
HAL Id: hal-04732978
https://hal.science/hal-04732978v1

Submitted on 11 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Noble gases in shocked igneous rocks from the
380 Ma-old Siljan impact structure (Sweden): A search

for paleo-atmospheric signatures
Fanny Cattani, Guillaume Avice, Ludovic Ferrière, Sanna Alwmark

To cite this version:
Fanny Cattani, Guillaume Avice, Ludovic Ferrière, Sanna Alwmark. Noble gases in shocked igneous
rocks from the 380 Ma-old Siljan impact structure (Sweden): A search for paleo-atmospheric signa-
tures. Chemical Geology, 2024, pp.122440. �10.1016/j.chemgeo.2024.122440�. �hal-04732978�

https://hal.science/hal-04732978v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


CO
RR

EC
TE

D
PR

OO
F

Chemical Geology xxx (xxxx) 122440

Contents lists available at ScienceDirect

Chemical Geology
journal homepage: www.elsevier.com/locate/chemgeo

Noble gases in shocked igneous rocks from the 380 Ma-old Siljan impact
structure (Sweden): A search for paleo-atmospheric signatures
Fanny Cattani a, ⁎, Guillaume Avice a, Ludovic Ferrière b, c, Sanna Alwmark d

a Université Paris Cité, Institut de Physique du Globe de Paris, CNRS, F-75005 Paris, France
b Natural History Museum Abu Dhabi, Saadiyat Island, Abu Dhabi, United Arab Emirates
c Natural History Museum Vienna, Burgring 7, A-1010 Vienna, Austria
d Department of Geology, Lund University, Sölvegatan 12, 223 62 Lund, Sweden

A R T I C L E  I N F O

Editor: Don Porcelli

Keywords:
Geochemistry
Noble gases
Impact crater
Shocked quartz
Paleo-atmosphere
Fluid inclusion

A B S T R A C T

Finding direct records of the ancient Earth's atmosphere is key to understand the evolution of the entire planet.
Nevertheless, such records are scarce, and only a few geological samples with preserved paleo-atmospheric sig-
natures are available today. In this study, we analyzed noble gases contained in shocked granitic and volcanic
rocks collected across the 380 Ma-old Siljan impact structure (in Sweden) to investigate the potential of shocked
quartz crystals with planar deformation features (PDFs), often decorated by fluid inclusions, to preserve atmos-
pheric signatures.

Our results reveal that most of the investigated samples show relative elemental abundances of noble gases
falling between those of air and meteoric water values. Atmospheric gases are present in the samples but excesses
in radiogenic, nucleogenic, and fissiogenic noble gas isotopes highlight interactions of fluids with crustal rocks
during the impact-generated hydrothermal circulation of fluids after the impact. Such fluid circulation event(s)
could also have remobilized older fluids originally present in fluid inclusions preserved in the mineral lattices.
Furthermore, results obtained on the two pure quartz fractions highlight a stronger atmospheric signature corre-
lated with the presence of PDFs. The atmospheric component detected in this study could represent either a pa-
leo-atmospheric signature trapped shortly after the Siljan impact event, or it may result from modern atmos-
pheric contamination. Future studies of noble gases contained within shocked quartz crystals from other impact
structures will unveil if such samples present advantages compared to other paleo-atmospheric proxies.

1. Introduction

The composition of the Earth's atmosphere is controlled by various
bio-chemical and physical processes, such as biological activity, magma
outgassing, impact events, atmospheric escape, subduction, etc. All
these processes have varied with time leading to changes in the elemen-
tal abundance and isotopic composition of volatile elements in the
Earth's atmosphere (Catling and Kasting, 2017; Catling and Zahnle,
2020). Studying atmospheric evolution allows to improve our knowl-
edge of the geological history of our planet and its potential for sustain-
ing life. Especially, understanding the evolution of the ancient atmos-
phere is crucial to define the parameters controlling the atmospheric es-
cape and the contribution of the volatile elements from impact events
that were most important on the early Earth (Catling and Kasting, 2017;
Ehlmann et al., 2016).

The elemental abundances and isotopic composition of noble gases
represent an integrated archive of the evolution of the planet. Noble
gases represent about 1 % of the Earth's modern atmosphere and are
chemically inert, inducing a long residence time in the atmosphere. Ad-
ditionally, radiogenic noble gases are reliable chronometers and can be
used to date the important processes behind planetary evolution.
Hence, noble gases can be used as tracers of the multiple physical and
geological processes that shaped the Earth's atmosphere, and studying
their elemental abundances and isotopic compositions provides critical
information about the evolution of the planetary atmospheres
(Burnard, 2013; Catling and Kasting, 2017; Marty, 2020; Ozima and
Podosek, 2002; Porcelli and Ballentine, 2002).

Recent studies indicate that only few geological samples have
recorded information about the composition of the ancient atmosphere
(e.g., Almayrac et al., 2021; Avice et al., 2018; Avice et al., 2017;
Blamey et al., 2016; Pujol et al., 2011) Indeed, analyses of volatile ele-
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ments trapped in fluid inclusions contained in hydrothermal minerals
(such as quartz, barites, halites) collected from Archean cratons and
Proterozoic deposits (between 3.5 Ga and 400 Ma) identify the pres-
ence of paleo-atmospheric noble gas end-members mixed with crustal
gases carrying nucleogenic, radiogenic, and fissiogenic excesses. Deter-
mining the elemental and isotopic composition of the paleo-
atmospheric end-member provides constraints on processes that have
shaped our atmosphere, such as the geodynamic and temporal evolu-
tion of the Earth's reservoirs (e.g., Almayrac et al., 2021; Avice et al.,
2018; Blamey et al., 2016; Pujol et al., 2011). Nevertheless, several
challenges associated with conventional paleo-atmospheric proxies per-
sist. These issues include the preponderant excess of radiogenic 40Ar
(40Ar*), the influence of crustal components, the low amounts of gases
contained in the samples, the lack of precise geochronological data re-
garding sample formation, and the complexity of samples' formation
and preservation history potentially affected by multiple geological
events such as late hydrothermal overprint (e.g., Avice et al., 2018;
Avice et al., 2017; Bekaert et al., 2018). Therefore, a major goal of pa-
leo-atmospheric studies involves identifying new reliable and datable
proxies. A geological sample can be considered as a valuable paleo-
atmospheric proxy when it contains a well-preserved and measurable
atmospheric signal, and if an age can be confidently assigned to this at-
mospheric signal (Avice et al., 2023).

This study aimed to uncover new paleo-atmospheric proxies by ex-
amining unique geological contexts, such as impact craters. Impact
craters present significant advantages due to the extensive geological
knowledge on them and knowing that they are formed very quickly,
and for some of them their formation age is well-established (e.g.,
Osinski et al., 2022; Schmieder and Kring, 2020). Additionally, a large
number of impact craters are associated with post-impact hydrothermal
circulation systems (e.g., Ames et al., 1998; Komor et al., 1988;
Naumov, 2002; Newsom, 1980) characterized by hydrothermal miner-
als with a retrograde sequence of alteration minerals (Naumov, 2005).
Moreover, impact-generated hydrothermal systems are relatively short-
lived (i.e., in the case of very large impact structures, like the Chicxu-
lub, it can be long live, in excess of 106 years; Kring et al., 2020) and
relatively shallow as demonstrated by dating studies and modeling
works (e.g., Abramov and Kring, 2007; Ames et al., 1998; Naumov,
2002). Consequently, these systems are likely to be dominated by air-
saturated waters, which facilitates their characterization compared to
more conventional hydrothermal veins (Naumov, 2002). Hence, geo-
logical samples found in impact structures are interesting targets for pa-
leo-atmospheric studies because, if a paleo-atmospheric signal was in-
troduced at the time of the impact or shortly thereafter, they could rep-
resent well-dated snapshots of the composition of the atmosphere. A
feasibility study on samples from the Rochechouart impact structure re-
cently demonstrated that post-impact hydrothermal minerals preserve
the signature of the ancient 200 Myr-old atmosphere with limited post-
entrapment modifications (Avice et al., 2023). Hence, post-impact hy-
drothermal minerals can be considered as new paleo-atmospheric prox-
ies.

