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Abstract: Impact-generated hydrothermal systems have been suggested as favourable environments
for deep microbial ecosystems on Earth, and possibly beyond. Fossil evidence from a handful
of impact craters worldwide have been used to support this notion. However, as always with
mineralized remains of microorganisms in crystalline rock, certain time constraints with respect to the
ecosystems and their subsequent fossilization are difficult to obtain. Here we re-evaluate previously
described fungal fossils from the Lockne crater (458 Ma), Sweden. Based on in-situ Rb/Sr dating of
secondary calcite-albite-feldspar (356.6 ± 6.7 Ma) we conclude that the fungal colonization took place
at least 100 Myr after the impact event, thus long after the impact-induced hydrothermal activity
ceased. We also present microscale stable isotope data of 13C-enriched calcite suggesting the presence
of methanogens contemporary with the fungi. Thus, the Lockne fungi fossils are not, as previously
thought, related to the impact event, but nevertheless have colonized fractures that may have been
formed or were reactivated by the impact. Instead, the Lockne fossils show similar features as recent
findings of ancient microbial remains elsewhere in the fractured Swedish Precambrian basement and
may thus represent a more general feature in this scarcely explored habitat than previously known.

Keywords: Impact structure; fungal hyphae; in situ radiometric dating; secondary minerals;
stable isotopes

1. Introduction

Impact craters and associated impact-generated hydrothermal systems have been suggested as
favourable environments for microbial life [1–4]. Extensive fracturing at depth caused by impacts
provides pore space for endolithic communities, and heat generated by the impact drives hydrothermal
convection favourable for deep ecosystems [5,6]. Depending on the size and extension of the impact
melt, heat can sustain for hundreds of thousands, up to millions of years [7–11]. A handful of reports
of fossil- and geochemical signatures support post-impact colonization of impact paleo-hydrothermal
systems. Sulfur isotope signatures of sulfates from the Haughton crater, Canada, suggest rapid
colonization of the impact-generated hydrothermal system by sulfate-reducing bacteria [12]. Tubular
ichnofossils in impact glass from the Ries crater, Germany, indicate microbial activity in a post-impact
hydrothermal system [13]. The presence of putative fossilized microorganisms in samples from the
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Dellen crater in Sweden [14] as well as fossilized biofilm in the Siljan crater [15], suggests colonization
of the hydrothermal systems, respectively. Exceptionally well preserved fungal fossils were described
in drill cores at a depth of ~170 to 220 meters below the surface from the Lockne crater (458 Ma),
Sweden [16]. The fungal fossils were preserved as carbonaceous matter, and displayed characteristic
fungal morphologies such as repetitive septa, frequent branching and anastomosis between branches
resulting in mycelium-like communities. The close association with oils and minerals interpreted as
products of the hydrothermal activity was used to relate the fossils to the post-impact hydrothermal
system, presumed to have prevailed about 10,000 years after the impact, and thus indirectly providing
an age constraint for the fossils.

With the exception of the subseafloor igneous crust, the fossil archive of the deep biosphere is
generally less explored as its living and modern counterpart [17] and age determination of those fossils is
often associated with large uncertainties. Commonly, ages of fossils are associated with the radiometric
age of the host rock and/or to major tectonic events affecting the rock, which, however, cannot directly
be assigned to microbial colonization and subsequent fossilization [18]. In recent years, application of
in situ radiometric dating of authigenic minerals produced by the ancient microbial community have
been demonstrated to be successful in gaining time constraints on the colonization, both by utilization
of U-Pb dating of secondary carbonate [19] and Rb/Sr dating of secondary calcite/fluorite-feldspar and
calcite-clay minerals [19–22]. In situ stable carbon isotope analysis of secondary calcite (δ13C), sulfide
and sulfate (δ34S, mainly for pyrite, but also chalcopyrite and barite) have been used to understand the
microbial processes (e.g., methane oxidation, methanogenesis and microbial sulfate reduction) in deep
fracture systems within the continental crystalline crust [23–26].

Here, we present in situ dating of secondary vein minerals associated with the Lockne fungal
fossils [10], which challenges the fossil association with the impact-generated system, and suggests that
fracture-reactivation due to hydrothermal activity occurred in the fracture system long after the impact
(100 Ma) and thus infers a previously unknown, younger maximum age, for the fossils. In addition, we
present microscale stable isotope data of 13C-enriched calcite suggesting the presence of methanogens
contemporary with the fungi. Collectively, the Lockne community bears close similarities to other
fossil fungal-prokaryotic consortia described in Swedish crystalline basement [23,27].

2. Geological Setting

The Lockne impact crater, Sweden, is a concentric structure with an inner crater diameter of
7.5 km developed in the crystalline basement. The oldest post-impact sediments have been dated at
458 Ma [28]. At the time of impact, the area was covered by a more than 500 m deep sea [29]. The targets
were the 1.86–1.85 Ga Revsund granitoids [30] and the 1250–1200 Ma alkali- and olivine-rich Åsby
dolerite [31] overlain by a sedimentary cover of Cambrian bituminous black mud (today alum shale)
and Ordovician consolidated limestone [32].

The drill core used in this study intersects the north-western part of the Lockne impact structure [33].
Structurally, this represents the marginal, shallower rim of the final crater, and not the deeper central
parts. The cored sequence comprises crystalline impact breccia and fractured basement rock, slump-
and resurge deposits, and secular sediments. Veins and vugs in the brecciated basement rock are partly
filled with hydrothermally formed calcite and quartz and to minor extent with pyrite, chalcopyrite,
galena and sphalerite [33]. Bitumen is abundant and associated with kerogenous matter that covers
the hydrothermal minerals as a thin film. This film is a couple of micrometers thick and has a
yellow-brownish appearance in optical microscopy. The C-rich film is associated with long, undulating
and curvilinear filaments that are preserved as complex networks forming entangled, almost chaotic
assemblages. Based on morphological traits identical to fungi the filaments were interpreted as
fossilized hyphae forming mycelia in the open pore space of the granitoids [16]. The fungi were
introduced into the system after the impact, and colonized the secondary mineralizations by the
formation of an initial biofilm from which hyphae grew and formed the mycelium (Figure 1). The fungi
were described to have colonized the rock during the hydrothermal activity and upon death become
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impregnated by oils migrating through the hydrothermal system. This process eventually preserved
the fungal mycelia as carbonaceous fossils [16].

