on its composition, see figure 1. However, 
the fractionation between each NG and Ar, defined as 
the ratio between their respective Henry’s law constants 
F(NG/Ar), is only weakly dependent on the composition 
of the considered oil. 

Predictive Approaches. Using a mean-field theory, 
a simple physical approach has been proposed to predict 
F(NG/Ar) in oils. This approach requires an estimate of 
the density, the critical temperature and the acentric 
factor of oil. Overall, this approach yields to an average 
deviation (AD) of 7.6% compared to molecular 
simulation results. 

In addition, the predictive capability of two cubic 
equations of state (EoS) [6], Peng-Robinson and Patel-
Teja ones, has been investigated. It has been found that 

both EoS yields to non-negligible deviation on Henry’s 
constants of NG in oil, particularly for the smallest NG. 
To improve their capability, the EoS parameters of NG 
have been adjusted on the molecular simulations data. 
By doing so, the cubic EoS provides excellent results for 
the fractionation with an AD of 2.2% compared to 
molecular simulation results. 

  

 

 
Figure 1: Henry’s law constant (upper figure) and 
fractionation (bottom figure) of NGs in normal 
tetracosane (nC24) and in benzene (aC6) at T=433.15K 
for which the liquid density of the two oils is similar.  
 

Finally, these predictive approaches have been used 
to compute the fractionation of NGs in light oils that 
were experimentally measured [2]. Results exhibit 
fractionation in good quantitative agreement with 
experiments even if slight differences appeared. 
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Carbon capture and storage (CCS) has the potential 

for stabilizing atmospheric CO2 concentration until 
carbon free economy is achieved1. Geologic carbon 
storage is the most promising way for storing large 
quantities of CO2 underground, preferably as carbonate 
mineral (mineral storage)2. Mineral storage in saline 
sedimentary formations and basalts is considered a 
permanent and the safest option. While mineral storage 
of the injected CO2 into basalt has been demonstrated 
on a small scale3 with a clear potential for upscaling, 
large amount of basalts are difficult to access 
worldwide. In this regard saline sedimentary 
formations are more viable in the foreseeable future. 
However, no significant mineralization has ever been 
reported from either natural fields or CO2 injection 
experiments in such a geological media. 

The Mihályi-Répcelak field (Pannonian Basin, NW 
Hungary) is a natural CO2 reservoir with alternating 
sandstone-clay/siltstone layers from late Miocene (10 
Ma) at ~1400 - 1650 m depth, where CO2 migrated 
into between 8-4 Ma. The field originally had reserves 
of ~107 t CO2

4 produced since 1940s, reaching 105 t/a 
in the past decades. Despite the forecasted CO2 supply 
until the middle of the 21st century, the field seems to 
have matured recently. In order to understand the fate 
of the CO2 geochemical modelling and well gas 
sampling has been undertaken. 

Thermodynamic geochemical models in 
PHREEQC predict dissolution of dawsonite (release of 
Na+, Al3+ and HCO3

- into the water phase) followed by 
the precipitation of kaolinite, calcite, dolomite and 
siderite, a net carbonate increase in response to 
reservoir pressure reduction. 

Noble gas isotope measurements confirm the 
magmatic origin of the CO2. 3He/4He ratio – CO2 
concentration relationship of 7 well gas samples taken 
in 2017 demonstrates large amount of CO2 loss from 
the gas phase compared to samples taken in 20105. 
CO2/3He ratios are all consistent with the 
disappearance of the magmatic CO2 from the gas 
phase. All 2010 and most 2017 samples plot along a 

linear line in the CO2/3He – δ13CCO2 space, along which 
data move freely in the dynamic equilibrium in which 
pressure reduction drives CO2 exsolution, followed by 
pH increase, carbonate precipitation, pH decrease and 
carbonate dissolution in this order. However, two 
samples from 2017 are outside of this equilibrium, 
exhibiting a much more negative δ13CCO2 values and 
reduced CO2/3He. Within the pre-modelled reservoir 
pH of 5.6 – 6.2 we are unable to explain these data 
with dissolution of the source CO2 into formation 
waters. Instead, we suggest that fractionation of 
δ13CCO2 and CO2/3He is consistent with increased rate 
of carbonate forming. We calculate that 30g CO2/m3 
reservoir rock formed new carbonates, equivalent of 
~400 t mineral storage of CO2 in the entire reservoir. 

This is the first time that carbonate mineralization 
is observed within human timescales and suggests that 
stable and noble gas isotopes are powerful tools to 
monitor it. 
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Introduction: Carbon capture and storage (CCS) is 
required in three of the four IPPC pathways proposed 
for limiting global warming to 1.5-2°C [1]. Mineral 
storage of CO2 in mafic rocks has the potential to offer 
safe and secure CCS over geological timescales [2]. 
Results from the Carbfix mineral carbonation field pilot 
projects in Iceland suggest high percentages of carbon 
are mineralising within months of injection [3]. 

Noble gas tracing: Noble gas and stable isotope 
measurements have been used as effective tracers of 
subsurface processes and fluids in various geothermal 
[4] and CO2 [5] reservoirs. The chemical inertia and 
distinct sources of noble gases in subsurface fluids, 
combined with the predictable fractionation behaviour 
of stable isotopes, provides a powerful tool for tracking 
the migration and fate of injected fluids [6].  

Results: In this study we use combined noble gas 
and stable isotope measurements to provide further 
insight into the fate of injected CO2 at 
Carbfix2. 3He/4He ratios of Carbfix2 injection fluids 
and gases, production wells and CO2 monitoring wells 
fall within the regional range of 12-17R/RA for the 
Western Rift Zone (WRZ) of Iceland. CO2 monitoring 
wells shower higher 4He/20Ne and lower CO2/3He ratios 
relative to other production wells and injection fluids, 
suggesting either He addition or CO2 loss. 
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This multi-year study reveals a series of systems 

rich in He and H2 gas, and a complex CH4 cycle with 
multiple abiotic and biological sources. Surface gas 
seeps along rivers are dominated by microbial CH4 
related to near-surface processes in tropical sediments 
and wetlands. In contrast, samples from gas 
exploration wellheads have He (up to 1% by vol) and 
high concentrations of H2 (up to 25-40% by vol but 
consistently between at least 7-11%) for samples 
measured between 2012 and 2019. Here for the first 
time an exploration gas well discharging at surface 
shows evidence of the type of deep cratonic gases 
typically associated with the deep mines of the 
Witwatersrand Basin and Canadian Shield [1]. 
Specifically, some wells show a significant component 
of abiotic alkanes with high associated concentrations 
of H2, higher hydrocarbons, and isotopic and 
geochemical characteristics associated with abiotic 
organic synthesis [2]. Noble gas analyses confirm a 
crustal rather than mantle source. Particularly notable 
is the elevated 21Ne/22Ne end-member identified in at 
least one gas well, and from other areas of the São 
Francisco Craton [3], that both show the characteristic 
elevated neon end-member value first identified in 
ancient fracture fluids from deep mines in Canada and 
South Africa [5].  

Overall, these results demonstrate the H2-rich gases 
in the Precambrian to early Paleozoic cratonic rocks of 
Brazil share important characteristics with the deep gas 
and ancient fluids first described in the deep mines of 
the Canadian Shield and Witwatersrand Basin. The 
exploration gas wells reflect a complex mixture of 
discharging gas associated with abiotic organic 
synthesis and H2 production (likely related to 
radiolysis and/or serpentinization), and local mixing 
with what are likely more surficial sources of 
microbial CH4.  
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Helium as an important and non-renewable element 

faces a supply crisis and the exploration of helium 
resources has gained global interest. To date, the 
processes identified to generate a helium-rich gas 
phase involve sedimentary CH4 or magmatic CO2 
either extract dissolved helium from the water phase 
though contact and equilibration or degas as the major 
gas phase from groundwater during uplift-related 
depressurisation [1,2,3]. Helium-rich gas field is also 
discovered in ancient intracratonic basins with low 
content of CH4 or CO2 but dominated by N2. We have 
developed a one-dimensional diffusion-and-exsolution 
model which simulates helium and nitrogen diffusive 
fluxes from the Precambrian continental crust, 
comparable to that observed in sedimentary basins 
[1,3,4]. The modelling result shows that the basement 
N2 flux is capable of reaching sufficient concentrations 
in the sedimentary pore fluids to form gas phase. The 
model not only predicts the observed nitrogen-helium 
rich gas phase in sedimentary formations overlying the 
crystalline basement in the Williston Basin, North 
America, but also a comparable gas phase composition 
of helium, neon and nitrogen. This new model 
provides a mechanism for the formation of primary 
4He-N2 gas field, without CH4 or CO2 involvement. 
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The extent to which aquitards contribute to arsenic 

(As) mobilization in contaminated aquifers is still un-

known. Many studies suggest aquitards can be an im-

portant source of organic carbon, which fuels the As 

mobilisation process in contaminated aquifers. Further, 

the link between methane (CH4) and As motivates 

simultaneously the study of CH4 gas dynamics in af-

fected aquifers. In cases where CH4 oversaturates, a 

free gas phase can be formed resulting in the degassing 

of dissolved species, and the potential disruption of 

groundwater flow. 

 

In our specific study site, ~15km south-east of Ha-

noi, CH4 is observed to be at in-situ saturation concen-

trations in groundwater wells situated just below the 

capping aquitard of an arsenic contaminated aquifer. A 

sediment core of around 15m was taken though this 

overlying aquitard with the aim to understand both 

solute input into the aquifer, and the underlying degas-

sing processes already reported at this site. Pore water 

in the core was analysed for noble gases at a resolution 

of 0.5 - 1m. The initial processing of samples from this 

core, have revealed that a large part of the pore space 

was in-fact not saturated with water, but filled instead 

with air/gas. The pore space was shown to be unsatu-

rated in two separate layers for a significant part of the 

core (at least ~30%), between depths of 7.5 - 15m, 

indicating the presence of perched groundwater.  

 

These first findings show for this part of the aqui-

fer, the hydrostatic pressure is lower than previously 

assumed, and therefore production of CH4 is highly 

likely to result in gas phase formation in the underlying 

aquifer. The finding also suggests potential new path-

ways for younger groundwater to infiltrate the contam-

inated aquifer, which may provide additional input of 

solutes affecting the As mobilization process. Further 

analysis of this sediment core, we believe, will lead to 

an improved understanding in both the degassing pro-

cess, which affects groundwater transport, and the so-

lute input from the aquitard overlying the aquifer at our 

study site. 
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Introduction:  Laboratory investigations of noble 

gases trapped in cometary ice analogues and exposed 
to photo-irradiation [1] have the potential to provide 
important information on the evolution of cometary 
matter under interstellar and solar system conditions. 
Historical studies on the capacity of amorphous water 
ices to trap and retain volatiles above their sublimation 
temperature [1, 2] failed to predict the noble gas ele-
mental and isotopic composition of comet as measured 
by the Rosetta mission in ice sublimating from comet 
67P/Churyumov-Gerasimenko [3]. However, these 
studies did not investigate the potential effect of irradi-
ation on elemental fractionation, nor the isotopic frac-
tionation that may occur during trapping and release of 
volatiles from cometary ice. 

 
Methods:  Here, we have developed an experimental 
setup to form cometary ice analogues from mixtures of 
water, nitrogen and noble gases with the aim of under-
standing the behavior of nitrogen and noble gases 
trapped in amorphous water ice, when subject to condi-
tions akin to outer solar system bodies. 

The experiment consists of a cryogenic head with 
a copper substrate (18 mm in diameter) that can be 
cooled down to 25K by liquid helium circulation in a 
closed system. Different "cocktails" of gas made up of 
variable mixtures of water, nitrogen and noble gases 
are deposited on the cold plaque by being passed 
through a 2 mm (internal diameter) capillary.  

Below the horizontal plaque, a deuterium lamp 
(H2D2, Hamamatsu© 1175) is connected to the system 
and can irradiate the surface of the ice with VUV (vac-
uum ultra violet) photons, through a MgF2 window, 
during and/or after ice formation. The wavelength of 
photon emitted from the lamp range between 120 and 
200 nm, with peaks at 124 and 160 nm (9.8 eV and 7.7 
eV, respectively).  

During the experiment, gases released at different 
temperatures from the cold plate are analyzed by a 
QMS in order to obtain bulk composition. The gas is 
then stored in a metal sampling system and can be sent 
to a multi-collector noble gas mass spectrometer 
(Isotopx upgraded GV Helix MC) for precise isotopic 
analyses.  
 

Results and Discussion: Two gas mixtures were 
tested with different mixing ratios; H2O:Xe and 
H2O:N2:Ar:Kr:Xe. The primary observation is that gas 
species (N2, Ar, Kr and Xe) are released from the 

water ice in two distinct temperature ranges. The first 
release corresponds to their sublimation temperature: 
peak at 50K for N2, 51K for Ar, 60K for Kr and 75K 
for Xe. This "frozen" phase exists because a portion of 
the gas is not trapped within the amorphous water ice 
but is instead frozen on the surface of the ice without 
being retained by Van Der Waals forces. These tem-
perature peaks agree well with the value obtained 
when the different gases were trapped in isolation on 
the cold plate. The second release occurs at the same 
temperature range for all the guest species between 
135K and 150K. This second release corresponds to 
the transition in the water ice structure from amor-
phous ice (Ia) to crystalline cubic ice (Ic).  