In this study, we aimed to further investigate the potential of sam-
ples from impact craters by exploring the potential of shocked quartz
grains as new paleo-atmospheric proxies. Contrary to hydrothermal
quartz deposited in fractures and already explored successfully by
Avice et al. (2023), shocked quartz grains are often magmatic in origin,
with low initial amounts of trapped gases. Planar deformation features
(PDFs), i.e., defining ‘shocked quartz’ form as the originally glassy
planes (PDFs) recrystallize back to quartz and are often decorated by
planar arrays of fluid inclusions (Goltrant et al., 1992; Trepmann and
Spray, 2006) in all but the youngest impact structures on Earth. The
question is: can we find a paleo-atmospheric component in fluid inclu-
sions contained in shocked quartz grains? If yes, this would greatly en-
hance the number of geological samples available for paleo-
atmospheric studies given the quasi-ubiquity of shocked quartz grains

reported in impact crater setting. To test this idea, we conducted crush-
ing experiments in order to measure the elemental abundances and iso-
topic composition of Ne, Ar, Kr, and Xe trapped in fluid inclusions con-
tained in shocked quartz grains and whole rock samples from the
380 Ma-old Siljan impact structure (e.g., Jourdan et al., 2012). This ap-
proach enables us to track the origin of the fluid contained in fluid in-
clusions and to compare samples with PDFs with samples in which
quartz is unshocked.

2. Samples and analytical method

2.1. Geological setting

The 380 Ma-old Siljan impact structure, located in Sweden, is the
largest known impact structure in Western Europe (with a diameter be-
tween 52 and 75 km) (Jourdan et al., 2012). Studies carried out by
Fredriksson and Wickman (1963) and Wickman et al. (1963) first iden-
tified the Siljan structure as a possible impact structure. It was then con-
firmed with the discovery of PDFs in quartz and shatter cones in the
central part of the structure (Rondot, 1975; Svensson, 1973; Svensson,
1971; Tamminen and Wickman, 1980). The impact structure displays
several structural units, including a central uplifted region surrounded
by a ring-shaped depression (see e.g., Grieve, 1988; Grieve, 1982;
Henkel and Aaro, 2005; Holm et al., 2011; Holm-Alwmark et al., 2017;
Kenkmann et al., 2000). The central area, with a diameter of 28–30 km,
is dominated by Dala granites of Järna and Siljan types, dating between
1.9 and 1.7 billion years (Herrmann et al., 2021) and belonging to the
synorogenic Svecokarelian and post-Svecokarelian rock suites, respec-
tively (Stephens, 2020). However, mafic intrusive, extrusive magmatic,
and sedimentary rocks also occur sporadically within the structure. The
study of PDFs in quartz from Siljan samples (e.g., Holm et al., 2011;
Holm-Alwmark et al., 2017; Tamminen and Wickman, 1980) allows the
estimation of shock pressures within the region of the central uplift.
The lowest recorded pressures, ranging from 2 to 5 GPa, occur along
the margin of the structure, while the highest pressure of ~20 GPa oc-
curs at the center of the impact structure (Holm et al., 2011; Holm-
Alwmark et al., 2017). In addition, there is generally a strong decora-
tion of PDFs associated with “toasting” of quartz grains in samples lo-
cated at the center of the structure (Short and Gold, 1996). This phe-
nomenon is regarded as the result of either high densities of fluid inclu-
sions predominantly located along decorated PDFs (Whitehead et al.,
2002), and/or of vesiculation caused by pressure release at high post-
shock temperatures (Ferrière et al., 2010). Several studies highlight
that large impacts generate local hydrothermal systems driven by the
impact melt sheet and uplifted basement heat sources (e.g., Ames et al.,
1998; Komor et al., 1988; Naumov, 2002; Newsom, 1980; Newsom et
al., 2001; Newsom et al., 1996). At Siljan, the existence of a post-impact
hydrothermal system is attested by the identification of precipitated
and altered hydrothermal mineral assemblages, such as hydrothermal
Pb Zn mineralization at the outer margin of the central uplift, or cal-
cite crack-cements and intense chloritization of biotite in rocks from in-
side the central uplift (e.g., Herrmann et al., 2021; Johansson, 1984;
Komor et al., 1988; Komor and Valley, 1990; Valley et al., 1988). Stud-
ies on fluid inclusions and altered minerals indicate a more intense fluid
activity near the crater center, with trapping temperatures between
327 °C and 342 °C, that decreases toward outside the central uplift,
with lower temperatures ranging from 40 °C to 225 °C (e.g., Drake et
al., 2019; Herrmann et al., 2021; Hode et al., 2003; Komor et al., 1988).
Furthermore, Komor et al. (1988) observed two fluid-inclusion popula-
tions at different depths, defined by different trapping temperatures,
which may reflect distinct hydrothermal events: a deep Precambrian
event (~1.7 Ga) active during the cooling of the Dala granites, and a
shallow Devonian system (~380 Ma) driven by the heat of the impact
melt sheet. This could explain why trapping temperatures at a given
depth are higher than those predicted by extrapolating the gradients as-
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sociated with the Precambrian event, and why there is a difference be-
tween the center and the rim of the structure (Herrmann et al., 2021;
Komor et al., 1988). Unfortunately, the lack of radiometric dating and
the significant erosion in the central uplift, which has led to the re-
moval of the shallowest hydrothermal products (e.g., Hode et al., 2003;
Holm-Alwmark et al., 2017), complicate the interpretation of samples
from the Siljan area. In addition, the Siljan impact structure is located
between the Transscandinavian Igneous Belt complex and the western-
most domain of the Svecofennian crust (e.g., Herrmann et al., 2021).
This area has experienced complex geological histories, including com-
pression, shearing, and extension of crustal blocks (e.g., Sandström and
Tullborg, 2009; Tillberg et al., 2021). Major events of fracturing and/or
reactivation of fractures associated with mineralization have been iden-
tified (e.g., Sandström and Tullborg, 2009; Tillberg et al., 2021), such
as fluid circulation related to local magmatism corresponding to the
formation of the Dala granites during the late stage of the Svecokarelian
orogeny (1.9–1.7 Ga, Herrmann et al., 2021). Other possible fluid cir-
culations include those during the early phase of the Hallandian-
Danopolonian extensional event (1.5–1.4 Ga, Brander and Söderlund,
2009; Lundmark and Lamminen, 2016), the Sveconorwegian orogeny
(active between 1140 and 980 Ma, Bingen et al., 2005), and the far-
field effects of the Caledonian orogeny (main stage of collision and oro-
genic collapse between 430 and 380 Ma, Corfu et al., 2014).

2.2. Samples description

In this study, we analyzed exposed bedrock samples from the Siljan
impact structure collected and previously studied by Holm et al. (2011)

and Holm-Alwmark et al. (2017). We focused on the sampled litholo-
gies that represent igneous rocks (granitic and volcanic rocks) repre-
senting the Svecokarelian and post-Svecokarelian provinces (Fig. 1).
The samples are fine to coarse-grained, of red colour (see macroscopic
pictures in supplementary data). The mineral assemblage is domi-
nated by potassium feldspar (K-feldspar), plagioclase feldspar, quartz,
hornblende, and biotite (see thin section photomicrographs in Fig.2).
Five samples across the Siljan crater were analyzed to highlight the evo-
lution between the center and the rim of the structure (Fig.1 and Table
1). Selected samples show a shock pressure ranging from 0 to 20 GPa
(Holm et al., 2011).

Samples from the two types of igneous rocks present at Siljan were
analyzed: SIL19, SIL59, and SIL61 for the Svecokarelian province, and
SIL34 and SIL20 for the post-Svecokarelian province. SIL19 is a por-
phyry (porphyritic volcanic rock) composed of K-feldspars and quartz
grains around 1 mm in a fine-grained matrix. It is the most distal sam-
ple from the center of the impact structure (16 km from center) investi-
gated here and it shows no evidence of shock (Holm et al., 2011). Two
bulk fractions of this sample were analyzed (SIL19 and SIL19-B). SIL34
is a porphyritic granite composed of biotite, K-feldspar, hornblende,
and quartz grains of 2–5 mm. It is located close to the impact crater's
North rim (10 km from center) and recorded a shock pressure of
2–5 GPa (Holm et al., 2011). We measured a bulk fraction and a pure
quartz fraction (SIL34 and SIL34-Q) separated from this sample. SIL20
is a fine-grained granitic sample composed of quartz, K-feldspar, bi-
otite, and hornblende. It is located close to the southern part of the cen-
tral plateau (11 km from center), with a recorded shock pressure of
5–10 GPa and containing approximately 10 % of quartz grains with

Fig. 1. Location of studied samples on a simplified geologic map of the Siljan impact structure. The map is modified after the Swedish Geological Survey (SGU)
bedrock map viewer [https://apps.sgu.se/kartvisare/kartvisare-berg-50-250-tusen.html]; Holm et al. (2011); Holm-Alwmark (2021); Holm-Alwmark et al. (2022).
Ages of units are from the SGU bedrock map viewer and Stephens (2020).
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Fig. 2. Thin section photomicrographs (crossed polars) of shocked bedrock from the Siljan structure (example of SIL61). a) Photomicrograph showing the mineral-
ogy and texture of sample SIL61. b) Quartz grain from sample SIL61 with decorated PDF sets. Kfsp = K-feldspar; Hbl = hornblende; Qz = quartz; Pl = plagio-
clase; ttn = titanite; op = opaque.