3. Sample Material

Mineral samples with fungal mycelia (Figure 1) were taken from drill core LOC1 (total length
225.15 m), and are the samples as presented in [16]. Bitumen occurs in a section between 171.30
and 219.90 m depth in the core in veins and vugs in the fractured and brecciated basement rock.
A carbonaceous film from which fungal hyphae propagate and form complex mycelium-like networks
covers many euhedral blocky (short c-axis) calcite crystals that occur together with quartz, K-feldspar
(adularia), albite and chalcopyrite.

4. Methods

Crystals were physically removed from the fracture voids of the impact breccia, and individually
embedded in epoxy. The epoxy mounts were polished and examined by a scanning electron microscope
(SEM, Hitachi) equipped with an energy-dispersive spectrometer (EDS), at the University of Gothenburg,
Sweden. Sample characterization of the polished crystals was carried out before isotope analysis
described below.

4.1. Secondary Ion Mass Spectrometry (SIMS) Stable Isotope Analysis

Calcite and chalcopyrite crystals were mounted in epoxy, polished to expose cross-sections and
examined with SEM to trace zonations and impurities prior to SIMS analysis. Intra-crystal SIMS-analysis
(10 µm lateral beam dimension, 1-2 µm depth dimension) of sulfur isotopes in chalcopyrite and
carbon isotopes in calcite was performed on a CAMECA IMS1280 ion microprobe (CAMECA, SAS,
Gennevilliers, France) following the analytical settings and tuning reported previously [19,20]. Sulfur
was sputtered using a 133Cs+ primary beam with 20 kV incident energy (10 kV primary, −10 kV
secondary) and a primary beam current of ~1.5 nA. A normal incidence electron gun was used for charge
compensation. Analyses were performed in automated sequences, with each analysis comprising
a 70 second pre-sputter to remove the gold coating over a rastered 15 × 15 µm area, centering of
the secondary beam in the field aperture to correct for small variations in surface relief and data
acquisition in sixteen four second integration cycles. The magnetic field was locked at the beginning
of the session using a nuclear magnetic resonance (NMR) field sensor. Secondary ion signals for 32S
and 34S were detected simultaneously using two Faraday detectors with a common mass resolution
of 4860 (M/∆M). Data were normalised for instrumental mass fractionation using matrix-matched
reference materials which were mounted together with the sample mounts and analysed after every
sixth sample analysis. Results are reported as per mil (%�) δ34S based on the Canon Diablo Troilite
(V-CDT)-reference value. Up to 17 crystals were analysed from each fracture sample. In total, 37
analyses were made for δ34S (34S/32S) of chalcopyrite from 15 crystals from fracture-coating sample
185 m. The Trout Lake chalcopyrite reference material with a conventionally determined value of
+0.3%� [34] was used. Typical precision on a single δ34S value, after propagating the within run and
external uncertainties from the reference material measurements was ±0.08%�.

For calcite, 13 δ13C SIMS-analyses were performed on the same CAMECA IMS1280 described
above. Settings follow those described for S isotopes, with some differences: a Faraday cage/electron
multiplier (FC/EM) combination with mass resolution 2500 on the 12C peak and 4000 on the 13C
peak was used to resolve it from 12C1H. Influence of organic carbon was avoided by careful spot
placement to areas in the crystals without micro-fractures or inclusions and at a sufficient distance
from grain-boundaries where fine-grained clusters of other minerals and remnants of organic material
may appear. The uncertainty associated with potential organic inclusions and matrix composition
is therefore considered to be insignificant compared to the isotopic variations. Calcite results are
reported as per mil (%�) δ13C based on the Pee Dee Belemnite (V-PDB) reference value. Analyses were
carried out running blocks of six unknowns bracketed by two reference material analyses. Analytical
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transects of up to six spots were made from core to rim in the crystals. Analyses were made in three
crystals from two fracture samples (181 and 185 m). Isotope data from calcite were normalised using
calcite reference material S0161 from a granulite facies marble in the Adirondack Mountains, kindly
provided by R.A. Stern (University of Alberta). The values used for IMF correction were determined by
conventional stable isotope mass spectrometry at Stockholm University on ten separate pieces, yielding
δ13C = 0.22 ± 0.11%�V-PDB (1 std. dev.). Precision was δ13C: ±0.4–0.5%�. Values of the reference
material measurements are listed together with the samples in Tables 1 and 2.

4.2. Laser Ablation Multi-Collector Inductively Coupled Plasma Mass Spectrometry (LA-MC-ICP-MS)
87Sr/86Sr

The 87Sr/86Sr values of calcite in sample 185 m were determined by laser ablation multi-collector
inductively coupled plasma mass spectrometry (LA-MC-ICP-MS) analysis at the Vegacenter, Swedish
Museum of Natural History, Stockholm, Sweden, using a Nu plasma II MC-ICP-MS (Nu Instruments
Ltd, Wrexham, UK), and an electrospray ionization (ESI) NWR193 ArF excimer laser ablation system
(Elemental Scientific Lasers, Bozeman, MT, USA). Four of the six spots analysed for δ13C using SIMS
were also analysed for Sr isotopes by LA-ICP-MS (using larger spots). Ablation frequency was 15 Hz,
spot size was 80 µm and fluence was 2.8 J/cm2. Samples were ablated for 45 seconds, followed by
45 seconds wash-out time. The 87Sr/86Sr analyses were normalised to an in-house brachiopod reference
material ’Ecnomiosa gerda’ (linear drift and accuracy correction) using a value established by thermal
ionisation mass spectrometry (TIMS) of 0.709181 (2sd 0.000004, [35]). A modern oyster shell from
Western Australia was used as a secondary reference material and analysed at regular intervals together
with the primary reference. The accuracy of these analyses was quantified by comparison to the
modern seawater value for 87Sr/86Sr of 0.7091792 ± 0.0000021 [36]. Values of the reference material
measurements are listed together with the sample data in Table 2.