We also investigated the evolution of N2/Ar/Kr/Xe 
relative proportions in ice from their condensation 
temperature to their release into the gaseous phase, and 
the potential effects of this trapping mechanism on the 
isotope composition of noble gases carried in water 
ice. Photon irradiation appears to increase the trapping 
efficiency of nitrogen over noble gases, potentially in 
agreement with the high 14N/36Ar ratio measured in 
67P/CG relative to the solar composition. Isotopes 
however appear unaffected by the trapping in, and 
release from, the ice, whether the ice was irradiated or 
not. 

Taken together, these experimental investigations 
will ultimately help us to better understand the genesis 
and evolution of volatile elements within outer solar 
system icy bodies, and their role as precursors to the 
terrestrial atmosphere. 
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The present day highly volatile element (carbon, 

nitrogen, halogen, noble gas) distribution between the 
interior of the telluric planets and their exosphere 
reflects the integrated history of accretion and 
interaction between their different reservoirs [1]. 

 
Compositional heterogeneities of these elements in 

their respective mantle are difficult to reconcile with 
known accretionary or exosphere endmember sources. 
Conservative tracers such as noble gases have provided 
a new perspective on the nature and the dynamic 
between the surface reservoirs and the deeper reservoirs 
[2, 3]. 

 
Halogens are similarly conservative but remain little 

exploited. Information on the bulk halogen composition 
of Martian meteorites is limited, particularly for Br and 
I, largely due to the difficulty in measuring ppb-level Br 
and I abundances in small samples [4]. The same is true 
for the terrestrial samples coming from the most 
depleted part of the mantle [5].  

 
In this study, we address this challenge by using the 

neutron irradiation noble gas mass spectrometry (NI-
NGMS) method [6] to measure the heavy halogen 
composition of depleted shergottite meteorites [7] and 
the most depleted mid-oceanic ridge basalts. We have 
complemented these measurements with noble gas 
isotope determinations on unirradiated aliquots of 
companion samples.  

 
We will compare the halogen budget on both planets 

to understand their similarities and differences and how 
the integration of the geological events have modified 
their respective budget overtime. 
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Introduction: The 40Ar/39Ar step-heating dating 

technique is extensively used in a wide range of terres-
trial and extra-terrestrial rocks, and can be applied to 
old rocks even if K abundances are low. The method 
involves the acquisition of five different isotopes, 40-

36Ar that can and should be used to disentangle not 
only the formation and later thermal events ages (plus 
CRE-age), but also other phenomena occurring espe-
cially for planetary bodies lacking atmospheres (e.g. 
Moon, Vesta and Mercury) that have been directly ex-
posed to solar wind and cosmic-rays for eons. Result-
ing from rock’s likely long residence on the surface of 
such planetary bodies, the main Ar-components are 
radiogenic, cosmogenic, solar-wind (and nucleogenic). 
Hence, for full data evaluation and maximization of 
information extracted, the different graphical tools that 
have been developed since the inception of the 
40Ar/39Ar analytic method and isotope ratios [e.g. 1, 2] 
should be used in conjunction. Particularly, the over-
reliance of Ar-release spectrum alone is problematic 
since it provides an incomplete evaluation of the meas-
ured Ar-isotope abundances. Other Ar isotopes con-
tribute to a full understanding of the rock’s history. 
Below is an approach to tackle different Ar-
components, duration and number of geologic process-
es affecting the K/Ar within a sample, including varia-
ble effects on mineralogy response to thermal events. 

ET-rocks data correction: After correction for 
blank, discrimination, decay of short-lived nucleogenic 
nuclides (37Ar, 39Ar), Ar-isotope data may be further 
corrected for cosmogenic and/or trapped Ar. When 
there is sufficient material for a 2nd aliquot, it is advisa-
ble to run it using a refined heating schedule for im-
proved Ar-release resolution. Isotope correlation dia-
grams permit the optimal visualization of data distribu-
tion and evaluation of the contribution from different 
sources including solar, cosmogenic and radiogenic 
components. Added processes may induce implantation 
of Ar into the sample, e.g. shock, or redistribution of 
Ar within the sample. The approach follows argon data 
analyses and interpretation according to [3-5]. Solar 
wind argon is primarily trapped on the surfaces of 
grains and released at relatively low temperatures (low-
T). Radiogenic and cosmogenic Ar-components are 
uniformly distributed throughout the grain volume as a 
direct correlation to the chemical composition of the 
material being analysed and will dominate the Ar-
release at higher temperatures (high-T). Where neces-
sary, the measured 36Ar values are corrected for its 

cosmogenic portion (36Art) by assuming cosmogenic 
36Ar/38Ar = 0.65 [e.g.6], usually a small correction. The 
corrected data are represented on a 3-isotope diagram 
of 36Art/40Ar vs. 39Ar/40Ar (or 40Ar/36Art vs. 39Ar/36Art) 
as a mixture of solar and trapped Ar (including, for 
lunar rocks, re-trapped exospheric 40Ar), radiogenic 
40Ar and nucleogenic 39Ar. Some samples do not yield 
linear correlations, instead all data plot as a small clus-
ter along the 39Ar/40Ar axis, where 36Ar/40Ar (or 
36Art/40Ar)=0, where all the 40Ar is radiogenic, i.e. no 
correction required.  

 
KREEP basalt 15433,94 (Fig. 1): a total of 62 heating 
steps (h-s) were performed, the Ar-release is complex 
showing thermal event(s) effects after its formation, 
and potentially re-distribution of 40Ar (or specific lat-
tice damage, recoil, and/or diffusion). Data form four 
mixing groups based on Ar-isotope components: group 
1 low-T h-s, showing a mixture between radiogenic 
40Ar and solar wind, and the high 39Ar/40Ar intercept 
corresponds to a later partial re-set; group 2 intermedi-
ate-T h-s show a decrease of the solar wind component 
and is a mixture between radiogenic 40Ar and a trapped 
component consisting of a mixture of solar wind and 
implanted lunar exosphere; group 3 data include the 
high-T h-s dominated by radiogenic 40Ar and cosmo-
genic 36,38Ar yielding an age of 3510±12 Ma, i.e. an 
early major thermal event post formation of this basalt; 
finally, group 4 includes the very last h-s, with an age 
of ≥3895±141 Ma, 36Ar/38Ar=~0.65 interpreted  as 
minimum maximum formation age of this basalt, simi-
lar to its Pb/Pb age. 
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Introduction:  Chondrules in primitive meteorites 

("chondrites") are usually nearly spherical, thought to be 
the result of surface tension upon their formation as 
molten isolated objects in the protoplanetary disk. 
However, a significant fraction of the chondrules in 
many chondrites deviate from this ideal shape and seem 
to have been deformed while still viscous, as they are 
often indented by neighbouring chondrules (Fig. 1). 
Because chondrules are very abundant in primitive 
meteorites, the understanding of their formation and 
accretion into larger bodies is a central goal of 
cosmochemistry.    

Noble gases in meteorites are also crucial to 
understand the formation and subsequent history of Sun 
and planets. In this work we therefore compare the noble 
gas inventories of so-called "cluster chondrite clasts" 
(ccc) like the one shown in the enlarged inset of Fig. 1, 
and their respective host breccias. Details of this study 
are given in [1].  

Samples, Results & Discussion:  Metzler (2012, 
ref. 2) proposed that cluster chondrites are "primary 
accretionary rocks", formed when hot and deformable 
chondrules together with rigid chondrules and relatively 
small amounts of fine-grained materials accreted into 
(parts of) a larger body within an extremely short time 
(hours to days) after the chondrules had been formed. 
Later the cluster chondrites were fragmented by impacts 
and the resulting ccc mixed with what are now their host 
breccias (represented here by the "matrix" samples).  
We discuss the data for ccc samples from nine 
chondrites studied by [2] and for matrix samples of five 
of them. All meteorites are desert finds from North West 
Africa (NWA). 

The matrix samples of four of the five studied 
meteorites contain He and Ne implanted by the solar 
wind into the surface regions of their individual grains. 
This shows that these meteorites are regolith breccias. 
Individual grains in the samples have been exposed to 
the solar wind at the parent body surface, aided by 
intensive mixing by impacts, similar to, e. g., the lunar 
surface regolith. The matrix samples often also contain 
detectable excesses of "cosmogenic" noble gases 
relative to their corresponding ccc, which indicates that 
the matrix samples had been exposed during several 
million years to the galactic cosmic radiation near the 
parent body surface prior to the final compaction of the 
meteorites. In contrast to the matrix samples, the ccc are 

devoid of solar wind noble gases, confirming that they 
are fragments of primary accretionary rocks.   

All samples contain "primordial" Ar, Kr, and Xe, 
acquired from the protoplanetary disk, with isotopic 
compositions essentially identical to the familiar "Q" 
component found in all primitive meteorites.  
Concentrations of primordial Xe in the ccc samples are 
comparable to values found in other chondrites of 
similar grade of parent body metamorphism. This is 
remarkable, because ccc samples contain low fractions 
of fine-grained materials, which are the carriers of 
primordial noble gases. This likely indicates that the 
fine-grained materials in ccc are particularly pristine, 
i.e., that fast accretion partly suppressed initial 
degassing of the primordial noble gas carriers. Fast 
cooling is also indicated by the relatively high 
abundance of presolar grains in fine-grained materials 
surrounding chondrules [3], as these grains (originating 
in the envelopes of previous star generations) would 
otherwise have been largely destroyed by melting and 
sintering.    

References: [1] Müsing K. et al., (2021) Meteoritics & 
Planet. Sci. 56, doi:10.1111/maps.13644 [2] Metzler, K. 
(2012) Meteoritics & Planet. Sci. 47, 2193. [3] Leitner J. et al. 
(2014) Lunar Planet. Sci. 45, abstract #1099. 

 

 
Fig. 1: Polished thin section of the primitive 

chondrite Krymka. The enlargement shows a cluster 
chondrite clast (ccc) with a typical close-fit texture of 
deformed and indented chondrules. Note the 1mm scale 
bar in the inset. Figure from [2]. 
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Introduction:  Both enstatite chondrites (EC) and 

carbonaceous chondrites (CC) are proposed to repre-
sent cosmochemical reservoirs that supplied material 
to the proto-Earth during accretion. Here, we review 
published noble gas data (database and refs upon re-
quest to BM) for enstatite and carbonaceous chondrites 
(CI & CM) in order to investigate early solar system 
processes that shaped the composition of primitive 
matter. 

Evidence for a common dusty environment: At 
first, data need to be corrected for secondary produc-
tion of cosmogenic isotopes, which is more prominent 
for ECs than for CCs, as CCs are more noble gas-rich 
than ECs by about a factor of 3-5. Published data were 
selected for low contributions of cosmogenic noble 
gases in a classical Ne 3-isotope diagram, and extrapo-
lation towards the 20Ne/22Ne axis in order to evaluate 
the trapped end-member compositions. For both ECs 
and CCs, we considered the well-known end-members: 
solar-like Ne-B, Ne-Q, and Ne-A (a component associ-
ated with variable contributions of presolar grains). 
Rims around chondrules, ubiquitous in CMs and ob-
served in some ECs of low metamorphic grade, attest 
to a common dusty environment in which chondrules 
were free-floating. This dust included nanodiamonds, 
organic phases hosting Q-noble gases, and chondrule 
debris from previous generations. In the CC-forming 
region this dust further included icy grains, which were 
absent in the EC-forming region due to its presumed 
location between the tar line and the snow line.  

Origin of subsolar component in EC:  Some ECs 
display the so-called sub-solar component which is 
isotopically solar-like but is highly enriched in argon 
(and to a lesser extent Kr and Xe) compared to Ne. 
This component is associated with chondrule-hosted 
enstatite, and its formation required specific processing 
of parent minerals before meteorite assembly. One 
such process, the dissolution of nebular gas into molten 
silicates, is unlikely because, given canonical pressure 
and gas composition expected in the formation region 
of the protosolar nebula, Ar abundance would fail to 
account for observed amounts by up to 10 orders of 
magnitude. We hypothesize that solar noble gas ion 
implantation occurred in a region of the protoplanetary 
disk that was not shielded from nebular gas, possibly 
close to the proto-Sun. Trapping of noble gases as ions 
instead of neutrals is orders of magnitude more effi-
cient. Furthermore, local pressure increases of a few 
orders of magnitude, caused by e.g., shock waves 

could favour trapping efficiency. Plasma ionization 
may have another interesting property; Saha ionization 
balance in plasmas [1] is a process able to account for 
elemental fractionation of noble gases trapped in or-
ganic matter [2]. The exponential dependency on dif-
ferences of first ionization potentials between He-Ne 
on one hand (21.56 eV for Ne) and Ar-Kr-Xe on an-
other and (15.75 eV for Ar) yields a strong Ne deple-
tion up to 10 orders of magnitude at an electronic tem-
perature of ~  0.5 eV. Hence a Saha-like ionization is 
potentially able to not only increase the trapping effi-
ciency of noble gases by several orders of magnitude 
compared to neutral conditions, but also to deplete 
drastically Ne (and He) relative to heavy noble gases, 
as observed in the composition of the subsolar gas 
component. Such ionization/irradiation must have tak-
en place before chondrule formation in a non-shielded 
environment, presumably close to the proto-Sun. 