Table 1
Names, locations from the center of the impact structure, recorded shock pressures, types of Dala granites, rock types, lists of the major minerals, grain sizes, % of
shocked quartz, and the targets of the analyses done on samples selected for this study (based on Holm et al., 2011).
Sample
name

Distance from the
center

Estimated
Pressure

Types of Dala
granite

Rock type Major minerals list Grain
size

% of shocked
quartz

Target of the analysis

SIL19 16 km – Svecokarelian Fine-grained
porphyry

K-feldspar (Quartz) < 1 mm 0 % Whole rock

SIL34 10 km 2–5 GPa post-Svecokarelian Porphyritic granite K-feldspar / Quartz Biotite /
Amphibole

2–
10 mm

0 % Whole rock Quartz
fraction

SIL20 11 km 5–10 GPa post-Svecokarelian Fine-grained
granite

K-feldspar / Quartz Biotite /
Amphibole

< 1 mm 10 % Whole rock

SIL59 7 km 10–15 GPa Svecokarelian Porphyritic granite K-feldspar / Quartz Biotite /
Amphibole

2–
10 mm

100 % Whole rock Quartz
fraction

SIL61 2 km 15–20 GPa Svecokarelian Porphyritic
granitoid

K-feldspar / Biotite Amphibole
(Quartz)

2–
10 mm

100 % Whole rock

PDFs (Holm et al., 2011). We analyzed two bulk fractions of this sample
(SIL20 and SIL20-B). SIL59 is a porphyritic granite composed of biotite,
K-feldspar, hornblende, and quartz grains of 2–5 mm. It is located ap-
proximately at 7 km from the center of the impact structure and
recorded a shock pressure of 10–15 GPa, with 100 % of the quartz
grains being shocked (Holm et al., 2011). We conducted analyses on
both a bulk fraction and a pure quartz fraction (SIL59 and SIL59-Q)
from this sample. Lastly, SIL61 is a porphyritic granitoid composed of
biotite and K-feldspars grains of 2–5 mm, with few observable quartz
grains. It is the closest sample to the center of the impact structure
(2 km from center) and it was subjected to shock pressures of
15–20 GPa, with 100 % of the observed quartz grains displaying shock-
induced features (Holm et al., 2011). We analyzed one fraction from
this sample.

2.3. Method description

Whole rock samples (SIL19, SIL34, SIL20, SIL59, and SIL61), and
separated quartz crystals from two samples (SIL34 and SIL59) were an-
alyzed. Noble gases elemental abundances and isotopic compositions
(Ne, Ar, Xe, and Kr) in fluid inclusions contained in these samples were
determined by stepwise crushing under high vacuum (Table 2 and
Supp. Table 1).

Before noble gas analyses, selected sample fragments were crushed
in a metal mortar to obtain granulometric fractions ranging from 1 to
3 mm in size. Indeed, this is the ideal range of size to minimize the ad-
sorption of air on the surface of the grains. Also, larger grains were
avoided to prevent the presence of hidden impurities or of atmospheric
gases trapped in fractures between minerals. Smaller grains were re-
jected because of the possibility of opening some of the largest fluid in-
clusions prior to analysis. For two samples showing high-purity crystal
grains of significant size, quartz crystals were manually hand-picked
under a binocular microscope to ensure the absence of impurities at the

surface or inside individual crystals. Finally, grains were subsequently
cleaned with acetone in an ultrasonic bath, then rinsed with acetone,
and dried under a heating lamp for 30 min. Between 250 mg and 2 g of
sample were then loaded inside each crusher for noble gas analyses/
measurements. Once loaded into the ultra-high vacuum crusher, the
samples were baked at 120 °C overnight, to remove any contribution
from atmospheric gases adsorbed on the grains' surfaces. Higher tem-
peratures were avoided to prevent rupture of fluid inclusions by ther-
mal decrepitation.

The stainless-steel crusher consists of a stainless tube containing an
iron ball which allows crushing the sample by manually lifting the iron
ball up and projecting it down with an external magnet. In this study,
we applied between 3 and 5 crushing steps with an increasing number
of strokes by step (going from 10 to 300 strokes) on each sample to ex-
tract all the gases contained in the studied fractions. Noble gases re-
leased from fluid inclusions for each crushing step were purified using
three getters, including a St707 (SAES) Non-Evaporable Getter (Zr-V-
Fe) at 450 °C and two Ti-sponge getter pumps at 650 °C, during 5 min
at high temperature and then cooled down to room temperature over
10 min to remove the major reactive volatile species (e.g., H2O, CO2,
N2, etc.). The purified noble gases were then cryogenically trapped at
20 K on a cryogenic trap and sequentially released at 77 K for Ne,
165 K for Ar, 198 K for Kr, and 335 K for Xe. Ar, Kr, and Xe gas frac-
tions released at given temperatures from the charcoal in contact with
the cryogenic stage were trapped on a charcoal cooled down to liquid
nitrogen temperature in order to maximize gas recovery and efficiency
of gas separation (e.g., Broadley and Bekaert, 2024). Finally, each gas
fraction was introduced into a static noble gas mass spectrometer (No-
blesse, Ametek/NuInstruments) to be analyzed. During the purification
sequence, the Ar fraction was stored in a dedicated volume and was
measured only at the end of the measurement sequence in an attempt to
avoid any interference of significant quantities of radiogenic 40Ar with
the measurement of krypton isotopes.
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Table 2
Names, locations from the center of the impact structure, recorded shock pressures, % of shocked quartz with planar deformation features (PDF), abundances (in units of cm3 STP g−1), isotopic ratios of Ne, Ar,
Kr, and Xe, elemental ratios, and F values for 20Ne, 84Kr, and 130Xe from the total gas released during crushing experiments on Siljan samples analyzed during this study. Isotopic ratios for the atmosphere are
from (Lee et al., 2006; Ozima and Podosek, 2002). Errors at 1σ.
Sample Distance to center Shock Pressure PDF 22Ne (x10−11) ± 20Ne/22Ne ± 21Ne/22Ne ± 36Ar (x10−10) ± 40Ar* (x10−6) ± 38Ar/36Ar ± 40Ar/36Ar ±

SIL19 16 km No shock 0 % Neon 5.56 0.38 9.61 0.03 0.0334 0.0005 Argon 7.94 0.85 5.19 0.54 0.1880 0.0016 6830 150
SIL19-B 2.75 0.15 9.83 0.04 0.0319 0.0004 4.75 0.26 3.40 0.18 0.1883 0.0011 7470 130
SIL34 10 km 2–5 GPa 0 % 38.69 2.03 9.68 0.03 0.0299 0.0003 99.26 1.42 4.71 0.07 0.1896 0.0008 775 5
SIL34-Q 4.16 0.37 9.73 0.10 0.0349 0.0007 8.46 0.86 3.58 0.37 0.1879 0.0018 4530 60
SIL20 11 km 5–10 GPa 10 % 13.02 0.51 9.71 0.03 0.0294 0.0003 32.63 0.62 42.85 0.83 0.1872 0.0007 13,450 80
SIL20-B 15.47 0.66 9.71 0.03 0.0306 0.0003 27.71 0.84 68.47 2.10 0.1875 0.0008 25,000 110
SIL59 7 km 10–15 GPa 100 % 45.21 1.75 9.68 0.03 0.0303 0.0003 66.90 1.27 10.53 0.25 0.1888 0.0007 1870 20
SIL59-Q 57.96 0.97 9.47 0.04 0.0354 0.0003 70.37 2.37 18.01 0.79 0.1871 0.0012 2860 60
SIL61 2 km 15–20 GPa 100 % 2.34 0.15 9.74 0.03 0.0293 0.0005 3.86 0.37 0.70 0.07 0.1887 0.0015 2110 45
Air 9.80 0.08 0.0290 0.0003 0.1885 0.0003 298.56 0.31