4.3. LA-ICP-MS Analyses for Rb-Sr Dating

The Rb-Sr dating system builds on the beta-decay of 87Rb to 87Sr in minerals. One or several Rb-rich
minerals (showing increased 87Sr/86Sr and decreased 87Rb/86Sr with time) along with a co-genetic
Sr-rich mineral (constant 87Sr/86Sr with time), in our case secondary adularia in paragenesis with calcite
or albite, were analysed by Rb-Sr geochronology via high spatial resolution LA-ICP-MS [37] at the
Earth Sciences Centre, University of Gothenburg, Sweden. The Rb/Sr spot analyses in fine-grained
adularia (n = 10), calcite (n = 4) and albite (n = 6 (of which 3 = rejected)) from sample 185 m and adularia
from sample 216 m (n = 13) were performed using an ESI 213NWR laser ablation system (Elemental
Scientific Lasers, Bozeman, MT, USA) connected to Agilent 8800QQQ ICP-MS (Agilent Technologies
Inc, Santa Clara, CA, USA) with an ORS3 octopole reaction system reaction cell sandwiched between
two quadrupoles. Following laser warm-up, ablation occurred with static spot mode in a constant
He flow (800 mL/min). The ablated material was mixed with N2 and Ar before entering the ICP-MS
torch region and reacted with N2O gas in the reaction cell to chemically separate 87Rb from 87Sr by
producing oxide of 87Sr, and thereby enable calculation of 87Rb/86Sr and 87Sr/86Sr ratios [38]. While the
octopole bias was set to negative voltage, N2O flow rates in the reaction cell were varied to obtain
optimal SrO+ production rates. In tandem mass spectrometry (MS/MS) mode both quadrupoles were
controlled while reactive gas was in the reaction cell with the quadrupoles set at different masses to
measure reaction products in mass-shifted mode. On mass 85Rb/mass-shifted 86Sr and mass-shifted
87Sr/mass-shifted 86Sr raw ratios were used to calculate 87Rb/86Sr and 87Sr/86Sr, respectively. 85Rb is
used as a proxy for 87Rb as it is constant on Earth and within 0.02–0.05% [39]. The raw ratios were
converted by correction factors derived from repeated analysis of reference materials NIST SRM 610
and BCR-2G, which are documented to be feasible for calibration of in situ LA-ICP-MS/MS Rb-Sr
isotopic data [37,38]. The reference materials were selected to ensure that the pulse/analog setting of
each measured isotope was identical in samples and reference materials. The NIST SRM 610 certified
reference material with 87Sr/86Sr of 0.7097 [40] was used for 87Sr/86Sr ratio calibration of the sample data.
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87Rb/86Sr calibration was performed by using glass reference material BCR-2G [41], shown in Table 3.
For 87Rb/86Sr and 87Sr/86Sr respectively, BCR-2G yielded precisions at 1.12% and 0.21%, while NIST
SRM 610 yielded 1.16% and 0.35%. The secondary reference material was LP01, a sample constituting
mm-sized euhedral biotite from granodiorite of the La Posta intrusion, California. As suggested by [37],
we use a weighted mean age of 91.6 ± 1.2 Ma derived from U-Pb TIMS, Ar-Ar and Rb-Sr studies.
The isochron age of LP01 in the analytical session was 94.2 ± 2.9 Ma (n = 13, Table 3). The resulting
ages are isochron model fits constructed using the Rb decay constant of Villa et al. [42]. Rho (ρ) values
for each spot were calculated using 85Rb/86Sr, 87Sr/86Sr and 85Rb/87Sr ratios (Table 4). Average count
rate calculation of reference material data is conducted by Glitter©, whereas sample data reduction and
within-run error calculation of important element and isotopic ratios is performed using an in-house
spreadsheet. Isotopic homogeneity is ensured through evaluation of analytically reliable laser ablation
signals on the scales of single spots, grains and assemblages (justification of rejected spots given in
Table 4). No error propagation from uncertainties in literature data or within-run errors of reference
materials is applied to sample errors as internally calculated errors are significantly larger as the
established 1.5% external errors of this method [38].

5. Results

Polished cross sections reveal growth zonation in the calcite crystals (Figure 2c). Ivarsson et al. [16]
interpreted the fossils propagating from calcite crystals as fungi based on the size and appearance
of the filaments and mycelia, as well as the presence of fungal characteristic morphologies like
frequent branching, anastomoses between branches and repeated septa. All fungal fossils including
the film are preserved as disordered carbonaceous matter according to Raman spectroscopy and
Time-of-Flight-SIMS analyses [16].
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Figure 1. (A) Photograph of a piece of drill core from 181.7 meters depth. (B) Close up from (A) of a vug 

containing fossilized mycelia. (C) Microphotograph of a calcite covered by a carbonaceous biofilm from 
Figure 1. (A) Photograph of a piece of drill core from 181.7 meters depth. (B) Close up from (A) of a
vug containing fossilized mycelia. (C) Microphotograph of a calcite covered by a carbonaceous biofilm
from which black hyphae is protruding (black arrow). (D) Environmental scanning electron microscope
(ESEM) image of fungal mycelia. (E) ESEM image of branching and coiled hyphae.
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5.1. Isotope Compositions

The overall variability of the δ13C in calcite is large, (Table 2, Figure 2), ranging from 13C-depleted
(−19.4%�, V-PDB) to 13C-enriched values (+12.3%�, V-PDB). The δ13C composition is, however, highly
sample specific, and even crystal specific. Sample 181 m has 13C-depleted values: Crystal 1 has values
of −8.8%� to −6.7%�, and crystal 2 −19.4%� to −16.9%�. In contrast, the crystal analysed in sample 185 m
has 13C-enriched composition throughout all spots (n = 6): +9.9%� to +12.7%�, as shown in the spot
transects (Figure 2d). The correlation of the isotopic variance to the growth zonation is related to minor
temporal chemical and isotopic fluctuation in the precipitating fluids. The 87Sr/86Sr values of the calcite
crystal in sample 185 m also shows small differences of 0.7444 ± 0.0015 to 0.7471 ± 0.0012 (Figure 2d).
The δ34Schalcopyrite values in sample 185 m, show a span from +0.4%� to +3.6%� V-CDT (n = 37, Table 1),
and there is no significant variation within the crystals targeted by several microanalyses (examples in
Figure 3).
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Figure 2. Transects of δ13C and 87Sr/86Sr values from microanalyses within polished calcite crystals
mounted in epoxy. (a) Back-scattered electron (BSE) image of two crystals from sample 181 m with
δ13C for each crystal transect shown in (b). (c) BSE image of a crystal from sample 185 m with δ13C and
87Sr/86Sr values shown in (d). The crystal in (c) is more heterogeneous in δ13C and BSE intensity than
crystals in (a), due to higher degree of growth zonation in the former. Note the larger spot size of the Sr
isotope analysis (80 µm, spot craters shown in Figure 4) compared to C isotope analysis (10 µm). Error
bars represent 2σ.
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Table 1. SIMS-analyses of δ34S in chalcopyrite in sample 185 m. Sample and Trout Lake chalcopyrite
reference material, in analytical sequence.