Implications for terrestrial noble gases: In a 
20Ne/22Ne vs. 22Ne/36Ar diagram, binary mixing results 
in straight lines linking end-members. This diagram 
precludes atmospheric escape as a cause of terrestrial 
Ne isotopic variation [3]. CCs (CI & CM) define a 
mixing array between solar neon and Ne-A. Notably, 
Q-Ne is out of the mixing array, implying that terres-
trial noble gases require, in addition to Ne-Q, a CC-
like component rich in presolar Ne. In contrast, ECs 
display a large spread of data in this format, in part 
(but not only) due to the Ar-rich sub-solar component. 
Hence, our preferred origin of terrestrial noble gases 
still stands as a CC contribution. It does not exclude 
the possibility of EC-like noble gases in the mantle, 
but such a component may have been overprinted by 
the addition of noble gas-rich CC-like material.  

From EC and CC data, it seems difficult, but not 
impossible, to derive solar-like Ne in the mantle from 
irradiation of dust since, solar-like Ne-B is present in 
both classes of meteorites irrespective of early shield-
ing conditions. This suggests that Ne-B implantation in 
meteorite parent bodies post-dated the formation and 
compaction of primitive material and the accretion of 
planetesimals.   
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Introduction: The distribution of geochemical 

heterogeneities in the present-day mantle reflects the 
long-term evolution of solid Earth reservoirs. Mantle 
plumes tap the deepest and most primordial portions of 
Earth and have been successfully imaged using seismic 
tomography [1], thereby establishing a physical link 
between Earth's deep-interior and enriched geochemi-
cal signatures (e.g., high 3He/4He) in surface volcan-
ism. However, this simplistic view of global mantle 
geodynamics fails to explain the widespread occur-
rence of enriched plume-like geochemical signatures 
throughout the asthenosphere, thousands of kilometers 
from known plume edifices [e.g., 2-4]. In the southern 
segment of the Central America convergent Margin 
(CAM), geographically-restricted lavas with plume-
like geochemical signatures (e.g., Sr–Nd–Pb radiogen-
ic isotopes ratios) have erupted over the last ~5 Myr 
[2]. Their origin remains uncertain, potentially reflect-
ing magma source heterogeneities associated with re-
cycling of subducted Galapagos tracks or contribution 
from a pristine mantle plume source [2,5,6]. 

Data:  Here, we report new He and C isotope data 
in 65 hydrothermal fluids from Costa Rica and western 
Panama, which reveal remarkably high 3He/4He (up to 
8.9 RA) in low-temperature (<70°C) geothermal fluids 
of the volcanically-dormant region of western Panama. 
Following radiogenic correction, these data indicate a 
mantle source 3He/4He >10.3 RA and potentially up to 
26 RA (similar to the Galápagos plume), suggesting the 
presence of a previously unrecognized 3He-rich mantle 
source beneath the region. Using Pb isotope and Ce/Pb 
systematics in lavas of the CAM, we show that plume-
like geochemical signatures in western Panama require 

contribution from a plume-mantle source carrying a 
high 206Pb/204Pb signature, similar to the Galápagos 
Central Domain.    

Interpretations: When He data from hydrothermal 
fluids and Pb isotope-Ce/Pb systematics in lavas are 
considered with imaging of the mantle beneath CAM 
[7] and constraints from models of subduction zone 
geometry [8], they reveal the clear infiltration of Galá-
pagos mantle plume through a slab window beneath 
western Panama. This unique geochemical fingerprint 
of the Galápagos plume is consistent with global man-
tle flow simulations [9] demonstrating the presence of 
a clear ridge-driven, asthenospheric flow from the Ga-
lápagos domain toward southern CAM. This so-called 
“mantle-wind” provides a mechanism for the large-
scale (i.e., over ~1,300 km) transport of pristine mantle 
material with Galápagos plume signatures, as detected 
in western Panama. The lateral entrainment and disper-
sal of enriched-material by mantle winds provides a 
potentially compelling, yet underappreciated, explana-
tion for global geochemical anomalies throughout the 
asthenosphere [e.g., 2-4], which require a plume source 
but are found far from any known plume locality con-
nected to the deep Earth [1].  
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58-61. [9] Conrad & Behn (2010) G3, 11(5). 



MAGMATIC 3He/4He VARIABILITY IN BAFFIN ISLAND OLIVINES.  F. Horton1, 1Woods Hole 
Oceanographic Institution, 360 Woods Hole Rd, MS #08, Woods Hole, MA 02556 USA, fhorton@whoi.edu.  

 
 
Lavas with magmatic 3He/4He exceeding that of 

mid-ocean ridge basalts may derive from long-lived 
geochemical reservoirs that retain more primordial 
helium than the uppermost convecting mantle. 
Paleocene lavas erupted above the proto-Iceland hotspot 
and exposed on Baffin Island have the highest 3He/4He 
measured in terrestrial igneous rocks. Yet, twenty years 
after the discovery of anomalous helium in these rocks 
[1], two geochemical mysteries remain unsolved. First, 
the 3He/4He variability among Baffin Island lavas 
exceeds that measured in ocean island basalts globally. 
Second, Baffin Island lava geochemistry—major and 
trace elements, as well as radiogenic isotope 
systematics—indicate that Baffin Island lavas are 
derived from depleted mantle material. Any partial 
melting event capable of causing incompatible 
lithophile element depletion in the mantle would have 
presumably also caused helium depletion, so it is 
unclear why the melting of a depleted mantle reservoir 
yielded unusually high 3He/4He magmas. 

Magmatic gases extracted by vacuum crushing of 
Baffin Island olivines have 3He/4He from <1 to >50 
times the atmospheric ratio (Ra), indicating that some 
Baffin Island lavas contain a greater primordial 
component than previously thought. For crushing 
experiments conducted on individual samples, 3He/4He 
is often not reproducible. Most of the isotopic variability 
can be attributed to radiogenic 4He ingrowth and 
implantation into olivines since eruption. However, 
3He/4He is reproducible within analytical uncertainty 
for several samples with distinct 3He/4He. This suggests 
that Baffin Island magmas were isotopically 
heterogeneous at the time of eruption. Thus, the 
observed 3He/4He variability in Baffin Island olivines 
may partly reflect heterogeneity in their mantle source 
that arose due to non-uniform geochemical 
differentiation during an ancient partial melting event; 
slight differences in uranium and thorium depletion 
would have led to variable rates of 4He production in the 
mantle source region. Over 100 Myr to 1000 Gyr 
timescales, 4He ingrowth could have produced isotopic 
heterogeneities on lengthscales small enough to be 
captured by consecutive eruptions. Thus, helium 
isotopes in Baffin Island lavas may record the subtle 
geochemical texture of long-lived terrestrial mantle 
reservoirs. 
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Introduction: Noble gases, despite their nobility, 
were incorporated into Earth during its accretion. Their 
incorporation is evidenced by the continued outgassing 
of primordial noble gases from the mantle to the 
modern day. The mechanisms by which terrestrial 
planets acquire their primordial component of noble 
gases remain uncertain. 

Studies of core formation highlight the importance 
of magma oceans for the initial differentiation of rocky 
bodies.  In this environment, metallic liquid sinks to 
the center of the growing world, while volatile 
elements concentrate in the atmosphere. Noble gases 
are volatile but do have a finite, albeit low, solubility 
in magma. The solubility of Ar in magma predicts 
approximately ~5 % of Ar atoms in the atmosphere-
magma ocean system would be dissolved in the 
magma ocean. With time magma oceans crystallize, 
and if noble gases are incompatible in minerals, as 
commonly assumed, then magma ocean crystallization 
should lead to a second stage of outgassing. In the 
endmember of perfect incompatibility, only noble 
gases retained in pockets of magma trapped in the 
magma ocean cumulate pile would remain in the solid 
Earth, e.g [1]. 

The assumption of noble gas incompatibility was, 
however, challenged by solubility experiments 
performed by Shcheka and Keppler (2012) [2]. They 
report that bridgmanite can dissolve up to 1 wt. % Ar.  
This high solubility, when combined with previous 
experimental work that suggests Ar solubility in 
magma plummets at pressure [3, 4], implies that noble 
gases may be compatible in deep mantle minerals. If 
true, magma ocean crystallization would act as a 
pump, taking noble gases from the primordial 
atmosphere and sequestering them in the lower mantle. 
This would make the solid Earth initially very noble 
gas-rich.  

Later work on noble gas solubility in magma was 
not able to reproduce the previous reports on the drop 
in Ar solubility at pressure [5], while Ar concentrations 
in the bridgmanite solubility experiments were 
variable, have not been reproduced, and were limited 
to ~25 GPa.   

In this context, we have completed a series of 
experiments that constrain the solubility of Ar in 
magma, bridgmantite, and ferropericlase up to deep 
mantle conditions.  Our data reveal that Ar solubility in 
magma does not drop with pressure and that Ar is 
sparingly soluble in lower mantle minerals.  Taken 
together, our data suggest that Ar is highly 

incompatible during magma ocean crystallization.  
Thus, magma ocean crystallization will lead to 
additional outgassing of noble gases and  the budget of 
noble gases retained in the mantle will be controlled by 
trapped liquids.   

Methods: We conducted Ar solubility experiments 
using a multi-anvil and laser-heating diamond cells 
(LH-DACs). Experiments reacted an Ar-rich fluid with 
minerals and melts under variable pressure, 
temperatures, and compositions (13–101 GPa and 
2300–6300 K). Run products were recovered to 
ambient conditions and prepared for chemical analysis 
using conventional methods (multi-anvil) or a FIB 
(LH-DAC). 

We analyzed the Ar contents multi-anvil 
experiments using laser-ablation mass spectrometry 
and electron microprobe techniques.  LH-DAC 
experiments were analyzed solely by electron 
microprobe, owing to their restricted spatial 
dimensions. 

Results and Discussion: Our primary results are 
that 1) Ar solubility in magma remains near 1.5 wt. %, 
even at high pressure, and 2) that Ar solubility in lower 
mantle minerals is below 150 ppm across pressures 
and temperatures explored here. Both of these results 
contrast with previous work and combine to suggest Ar 
is incompatible during crystallization of magma 
oceans. Assuming our results extend to the full noble 
gas family, we suggest that retention of primordial 
noble gases in the solid Earth reflects, at least in part, 
magmas trapped in the growing cumulate pile of 
cooling magma oceans. 

  The amount and distribution of trapped liquids in 
cumulate piles is a reflection of magma ocean 
dynamics and cooling rates.  In this way, primordial 
noble gases have the potential to constrain the earliest 
history of our planet. Trapped liquids may also be 
important hosts for other volatile elements, including 
N and C, and therefore, primordial noble gases may be 
useful in constraining the initial distribution of these 
life-essential elements.         
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Introduction:  Establishing when volatiles, such 

as carbon, nitrogen and water, were delivered to 
Earth, as well as fingerprinting their potential sources, 
is a fundamental objective in understanding the origin 
and evolution of habitable planets like Earth. Volatile 
delivery to the early Earth remains controversial with 
timing ranging from during and after the main phase 
of accretion, to the majority of the volatile delivery 
associated with the Moon-forming giant impact. 

Method:  Krypton isotopes (78Kr, 80Kr, 82Kr, 83Kr, 
84Kr, 86Kr) provide unique insights into the debate on 
volatile delivery due to significant isotopic variations 
among chondritic and solar end-members, although 
pervasive atmospheric contamination has hampered 
analytical efforts. Here, we measure, for the first time, 
the full suite of krypton isotopes from the deep mantle 
as sampled by the Galápagos and Iceland plumes, 
which have among the most primitive helium, neon 
and tungsten isotopic compositions, using a new gas 
accumulation technique that minimizes atmospheric 
contamination [1] and a new protocol of heavy noble 
gas (Ar, Kr, Xe) separation [2].  

Results and discussion:  We show that the light 
krypton isotopes (78Kr, 80Kr) are critical for determin-
ing the volatile Earth’s sources. The Kr isotopic com-
positions are similar to a mixture of chondritic and 
atmospheric Kr, except for 86Kr. The anomalies sug-
gest that at most 49 ± 8 % and 64 ± 7 % of Kr in the 
Galápagos and Iceland sources, respectively, is de-
rived from subducted atmosphere [3], significantly 
less than for Xe, for which 90 % of the deep mantle 
budget is from recycled air [4]. The results also sug-
gest early accretion of carbonaceous material by pro-
to-Earth. Unexpectedly, the Galápagos and Iceland 
mantle sources show a deficit in 86Kr relative to the 
chondritic composition, suggesting a nucleosynthetic 
anomaly in the Earth’s parent bodies [3]. The implica-
tions of these new krypton data for the origin of deep 
mantle volatiles will be discussed during this presen-
tation. 