Sample 84Kr (x10−11) ± 78Kr/84Kr (x10−3) ± 80Kr/84Kr (x10−2) ± 82Kr/84Kr (x10−1) ± 83Kr/84Kr (x10−1) ± 86Kr/84Kr (x10−1) ±

SIL19 Krypton 1.33 0.16 5.962 0.122 4.215 0.029 2.0300 0.0107 2.008 0.009 3.069 0.015
SIL19-B 0.99 0.05 6.160 0.071 5.275 0.072 2.0220 0.0053 2.015 0.005 3.061 0.008
SIL34 30.45 0.90 5.999 0.050 4.285 0.022 2.0102 0.0037 2.006 0.004 3.063 0.005
SIL34-Q 4.67 0.21 6.146 0.063 4.609 0.035 2.0052 0.0049 1.995 0.005 3.071 0.007
SIL20 13.70 0.32 6.081 0.042 7.575 0.133 1.9980 0.0030 1.999 0.003 3.082 0.005
SIL20-B 10.29 0.28 6.207 0.050 11.056 0.312 1.9971 0.0035 1.997 0.004 3.088 0.005
SIL59 18.08 0.42 5.906 0.041 3.983 0.012 2.0157 0.0031 2.009 0.003 3.056 0.005
SIL59-Q 15.85 0.49 6.024 0.052 4.027 0.015 2.0169 0.0039 2.015 0.004 3.051 0.006
SIL61 2.50 0.08 6.082 0.054 4.028 0.015 2.0157 0.0041 2.009 0.004 3.072 0.006
Air 6.087 0.020 3.960 0.002 2.0217 0.0004 2.014 0.002 3.052 0.003

Sample 130Xe (x10−13) ± 124Xe/130Xe ± 126Xe/130Xe ± 128Xe/130Xe ± 129Xe/130Xe ± 131Xe/130Xe ± 132Xe/130Xe ± 134Xe/130Xe ± 136Xe/130Xe ±

SIL19 Xenon 1.26 0.18 0.0236 0.0021 0.0198 0.0017 0.4665 0.0106 6.562 0.088 5.290 0.072 6.920 0.093 2.888 0.046 2.560 0.050
SIL19-B 0.94 0.06 0.0241 0.0011 0.0223 0.0012 0.4724 0.0060 6.554 0.061 5.261 0.042 6.829 0.057 2.807 0.030 2.518 0.028
SIL34 23.64 0.80 0.0222 0.0008 0.0217 0.0008 0.4728 0.0038 6.530 0.035 5.231 0.025 6.651 0.031 2.588 0.014 2.211 0.015
SIL34-Q 2.59 0.22 0.0227 0.0013 0.0199 0.0013 0.4696 0.0073 6.435 0.061 5.179 0.049 6.657 0.064 2.669 0.027 2.323 0.029
SIL20 6.72 0.19 0.0222 0.0007 0.0210 0.0007 0.4710 0.0039 6.489 0.036 5.271 0.028 7.037 0.037 3.201 0.025 2.955 0.027
SIL20-B 6.02 0.19 0.0219 0.0008 0.0211 0.0008 0.4709 0.0045 6.529 0.041 5.323 0.030 7.228 0.046 3.418 0.033 3.204 0.038
SIL59 14.18 0.39 0.0220 0.0008 0.0202 0.0007 0.4715 0.0041 6.497 0.038 5.201 0.028 6.613 0.035 2.591 0.017 2.232 0.016
SIL59-Q 10.02 0.53 0.0234 0.0010 0.0215 0.0010 0.4725 0.0054 6.547 0.048 5.229 0.036 6.713 0.050 2.675 0.024 2.318 0.023
SIL61 4.50 0.13 0.0232 0.0009 0.0212 0.0009 0.4667 0.0041 6.500 0.038 5.219 0.029 6.664 0.036 2.576 0.017 2.217 0.017
Air 0.0234 0.0001 0.0218 0.0001 0.4715 0.0007 6.496 0.009 5.213 0.008 6.607 0.005 2.563 0.004 2.176 0.003

Sample 20Ne/36Ar ± 84Kr/36Ar (x10−2) ± 130Xe/36Ar (x10−4) ± F(20Ne/36Ar)air ± F(84Kr/36Ar)air ± F(130Xe/36Ar)air ±

SIL19 Elemental ratios 0.673 0.085 1.68 0.27 1.59 0.28 F value 1.28 0.16 0.81 0.13 1.41 0.25
SIL19-B 0.571 0.043 2.09 0.15 1.98 0.16 1.09 0.08 1.01 0.07 1.75 0.14
SIL34 0.377 0.021 3.07 0.10 2.38 0.09 0.72 0.04 1.48 0.05 2.11 0.08
SIL34-Q 0.478 0.065 5.52 0.61 3.06 0.40 0.91 0.12 2.67 0.30 2.71 0.36
SIL20 0.387 0.017 4.20 0.13 2.06 0.07 0.74 0.03 2.03 0.06 1.82 0.06
SIL20-B 0.542 0.028 3.71 0.15 2.17 0.10 1.03 0.05 1.79 0.07 1.92 0.08
SIL59 0.654 0.028 2.70 0.08 2.12 0.07 1.25 0.05 1.31 0.04 1.88 0.06
SIL59-Q 0.781 0.030 2.25 0.10 1.42 0.09 1.49 0.06 1.09 0.05 1.26 0.08
SIL61 0.591 0.069 6.47 0.66 11.66 1.18 1.13 0.13 3.12 0.32 10.32 1.04
Air 0.524 0.001 2.07 0.02 1.13 0.01 1.00 1.00 1.00
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Neon was the first gas to be analyzed in multi-collection mode using
electron multipliers as detectors. CO2

+ (m = 44) and 40Ar+ (m = 40)
signals were also measured after each Ne integration cycle in order to
correct 22Ne (m = 21.991) and 20Ne (m = 19.992) signals for the con-
tributions from CO2

++ (m = 21.995) and 40Ar++ (m = 19.981) sig-
nals using double ionization ratios (Zimmermann et al., 2015).

Then, Kr isotopes were measured in peak jumping mode using one
electron multiplier. Xe was subsequently analyzed using a similar pro-
cedure. Finally, Ar was analyzed in multi-collection mode using a fara-
day cup for the detection of 40Ar and electron multipliers for 36Ar and
38Ar.

Measurements of standard aliquots taken from a standard bottle
filled with diluted air were conducted before and after each sample
analysis. The standard measurement followed the same analytical pro-
cedure as the samples and provided an accurate definition of mass dis-
crimination and sensitivity of the noble gas mass spectrometer, and re-
producibility of the entire analytical procedure.

Furthermore, procedural blank analyses were monitored before
each sample analysis and were determined by letting the gas accumu-
late in the crusher and the purification line without crushing the sam-
ple. Blank analyses done previously with about 100 strokes applied to
an empty crusher similar the one use in this study did not lead to a sig-
nificant increase of the amount of blank. The blank average during our
experiments reaches 1.2 × 10−12 cm3 STP for 22Ne, 3.2 × 10−11 cm3

STP for 36Ar, 5.8 × 10−13 cm3 STP for 84Kr, and 7.5 × 10−15 cm3 STP
for 130Xe.

A full propagation of the errors on the internal precision, the sensi-
tivity of the mass spectrometer, the reproducibility of the standards (see
Supp. Table 2), and the blank contribution has been applied in order to
take into account all potential sources of variability (e.g., Bekaert et al.,
2017).

3. Results

Abundances and isotopic compositions of the total noble gases (Ne,
Ar, Kr, and Xe) released by crushing step of Siljan samples are given in
Table 2, as well as the elemental ratios and F values, which represent
the relative noble gas abundances normalized to 36Ar and the ratio nor-
malized to that of air (Burnard et al., 2013):

Results obtained for each crushing step are reported in the Supple-
mentary Tables.