Crystal/Reference 32S cps (× 109)
34S/32S ± abs

δ34SCDT (◦) ±σ (◦)
Drift Corrected

Reference 0.66 0.0442764 0.0000017 0.36 0.06
Reference 0.68 0.0442713 0.0000023 0.24 0.07

1 0.66 0.0443742 0.0000021 2.57 0.07
1 0.66 0.0443723 0.0000018 2.52 0.07
1 0.65 0.0443817 0.0000030 2.73 0.09
2 0.66 0.0443697 0.0000026 2.46 0.08
2 0.66 0.0443756 0.0000018 2.60 0.07
3 0.65 0.0443733 0.0000019 2.55 0.07

Reference 0.66 0.0442731 0.0000013 0.28 0.06
3 0.66 0.0443553 0.0000031 2.14 0.09
3 0.66 0.0443692 0.0000023 2.45 0.07
3 0.66 0.0443696 0.0000020 2.46 0.07
3 0.66 0.0443794 0.0000029 2.68 0.08
4 0.66 0.0443826 0.0000045 2.76 0.11
4 0.66 0.0443832 0.0000020 2.77 0.07

Reference 0.66 0.0442755 0.0000018 0.34 0.07
4 0.66 0.0443779 0.0000025 2.65 0.08
5 0.65 0.0443602 0.0000021 2.25 0.07
6 0.65 0.0443216 0.0000023 1.38 0.07
7 0.66 0.0443781 0.0000026 2.65 0.08
8 0.66 0.0443895 0.0000026 2.91 0.08
8 0.66 0.0443752 0.0000024 2.59 0.07

Reference 0.66 0.0442745 0.0000027 0.31 0.08
9 0.65 0.0443958 0.0000019 3.05 0.07
9 0.65 0.0444002 0.0000023 3.15 0.07
9 0.66 0.0443685 0.0000030 2.44 0.08
9 0.66 0.0443857 0.0000017 2.83 0.06
10 0.66 0.0444065 0.0000030 3.30 0.09
10 0.65 0.0444176 0.0000021 3.55 0.07

Reference 0.64 0.0442718 0.0000022 0.25 0.07
10 0.64 0.0444125 0.0000028 3.43 0.08
10 0.63 0.0444023 0.0000035 3.20 0.09
11 0.63 0.0443028 0.0000034 0.95 0.09
11 0.64 0.0442781 0.0000025 0.39 0.08
11 0.64 0.0444033 0.0000022 3.22 0.07
12 0.64 0.0443509 0.0000027 2.04 0.08

Reference 0.64 0.0442744 0.0000020 0.31 0.07
13 0.63 0.0443912 0.0000024 2.95 0.07
13 0.64 0.0444193 0.0000022 3.59 0.07
14 0.63 0.0443902 0.0000027 2.93 0.08
14 0.64 0.0443839 0.0000021 2.79 0.07
14 0.63 0.0443679 0.0000025 2.42 0.08
14 0.66 0.0443547 0.0000032 2.12 0.09
15 0.64 0.0443929 0.0000042 2.99 0.11

Reference 0.65 0.0442740 0.0000026 0.30 0.08
Reference 0.65 0.0442776 0.0000023 0.38 0.07
Reference 0.65 0.0442705 0.0000024 0.22 0.07
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Table 2. SIMS and laser ablation multi-collector inductively coupled plasma mass spectrometry (LA-MC-ICP-MS) data for calcite. SIMS-analyses of δ13C in calcite in
samples 181 and 185 m and LA-MC-ICP-MS-analyses of 87Sr/86Sr in sample 185 m. Sample and reference material, in analytical sequence (SIMS). Reference materials
for 87Sr/86Sr are listed in table below. SD=Standard deviation, SE=Standard error.

Crystal/Reference
12C cps
[× 109]

13C/12C
(Drift Corrected)

±abs
(◦)

δ13CPDB
(◦)

±σ

(◦)
Sr isotopes

(Sampling Time)
87Sr/86Sr 1 2SD 2 84Sr/86Sr 2SE 87Rb/86Sr3 2SE Total

Sr-Beam

Reference 0.0179 0.0108741 0.0000025 0.20 0.45
Reference 0.0181 0.0108747 0.0000030 0.26 0.48
Reference 0.0180 0.0108753 0.0000025 0.31 0.45
Reference 0.0180 0.0108720 0.0000025 0.01 0.45

181 m, crystal 1 0.0184 0.0107828 0.0000030 −8.20 0.47
181 m, crystal 1 0.0187 0.0107763 0.0000027 −8.79 0.46
181 m, crystal 1 0.0184 0.0107798 0.0000032 −8.47 0.48

Reference 0.0180 0.0108795 0.0000025 0.70 0.45
181 m, crystal 1 0.0184 0.0107996 0.0000025 −6.65 0.45
181 m, crystal 2 0.0184 0.0106878 0.0000030 −16.93 0.47
181 m, crystal 2 0.0186 0.0106803 0.0000025 −17.62 0.44
181 m, crystal 2 0.0176 0.0106614 0.0000032 −19.37 0.48
185 m, crystal 1 0.0185 0.0110004 0.0000025 11.82 0.45
185 m, crystal 1 0.0184 0.0109904 0.0000041 10.90 0.54 31.0 0.7464 0.0013 0.0580 0.0038 0.00015 0.00047 0.167

Reference 0.0179 0.0108689 0.0000037 −0.27 0.51
185 m, crystal 1 0.0186 0.0110087 0.0000028 12.58 0.47 30.6 0.7466 0.0012 0.0602 0.0047 <DL 0.140
185 m, crystal 1 0.0184 0.0109799 0.0000042 9.93 0.55 31.0 0.7471 0.0012 0.0548 0.0035 0.00014 0.00028 0.238
185 m, crystal 1 0.0183 0.0110098 0.0000034 12.68 0.50 31.0 0.7444 0.0015 0.0578 0.0047 0.00010 0.00051 0.144
185 m, crystal 1 0.0187 0.0109870 0.0000027 10.58 0.46

Reference 0.0179 0.0108738 0.0000028 0.17 0.47
Reference 0.0179 0.0108801 0.0000029 0.75 0.47
Reference 0.0179 0.0108717 0.0000025 −0.02 0.45
Reference 0.0176 0.0108796 0.0000031 0.71 0.48
Reference 0.0177 0.0108739 0.0000028 0.19 0.46
Reference 0.0174 0.0108713 0.0000026 −0.05 0.45



Geosciences 2019, 9, 202 9 of 22

Table 2. Cont.