References: [1] Péron S. and Moreira M. (2018) 
GPL, 9, 21–25. [2] Péron S. et al. (2020) JAAS, 35, 
2663-2671. [3] Péron et al., in revision. 
[4] Mukhopadhyay S. (2012) Nature, 487, 101–104. 

 



 
 

THURSDAY 
AM 



)8//<� $8720$7,1*� 7+(� $1$/<6,6� 2)� $//� 12%/(� *$6(6� $7� 7+(� &6,52� )$&,/,7<� ,1�
$'(/$,'(��$8675$/,$��7(&+1,&$/�&+$//(1*(6�)25�$�9(5<�9(56$7,/(�35(3�6<67(0��

$��6XFNRZ���$��'HVODQGHV���&��*HUEHU���&��:LOVNH�����3��&UDQH���'��0DOODQWV��
�&6,52�/DQG�	�:DWHU��*DWH���:DLWH�5RDG�������8UUEUDH��$XVWUDOLD��$[HO�6XFNRZ#&6,52�DX��
�7KH�8QLYHUVLW\�RI�$GHODLGH��6FKRRO�RI�3K\VLFDO�6FLHQFHV��&RUQHOLD�:LOVNH#DGHODLGH�HGX�DX���
�
,QWURGXFWLRQ�� � 6LQFH� ������ $XVWUDOLD¶V� 1DWLRQDO�

6FLHQFH�$JHQF\��WKH�&6,52��RSHUDWHV�WKH�RQO\�IDFLOLW\�
DEOH� WR� PHDVXUH� DOO� QREOH� JDVHV� RQ� WKH� VRXWKHUQ�
KHPLVSKHUH�DW�:DLWH�&DPSXV�$GHODLGH��6LQFH������ZH�
DOVR�UXQ�D�KLJK�UHVROXWLRQ�PDVV�VSHFWURPHWHU��7KHUPR�
+HOL[�0&�SOXV���2XU�WDUJHW�LV�WR�KDYH�DOO�DQDO\VHV�GRQH�
LQ� IXOO\� DXWRPDWHG� PRGH� LQ� ZKLFK� ZH� DFKLHYH� WKH�
PHDVXUHPHQW� RI� �� LQOHWV� SHU� GD\�� PHDVXUHG� IRU� DOO�
QREOH�JDVHV�RSHUDWLQJ�������:KHUH�WKLV�LV�QRW�IHDVLEOH��
ZH� LQWHQG� WR� UHVWULFW� WKH� PDQXDO� LQWHUDFWLRQ� WR� WKH�
VDPSOH� LQOHW�� 7KLV� WDON� KLJKOLJKWV� VRPH� RI� WKH�
FKDOOHQJHV� LQ� DFKLHYLQJ� WKLV� JRDO� ZKHQ�PHDVXULQJ� DOO�
QREOH� JDV� LVRWRSHV� ZLWK� D� +HOL[� 0&� SOXV�� ZKLOH�
GLIIHUHQFHV� LQ� VDPSOH� SUHSDUDWLRQ� IRU� ZDWHU�� VRLO� DLU��
IOXLG�LQFOXVLRQV��DQG�QDWXUDO�JDV�DUH�DOVR�GLVFXVVHG��

�
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Figure 2: Crusher assemblies being pre-evacuated. 
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Introduction:  Helium isotope ratio (3He/4He ratio) 

shows different values in geochemical reservoirs such 
as the atmosphere, crust, and mantle, depending on 
relative contributions of primordial and radiogenic 
helium. 3He/4He ratios of volcanic gases in subduction 
zones vary between magmatic (up to 1.1 × 10−5 or 
lower) and crustal (less than 1 × 10−7) values. When 
magma becomes active, 3He/4He ratio of volcanic gas 
may increase due to the increased contribution of 
magmatic helium. Therefore, 3He/4He ratio of volcanic 
gas has the potential as a monitoring tool of volcanic 
activity. Such 3He/4He ratio increases preceding 
volcanic eruptions have been reported for El Hierro, 
Canary Islands[1], Mt. Etna, Italy[2], and Ontake, 
Japan[3]. 

Although continuous analysis of volcanic gas is 
necessary to monitor volcanic activity, it is difficult 
because a magnet-sector type mass spectrometer 
equipped with a massive electromagnet is currently 
used to analyze helium isotopes. There are two reasons 
why a magnet-sector type mass spectrometer is 
necessary. One is that adequate mass resolution is 
required to distinguish 3He+ from HD+, and the other is 
that high sensitivity is required to detect trace amounts 
of 3He. For these reasons, helium isotope analysis is 
limited to suitable laboratory and on-site, real-time 
measurement of 3He/4He ratio around a volcano is 
almost impossible. 

Methods:  We have been developing a new 
technique of noble gas analysis using the “infiTOF” 
(MSI TOKYO, Inc.), which is a portable mass 
spectrometer derived from the multi-turn time-of-flight 
mass spectrometer MULTUM-S II[4, 5]. The high mass 
resolution achieved by an infiTOF is more than enough 
to distinguish 3He+ from HD+. However, the sensitivity 
of a normal infiTOF was far lower than the 
requirement to analyze noble gases in volcanic gas 
because most of noble gas molecules admitted to the 
spectrometer were pumped out by vacuum pumps 
directly connected to the spectrometer before ionized 
by an electron ionization source. Therefore, we 
installed valves between the spectrometer and the 
vacuum pumps to operate the mass spectrometer while 
it is isolated from the pumps. Getter pumps, which 
absorb active gases but not noble gases, were also 
installed to keep high vacuum in the spectrometer 
during the operation. In addition, we introduced the ion 

counting method for signal processing of the secondary 
electron multiplier to detect weak signals of 3He ions. 

Results and Disscussion:  As a result, it has 
become possible to detect a significant number of 3He 
ions during analyses of volcanic gas samples. The 
3He/4He ratios of samples were calibrated by 
comparing with the analysis of the helium standard gas 
(HESJ) with a known 3He/4He ratio[6]. Besides, we 
investigated the pressure conditions which enable 
accurate measurement of 3He/4He ratios from the 
stability of observed 3He/4He ratios versus the pressure 
of sample gas admitted to the spectrometer. It was 
finally demonstrated that 3He/4He ratios of volcanic 
gas samples, which were measured under optimized 
conditions and calibrated with HESJ, were consistent 
with those measured with a magnet-sector type mass 
spectrometer within analytical errors. 

References: [1] E. Padrón et al. (2013) Geology, 
41, 539–542. [2] A. Paonita et al. (2016) Geology, 44, 
499–502. [3] Y. Sano et al. (2015) Sci. Rep., 5:13069. 
[4] M. Toyoda et al. (2003) J. Mass Spectrom., 38, 
1125–1142. [5] S. Shimma et al. (2010) Anal. Chem., 
82, 8456–8463. [6] J. Matsuda et al. (2002) Geochem. 
J., 36, 191–195. 
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Introduction: Coalbed methane (CBM) is an 
important energy source in the world and may prove to 
be a transition fuel to renewable energy. 
Understanding the origin and migration history of 
natural gases is essential for assessing reserves and 
developing exploration strategies. China has globally 
the third largest CBM resource volume (3.7 × 1013 m3) 
and it forms a fundamental part of the power 
generation capacity.  Despite this little is known of 
how it is formed and what controls its preservation. 
The Liupanshui Coalfield (LPC) is the largest CBM 
field in southwest China (1.4×1012 m3), a region that is 
not blessed with major conventional gas reserves. We 
report the first stable and noble gas isotope data of 
LPC gases and use it to constrain the evolution of the 
CBM. 
Results: Gas samples were collected from the four 
main fault-bounded blocks of the LPC for this study. 
Based on the C1/(C2+C3) (16-971), δ13CCH4 (-42.9 to -
34.9‰) and δDCH4 (-206 to -140‰) the methane is 
thermogenic in origin. Compositional and isotopic 
differences between the blocks are consistent with the 
established differences in coal maturity. Noble gases 
are a mixture of ASW-derived and crustal radiogenic 
gases. There is a broad relationship between coal 
maturity and radiogenic noble gas concentrations, the 
more mature coals tend to contain less 4He and 21Ne*. 
Discussion: 20Ne/36Ar ratios (0.23-0.70) are 
significantly higher than local ASW (0.16). Without 
appealing to external sources of light noble gases, the 
data are most easily explained by a gas-phase 
fractionation process similar to that proposed for 
natural CO2 gas reservoirs [1]. In this case, 
effervescence and then re-dissolution of CBM could 
have occurred in response to the continuous or 
episodic drop in reservoir pressure and temperature 
during basin uplift events since the Late Jurassic. 
ASW-derived 84Kr/36Ar (0.010-0.041) and 132Xe/36Ar 
ratios (0.0002-0.0021) of most gases are higher than 
expected from fractionation. In common with other 
CBM they require the desorption of ancient 
atmospheric Xe and Kr trapped in the coal matrix.  
Gas phase fractionation cannot explain the trend 
existing between the crustal noble gases and coal 
maturity. 4He/40Ar* ratios (4-66) in most gases are 
slightly lower than the predicted in situ ratio (67), 
while 21Ne*/40Ar* ratios (0.27-3.0×10-6) are above the 
predicted value (7.5×10-7). The decoupling of 

4He/40Ar* with 21Ne*/40Ar* might indicate a regional 
gas loss during which He preferentially escapes from 
the coals. The lowest 4He/40Ar* (4-6) and 21Ne*/40Ar* 

(2.7-4.6×10-7) in gases from most mature coals in 
Qingshan block are both lower than the predicted 
values, implying significant loss of He and Ne. The gas 
loss is inferred to be a result of a late Tertiary basin 
inversion. This gas loss event might have caused free 
methane loss and explain the lower practical 
production of CBM in Qingshan block. The same gas 
loss caused by a recent basin exhumation is also 
identified in CBM gases from ultra-mature coals in 
southeast Qinshui Basin (China) based on low 
4He/40Ar* ratios [2]. This study supports the potential 
application of He-Ne-Ar in tracing free gas loss in 
natural gas systems. 
References:  
[1] Gilfillan, S.M.V., et al. (2008) Geochim. 
Cosmochim. Acta, 72(4): 1174-1198. 
[2] Chen, B., et al. (2019) Chem. Geol., 529: 119298. 
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Introduction: Pliocene-Quaternary volcanism in 

Kamchatka occurs in three volcanic chains parallel to 
the trench: Eastern volcanic front, Central Kamchatka 
Depression and the Sredinny Range (SR). The former 
two are considered to result from the subduction of 
Pacific plate. On the other hand, origin of Quaternary 
volcanism in the SR is controversial. Compositional 
variability of the SR volcanic rocks is explained by 
participation of several components in melting depleted 
mantle wedge, subduction fluid and HFSE-enriched 
component, which invokes various geodynamic models 
including postsubduction setting, back-arc condition of 
the contemporary arc system, mantle plume, melting of 
the slab edge, trench roll-back, etc [e.g., 1]. Noble gas 
isotopes can be good tracers of the origin of magmatism 
because they have different features in different 
geochemical reservoirs such as convecting MORB-
source mantle, deep-mantle and crust. 

Samples and Analysis: To constrain the origin of the 
SR magmatism, we analyzed noble gases (He, Ne, Ar, 
Kr, and Xe) in olivines and pyroxenes separated from 
basalts and basaltic andesites collected from the SR. The 
noble gases were extracted from the samples by 
crushing in vacuum followed by melting the recovered 
powder samples after crushing in order to distinguish 
noble gas components trapped in fluid/melt inclusion 
(crushing) and crystal lattice (crushed powder melting). 

Results and discussion: Helium isotope ratios 
(3He/4He ratios) of the samples are divided into three 
groups. Most of the samples (group 1) are in the range 
of MORB-source mantle (8±1 Ra), where Ra denotes 
atmospheric 3He/4He ratio. These rocks were produced 
by the Late Quaternary monogenetic edifices. The 
3He/4He range of group 1 is similar to He in mantle-
derived xenoliths from the Avacha volcano in the 
volcanic front [2]. Group 2 includes low-3He/4He rocks 
of Pliocene-Quaternary age, and group 3 – low 3He/4He 
Miocene-Pliocene plateau lavas. With one exception, all 
low-3He/4He rocks are found within the eastern slopes 
of the SR main watershed. The MORB-like 3He/4He 
ratios for the Quaternary extinct volcanic complexes of 
the SR are in contrast with the lower (on average) values 
measured in olivines from active volcanoes of the 
Eastern Kamchatka. Several rare values, very low (≈1.5 
Ra) and very high (≈10.5 Ra), were also obtained from 
crushed samples. The 40Ar/36Ar ratios vary from the 

atmospheric value of 296 to ≈500.The Ne isotopic ratios 
are close to the air values. Because much higher 3He/4He 
ratios (>100 Ra) were obtained with melting of the 
crushed powder of the olivines, the highest 3He/4He 
ratios (>10 Ra) obtained with crushing would be due to 
a small release of cosmic ray produced He accumulated 
in the sample after the eruption. The variations in 
3He/4He values in the rocks of different volcanic 
complexes of the SR do not correlate with other isotopic 
systems (Sr, Nd, and Pb), which show rather uniform 
ranges. 3He/4He ratios do not correlate with other 
isotopic systems and with the most of the geochemical 
tracers, such as Ba/Nb, Ba/La, Th/Ta, Nb/Y, Ce/Pb, etc. 
Location of the low-3He/4He rocks on the eastern slopes 
of the SR main watershed is consistent with the excess 
amount of fluid involved in the mantle metasomatism in 
comparison with the more remote parts of the SR, which 
might have been replenished by the MORB-like He due 
to the asthenosphere upwelling in the back-arc 
conditions. 