3.1. Isotope abundances in Siljan samples

Fig. 3 shows the total amounts of noble gases released during the
crushing experiments of each Siljan sample, in the range 2-
56 × 10−11 cm3 STP g−1 of 22Ne, 4-99 × 10−10 cm3 STP g−1 of 36Ar,
1-30 × 10−11 cm3 STP g−1 of 84Kr, and 1-24 × 10−13 cm3 STP g−1

of 130Xe (Table 2). Noble gas abundances for individual crushing
steps range from 0.4 to 20.1 × 10−11 cm3 STP g−1 for 22Ne (4 to 116
times the blank level), 0.6–44.8 × 10−10 cm3 STP g−1 for 36Ar (3 to
99 times the blank level), 0.2–13.1 × 10−11 cm3 STP g−1 for 84Kr (3
to 161 times the blank level), and 0.1–9.5 × 10−13 cm3 STP g−1 for
130Xe (2 to 92 times the blank level) (see Supp. Tables). Procedural
blanks in this study were higher than usual (Avice et al., 2023). This
could be due to desorption of gases adsorbed or trapped in fractures
of the Siljan samples. This is particularly true for SIL19, SIL19-B,
SIL34-Q, and SIL61 (see Supp. Tables). Crushing steps for SIL19,
SIL19-B, SIL34-Q, and SIL61 samples released from 0.4 to
2.1 × 10−11 cm3 STP g−1 of 22Ne (4 to 19 times the blank level),
0.6–3.9 × 10−10 cm3 STP g−1 of 36Ar (3 to 14 times the blank level),

Fig. 3. Histogram plots representing the total amounts of noble gases (Ne, Ar, Kr, and Xe) released during the crushing experiments of Siljan samples (Table 2). The
samples are classified according to their distance to the center of the impact structure, and their shock pressure range defined by Holm et al. (2011).
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0.2–1.9 × 10−11 cm3 STP g−1 of 84Kr (3 to 21 times the blank level),
and 0.2–1.5 × 10−13 cm3 STP g−1 of 130Xe (2 to 29 times the blank
level).

There is no clear relationship between the gas amounts measured
and the relative distance from the center of the impact structure where
the samples were collected (Fig.3), neither with the relative shock pres-
sure recorded by the samples, or with the amount of shocked quartz
grains in the samples (Holm et al., 2011). However, there is a signifi-
cant increase of the amounts of gases released with increasing grain
size, except for sample SIL61 (with a low amount of quartz grains) and
for the quartz fraction of SIL34 (without PDFs).

3.2. Elemental abundances

Fig. 4 shows F(20Ne), F(84Kr), and F(130Xe) values for all Siljan
samples, which represent measured 20Ne/36Ar, 84Kr/36Ar, and
130Xe/36Ar ratios normalized to corresponding air values (dashed red
line, Fig.4). Meteoric water (0 °C) and seawater are characterized by
atmospheric noble gas isotopic ratios. They have different abundance
ratios (20Ne/36Ar, 84Kr/36Ar, 130Xe/36Ar), because noble gas solubility
is influenced by temperature and salinity (Smith and Kennedy, 1983).
Meteoric water and seawater are characterized by enrichment in
heavy/light noble gases relative to air (Smith and Kennedy, 1983),
and it is difficult to distinguish meteoric water from seawater based
solely on noble gas abundance ratios. These fluids are thus commonly
referred to as Air Saturated Water (ASW) (Kendrick and Burnard,
2013). Based on previous studies (Komor et al., 1988; Lindblom and
Wickman, 1985), meteoric water or non to low-saline water is proba-
bly the major component here (represented as a dashed blue line in
Fig. 4).

For most samples, F(20Ne), F(84Kr), and F(130Xe) values for all the
gas released during the experiment of Siljan samples lie between mete-
oric water and air values (Fig.4). We observed an enrichment in F(20Ne)
and a depletion in F(84Kr) and F(130Xe) values compared to the initial
meteoric water values. Nevertheless, compared to the meteoric water

values, sample SIL61 presents higher F(84Kr) and F(130Xe) values,
SIL34-Q presents higher F(84Kr) value, and SIL19 and SIL19-B present
lower F(84Kr) values. Note that the F(20Ne) value is close to the atmos-
pheric end-member.

3.3. Neon and argon

20Ne/22Ne ratios range from 9.3 to 9.9, and from 0.027 to 0.038 for
21Ne/22Ne ratio (atmospheric ratios: 20Ne/22Ne = 9.8,
21Ne/22Ne = 0.029; Eberhardt et al., 1965) (Supp. Table 1). Neon iso-
topic ratios are presented in a three-isotopes diagram (Fig.5) and are
compared to a typical air-MORB mantle neon mixing line (MORB data:
20Ne/22Ne ~ 12.5, 21Ne/22Ne ~ 0.06; Moreira et al., 1998), to the mod-
ern crustal Ne mixing line (Kennedy et al., 1990), and to the Archean
crustal mixing lines (Lippmann-Pipke et al., 2011). Furthermore, Fig. 5
shows nucleogenic Ne lines starting at air composition, with 21Ne/22Ne
ratios of 0.2 and 0.1 (intersection point for x-axis at 20Ne = 0). These
mixing lines of air and nucleogenic Ne are plotted in order to compare
our data with possible nucleogenic 22Ne contribution. Neon isotopic ra-
tios for each crushing step are close to but lower than the present-day at-
mosphere composition and seem to fall between the Modern crustal Ne
mixing line and the nucleogenic line, with a corresponding nucleogenic
21Ne/22Ne ratio of 0.1.

Argon isotope data are shown in Fig. 6. 40Ar/36Ar ratios are higher
than the atmospheric value (298.56; Lee et al., 2006) and range from
562 ± 3 (crushing step #1 for sample SIL34) to 27,250 ± 200 (crush-
ing step #2 for sample SIL20-B) (Supp. Table 1). By contrast, 38Ar/36Ar
ratios do not show any significant deviation from the isotopic composi-
tion of the modern atmosphere (0.1885; Lee et al., 2006).

Fig. 7 shows a plot of 40Ar/36Ar ratios versus 1/36Ar values for the
total gas released during the experiment of each Siljan sample. Gas-
poor samples (with elevated 1/36Ar ratios) have high 40Ar/36Ar ratios
and are dominated by the contribution of a radiogenic end-member.
Gas-rich samples (low 1/36Ar ratios) show an isotopic composition of
argon closer to the air values. Lower 40Ar/36Ar and 1/36Ar values point

Fig. 4. Noble gas relative abundance patterns for the total gas released from Siljan samples (Table 2). Abundance ratios are normalized to air:
F(Ng/36Ar)air = (Ng/36Ar)sample/(Ng/36Ar)air; such that Air = 1; Ng = 20Ne, 84Kr or 130Xe. The dashed blue line represents the meteoric water composition (0 °C),
and the orange area shows the range of elemental ratios of noble gases in rocks from the crystalline basement (Kendrick and Burnard, 2013; Ozima and Podosek,
2002). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Three-isotope plot of Ne for crushing experiments on Siljan samples (see data in Table 2 and Supp. Table 1). These graphics show the results for (A) each
crushing step, and (B) the total gas released during the experiment of each sample. Diamonds represent the duplicated analyses for SIL19 and SIL20 samples, and
squares represent analyses obtained on quartz separated from samples SIL34 and SIL59. The red triangle represents the isotopic composition of atmospheric neon.
The dot-dashed line represents the Ne mixing between atmospheric and MORB mantle components (MORB data: 20Ne/22Ne ~ 12.5, 21Ne/22Ne ~ 0.06; Moreira et
al., 1998). The dashed line represents the Modern crustal Ne mixing line corresponding to the addition of crustal nucleogenic Ne (Kennedy et al., 1990). The
Archean mixing line (double dot-dashed line) is from analyses by Lippmann-Pipke et al. (2011). Nucleogenic Ne lines intercepting the x-axis at 21Ne/22Ne ratios of
0.1 and 0.2 are represented by continuous lines. All nucleogenic Ne lines start at air composition. Errors are at 1σ. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Three-isotope plot of Ar for crushing experiments on Siljan samples (see data in Table 2 and Supp. Table 1). These graphics show the results for (A) each
crushing step, and (B) the total gas released during the experiment for each sample. Diamonds represent the duplicated analysis on SIL19 and SIL20 samples, and
squares represent the analyses obtained on quartz separated from samples SIL34 and SIL59. The red triangle represents the 40Ar/36Ar and 38Ar/36Ar ratios of the at-
mosphere (Lee et al., 2006). The dashed line represents the atmospheric 38Ar/36Ar ratio of 0.1885. Errors are at 1σ. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

to a greater atmospheric contribution, while higher values reflect the
addition of crustally produced radiogenic 40Ar (40Ar*) with less atmos-
pheric contribution (Kennedy et al., 1985).

Furthermore, the 40Ar/36Ar ratio, and thus the 40Ar*, for fine-
grained samples (SIL19 and SIL20) are significantly higher than those
of the coarse-grained samples (SIL34, SIL59, and SIL61) (Figs.6 and 7).