Measurements of Sr isotope reference materials
Primary reference material: ’Ecnomiosa gerda’

Spot Number Sampling
Time

87Sr/86Sr1 2SD2 84Sr/86Sr 2SE 87Rb/86Sr3 2SE Total
Sr-Beam

1 30.8 0.70914 0.00019 0.05629 0.00017 0.000055 0.000025 3.26
2 30.4 0.70923 0.00015 0.05657 0.00018 0.000047 0.000017 3.77
3 30.4 0.70906 0.00015 0.05646 0.00017 0.000007 0.000024 4.02
4 30.8 0.70926 0.00016 0.05656 0.00014 0.000043 0.000016 4.36
5 30.4 0.70914 0.00016 0.05646 0.00014 0.000055 0.000016 4.04
6 30.8 0.70921 0.00015 0.05658 0.00017 0.000035 0.000016 4.10
7 31.2 0.70913 0.00017 0.05656 0.00016 0.000031 0.000021 3.61
8 30.4 0.70913 0.00019 0.05646 0.00013 0.000009 0.000015 4.22
9 30.4 0.70915 0.00024 0.05642 0.00021 0.000015 0.000025 2.81

10 30.4 0.70908 0.00021 0.05639 0.00020 0.000036 0.000021 3.29
11 30.8 0.70923 0.00017 0.05650 0.00018 0.000043 0.000018 3.55
12 30.4 0.70918 0.00018 0.05640 0.00019 0.000047 0.000019 3.51
13 30.8 0.70923 0.00016 0.05643 0.00013 0.000065 0.000017 3.96

Average 0.70917 0.05647
2 SD 0.00012 0.00017

Secondary reference material: modern oyster shell from Western Australia

Spot Number Sampling
Time

87Sr/86Sr1 2SD2 84Sr/86Sr 2SE 87Rb/86Sr3 2SE Total
Sr-Beam

1 29.2 0.70915 0.00019 0.05666 0.00032 0.000050 0.000036 2.23
2 29.2 0.70932 0.00019 0.05664 0.00024 0.000079 0.000025 2.50
3 29.6 0.70927 0.00020 0.05616 0.00026 0.000109 0.000030 2.50

Average 0.70925 0.05649
2 SD 0.00017 0.00057

Modern seawater: 87Sr/86Sr = 0.7091792 ± 0.0000021 (Mokadem et al. (2015)) 1 normalised to reference value for primary reference material ‘Ecnomiosa gerda’ (TIMS: 87Sr/86Sr = 0.709181 ±
0.000004, Kiel et al., (2014)). 2 propagated 2SD from repeated reference material measurements. 3 87Rb was calculated from 85Rb (Rb-Factor = 0.3861), <DL = below detection limit.
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Table 3. LA-ICP-MS in situ Rb-Sr data of reference materials.

Primary 87Rb/86Sr Reference Material: BCR-2G

Spot No. Spot Size (µm) 87Rb/86Sr 1s error (%) 87Sr/86Sr 1s Error (%) ρ Age Error Ratio RSE Signal Length (sec)

6 50 0.3917 0.75% 0.70217 0.27% 0.18 - 0.67% 65
25 50 0.3994 0.64% 0.70428 0.32% 0.23 - 0.81% 65
26 50 0.3966 0.62% 0.70494 0.22% 0.14 - 0.54% 65
47 50 0.3941 0.58% 0.70713 0.30% 0.20 - 0.74% 65
48 50 0.3865 0.67% 0.70684 0.28% 0.44 - 0.73% 65
72 50 0.3920 0.53% 0.70481 0.28% 0.28 - 0.68% 65
73 50 0.3841 0.61% 0.70376 0.29% 0.23 - 0.72% 65
95 50 0.3935 0.62% 0.70451 0.27% 0.17 - 0.64% 65
96 50 0.3895 0.53% 0.70536 0.25% 0.35 - 0.63% 65

119 50 0.3858 0.64% 0.70474 0.22% 0.32 - 0.59% 65
120 50 0.3914 0.70% 0.70619 0.31% 0.29 - 0.78% 65
146 50 0.3884 0.52% 0.70788 0.25% 0.16 - 0.61% 65
147 50 0.3933 0.59% 0.70478 0.31% 0.19 - 0.74% 65
170 50 0.3886 0.81% 0.70568 0.38% 0.39 - 1.00% 50
171 50 0.3870 0.57% 0.70518 0.28% 0.17 - 0.66% 65
191 50 0.3906 0.60% 0.70494 0.27% 0.28 - 0.70% 65
192 50 0.3896 0.60% 0.70518 0.26% 0.23 - 0.66% 65
213 50 0.3860 0.67% 0.70455 0.28% 0.34 - 0.77% 65
214 50 0.3819 0.65% 0.70204 0.33% 0.44 - 0.85% 65

Average 0.39 0.70500
SD 1.12% 0.21%

Primary 87Sr/86Sr Reference Material: NIST-SRM-610

Spot No. Spot Size (µm) 87Rb/86Sr 1s Error (%) 87Sr/86Sr 1s Error (%) ρ Age Error Ratio RSE Signal Length (sec)

1 50 2.3244 0.36% 0.70436 0.28% 0.41 - 0.81% 65
2 50 2.3246 0.44% 0.70910 0.23% 0.37 - 0.69% 65
3 50 2.3651 0.38% 0.71060 0.28% 0.32 - 0.82% 65
4 50 2.3469 0.42% 0.71208 0.25% 0.25 - 0.73% 65
23 50 2.3611 0.41% 0.71341 0.27% 0.24 - 0.75% 65
24 50 2.3586 0.41% 0.71120 0.34% 0.36 - 1.00% 65
45 50 2.3320 0.35% 0.70624 0.26% 0.20 - 0.75% 65
46 50 2.3416 0.42% 0.70980 0.32% 0.33 - 0.90% 65
70 50 2.3375 0.68% 0.70592 0.33% 0.45 - 0.95% 65
71 50 2.3407 0.57% 0.71322 0.32% 0.39 - 0.92% 65
93 50 2.3685 0.51% 0.71297 0.37% 0.31 - 1.10% 65
94 50 2.3635 0.63% 0.70978 0.27% 0.26 - 0.77% 55

117 50 2.3586 0.41% 0.70905 0.27% 0.32 - 0.81% 65
118 50 2.3488 0.45% 0.71169 0.24% 0.28 - 0.69% 65
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Table 3. Cont.