 
References: [1] Volynets, A.O. et al, (2018) Rus. 

Geol. Geophys., 59,1577-1591. [2] Kobayashi M. et al, 
(2017) Earth Planet. Sci, Lett, 457, 106-116 
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Historically considered an atmophile element, nitro-

gen is thought to be easily lost from igneous systems 
along with carbon (CO2) and hydrogen (H2O) during 
fractional crystallisation. However, the partitioning be-
haviour and magnitude of nitrogen isotope fractionation 
during magmatic differentiation has not yet been sys-
tematically assessed. In this study we measure the nitro-
gen abundance and 15N/14N ratios for a well character-
ised suite of cogenetic magmas from the Hekla volcanic 
complex, Iceland. These aphyric lavas span a large com-
positional range from basalt to rhyolite (46 % to 72 % 
SiO2) and are thought to have derived purely from mag-
matic differentiation of a plume derived mantle melt 
with minimal evidence for degassing, metasomatism, or 
assimilation of crustal materials (e.g. Schuessler et al. 
2009; Savage et al., 2011, Prytulak et al., 2017). Our 
data show nitrogen behaving like a non-volatile incom-
patible element throughout magmatic evolution, closely 
correlating with Rb, Cs, K, and Tl. Magmatic differen-
tiation has minimal impact on nitrogen isotope values, 
in fitting with predicted equilibrium behaviour of stable 
isotopes at high temperatures. However, assimilation of 
small quantities of metabasaltic country rock does ap-
pear to have modified the primary isotopic signature for 
some of the intermediate composition samples in the 
Hekla system, in fitting with best current models of the 
history of this volcano. We find little evidence for vola-
tile induced effects on nitrogen systematics in this sys-
tem. These data suggest that when undersaturated in 
some magmas, nitrogen appears to be decoupled from 
the other commonly grouped volatile elements (H, B, F, 
Cl, C, He-Xe). Differentiation of the mantle alone can 
yield evolved silica rich rocks with nitrogen abundances 
of up to 25 μg/g which is sufficient to explain ca. 45% 
of published granitic N data without any need to evoke 
alteration or crustal assimilation. In short, our data are 
important pieces of the puzzle for understanding the de-
velopment of telluric planetary atmospheres (Mikhail & 
Sverjensky, 2014) and the nitrogen geochemistry of the 
early Earth ecosystem as life took hold (Stüeken et al., 
2016).  

 
 
 
 
 
 
 

 
 
Fig. 1: Hekla sample location map modified after 
Savage et al. (2011). 
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Atmospheric noble gases enter aquatic systems by 

gas/water partitioning. Consequently, aquatic noble gas 
concentrations in waters reflect the physical conditions 
prevailing during gas exchange. Dissolved atmospheric 
noble gases are thus powerful tracers to understand and 
to quantify gas / water partitioning, and allow 
reconstructing past environmental / climatic 
conditions. These concepts have e.g., been used to 
analyse groundwater recharge in Northern America 
during the last glaciation [1]. 

However, conventional laboratory techniques for 
determining (noble) gases in terrestrial fluids and water 
are laborious, expensive and only allow limited 
number of samples to be analysed.  

To side-step these technical limitations, new 
methods were developed to quantify (noble) gas 
concentrations in terrestrial fluids under field 
conditions [2, 3]. Our new, self-contained and portable 
mass spectrometer miniRUEDI [1, 4] can be operated 
in the field (32 kg, 50 W) and allows the quasi-
continuous quantification of He, Ne, Ar, Kr, N2, O2, 
CH4, CO2 and H2 with a time resolution of a few 
seconds in gases or better than 15 min in liquids. 

Here, we present on how the miniRUEDI 
instrument can be applied 

• in full-scale experiments to assess the gas 
evolution in caverns designed for radioactive waste 
disposal [5] and 

• in experiments to analyse the dynamics of pore 
fluids during rock fracking tests [6]. 

Based on these examples, we discuss how noble 
gases can provide insights on the dynamics of reactive 
gas species in the subsurface1. 

If technically feasible we demonstrate at the 
DINGUE VII conference in real-time how a portable 
MS system can be applied to analyze fluid emanation 
in the thermal spring of Lavey les Bains (60oC) near 
Martigny, one of the seismic most active regions in 
Switzerland [7]. 

 
 

 
1 A similar contribution will be presented at the Goldschmidt 
conference 2021. 
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The miniRUEDI is  a  portable  mass  spectrometer

system,  which  is  widely  used  in  environmental

research1,2 to  study biogeochemical  turnover  and  the

origin,  mixing  and  exchange  of  fluids.  The

miniRUEDI instruments are designed for  on-site  gas

analysis  during  field  work  at  remote  locations  and

allow  quantification  of  individual  gas  species  in

gaseous or aqueous matrices. The partial pressures of

the gas species in a sample (e.g., He, Ar, Kr, N2, O2,

CO2,  CH4,  etc.)  are  calibrated  by  peak-heights

comparison relative to a reference gas with well known

partial pressures.

However, depending on the target species and the

composition of  the analyzed  gases,  some ion-current

peaks  may  result  from  overlapping  signals  from

different species contributing to the ion-current at the

same m/z ratio (e.g. CH4/O2/N2 or Ne/Ar/H2O). Such

interferences need to be disentangled and compensated

to  allow  accurate  calibration  of  the  gas  partial

pressures by ion-current peak-height comparison. We

developed a tool that allows accurate compensation of

such interferences by deconvolution the measured ion-

current spectra in terms of the underlying spectra of the

involved  gas  species3.  The  deconvolution  yields  the

fractions of the ion-current contributions of the various

gas  species  to  a  given  ion-current  peak  and  thereby

accomplishes  a  substantial  improvement  of  the

analytical  accuracy  in  situations  where  mass-

spectrometric interferences cannot be avoided.
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Abstract:   
Saline fracture fluids in Precambrian crystalline 

rocks, rich in hydrogen, nitrogen, helium and 
hydrocarbons, have been shown to host diverse 
microbial chemosynthetic ecosystems1–3. In tectonically 
quiescent regions fluid residence times in crystalline 
basement rocks can be on the order of millions to 
billions of years4,5, creating conditions favourable to 
accumulation of radiolytic H2, which is a key source of 
energy for chemosynthetic microbial communities. The 
production of H2 through radiolysis6 is directly linked to 
He produced through U, Th,  with the corresponding 
H2/He production ratio considered relatively constant 
over time. Radiolytic H2 production is dependent on 
porosity and therefore the availability of water for 
radiolysis, which varies between 1-2% within the 
crystalline basement7, and is usually assumed to be a 
constant value.6,8 In this study, we apply isotopic and 
compositional data to investigate the radiogenic, 
radiolytic and biological production and cycling 
processes that potentially govern the distribution of 
crustal gases (He, N2, H2, CH4) sampled at the surface 
from boreholes tapping into the crystalline basement in 
the Witwatersrand Basin, South Africa. Using a 
Bayesian modelling approach, we find that the total 
mass balance of the observed crustal fluids produced in-
situ within a closed system in this type of environment 
can be accounted for by a variation in porosity between 
0.3 – 2.2% across different sampling sites, which limits 
the amount of hydrogen produced by radiolysis and 
available for conversion to methane by microbial 
utilisation. This approach incorporates the variability of 
the basement architecture to the gas production model, 
which previously has been assumed to be a single depth-
dependent value.   Low porosity may be the limiting 
factor for radiolytic H2 production, which in turn limits 
hydrogenotrophic methanogenesis and the final gas 
mass balance of the system. 
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An understanding of the fluid flow within 

sedimentary basins is critical for identifying He 
and H2 accumulations and developing sustainable 
hydrocarbon extraction, carbon capture and 
storage and nuclear waste disposal protocols. The 
Paradox Basin, on the Colorado Plateau, USA is 
encompassed by a thick evaporite unit (Paradox 
Formation) and exhibits extensive evidence for 
paleofluid flow, including extensive bleaching and 
abundant hydrocarbon, He and CO2 accumulations.  

Noble gases are powerful conservative tracers 
of subsurface fluid flow. Any fractionation of 
noble gases in crustal fluids are the result of 
physical mechanisms (e.g., diffusion) and as such, 
they have been extensively used to characterise 
fluid provenance, migration and interactions 
within sedimentary basins. 

Here, we present noble gas isotope and 
abundance data from 36 wells across the Paradox 
Basin. Samples were collected from 7 stratigraphic 
units, including from the Paradox Formation 
evaporites. Air corrected helium isotope ratios 
vary between 0.046 and 0.12RA, consistent with 
radiogenic overprinting of predominantly 
groundwater-derived noble gases. There is an 
increased accumulation of radiogenic noble gases 
in formations below the Paradox Formation. 
Atmosphere-derived noble gas signatures are 
consistent with fluid interaction and circulation 
both above and below the salt, with more fluid 
circulation occurring in the shallower formations 
(87-96% partial redissolution above the salt 
compared to 38-79% in the formations below), 
which is in agreement with hydrogeochemical 
findings in the brines and 81Kr ages [1,2].  Using a 
1D vertical 4He diffusion model, we demonstrate 
that the Paradox Formation acts as an impermeable 
barrier to fluid flow within the basin, allowing for 
the evolution of the distinct noble gas 
compositions. Further, we find an additional 
basement flux is required to accumulate the 
observed concentrations of He measured beneath 
the salt.  

The results of this study clearly demonstrate the 
benefits of using noble gases to understand the 

geochemical evolution of fluids and their 
interaction within a basin. 

References: [1] Kim J.-H., Bailey L., Noyes C., 
Tyne R. L., Ballentine C. J., Person M., Ma L., Barton 
M. D., Barton I. F., Reiners P., Ferguson G. and 
McIntosh J. C. (2021) GSA Bulletin In review. [2] Kim 
J.-H., Noyes C., Dell’Oro A., Tyne R. L., Ferguson G., 
Person M. A., Ma L., Lu Z.-T., Jiang W., Yang G.-M., 
Ballentine C. J., Reiners P. and McIntosh J. C. (2020) 
Goldschmidt Abstracts Goldschmidt. Online. 

 

mailto:rebecca.tyne@earth.ox.ac.uk


INCREASING ATMOSPHERIC HELIUM FROM FOSSIL FUEL EXPLOITATION.  B. Birner1, J. 
Severinghaus1, B. Paplawsky, and R. F. Keeling1, 1 Scripps Institution of Oceanography, UC San Diego, La Jolla, CA 
92093, USA (correspondence: bbirner@ucsd.edu). 

 
 
Introduction:  Helium is produced by radioactive 

decay of uranium and thorium in the Earth’s crust and 
co-released during human extraction and usage of fossil 
fuels [1,2]. This should lead to an atmospheric build-up 
of helium but so far direct observations direct 
observations have not detected a change in helium. 

Here we present a record of changes in the 
atmospheric helium-to-nitrogen ratio (δ4He/N2) which 
is sensitive primarily to atmospheric helium variability 
because N2 is essentially stable [3]. Using a novel mass 
spectrometric technique [3], we analyzed 46 archived 
air samples from three different locations (La Jolla 
(USA), Trinidad head (USA), and Cape Grim 
(Australia)) and find a 1.9 per mil increase in δ4He/N2 
from 1974 to 2020. This corresponds to an annual 
increase of 39±3 billion mol of 4He per year.  

Taken together with previous observations of a near 
constant atmospheric 3He/4He ratio [4-6], the increase in 
4He implies a comparable increase in atmospheric 3He. 
Currently know sources of 3He are insufficient to 
explain the implied 3He trend, which is notable because 
3He is an important, yet very scare, fuel resource for 
nuclear fusion reactors.  
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XENON ISOTOPIC FRACTIONATION, AN EXPERIMENTAL PETROLOGY STUDY 
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Xenon is isotopically fractionated by 35 and 42 
‰.amu-1 in Earth and Mars atmosphere, respectively, 
as compared to the solar wind, twice the value of CI 
chondrites. Moreover, 95% of xenon budget is missing 
from Earth’s atmosphere, relative to the other noble 
gases. Those discrepancies are known as the xenon 
paradox [1] and the missing xenon issue [2]. 

Xenon is, contrary to the other noble gases, prone 
to bind heteroatoms in solid structures, especially oxy-
gen in silicates under elevated pressure [3, 4], for con-
ditions found in the deep crust and upper mantle. As 
such the lithosphere has been proposed as a likely 
“hideout” for the missing Xe [5]. To further investigate 
this hypothesis and determine if such chemical incor-
poration in minerals could provoke the isotopic frac-
tionation of Xe, we experimentally loaded sanidine and 
olivine with xenon enriched gas at moderate pressures 
and temperatures, 3.5 GPa and 1073<T<1373 K. The 
gas enrichment ranges from 0.1 to 100 wt% for xenon 
instead of 87 ppb in air. 