3.4. Krypton and xenon

The isotopic compositions of Kr in Siljan samples are reported in
Table 2 and are displayed in Fig. 8 where the isotopic ratios are normal-
ized to 84Kr and expressed with the delta notation relative to the iso-
topic composition of the modern atmosphere (Supp. Table 1).
80Kr/84Kr ratios show an important contribution from interfering 40Ar
(Meshik et al., 2014) present in the Siljan samples, and are thus not
shown in Fig. 8 nor discussed further. A slight enrichment on 86Kr com-
pared to atmospheric data can be observed, a depletion on light iso-
topes can also be observed (82Kr, 83Kr), and an important dispersion can
be noted on 78Kr.

Results for Xe isotopic ratios and abundances obtained from the to-
tal gas released during the experiments for each sample of Siljan are
presented in Table 2. Fig. 9 shows the isotopic ratios normalized to
130Xe and expressed with the delta notation relative to the isotopic
composition of the modern atmosphere obtained from Siljan samples
(see Supp. Table 1). We can observe an enrichment in heavy isotopes
(131-136Xe) relative to the isotopic composition of the modern atmos-
phere, especially for fine-grained samples SIL19 and SIL20. Other iso-
topic ratios (128-129Xe/130Xe) are, within errors, identical to the compo-
sition of xenon in the modern atmosphere. 124-126Xe/130Xe show a
larger dispersion.

4. Discussion

4.1. Detection of an atmospheric component in Siljan samples

Fig. 10 shows the F values of 84Kr and 130Xe, representing mea-
sured 84Kr/36Ar and 130Xe/36Ar ratios, normalized to corresponding
air values. Most values are distributed between air and meteoric water
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Fig. 7. 40Ar/36Ar versus 1/36Ar for the total gas released during the experi-
ment of each Siljan sample. Diamonds represent duplicated analysis on SIL19
and SIL20 samples, and squares represent the analyses obtained on quartz
separated from samples SIL34 and SIL59.

Fig. 8. Isotopic spectra of Kr from the total gas released during the experiment
of each sample of Siljan (see data in Table 2 and Supp. Table 1). Isotopic com-
positions are displayed using the delta notation normalized to 84Kr and to the
isotopic composition of the modern atmosphere (Ozima and Podosek, 2002).

Errors are at 1σ. The mass 80Kr

is affected by the presence of interfering 40Ar, and it is not represented in this
graph. Delta values for 78Kr are slightly shifted for better visibility.

noble gas elemental abundances values, suggesting that some atmos-
pheric signal has been incorporated. This is confirmed by the fact that
neon, argon, krypton, and xenon isotopic ratios are relatively close to
the atmospheric composition.

Furthermore, the 20Ne/22Ne ratio is close to the atmosphere, but
stay lower, and the 38Ar/36Ar ratios show no deviation from the atmos-
pheric value (0.1885; Lee et al., 2006). This demonstrates that light no-
ble gases (Ne, Ar) did not suffer from isotopic fractionation.

4.2. Origin of non-atmospheric fluids

Siljan samples show a clear contribution from crustal fluids, which
were either originally present in the samples before the impact or were

Fig. 9. Isotopic spectra of Xe from the total gas released during the experiment
of each sample of Siljan (Supp. Table 1). Isotopic compositions are given using
the delta notation normalized to 130Xe and to the isotopic composition of the
modern atmosphere (Ozima and Podosek, 2002) (δiXeair = 0 ‰):

Errors at 1σ.

Fig. 10. Noble gas fractionation along the Siljan impact structure. The
84Kr/36Ar versus 130Xe/36Ar values are expressed as fractionation values such
that Air has F = 1 [e.g., F(Ng/36Ar)air = [(Ng/36Ar)sample/(Ng/36Ar)air;
Ng = 130Xe or 84Kr]. The red triangle represents the modern atmospheric com-
position, the meteoric water composition is shown as blue triangle, and the or-
ange area shows the possible composition range of the crystalline basement
(Drescher et al., 1998; Kendrick and Burnard, 2013; Ozima and Podosek,
2002). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

incorporated during post-impact hydrothermal circulations (see section
2.1 ‘Geological setting’). Thus, elemental abundances and isotopic
compositions from Siljan samples highlight a signature more complex
than a simple entrapment of atmospheric noble gases during the post-
hydrothermal activity induced by the impact event.

4.2.1. Crustal contamination
20Ne/22Ne ratios from each crushing step and the total gas released

during experiments for each Siljan's sample are close but lower than the
present-day isotopic composition of atmospheric neon. They plot in the
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lower right region of the figure, corresponding to high 21Ne/22Ne and
low 20Ne/22Ne ratios, signing the presence of nucleogenic neon pro-
duced in the Earth's crustal rocks (Kennedy et al., 1990). Nevertheless,
Siljan data are slightly lower than the typical Air-nucleogenic mixing
lines (Fig.5). This trend could be explained by an excess of nucleogenic
22Ne produced by the 19F(α,n)22Na(β+)22Ne reaction. Indeed, in the con-
tinental crust, the radioactive decay of 235,238U and 232Th produces α-
particles, which react with surrounding nuclei, such as 18O and 19F iso-
topes to produce nucleogenic 21Ne and 22Ne, respectively (Wetherill,
1954). The nucleogenic 20Ne/22Ne and 21Ne/22Ne production ratios
mainly depend on the O/F ratios of mineral phases located where α-
particles are produced, and variable O/F ratios will change the slope of
the mixing lines between the atmosphere endmember and the nucle-
ogenic endmember in the 20Ne/22Ne versus 21Ne/22Ne space (Fig.5).
Hence, the smaller the x-axis (21Ne/22Ne values) intercept value of the
lines is, the more dominant is the nucleogenic pathway producing 22Ne.
An excess of nucleogenic 22Ne relative to atmospheric neon was ob-
served in different studies (e.g., Bourdet et al., 2023; Drescher et al.,
1998; Landis and Hofstra, 2012; Schäfer et al., 2002), and was associated
to the presence of a U- and/or Th-bearing, F-rich, O-poor minerals, such
as fluorite (e.g., Ballentine and Burnard, 2002; Chavrit et al., 2019), mi-
cas, and/or amphibole (Kennedy et al., 1990). Moreover, it's important
to note that α-particles within rock materials have a penetration depth
limited to 10–40 μm (Ziegler, 1977). Consequently, the contribution of
U Th and the target nuclides of F O to the neon isotopes in fluid in-
clusions can only occur if they are either present within the fluid inclu-
sion itself, or located within a few micrometers' proximity to the fluid
inclusions, or if the fluid is already carrying nucleogenic neon produced
by another source (Bourdet et al., 2023; Kennedy et al., 1990). These
reactions are common in the crust, so the origin of the nucleogenic 22Ne
detected in the Siljan samples could be very likely due to the contami-
nation by crustal fluids. Also, biotite and hornblende minerals are pre-
sent in bulk samples measured in the present study and could also be
present as micro inclusions in the quartz lattice. The presence of fluo-
rite and apatite minerals was also noticed by Hode et al. (2003). These
minerals could be responsible for the excess of nucleogenic 22Ne ob-
served in the analyzed samples. Furthermore, for mica and amphibole
minerals, neutron-induced reactions such as 25Mg(n,α)22Ne* can be-
come significant, as neutrons produced by reactions like
19F(α,n)22Na(β+)22Ne* and other (α,n) reactions involving elements
such as Al, Si, Mg, and Fe can also contribute to the reaction
25Mg(n,α)22Ne* (Leya and Wieler, 1999; Ozima and Podosek, 2002;
Yatsevich and Honda, 1997). Therefore, for these minerals, the α-
particles source does not necessarily need to be near the mineral, as
neutrons have significantly larger travel distances (e.g., Srámek et al.,
2017).