Primary 87Sr/86Sr Reference Material: NIST-SRM-610

Spot No. Spot Size (µm) 87Rb/86Sr 1s Error (%) 87Sr/86Sr 1s Error (%) ρ Age Error Ratio RSE Signal Length (sec)

144 50 2.3456 0.51% 0.71069 0.32% 0.29 - 0.92% 65
145 50 2.3474 0.48% 0.71028 0.23% 0.33 - 0.70% 65
168 50 2.3556 0.53% 0.70719 0.27% 0.28 - 0.79% 65
169 50 2.3328 0.38% 0.71201 0.29% 0.33 - 0.83% 65
189 50 2.3042 0.43% 0.70903 0.25% 0.43 - 0.74% 65
190 50 2.2924 0.40% 0.70751 0.25% 0.33 - 0.74% 65
211 50 2.2880 0.42% 0.71029 0.23% 0.19 - 0.64% 65
212 50 2.2683 0.55% 0.70698 0.30% 0.36 - 0.87% 40

Average 2.3366 0.7097
SD 1.16% 0.35%

Secondary Reference Material: La Posta

Spot No. Spot Size (µm) Mineral 87Rb/86Sr 1s error (%) 87Sr/86Sr 1s error (%) ρ Age Error Ratio RSE Signal Length (sec) Status Note

15 50 Biotite 849 4.32% 1.83 4.26% 0.94 3.63% 13.15% 55
16 50 Biotite 1025 5.23% 2.03 5.03% 0.94 4.29% 29.62% 55
51 50 Biotite 891 21.45% 1.97 21.22% 0.95 9.81% 22.48% 10 rejected short signal
52 50 Biotite 250 5.01% 1.03 4.06% 0.67 12.02% 12.49% 30
53 50 Biotite 261 4.93% 1.06 4.12% 0.76 12.45% 15.29% 30

99 50 Biotite 35.2 10.92% 0.764 1.37% 0.78 50.36% 3.86% 65 rejected unstable ablation,
high 87Rb/86Sr error

100 50 Biotite 261 3.54% 1.06 2.73% 0.76 6.07% 6.75% 58
123 50 Biotite 512 4.34% 1.39 3.56% 0.87 4.91% 11.94% 60
124 50 Biotite 858 4.61% 1.83 4.31% 0.92 3.60% 11.24% 67
150 50 Biotite 140 5.14% 0.896 2.49% 0.65 12.29% 8.81% 37
151 50 Biotite 185 4.11% 0.947 3.19% 0.75 17.51% 15.68% 60
203 50 Biotite 53.4 14.51% 0.904 4.84% 0.25 39.23% 11.82% 8 rejected short signal

204 50 Biotite 19.1 24.36% 0.792 3.31% 0.13 59.06% 8.89% 15 rejected unstable ablation,
high 87Rb/86Sr error

Initial 87Sr/86Sr: 0.70483 ± 0.00014 [37]; Isochron age: 94.2 ± 2.9 Ma, MSWD=0.101.
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Table 4. LA-ICP-MS in situ Rb-Sr data of samples 216m and 185m. nd = not detected.

Sample: 216m

Spot No. Spot Size (µm) Mineral 87Rb/86Sr
1s error

(%)
87Sr/86Sr

1s error
(%) ρ Age Error Ratio

RSE
Ablation Length

(sec) Status Note

1 50 K-feldspar 17.0 0.70% 1.06 0.49% 0.54 1.25% 1.41% 65
2 50 K-feldspar 17.9 1.68% 1.06 0.72% 0.75 1.40% 2.02% 65
3 50 K-feldspar 20.4 1.63% 1.12 0.79% 0.51 1.87% 2.42% 25
4 50 K-feldspar 15.6 1.31% 1.03 0.53% 0.69 1.22% 1.62% 65
5 50 K-feldspar 16.8 0.94% 1.05 0.51% 0.45 1.33% 1.46% 50
6 50 K-feldspar 13.8 0.73% 1.00 0.72% 0.67 2.03% 2.07% 35
7 50 K-feldspar 17.3 0.86% 1.07 0.63% 0.64 1.43% 1.91% 40
8 50 K-feldspar 15.0 0.64% 1.02 0.67% 0.52 1.91% 1.96% 30
9 50 K-feldspar 13.0 0.91% 0.981 0.53% 0.31 1.88% 1.57% 40

10 50 K-feldspar 14.3 0.71% 1.00 0.47% 0.63 1.24% 1.32% 60
11 50 K-feldspar 11.7 0.77% 0.962 0.54% 0.57 1.74% 1.58% 40
12 50 K-feldspar 14.7 0.90% 1.00 0.53% 0.55 1.52% 1.63% 55
13 50 K-feldspar 15.8 1.52% 1.03 0.64% 0.67 1.49% 1.86% 65
14 50 K-feldspar 32.9 2.43% 1.29 1.06% 0.79 1.50% 3.13% 30 rejected unstable ablation, age mix?
15 50 K-feldspar 37.0 62.90% n.d. n.d. 3.99 88.04% 66.99% 5 rejected short ablation
16 50 K-feldspar 30.1 25.84% 1.32 36.36% −1.06 78.49% 63.24% 5 rejected short ablation
17 50 Albite 3.01 0.87% 0.771 0.39% 0.27 12.49% 1.11% 30 mineral sample from 185m
18 50 Albite 3.59 0.81% 0.781 0.30% 0.19 6.87% 0.87% 55 mineral sample from 185m
19 50 Albite 4.19 0.93% 0.783 0.39% 0.25 8.07% 1.13% 40 mineral sample from 185m
20 50 Albite 1.16 15.86% 0.773 1.61% −0.11 47.10% 16.29% 65 rejected high 87Rb/86Sr errors
21 50 Albite 3.72 7.93% 0.805 2.32% 0.47 35.30% 6.16% 30 rejected high 87Rb/86Sr errors
22 50 Albite 3.10 8.69% 0.796 1.77% 0.28 47.17% 4.36% 30 rejected high 87Rb/86Sr errors