We observe a positive mass dependent fractionation 
with dilute gases in which fractionation reach up to 
2.5 ‰.amu-1 (Figure 1). This trend is not observed for 
samples doped with pure xenon because of abundant 
unreacted Xe trapped as bubbles. Our results demon-
strates that Xe indeed binds in silicates with a preferen-
tial retention of the heavier isotopes.  

These results can have profound implications in 
planetology. Notably we will present a scenario for 
xenon behaviour during Earth’s formation and later 
evolution of the atmosphere. 
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Figure 1. Xenon isotopic fractionation in three 
different minerals loaded with air enriched in 
xenon heated up to 1373 K at 3.5 GPa for 24 
hours.
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Introduction:  The missing Xe paradox has 

generated a large amount of research since its 
formalization by Anders & Owen in the late 1970’s [1]. 
Briefly, by comparison to noble gases ratios in solar 
systems references, Mars’ and Earth’s atmospheres are 
depleted in Xe by a factor of  ~20. Furthermore, against 
the same references, Xe is found to be enriched in its 
heavy isotopes (or depleted in its light isotopes) by 
~40‰/amu. A third and last pillar of the paradox is the 
fact that the Xe isotopic fractionation was established 
progressively throughout the first ~2.5 Gy of Earth’s 
history and is stable since the end of the Archean [2]. 

Over the years, several plausible scenario have been 
proposed, but none can explain all aspects of the missing 
Xe paradox and/or none can provide experimental 
evidence supporting the proposed scenario. 

One of these scenario, proposed and investigated 
from the 2000’s by C. Sanloup rely on Xe having been 
trapped by the Earth’s (and Mars’) lithosphere (upper 
mantle and/or lower crust) by chemically reacting with 
one or several of their main minerals. Such chemical 
incorporation was indeed observed in experiments 
reproducing the lithospheric conditions [3-5]. A 
progressive and partial chemical Xe trapping at depth 
during Archean (and possibly Hadean) with a 
preferential retention of the light isotopes OR an early 
(Hadean) heavy isotopes Xe retention while most of the 
primordial atmosphere was lost by meteoritic impacts 
followed by a partial and progressive release throughout 
the Archean, could then both explain the actual 
atmospheric Xe composition. However at this stage the 
isotope fractionation during Xe chemical incorporation 
remained unsubstantiated by experimental data. 

We thus recently started a collaboration to try 
evidencing a fractionation when lithospheric minerals 
react with Xe and Kr (to investigate if other noble gases 
do or do not behave as Xe). An olivine and two 
sanidines were thus sealed in Pt capsules with different 
Xe-loaded gases (100% Xe ; 1%Xe + 1%Kr in either N2 
or 78%N2+20%O2 ; 0.1%Xe + 0.1Kr in N2) and brought 
to high pressures (3.5 GPa) and temperatures 
(800-1400°C). Fragments of the mineral (or glass melt) 
are then analyzed by mass spectrometry to measure 
approximatively Xe and Kr contents but more precisely 
nXe/130Xe and nKr/83Kr isotopic ratios. As it would be 
presented for DINGUE, to limit as much as possible 
sources of analytical errors, aliquots of the commercial 

gas (com.gas) used for the high PT reaction were 
sequentially analyzed to obtain individual isotopic 
ratios Rn as: 

𝐑𝐧 =

𝐈
𝐈
𝐈.
𝐈.

 

with I the electrical current measured by the mass 
spectrometer detector. The individuals and average 
isotopic fractionations δ are then derived from the Rn 
values, as shown in the Figure below. 

 We evidenced with these experiments that in 
adequate experimental conditions (dilute Xe gas, T kept 
below glass melt formation), a positive fractionation 
ranging 1-2.5‰/amu is observed for all the three tested 
minerals. Furthermore, whilst Kr and Xe are present in 
equivalent quantities in the gas, the minerals trap 2 to 5 
orders of magnitude more Xe than Kr. Conversely, no 
clear fractionation was observed for Kr isotopes, 
evidencing the singular Xe behavior and reactivity 
amongst noble gases in lithospheric conditions.  
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Introduction:  The origin and evolution of the 

Earth's atmosphere remains poorly understood. One 
striking feature of the Earth's atmosphere is that its de-
pleted in Xe (by up to 10-20 times) relative to its as-
sumed chondritic starting composition.  Furthermore, 
atmospheric Xe is also strongly isotopically fractionated 
(30-40 ‰.u-1 ) relative to chondrites and other cosmo-
chemical reservoirs. It has been demonstrated that the 
Archean atmosphere has an isotopic composition inter-
mediate between its primordial composition and the 
modern atmosphere [1,2]. However, key questions still 
remain such as what was the driving force behind this 
evolution? And what caused it to stop around the Ar-
chean-Proterozoic transition? Here we present a new 
technique for the extraction of noble gases from Ar-
chean-aged quartz, which provide new insights in to the 
composition of the Archean atmosphere. 

Samples and Methods:  Fragments of hydrother-
mal quartz were obtained from three different geo-
graphic localities (Barberton and Ongeluk formations in 
South Africa and the Seidocherka sedimentary for-
mation, Russia). The samples range in age from 3.3 Ga 
[1] for Barberton to 2.44 Ga and 2.42 Ga for Seido-
cherka [3] and Ongeluk [4], respectively. Cleaned and 
hand-picked quartz fragments were loaded into manu-
ally operated crushers before being baked at 150°C for 
a minimum of 24 hours and pumped for further 5 days 
in order to further remove adsorbed atmosphere and en-
sure the blank of the crushers and preparation line was 
low. The crushers were then activated several times to 
release the gas held within the fluid inclusions. Crush-
ing continued until the pressure of gas released plat-
eaued ensuring that the maximum gas release was 
achieved. Gas released from the crushed quartz was then 
expanded to a steel bottle submerged in liquid nitrogen 
for 10 minutes in order to concentrate Ar, Kr and Xe, as 
well other volatiles species such as N and CO2 for anal-
ysis. For each crushing step the non-condensed Helium 
was analyzed using the Thermo Fisher SFT to ensure 
there was no leak during the extraction.  

This whole operation were performed several time 
until a total of ~10-30 g of quartz were crushed with the 
gas accumulating in the bottle. The bottle containing the 
concentrated heavy noble gases was detached from the 
dedicated extraction line and attached to the purification 
line associated with the ThermoFisher Scientific© He-
lix MC plus. For analysis, a ~ 2 cm3 aliquot was taken 
from the sample bottle and with Ar, Kr and Xe being 
analyzed. Because of the large amount of sample 
crushed, this new extraction technique permits multiple 

aliquots of gas to be analyzed therefore improving the 
overall precision on the measurement. 

Results and Discussion:  Xenon isotopes from Bar-
berton and Seidocherka are isotopically fractionated in 
favor of the light isotopes by 10.1 ± 1.0 ‰ and 2.06 ± 
1.80 ‰.u-1 respectively, relative to the isotopic compo-
sition of the modern atmosphere. The degree of fraction-
ation measured in Barberton is slightly lower than the 
previously determined value of 12.9 ± 2.4 ‰ u−1 [2] but 
is determined to a higher precision, highlighting the po-
tential for this new extraction method to provide tighter 
constraints, and thus greater insights into the Archean 
atmosphere.  

In contrast to the Barberton and Seidocherka sam-
ples, the sample from Ongeluk does not present any ev-
idence for a fractionated Xe component originating 
from the ancient atmosphere. This is despite the for-
mation age of Ongeluk being only 60 Myr younger than 
that of Seidocherka. This suggests that the fractionation 
process driving the evolution of atmospheric Xe appears 
to stop between the formation of these two samples. 
This coincides with final appearance of MIF-S in the 
geological record (2.45 Ga), suggesting there is a link 
between the processes leading to MIF-S creation in the 
atmosphere and the loss of Xe to space, most likely re-
lated to the increasing oxidation of the atmosphere 
around this time.  

Finally, an important corollary of the isotopic evo-
lution of Xe via loss to space is that the amount of Xe 
present in the atmosphere should also decrease with 
time. Here we demonstrate that fluid inclusions in hy-
drothermal quartz appear to faithfully preserve the noble 
gas elemental composition of the Archean atmosphere. 
We show that the Kr/Xe ratio measured within Archean 
quartz samples is intermediate between a proposed 
chondritic progenitor and the modern atmosphere con-
firming that the Archean atmosphere was more enriched 
in Xe than its modern counterpart. This indicate that the 
atmosphere progressively lost Xe  throughout the Ar-
chean and contradicts the previously proposed idea that 
the missing Xe could be stored in the Earth's metallic 
core [5], since core formation would have finished long 
before the end of the Archean. 
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Planetary atmospheres are important reservoirs con-

trolling many parameters defining a planet's habitability 
(e.g. [1]). Temporal changes of the elemental and iso-
topic composition of volatile elements in the Earth's at-
mosphere reflect the entire geological history of our 
planet [2]. However, paleo-atmospheric proxies are 
scarce and prevent from drawing a clear picture of 
Earth's evolution through geological time. 

In this study, we explored the potential of post-im-
pact hydrothermal minerals as new paleo-atmospheric 
proxies. We measured the elemental and isotopic com-
position of Ne, Ar, Kr, and Xe in fluids released from 
fluid inclusions contained in quartz and carbonate crys-
tals from hydrothermal veins and breccia fillings from 
the 206.92 ± 0.32 Myr old Rochechouart impact struc-
ture in France [3]. Petrographic observations reveal the 
presence of primary fluid inclusions within quartz and 
carbonate samples (Fig. 1). Fluid inclusion assemblages 
indicate coeval trapping of liquid + vapor, liquid-only, 
and vapor ± liquid inclusions. This is possibly indicative 
of the boiling of an aqueous fluid at low-pressure con-
ditions under a high geothermal gradient. 

  

 
Figure 1: Petrographic observations. A: Quartz vein 
cutting through hydrothermally altered host rocks. Al-
ternative clear and dark sectors indicate variable abun-
dances of fluid inclusions. B: Fluid inclusion assem-
blage indicative of coeval trapping of liquid + vapor, 
liquid-only, and vapor ± liquid inclusions. 
 

Noble gas analyses confirm a strong atmospheric 
signature for the fluids. For neon, only two samples 
show deviations relative to air, one with a contribution 
from nucleogenic Ne and one showing mass-dependent 
isotopic fractionation of Ne isotopes, maybe due to dif-
fusive loss from this sample (agata). 38Ar/36Ar ratios are 
air-like and 40Ar/36Ar ratios cluster around 300. The 

isotopic compositions of Kr and Xe are identical, within 
errors, to the composition of the modern Earth's atmos-
phere (Fig. 2). 

Results obtained in this study demonstrate the prom-
ising potential of post-impact hydrothermal minerals as 
paleo-atmospheric proxies. 

 
Figure 2: Average isotopic composition of krypton (a) 
and xenon (b) of gas released from five samples from 
Rochechouart (error at 1s). 
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In the last decade there has been a revolution in static vacuum mass 

spectrometry. The emergence of a variety of new instruments with advances in ion 

optics, electronic design and materials development have resulted in a range of high 

performance instruments that have enabled the scientific community to resolve a 

number of long standing analytical issues. 

  

 The first of these systems, the ARGUS VI, is a low volume, therefore high 

sensitivity system. Its internal volume of less than 700cc’s makes it extremely 

sensitive and its electronically cross calibrated flexible multicollector array make it 

very precise. The second system is the HELIX SFT. This system is designed as a high 

resolution multicollector platform for the analysis of helium 3 & 4 as well as a high 

resolution peak jumping system. The final instrument in this product portfolio is a 

high resolution variable multicollector mass spectrometer for the Noble gas 

community. The HELIX MC Plus is a 35cm 120 degree extended geometry platform 

that has been developed with both multicollector and high resolution in mind. The 

design goal with regard to resolution was to enable the end user to deal with certain 

isotopic interferences that historically hampered the scientific community. 

 

 In my talk I will outline the 2021 status of these systems, present some new 

ion optical performance capabilities and present a significant new development 

applicable to these three platforms that will push this field of application to the next 

level. 

  

“T0 resolved.” 
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The correlation between seismic activity and 

changes of dissolved gas concentrations in deep 
groundwater is often and controversially discussed in 
the literature. There are numerous examples which 
yield evidence that seismic activity might lead to 
changes in fluid geochemistry – however, systematic 
non-site-specific studies are hardly available and 
achieved results are not conclusive. This controversial 
situation is owed to the fact that most of these claims 
are based on a single seismic event whereas long-term 
observational data on fluid emanation in response to 
seismicity are notoriously scarce.  