40Ar/36Ar ratios for argon released during each crushing step are el-
evated relative to the modern atmospheric ratio of 298.56 (Lee et al.,
2006), and could be due to the contamination by crustal fluids and/or
explained by addition of 40Ar* produced in situ by the radioactive de-
cay of 40K contained in the K-bearing minerals predominantly present
in the samples (such as K-feldspar, mica, and/or amphibole). Indeed,
the granitic samples analyzed in this study contain approximately
30–50 % alkali feldspar (albite and orthoclase), 15–30 % plagioclase
(oligoclase to andesine), 25–40 % quartz, < 1–8 % biotite and/or
hornblende, and show a potassium content for the bulk chemical com-
position of around 4 wt% (Komor and Valley, 1990). Furthermore,
Herrmann et al. (2021) studied the K Ar system in biotite and amphi-
bole minerals from Siljan. They concluded that the impact event did not
significantly affect the K Ar system since the samples studied kept
their radiogenic 40Ar accumulated since their formation (ca.
1.7–1.9 Ga, Herrmann et al., 2021). However, the hydrothermal activ-
ity inside the central uplift of the Siljan structure induced a significant
alteration of the biotite minerals and a partial loss of 40Ar*, which was
not observed on the amphibole minerals. Herrmann et al. (2021) ex-

plained this effect by the temperature of the hydrothermal system in-
side the central area reaching 200–340 °C, close to the closure tempera-
ture of the biotite but lower than the closure temperature of the amphi-
bole. Nevertheless, this study did not show the complete resetting of the
K Ar system of the minerals present at Siljan implying that some
40Ar* produced before the impact could be present in the investigated
samples. For quartz fractions analyses (SIL34-Q and SIL59-Q) the high
40Ar/36Ar ratio cannot be explained by the addition of 40Ar* produced
in situ by the radioactive decay of 40K from the quartz minerals, be-
cause the 40K content is too low in quartz (also observed in Avice et al.,
2017). This demonstrates that fluids trapped in the quartz samples do
not correspond directly to meteoric water equilibrated with the atmos-
phere. The high 40Ar/36Ar ratio observed could be attributed to the
presence of micro-inclusions of K-feldspar, biotite, and/or hornblende
in the quartz lattice.

The results on the Kr isotopes show a slight enrichment in 86Kr com-
pared to the atmospheric values, and could be explained by the 238U fis-
sion contribution. In addition, for xenon, 124-129Xe/130Xe ratios are air-
like but excesses in 131-136Xe isotopes are present due to spontaneous
fission of 238U (Fig.11). Indeed, a range of noble gas isotopes are pro-
duced in the crust by radioactive decay of U, Th, and K (4He and 40Ar*),
U fission (136Xe*, 134Xe*, 132Xe*, 131Xe*, and 86Kr*), and α–or n-
reactions (including 21Ne* and 22Ne*) (Kendrick and Burnard, 2013).
As shown in Fig. 11, the three-isotope plot involving 130Xe, 134Xe, and
136Xe displays a two-component mixture between modern atmosphere
and a 238U fission component. Indeed, relative excesses of 134Xe and
136Xe measured in Siljan samples match the fissiogenic 134Xe/136Xe ra-
tio for the spontaneous fission of 238U (134Xe/136Xe = 0.832 ± 0.012,
Ozima and Podosek, 2002; Porcelli and Ballentine, 2002). Furthermore,
the fine-grained samples, SIL19 and SIL20, show a higher contribution
from the 238U fission component compared to the other samples, which
present a higher atmospheric signature. This stronger contribution from
the 238U fission component could be attributed to a relatively high con-

Fig. 11. Three-isotope plot of Xe for crushing experiments on Siljan samples
(see data in Supp. Table 1). According to the slope of the linear regression on
the results obtained on Siljan samples, data plot along the mixing line (red
line) between air and the pure 238U fission endmembers (Porcelli and
Ballentine, 2002), not on the mixing line (grey line) between air and the pure
244Pu fission endmembers. The slope defined by the data from Siljan
(0.847 ± 0.011) matches the 134Xe/136Xe ratio produced by the fission of the
238U (0.832 ± 0.012, Ozima and Podosek, 2002; Porcelli and Ballentine,
2002). The dashed lines represent the uncertainty at 1σ of the mixing line. (For
interpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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tribution from the crustal basement and/or accumulation of fissiogenic
xenon prior to the impact, which was not completely lost.

As already noticed for neon and argon, an interaction with the
crustal rocks is also clearly observed for xenon and krypton data. In-
deed, the elemental graphics in Figs. 4 and 10 show noble gas abun-
dance ratios intermediate between meteoric water and air values, but
some samples show deviation from this trend. We can observe an en-
richment in F(84Kr/36Ar)air and F(130Xe/36Ar)air for SIL61, an enrich-
ment in F(84Kr/36Ar)air is also observed for SIL20 and SIL34-Q, a deple-
tion in F(84Kr/36Ar)air is detected for SIL19, and an enrichment in
F(20Ne/36Ar)air is noted for SIL19, SIL59, and SIL59-Q. As explained
above, incorporation of noble gases from crustal rocks, which typically
have 40Ar/36Ar above the atmospheric value, could account for the
presence of excess 40Ar*, the range of fluid inclusion 84Kr/36Ar and
130Xe/36Ar, and the presence of nucleogenic neon (Fig.12; e.g.,
Kendrick et al., 2006; Scarsi, 2000; Villa, 2001).

4.2.2. Contribution from older fluid inclusions
In the Siljan area, Komor et al. (1988) identified two distinct fluid-

inclusion populations at different depths, characterized by their trap-
ping temperatures, which point to the complex geological history of the
impact structure (see section 1. ‘Introduction’). The validity of this hy-
pothesis was confirmed by several studies conducted inside and outside
the impact structure. These studies highlighted major events of fractur-
ing and/or reactivation of fractures associated with hydrothermal min-
eralization, showing fluid inclusions with trapping temperatures below
250 °C (e.g., Sandström and Tullborg, 2009; Tillberg et al., 2021). Addi-
tionally, hydrothermal activity within the central uplift induced intense
chloritization of biotite, correlating to hydrothermal system tempera-
tures reaching 200–340 °C (Herrmann et al., 2021). Hence, at least two
major hydrothermal systems have been active at Siljan: a deep system,
which has been active during the cooling of the Dala granites and com-
plexified and/or potentially reactivated by tectonic activities correlated
with the geological history of the Fennoscandian shield (1.8 Ga to
440 Ma, Tillberg et al., 2021), and a shallow Devonian system within
the impact structure (380 Ma) driven by heat from the impact
(Herrmann et al., 2021; Komor et al., 1988). Consequently, the fluid in-
clusions formed before the impact could be one of the sources of the ele-
vated 40Ar/36Ar ratios observed in the investigated samples. An alterna-
tive source for these anomalies could be fluids enriched in radiogenic
40Ar trapped in microfractures and lattice defects. The excesses in 86Kr
and heavy Xe isotopes, due to spontaneous fission of 238U fission com-
ponent, could also be related to the contribution of these old fluid inclu-
sions potentially enriched in fissiogenic Kr and Xe isotopes. Overall,
while a contribution from atmosphere-derived noble gases has been
clearly detected, our results do not allow to determine whether the at-
mospheric signal was incorporated into the studied samples as a result

of the impact or if it reflects simple atmospheric contamination, which
is ubiquitous in geological samples.

4.2.3. Other limits
Stepwise crushing experiments aim to progressively reduce the sam-

ple grain size under high vacuum, which allow to open vesicles and
fluid inclusions in a given sample (e.g., Avice et al., 2018; Burnard et
al., 2013; Kendrick and Phillips, 2009; Saito et al., 2018; Scarsi, 2000;
Xiao et al., 2022). However, this technique can release simultaneously
gases from different sources, such as primary and secondary fluid inclu-
sions, impurities as well as micro-cracks and lattice, especially when
prolonged crushing process is used (Kendrick et al., 2006; Scarsi, 2000;
Villa, 2001). Furthermore, lattice-hosted noble gases are preferentially
released by prolonged in vacuo crushing in the order Ar > Kr > Xe
(Kendrick and Phillips, 2009). All these studies confirm that stepwise
crushing under high vacuum can be used to selectively analyze fluid in-
clusions, but also indicate that the duration of crushing experiments
need to be taken into account in order to understand the source of the
gases released. In the case of Siljan, the 40Ar* measured could be a mix-
ture of gas released from fluid inclusions and from the lattice of K-
bearing minerals. Indeed, our data show an increase of the 40Ar/36Ar
ratio with the number of crushing steps, and the last steps with a num-
ber of crushes between 100 and 300 strokes show higher ratios than the
first steps with 10 to 50 strokes applied (Supp. Table 1).