Sample: 185m

Spot No. Spot Size (µm) Mineral 87Rb/86Sr
1s Error

(%)
87Sr/86Sr

1s Error
(%) ρ Age Error Ratio

RSE
Ablation Length

(sec) Status Note

23 50 K-feldspar 241 1.24% 1.93 1.21% 0.87 1.01% 3.62% 65
24 50 K-feldspar 263 1.92% 2.06 1.69% 0.86 1.36% 5.33% 50
25 50 K-feldspar 158 1.43% 1.57 0.99% 0.82 1.03% 2.90% 60
26 50 K-feldspar 203 2.22% 1.73 1.74% 0.93 1.35% 4.94% 60
27 50 K-feldspar 212 1.51% 1.83 1.34% 0.87 1.19% 3.93% 60
28 50 K-feldspar 222 1.41% 1.84 1.08% 0.81 1.06% 3.15% 65
29 50 K-feldspar 169 1.34% 1.61 1.20% 0.85 1.24% 3.42% 60
30 50 K-feldspar 166 1.37% 1.57 1.19% 0.80 1.37% 3.60% 60
31 50 K-feldspar 169 1.52% 1.63 1.59% 0.75 1.85% 4.31% 60
32 50 K-feldspar 546 2.60% 3.17 2.46% 0.95 1.07% 7.34% 60 rejected unstable ablation, high errors
33 50 K-feldspar 182 1.78% 1.66 1.36% 0.90 1.15% 4.11% 60
34 50 Calcite - - 0.752 0.68% 0.17 - - 55
35 50 Calcite - - 0.745 1.26% −0.39 - - 15
36 50 Calcite - - 0.759 2.24% −0.11 - - 25
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5.2. Rb/Sr Dating

The isochron constructed from 10 LA-ICP-MS analyses of adularia and three LA-ICP-MS analyses
in addition to four LA-MC-ICP-MS analyses of calcite for sample 185 m yield an age of 356.6 ± 6.7 Ma
(Figure 4, Table 4). Adularia crystals from sample 216 m paired with albite acquired in the 185 m
fracture yield an age of 1457 ± 63 Ma (Appendix A Figure A1), but as this age represents fracture
formation at more than 1 Gyr before the Lockne impact structure formed, we do not discuss it in more
detail. It is, nevertheless, an important and expected observation that shows that pre-existing fractures
were reactivated during the impact.

6. Discussion

The isotope record of the carbonate and sulfide crystals serves as an archive for processes in the
fracture system over long time periods [19,20,43,44]. In the following sections the various (mostly
microbial) processes that can be responsible for the observed isotope signatures are discussed. It is
important to emphasize that the isotope composition of the minerals may represent the result of one
or several (cryptic) processes in the fracture system. These processes (when biological) are usually
distinguished by the kinetic isotope effect that occurs when microbial populations utilize a substrate
(i.e., they alter the isotope composition due to preferential utilization of a specific isotope). In addition,
the source of the C and S compounds and processes occurring during transport can also influence the
isotope composition before the element is incorporated into a mineral. Several of the potential source
compounds may also overlap in isotope composition making certain diagnostic determinations about
processes and sources difficult when using isotope composition of minerals only. Abiotic fractionation
can also overlap in magnitude with microbial fractionation, which may inhibit certain conclusions
about microbial processes in the fracture system. However, some magnitudes of isotope fractionation
and systematics have been used extensively as diagnostic tracers for specific microbial processes.
These include C isotope markers for methanogenesis and methane oxidation and S isotope markers for
microbial sulfate reduction [45–48].

6.1. Ancient Methanogenesis in the Fracture Voids

Methane is usually 13C-depleted compared to other carbon compounds [49], especially when the
methane is microbial in origin. As a consequence of the fractionation occurring during methanogenesis,
which discriminates against 13C, the residual CO2 becomes 13C-rich [50]. Subsequent involvement of
the residual C into precipitating carbonate minerals is therefore a useful diagnostic C-isotope tracer
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for methanogenesis, for instance by 13C-rich secondary carbonates in sedimentary basins [51] or in
fractured crystalline rocks in the Fennoscandian shield [24,43,52,53]. The significantly 13C-enriched
calcite in the Lockne sample 185 m (δ13Ccalcite values as heavy as +12.7%�, Figure 2d) is thus a strong line
of evidence for microbial methanogenesis in situ in the deep fracture system especially since potential
abiotic methane-forming chemical processes such as serpentinization, graphite metamorphism or
Fischer-Tropsch type reactions [54,55] are unlikely under the local physico-chemical and geological
conditions. Strong 13C-enrichment in carbonate is typically associated with microbial methane formed
by carbonate reduction, as opposed to acetate (methyle-type) fermentation that involves smaller kinetic
carbon isotope effects [56]. Heavy δ13CCO2 values are particularly typical for secondary microbial
methane formed from thermogenic precursors [56], which may involve a previous methane oxidation
step that can occur anaerobically, if associated with microbial reduction of e.g., sulfate [56]. Sulfide
minerals can form as a result of microbial sulfate reduction (MSR) and the chalcopyrite observed in
sample 185 m may, therefore, have formed due to MSR in a step preceding methanogenesis. The MSR
metabolism involves a kinetic isotope effect that discriminates against 34S resulting in production of a
typically strongly 34S-depleted hydrogen sulfide [57]. As there is no significant S isotope fractionation
during sulfide precipitation the δ34Ssulfide composition serves as a diagnostic marker for MSR, because
abiotic sulfate reduction at higher temperatures involves smaller fractionation [58]. However, the
δ34Schalcopyrite values determined by SIMS (+0.4 to 3.6%�) are not very depleted. The initial δ34S
composition of the sulfate in the system is unknown, which makes estimates of the fractionation
difficult. If we anticipate that the source sulfate had a similar composition as Paleozoic seawater (+15 to
+35%� [59]) an isotope enrichment of 10–35%� would be needed to produce the detected δ34Schalcopyrite

values. This degree of isotope enrichment and uncertainty of initial sulfate composition, inhibit any
certain interpretation of the δ34Schalcopyrite values as microbial in origin, because they cannot be fully
distinguished from thermochemical reduction, and furthermore are overlapping with hydrothermal
sulfide of magmatic origin [58,60,61]. Rayleigh isotope reservoir effects may also have occurred in the
fracture system, which can modify the S isotope signature significantly [20].