To gain adequately long time-series of geochemical 
data, we recently installed a portable gas equilibrium 
membrane-inlet mass spectrometer (miniRUEDI, Gas-
ometrix GmbH [1]) at the prominent hydrothermal 
spring in Lavey-les-Bains (Switzerland) – discharging 
in one of the most seismically active regions in Swit-
zerland. Water with a temperature of ~ 67 °C is ab-
stracted from a depth of 600 m and enters at the well 
head the miniRUEDI setup at a temperature ~ 62°C.  

In this contribution, we report the first results of 
our attempt to record a baseline and analyse the evolu-
tion of He, Ar, Kr, N2, O2, CO2, CH4 and H2 dis-
solved in the well water over a time span of several 
months. We will further critically assess if the meas-
ured gas concentrations somehow respond to (micro) 
seismic activity in the investigated region. 
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Gas-record over a one month-time period of the hot 

spring of Lavey-les-Bains. Terrigenic components 
(CH4, He and CO2) are normalized to Ar (atmospheric 
component). Data are different from free air ratio 
(star). 
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Lake Kivu, a lake on the border between the Democratic Republic of the Congo and Rwanda is a 
meromictic lake highly influenced by strong volcanism. Its high CO2 and CH4 gas content 
(>65mmol/l and >15mmol/l for depths >250m) poses both the possibility for commercial 
exploitation and a possible fatal danger for the about 2 million residents on its lakefront. 
Understanding of Lake Kivu’s hydrodynamics and the stability of the water column is crucial for 
estimating the potential and the hazards which the lake’s gas stands for.  
We report the first 39Ar concentration measurements of lake water using the quantum physical 
method of Argon Atom Trap Trace Analysis (ArTTA) which is a radioisotope dating method 
suitable for time ranges of 50 – 1000 years. In the frame work of an international 
intercomparison study in 2018 and 2019 on Lake Kivu, gas and water samples were taken at 
different depths. The aim was to use 39Ar as a dating tracer in order to elucidate the lake’s 
hydrodynamics. Unexpectedly, we found highly enriched 39Ar concentrations in depths of 280m 
and 350m, namely Ar Ar⁄  = 4.8 x RA and Ar Ar⁄ = 2.6 x RA (with RA = 

Ar Ar⁄  = 8,1 × 10 ), interfering with the use of 39Ar as a dating tracer. We extended 
an existing 1D lake model implemented in Simstrat-AED2 to simulate vertical 39Ar 
concentrations in the lake and used this model to estimate 39Ar concentrations in the 
subaquatic groundwater discharges into the lake.  Two of these intrusion springs at 310m and 
330m depth were especially notable, carrying inferred 39Ar concentrations of 

Ar Ar⁄
 

= 18 x RA and Ar Ar⁄
 

 = 35 x RA. To our knowledge, these are the 
highest 39Ar concentrations in water described so far. The presence of 39Ar-enriched fluids in 
volcanic and hydrothermal environments due to nucleogenic production and fluid-rock 
interaction may be expected, but the strong imprint of such a signature in open lake water is 
likely a unique feature of Lake Kivu. This work  introduces  39Ar measurements and dating for 
limnological research and offers novel insights into radioisotope generation in volcanic 
groundwater systems. 
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Abstract: Ionization efficiency and sensitivity in a 

Nier-type ion source is typically pressure dependent 
and can increase by 10-20% per order of magnitude of 
gas pressure. (e.g., [1]) for helium and argon, which 
are commonly measured noble gases in geosciences.  

Commonly used data reduction routines involve 
combining data from several experiments acquired at 
different gas pressure, either by additions (e.g. 
calculation of 40Ar/39Ar age plateaus and 40Ar/39Ar 
total gas ages) or subtractions (i.e. blank corrections). 
We show that additions of intercept values from 
separate step heating experiments acquired on a Nier 
type ion source, as is routinely done in the calculation 
of total gas ages, is not equal to a real “total gas age”, 
and is a number without statistical significance unless 
experiments are performed at identical pressure.  

During irradiation of fine-grained materials for 
40Ar/39Ar geochronology, part of the parent proxy 39Ar 
is expelled from the lattice. A workaround is to capture 
the 39Ar in a quartz vial during irradiation (e.g., [2]). 
The 39Ar is measured in a first step at comparatively 
low pressure and added to the total 39Ar measured 
during subsequent step heating experiments and 
compared to the sum of all radiogenic 40Ar* to 
calculate a 40Ar/39Ar total gas age, which is claimed to 
be equivalent to a K-Ar age. We suggest that this 
assumption may be erroneous unless a Baur-Signer ion 
source [3] which minimizes the pressure-dependent 
sensitivity, is used [4], or unless special care is taken to 
perform experiments at identical pressure. 

We explore the consequences of pressure-
dependent sensitivity for argon geochronology in terms 
of blank corrections, age plateau calculations, in the 
characterization of argon geochronology standards, 
and in encapsulation experiments.  

 
References: [1] Burnard, P.G. and Farley, K.A. 
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Hall, C.M. (2013) GSL Spec. Publ. 378, 53-62.  
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The concentration of extraterrestrial 3He measured 

in pelagic sediments may be used as a proxy for sedi-
mentation rate, allowing the construction of high-
resolution timescales over “short” geological intervals 
(100s kyr), with temporal resolution in theory limited 
only by sampling resolution. This technique provides 
not only a novel method for estimating the duration of 
these events, but allows rates and durations to be at-
tached to the environmental shifts indicated by chang-
ing styles of sedimentation or changing geochemical 
records. A 3HeET timescale was constructed through 
the Bonarelli Level, a ~1m thick interval of interbed-
ded black and grey shales and radiolarian sands that is 
the sedimentary expression of Oceanic Anoxic Event 2 
(~94 Ma) in Umbria–Marche, Italy1. A new duration of 
the Bonarelli Level determined using a 3HeET timescale 
(478±160 kyr) is consistent with previous cyclostrati-
graphic estimates2.  A ~30 kyr slow-down in sedimen-
tation rate was associated with the lithological shift 
from limestone to black shale at the base of the Bon-
arelli Level, reflecting the interval between an effec-
tive cessation of carbonate accumulation and an in-
crease in biogenic silica during a biotic turnover in 
which carbonate-producing plankton were out-
competed under higher nutrient conditions3. At the top 
of the Bonarelli Level a ~85kyr interval of slowly ac-
cumulating sediment was observed coincident with the 
final decline in total organic-carbon content, probably 
recording the time between the re-establishment of 
oxygenated marine conditions (preventing TOC 
preservation) and the completion of the biotic turnover 
that restored carbonate deposition. Once carbonate 
deposition was re-established post-dating the Bonarelli 
Level, a transient increase in accumulation rate likely 
reflects enhanced biogenic calcite preservation due to 
build-up of excess alkalinity during OAE 2. Within the 
Bonarelli Level itself, sedimentation and organic-
carbon mass accumulation rates were far from con-
stant, reflecting rapid changes in depositional condi-
tions through the event. Peak OC MARs reached 
0.22±0.09 g/cm2/kyr, with estimated primary produc-
tivity  (60–110 gC/m2/yr) comparable to that of Medi-
terranean sapropels4. 

 
[1] Schlanger and Jenkyns. (1976). Geologie en 
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12, 1995–2009. 

[3] Erba. (2004). Marine Micropaleontology, 52, 
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Introduction 
Marl-limestone alternations are well known rhyth-

mical inter-bedded deposits that commonly occur in 
many hemipelagic to pelagic deposits of the Phanero-
zoic. It is quite well established that the origin of these 
lithological variations are astronomically-driven cli-
matic variations (22, 41, 100 and 405 ka being the 
main periods) e.g. [1]. However, the exact sedimento-
logical control is not clear: several models attribute 
these alternations to cyclic changes in the carbonate 
flux, whereas the terrigenous silicoclastic flux re-
mained relatively constant. On the opposite, some 
models suggest that the carbonate flux was constant 
while the silicoclastic flux changed cyclically. 

Material and methods 
To disentangle these different scenarios, we col-

lected marlstone and limestone samples from two sed-
imentary succession of Bajocian (3 marl-limestone- 
couplets over 3.5 m) and Valanginian (1 marl-
limestone couplet over 1 m) age from the Southern 
French Alps (Barles). We analyzed their carbonate 
contents as well as their extraterrestrial 3He (3HeET) 
concentrations in ~200 mg decarbonated aliquots. 

Results and discussion 
The carbonate content ranges from 45% in marls to 

86% in limestones. Importantly, for all samples, meas-
ured 3HeET concentrations are constant in the silicoclas-
tic fractions, within uncertainties. Hence, our results 
indicate that sedimentation rates at the astronomical 
timescale in the examined  examples were mainly con-
trolled by large changes in the CaCO3 fluxes, leading 
to variable dilution of the terrigenous and 3HeET frac-
tions. Finally, assuming a constant 3HeET flux of 0.1 
pcc/cm2/ka [2], and the whole thickness of Bajocian 
and Valanginan strata in this region, the measured 
3HeET concentrations imply sedimentation rates that are 
broadly compatible with current duration estimates of 
these two stages. 
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Introduction:  The source of metals in magmatic-

hydrothermal systems is a matter of fiery debate, with 
opinions divided between those who favor a magma 
degassing origin, and those who see a principal role for 
crustal leaching [1]. Noble gases have the potential to 
provide key insights in this debate, because the 
elemental and isotopic signatures of the noble gases 
strongly differentiate these sources [2]. Here, we present 
results of a study where we combine analyses of noble 
gases and metals in deep geothermal fluids to elucidate 
metal sources. 

Methods: Samples were collected at Theistareykir 
and Krafla geothermal fields, NE Iceland. Noble gases 
and metals were analyzed by mass spectrometry in 
samples collected at the well heads [3], and in down-
hole samples collected with a titanium fluid sampler 
developed by GEOKEM. Well ThG-1 in Theistareykir 
was sampled at depths of 1420 and 1600 m and well K-
21 in Krafla at 850 m.  

Results and Discussion: Surface samples show a 
spatial variation in magmatic gas input highlighted by 
d2H, d18O and helium isotope signatures. Metal contents 
in the well-head samples correlate with the proportions 
of the various fluid sources to each well. Thallium 
correlates with magmatic gas input (figure below), 
using mantle-derived 3He as a proxy for magmatic gas 
contribution. This suggests that the source of Tl is 
predominantly magmatic and is likely transported into 
the geothermal system by magma degassing, as is 
mantle helium and chlorine [4].   

 
Water d2H and d18O show that only the sample taken 

at 1600 m is not affected by boiling. Noble gases were 
sampled for this depth, but given that the sampler is not 
adapted for this type of sample, results are indicative. 
Results show mass-fractionated gases that are air-

contaminated, yet, the Xe isotopes preserve a weak 
mantle signal, which is absent at the wellhead.  

 
Metal concentrations in the deep fluid samples are much 
higher than at the well-head, and show the effect of 
phase separation upon boiling and partitioning of metals 
between liquid and vapor (e.g. Hg and Tl are less 
depleted at the well-head than Ni and Zn). When 
normalized to local tholeiitic basalt the deep fluids are 
enriched in alkali (Li, Na, K) and volatile metals (Ag, 
Cd, Sb, Tl, Pb, As, Hg) and are depleted in refractory 
(Ti, V, Cr) and rare earth elements. Volatile metals are 
not uniformly enriched, indicating that the metal 
signature is not simply a magma degassing fingerprint, 
but is also affected by interaction with the host rocks.   
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The Wufeng-Longmaxi Shale, deposited during the 

Late Ordovician to Early Silurian in the southeastern 
Sichuan Basin and its periphery, is currently the primary 
target for shale gas exploitation in China. Despite years 
of intensive development, natural gas preservation and 
storage capacity in the Wufeng-Longmaxi Shale, 
exposed to extreme tectonic deformation throughout 
geologic time periods, is poorly constrained. In this 
study, gas samples were collected from 24 wells from 
three gas fields targeting the Wufeng-Longmaxi Shale 
for the analysis of the complete set of stable noble gases 
(He, Ne, Ar, Kr, and Xe). Twelve wells are located in 
the Changning field in the southern Sichuan Basin, eight 
wells are from the Fuling field in the eastern Sichuan 
Basin and four wells are located in the Zheng’an field to 
the east of the Sichuan Basin. 

Preliminary results show that 4He for most samples 
is mainly of crustal origin. Fuling samples display 
slightly higher 3He/4He ratios of 0.01RA~0.02RA (RA is 
the atmospheric 3He/4He ratio) relative to the 
Changning and Zheng’an samples, which present 
3He/4He ratios of 0.01RA to 0.008RA. Compared to 
Fuling samples, Changning and Zheng’an samples 
present a larger contribution of crustal 4He, 21Ne, and 
40Ar compared to the total content of the corresponding 
noble gas isotopes, likely suggesting mixing patterns of 
air-derived noble gases and various crustal endmembers 
across the fields. 

The observed variability in the crustal endmembers 
of noble gases across fields may point to the different 
thermal histories and/or differentiated tectonic 
deformation in different portions of the Sichuan Basin 
through geologic times. 

 



K/AR  AGE  CALCULATION  USING  JUPYTER  NOTEBOOKS:  A NEW AND  POWERFUL WAY TO

REPORT  LABORATORY  RESULTS. Roberto  SIQUEIRA  (robertsq@usp.br),  Centro  de  Pesquisas

Geocronológicas (CPGeo), Universidade de São Paulo, Brasil.