Also, the low amounts of noble gases released during our experi-
ments could introduce some uncertainty. Indeed, noble gases abun-
dances from the standard is 2 to 20 times higher than gases released
from the Siljan samples. For krypton, a depletion on light isotopes can
be observed (82Kr, 83Kr). Fig. 13 shows a slight mass-dependent frac-
tionation for the Siljan samples and could be due to a mismatch be-
tween standard and sample gas amounts introduced into the mass spec-
trometer. This deviation is usually corrected by the systematic measure-
ment of a standard, but the low abundances of noble gases from Siljan
samples could make this correction less efficient. Furthermore,
78Kr/84Kr ratios are dispersed around the air values and show high un-
certainty compared to the other krypton isotopic ratios. The 78Kr is the
lightest isotope of krypton with an isotopic abundance of 0.35 % for air
(Ozima and Podosek, 2002). Similarly, the 124Xe and 126Xe are the
lightest isotopes of xenon with an isotopic abundance of 0.095 % and
0.089 % for air, respectively (Ozima and Podosek, 2002). The large un-
certainty and dispersion observed in this study could be attributed to
the relatively low abundance of these isotopes.

In addition, the fine-grained samples (SIL19 and SIL20) show higher
40Ar/36Ar ratios than coarse-grained samples (SIL34, SIL59, and SIL61).
That could be attributed to the possibility that more K-bearing minerals
(e.g., K-feldspars, biotite, hornblende) were present in the fine-grained
samples due to the difficulty to manually select “pure” phases. Simi-

Fig. 12. Noble gas data of Siljan samples. 40Ar/36Ar is not correlated with F(84Kr/36Ar)air (A) and F(130Xe/36Ar)air (B) indicating that the data cannot be simply ex-
plained only by the presence of modern air contamination.
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Fig. 13. Three-isotope diagram of krypton for each crushing experiment on Siljan samples (see data in Supp. Table 1). These graphics show the results for (A) each
crushing step, and (B) the total gas released during the experiment of each sample. The red triangle represents the atmosphere composition. The dashed line corre-
sponds to the mass-dependent fractionation curve (based on m1/2). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

larly, the fine-grained samples, SIL19 and SIL20, show a higher contri-
bution from the 238U fission component compared to the other samples
which present a higher atmospheric signature. This stronger contribu-
tion from the 238U fission component could be attributed to a high con-
tribution from the crustal basement (U-bearing minerals) and/or a
higher amounts of fluid inclusions than other samples analyzed in this
study.

Consequently, these various processes induce difficulties to the defi-
nition of the exact sources of nucleogenic 22Ne, radiogenic 40Ar, and fis-
siogenic Kr and Xe observed in the investigated samples from Siljan.

4.3. PDFs contribution

Unfortunately, in this study, PDF-rich samples (such as SIL61) do
not show higher abundances of atmospheric gases compared to samples
that are devoid of PDFs (such as SIL34). This could be due to crustal
contamination signature masking the atmospheric signal.

Nevertheless, we notice that quartz fractions show higher 21Ne/22Ne
ratios compared to whole rocks results. This could be attributed to the
fact that nucleogenic neon could be carried by the fluid present in fluid
inclusions, which are common features of the quartz samples. Also, the
abundances of noble gases in quartz fractions are relatively low com-
pared to the whole rock analyses (especially in SIL34-Q), and the uncer-
tainty could be higher in quartz fractions analyses.

Furthermore, two different quartz fractions were analyzed: SIL59-Q,
sampled at 7 km from the center of the impact structure, presenting
strong shocked-induced effects in minerals (10–15 GPa, Holm et al.,
2011), and decorated PDFs; and SIL34-Q, collected at 10 km from the
center where the recorded shock pressure (2–5 GPa, Holm et al., 2011)
is below the pressure level at which PDFs start to form, i.e., 5–8 GPa
(e.g., Grieve et al., 1996). The results from these two quartz fractions
show some differences that could be attributed to the presence of PDFs.
Indeed, quartz fraction from SIL59-Q, rich in PDFs, shows: i) A higher
elemental abundance released during the experiments, inducing that
more gases were contained in this fraction compared to SIL34-Q; ii) A
lower 20Ne/22Ne ratio compared to SIL34-Q, and a triple neon isotope
composition which plots along a nucleogenic production line with a
21Ne/22Ne ratio of 0.2 for a 20Ne/22Ne = 0; iii) A higher abundance of
36Ar inducing a lower 40Ar/36Ar ratio compared to SIL34-Q; iv) Isotopic
compositions in Kr and Xe closer to the atmospheric values; v) F values
are closer to atmospheric value compared to SIL34-Q, which shows
clear interaction with the crustal basement (Fig.10). These observations
highlight that shocked quartz with decorated PDFs present stronger at-
mospheric signature according to the results obtained for argon, kryp-
ton, and xenon. The data obtained for SIL59-Q on neon show a higher
nucleogenic contribution, and could be attributed to the presence of

more impurities rich in F compared to SIL34-Q. Indeed, the quartz min-
erals selected from SIL59 and inspected under a binocular microscope
show more mineral inclusions like biotite than the quartz fraction from
SIL34. This trend shows the potential of PDF-rich quartz to preserve at-
mospheric signal, but more investigations are necessary to confirm if
shocked quartz grains could be a good paleo-atmospheric proxy.

5. Conclusion

In this study, we aimed at exploring if rocks that have been sub-
jected to shock metamorphism, and in which decorated planar defor-
mation features in quartz grains occur, make good paleo-atmospheric
proxies. We measured the elemental abundances and isotopic composi-
tion of noble gases contained in previously studied shocked granitic and
volcanic samples from the Siljan impact structure (Holm et al., 2011;
Holm-Alwmark et al., 2017). Crushing results reveal the presence of no-
ble gases derived from the atmosphere probably located in fluid inclu-
sions and/or in the interstitial space between crystals. These atmos-
pheric gases are accompanied by crustal-derived nucleogenic, radi-
ogenic, and fissiogenic noble gas isotopes. Indeed, Siljan data are
roughly distributed between air and meteoric water noble gas elemen-
tal abundances values, which suggests that some atmospheric signal
has been incorporated (confirmed by both Kr and Xe data). However,
the presence of 40Ar*, fissiogenic Kr and Xe, and nucleogenic Ne high-
light the interaction with crustal rocks during the hydrothermal circula-
tion after the impact. Furthermore, the whole rock analyses of PDF-rich
samples do not show significantly more gas or a stronger atmospheric
signal compared to samples in which PDFs in quartz are less abundant
and/or absent. However, results obtained on the two separated quartz
fractions highlight stronger atmospheric signature correlated with the
presence of PDFs. The Siljan samples investigated in this study present
some issues to be considered as good paleo-atmospheric proxies, such
as: i) Low amounts of gas released during the experiments, leading to
relatively poor precisions for the measurements; ii) Interactions be-
tween hydrothermal fluids and the crustal basement inducing excesses
in nucleogenic, radiogenic, and fissiogenic noble gas isotopes. Addi-
tionally, impurities in minerals contribute to the noble gas isotopic and
elemental composition signature of the Siljan samples; iii) The difficul-
ties to select pure quartz minerals in Siljan samples leading to a lack of
observation of the PDFs contribution; iv) Multiple generations of fluids
identified from our measurements and reflecting contributions from
distinct hydrothermal events (during the cooling of the Dala granites,
during the geological history of the Fennoscandian shield, and after the
impact event).

Because a number of impacts on Earth are relatively well dated, and
their associated post-impact hydrothermal systems are relatively short-
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lived, rocks from impact craters remain promising paleo-atmospheric
archives. Samples containing fluid inclusions with decorated PDFs, like
the ones analyzed in the present study, do not seem to show a strong at-
mospheric signal. More importantly, they also carry inherited signa-
tures from older crustal fluids (this study). The potential of PDFs-
carrying samples to trap the composition of the Earth's atmosphere
around the time of a meteorite impact could be further investigated by
studying samples from other impact craters, with a careful selection of
pristine unshocked samples, for a better comparison of the noble gas
content and isotopic composition of shocked and unshocked lithologies.
Target rocks originally poor in volatile elements (e.g., relatively unfrac-
tured granitoids) are preferable to limit the contribution from ancient
crustal fluids to the potentially trapped atmospheric component. For
the reasons mentioned above, future paleo-atmospheric studies using
impact-related samples should prioritize samples from well-
characterized and, if possible, well-dated post-impact hydrothermal
systems (see Avice et al., 2023). For example, some samples, such as
nodular agate samples located in cavities present in impact melt sheets
(e.g., Kinnunen and Lindqvist, 1998) are promising because they
clearly result from the post-impact hydrothermal system. In this con-
text, impact structures with a clear mineral paragenesis typical of post-
impact hydrothermal activity and the absence of later fluid circula-
tions, which could have reset the trapped atmospheric signal, should be
prioritized.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2024.122440.
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