ISO-9001  compliance  is  not  easily  achieved  by

scientific laboratories. Two of the main  requirements

is to report results that are:

(1)  auditable  and  reproducible,  giving  the  end  user

free  access  both  to  the  “raw”  data  and  to  a  full

description of the mathematical steps involved;

(2)  accompanied  by  uncertainty  intervals,  which

means that  all calculations must be performed taking

"error propagation" into account.

To accomplish these goals, laboratories worldwide

have been adopting  one (or  more)  of the  traditional

data  processing  environments,  namely:  spreadsheets

(e.g.  Excel,  Google  Sheets),  mathematical  software

(e.g.  Matlab,  R),  programming  languages  (e.g.  C#,

Python)  etc.  The aim  of this  oral  presentation  is  to

show the  promising  new  possibilities  introduced  in

this context by the "Jupyter notebook" environment: a

free-software  project  that  runs  directly  on  the  web

browser as a cloud service (https://jupyter.org).

More  details  about  this  project  (and  its  growing

acceptance  by  scientists)  can  be  found  here:

https://www.nature.com/articles/d41586-018-07196-1.

Jupyter  is  an  acronym for:  Julia,  Python and  R, the

three  main  programming  languages  (among  many

others)  that  are  compatible  with  these  notebooks.

Specifically,  the  "K/Ar  age  calculation"  example

(presented here) was coded in Python with the help of

the following libraries:

(1) Matplotlib (https://matplotlib.org), for plotting and

charts;

(2)  Pandas  (https://pandas.pydata.org),  for  data

manipulation;

(3) IPywidgets (https://ipywidgets.readthedocs.io), for

interactivity;

(4)  Metrolopy  (https://nrc-cnrc.github.io/MetroloPy),

for handling errors and units.

The "standard" way to try the Jupyter environment

is to install its (free-of-charge) server software on our

own computers. But there are also many websites that

host (and run) Jupyter documents for free, without any

installation required: Binder, CoCalc, Microsoft Azure

etc.  Our  K/Ar  example  is  actually hosted  in  one of

these  services:  the  Google  Colaboratory

(https://colab.research.google.com/notebooks/intro.ipy

nb),  which  is  freely accessible  by anyone  having  a

simple Google account.

https://colab.research.google.com/notebooks/intro.ipynb
https://colab.research.google.com/notebooks/intro.ipynb
https://pandas.pydata.org/
https://matplotlib.org/
https://nrc-cnrc.github.io/MetroloPy
https://ipywidgets.readthedocs.io/
https://www.nature.com/articles/d41586-018-07196-1
https://jupyter.org/
mailto:robertsq@usp.br
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Introduction:  Carbon dioxide emissions from the 

summits of active subaerial volcanoes represents 20-
50% of the annual global volcanic CO2 flux[1]. Passive 
degassing of carbon from the flanks of volcanoes, and 
the associated dissolved inorganic carbon (DIC) within 
nearby groundwater, also represents a potentially 
important, yet poorly constrained flux of carbon to the 
surface[2].  

Here we investigate sources and sinks of 
volcanically-derived carbon dissolved in groundwaters 
in the Lassen Peak region of California. Specifically, we 
report and interpret the relative abundance and isotopic 
composition of helium (He) and carbon (C) in a suite of 
low-temperature groundwater samples (n=12) collected 
between 20 and 50 km from Lassen Peak.  

Data: Groundwaters have air-corrected 3He/4He 
values between 0.26 and 4.41 RA (where RA = air 
3He/4He = 1.39 × 10-6), all in excess of the radiogenic 
production value (~0.05 RA), indicating small, but 
pervasive mantle-derived helium additions. Measured 
carbon isotopes of DIC (δ13C) vary between -17.5 and ‐
27.7 ‰ (vs. VPDB). Measured C/3He values range from 
9.8-88 × 1010, above the canonical Mid-Ocean Ridge 
Basalt (MORB) value (~1-3 × 109).  

Interpretation: Using major ion constraints from 
groundwater, we quantitatively distinguish DIC derived 
from shallow crustal carbonate dissolution and deeply-
derived external (slab + mantle) carbon sources. 
Following correction for shallow carbonate dissolution, 
we calculate an apparent δ13C signature of DIC between 
-22.9 and ‐37.5 ‰ and apparent C/3He values between 
1.8 × 1011 and 2.9 × 1012 (3He is corrected for air 
saturated water (ASW) and excess air). C/3He values 
and C isotope systematics are used to further identify 
mantle vs. non-mantle contributions, and we 
unequivocally show that >99% of the carbon must be 
non-mantle in origin (i.e., slab derived or assimilated 
organic carbon).  

Carbon isotope data can be explained using two 
distinct approaches, either a pure source mixing model 
or a scenario that invokes fractionation due to calcite 
precipitation. Because the former model requires 
contribution from an organic source component with 
unrealistically low δ13C (~ -40‰), we favor the second 
scenario, identifying significant fractionation of C 
isotopes.  
Finally, we estimate the passive carbon flux around Mt. 
Lassen to be ~1.2 x 107 kg/yr, which is in excellent 
agreement with previous carbon flux estimates[3]. We 
find that the passive dissolved carbon flux represents 
~24% of the Lassen geothermal CO2 emissions 
(estimated to be ~3.5 × 107 kg yr-1)[3,4], which is still 
nearly an order of magnitude smaller than soil gas CO2 
flux estimates (7.3-11 × 107 kg yr-1) for nearby 
volcanoes[5-8]. Taken together, these data indicate 
significant transport and release of deep carbon to the 
surface in the Lassen volcanic region. We emphasize the 
importance of determining the source of DIC (i.e.,  
mantle vs. non-mantle), to contextualize any flux 
estimates. Finally, we conclude that passive dissolved 
carbon fluxes must be combined with geothermal fluxes 
and soil gas fluxes to obtain a complete picture of 
volcanic carbon emissions globally. 
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Introduction:  Quantitatively constraining the 

magnitude of global and regional cooling during the 
Last Glacial Maximum (LGM, ~18-25,000 years ago) 
is important for estimating Earth’s climate sensitivity, 
understanding fundamental drivers of atmosphere and 
ocean dynamics in a vastly different climate state, and 
validating model simulations to better understand these 
drivers. To this end, many individual proxy-based re-
constructions of temperature during the LGM have 
shaped our understanding of glacial climate over recent 
decades. However, while many proxies provide valua-
ble information, all proxies suffer from unique limita-
tions in spatial or temporal coverage and resolution, 
seasonality biases, dating uncertainties, biases due to 
biological or chemical processes, or ambiguity in the 
quantitative translation of proxy measurements to tem-
perature. Whereas marine sediment records of paleo-
climate are widespread, terrestrial records of LGM 
climate are comparatively scarce.  

Since the original suggestion that noble gases pre-
served in ancient groundwater retain solubility-based 
signals of mean annual surface temperature at the time 
of recharge [1], dozens of studies on all six non-
glaciated continents have together provided a rich data 
set of noble gas concentrations from groundwaters 
spanning the last glacial-interglacial transition. The 
noble gas temperature (NGT) proxy, which is anchored 
in robust and basic physical principles, stands out as a 
uniquely promising tool for understanding past tem-
perature evolution on land. While our understanding of 
details like bubble dissolution and other secondary 
processes has evolved substantially since 1972, no 
unified inversion of all existing LGM noble gas data 
has been carried out to provide an overarching view of 
temperature on land during the LGM from these 
unique, quantitative archives.  

Here we compile 32 individual studies of noble gas 
concentrations in groundwater from the low- and mid-
latitudes to: (a) evaluate the accuracy of NGTs derived 
from noble gas models constrained by Late Holocene 
groundwater measurements by comparison with mod-
ern observations of mean annual surface temperature 

(MAST), and (b) estimate the magnitude of cooling on 
land during the LGM by applying a consistent ap-
proach of dating and noble gas recharge modeling to 
all records. We find that the closed-system equilibra-
tion (CE) model [2] outperforms other common noble 
gas recharge models both in terms of accuracy and 
goodness of fit. Using the CE model, we find that Late 
Holocene NGTs agree with modern MAST (using 
1981-2019 ERA5-Land reanalysis data) with a mean 
offset of <0.1 ⁰C and root-mean squared deviation of 
1.4 ⁰C for all records where modern MAST > 5 ⁰C 
(n=29). We then apply the CE model to 15 low-
elevation (<1.2 km, median: 375 m), low-latitude (45⁰S 
- 35⁰N) studies, including three new data sets, finding a 
weighted mean LGM MAST that was 5.8 ⁰C ± 0.6 ⁰C 
cooler than the Late Holocene. Our analysis includes 
both analytical and systematic uncertainties, based on a 
suite of sensitivity tests. 

Our land-based, low-altitude, low-latitude LGM 
cooling estimate is compatible with a recent recon-
struction of sea-surface temperature [3] that found ~3.8 
⁰C of LGM cooling over the same latitude band, ac-
counting for plausible thermodynamic changes in the 
land-sea temperature contrast. Our result is incompati-
ble, however, with the 1-2 ⁰C LGM cooling of the low-
latitude sea surface suggested by the CLIMAP [4] and 
MARGO [5] projects. Together, both our land-based 
result and the recent sea-surface reconstruction [3] 
reconcile proxy reconstructions of LGM temperature 
with model-based consensus range of equilibrium cli-
mate sensitivity [6]. 
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Abstract: Approximately 3-5 million years ago, 

during the Pliocene epoch, temperatures were 2-4 °C 
higher than today [1] and atmospheric carbon dioxide 
(CO2) was ~400-450 ppm [2]. This period of time is 
considered the ideal analogue for future warming 
predicted for the next several decades, and as such 
reconstructions of various components of the climate 
system during this time may provide insight into future 
impacts of anthropogenically-driven climate change. 
The westerly winds, or westerlies, which play a key role 
in the transport of aerosols, steer mid-latitude cyclones, 
and drive surface ocean circulation [3], are one feature 
of atmospheric circulation that are relatively 
unconstrained during the Pliocene. Because of the 
importance of the westerly winds, determining how they 
function in a warmer-than-present interval such as the 
Pliocene is critical to accurately modeling the future 
climate system.  

One potential proxy that can be utilized to 
reconstruct variability in the westerlies is the flux of 
dust to the ocean [4]. However, a crucial limitation to 
this methodology is the lack of constraints on vertical 
sediment rain rates in the past. It has been widely shown 
that in many regions of the ocean, sediment that 
accumulates at a given site on the seafloor is a function 
of both sediments derived from the water column 
directly above the site as well as material brought in or 
taken away laterally (focusing and winnowing, 
respectively) [5]. This sediment advection leads to 
erroneous flux calculations for proxies such as dust, for 
which we desire to know the deposition rate directly 
above a given location. A solution to this problem is to 
use a constant flux proxy (CFP), which accumulates at 
a relatively constant rate in marine sediments, and thus 
its concentration is just a function of dilution by other 
material [5,6]. Due to the nature of these proxies, the use 
of a CFP allows one to “see through” sediment focusing 
and/or winnowing, and thus produce an accurate 
reconstruction of vertical sediment rain rates. While the 
most widely used CFP is 230Th, its utility is limited to 
the last ~300-400 ky because of decay [5]. Another 
proxy that can be applied in deeper time is 
extraterrestrial 3He (3HeET), which allows for the 
determination of various marine sediment constituent 
fluxes beyond the late Pleistocene [6]. 

Here, we utilize the CFP 3HeET, along with several 
dust and export productivity proxies, to reconstruct the 
position and strength of the Northern Hemisphere 

westerlies during the Pliocene. Specifically, we present 
two high resolution North Pacific dust flux records 
(ODP 1208A and ODP 885/886) spanning the period of 
~2.5-4.5 million years ago. We also measure fluxes of 
Baxs, opal, and C37 Total at site ODP 1208A to provide 
additional proxies relevant to evaluating changes in the 
westerly winds. All fluxes are calculated using 3HeET, 
the first such application of a CFP in the Pliocene. With 
this work, we expand the application of this proxy into 
the last 5 million years for the first time, and transform 
the perspective on using well-constrained fluxes to 
improve our understanding of past climate dynamics, 
and in turn future climate change.  

Our results provide evidence for weakened and 
poleward-shifted Northern Hemisphere westerly winds 
during the Pliocene. Following this warm interval, 
during the intensification of Northern Hemisphere 
Glaciation at ~2.73 million years ago, the westerlies 
moved equatorward and strengthened, producing more 
dust and enhancing productivity in the core of the 
westerly wind belt over the North Pacific. The timing of 
these variations suggests that meridional thermal 
gradients and the extent of high-latitude ice sheets are 
acting as the dominant controls on the westerly’s 
position and strength. Comparison of our North Pacific 
dust fluxes to those from other major ocean basins [5,7] 
shows that the Plio-Pleistocene variability in the 
westerly winds is a global phenomenon. We posit that 
the coherency of proxy dust records suggests that as the 
planet continues to warm in the future, the westerlies in 
both hemispheres will move poleward and likely 
weaken. 
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