The overall low δ13Ccalcite values of the 181 m sample are more in line with an organic origin, such
as plants or oil/petroleum/kerogen/bitumen [62,63], and may reflect microbial utilization (oxidation) of
such carbon sources, for instance coupled with sulfate reduction. The crystal-specific δ13C variance
in this sample can be due to temporal variation of the microbial processes and substrates in the
fracture and/or due to spatial micro-scale variability within the fracture voids, as reported in other
deep fractured bedrock systems in the Fennoscandian Shield [19,24]. Organic compounds may have
descended from overlying, but presently completely eroded Paleozoic sedimentary successions that
once covered the Fennoscandian shield [64]. Thermochronological studies show that the sedimentary
successions had considerable thickness in the mid-Paleozoic era [65]. Infiltration of bitumen and other
organic compounds of surficial origin into the crystalline bedrock occurred presumably from thermally
heated organic-rich shales in the lower parts of the sedimentary pile [19,66] of the Fennoscandian shield,
and elsewhere (e.g., UK and Australia [67,68]). Putative bitumen occurrences have also been reported
from the Lockne fracture system [33], and may thus have been influential for the deep biosphere
community in the deep fracture system.

6.2. New Age Constraints for the Fracture Assemblage in the Impact Structure and Microbial Communities

The age of the feldspar-calcite assemblage in sample 185 m of 356.6 ± 6.7 Ma (Figure 4) is about
100 Myr younger than the estimated age of the impact [28]. The fracture system and mineral paragenesis
of the impact structure have previously been considered to be of the same age as the impact [33], and
consequently the fossilized microbial communities (dominantly fungi) observed in the fracture system
have been assigned the same age [16]. Our new radiometric age determination requires an updated
model for the timing of the fracture system activation in the impact structure, and consequently also for
the preserved microbial remains within this system. The obtained age, at the Devonian–Carboniferous
transition, is in line with secondary mineral assemblages in fractures elsewhere in the Fennoscandian



Geosciences 2019, 9, 202 15 of 22

shield, i.e., feldspar-calcite veins, with fossilized microorganisms at 300 m depth at Forsmark, Sweden,
dated to between 355 ± 14 and 402 ± 10 Ma, and at Oskarshamn dated to 358 ± 12 and 393 ± 15 Ma by in
situ Rb/Sr geochronology [19–21]. At Forsmark, a few calcite crystals showed methanogenesis-related
13C-rich composition, and/or 13C-depleted values typical for anaerobic oxidation of methane [19,21].
This suggests that a regional fracture-activation event at these times enabled fluid circulation, which
induced microbial activity and secondary mineral formation in the bedrock. Fluids from overlying
organic-rich shales were at this event allowed to descend into the deeper crystalline bedrock fracture
network, such as the deeply fragmented bedrock at Lockne and thereby provided substrates to the
otherwise energy-poor deep biosphere.
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Figure 4. In situ Rb-Sr dating results of the 185m sample with (a) the isochron diagram and data,
and (b,c) individual spots marked as black circles on BSE images of the analysed adularia and calcite
mineral grains.

Fluid inclusions of secondary calcite from the current drill core have indicated fluids with a
salinity around 20 eq. wt% CaCl2 corresponding to brine, and homogenization temperatures in the
range of 77–218 ◦C [33], which at least for the salinities correspond to fluid inclusions in similar fracture
coating calcite in Oskarshamn and Forsmark in Sweden, from southern Finland, and to Caledonian
mineralizations [19,53,69–71]. The δ18O values of calcite and quartz [33,72] at Lockne are also in
line with compositions of the fracture-filling calcite reported from other parts of the Fennoscandian
shield [19,53,69–71,73]. Most of the fluid inclusion homogenization temperatures in the previous
study [33] were in the 100–180 ◦C range, which is generally too high for microbial activity. The large
temperature span of 77–218 ◦C, however, does suggest that fluid temperatures dropped at later stages
of the fluid circulation event in the fractures. During the early part of the fluid circulation when
temperatures were >100 ◦C, K-feldspar-albite-calcite-quartz formed and thermally mature bitumen
was probably transported from overlying sediments, because asphaltite can become viscous and
mobilized at elevated temperatures [66]. The occurrence of methane in the fluid inclusions in calcite of
this stage also marks mobility of thermogenic hydrocarbons from the shale source [33] into the deeper
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fracture system. When temperatures decreased after the initial phase of hydrothermal circulation, deep
subsurface microbial communities could use the bitumen as an energy source by oxidizing the organic
matter and subsequently producing secondary methane as discussed above, as well as sustaining
heterotrophic eukaryotic activity in the form of fungi. This late stage calcite formation is in line with
brine type fluid inclusions with lower homogenization temperatures, down to 77 ◦C, which is more
suitable for microbial colonization, or alternatively a group of calcite crystals in the 50–70 ◦C span [33].

The revised radiometric ages of the fracture re-activation set the fungal colonization in a different
environmental context. At the time of the impact, the area was covered by a shallow sea [33], and it
was believed that marine fungi were introduced into the impact-generated hydrothermal system by
ingress of seawater through the fractured oceanic crust [16]. Similarly, a seawater origin is suggested
for biological material responsible for sulfur reduction in the Rochechouart impact crater in France [74].
However, 356 Myr ago the current area of the Fennoscandian shield hosting the Lockne crater was
not marine but continental [31], which indicates that the fungi are not marine but represent fungi
belonging to the continental deep biosphere at that time. Although the brine-type fluid inclusions of
the calcites may, at first glance, point to a marine origin, it is relevant to consider that deep continental
brines are result of several different processes. In addition to marine infiltration, these processes
include prolonged water-rock interaction, mixing of fluids with different sources, concentration during
freezing and descent of sedimentary brines [75–78]. The latter has importance in Canada where this
process has been studied extensively [79]. There, it has been suggested that deep continental brines
result from infiltration of saline water to the crystalline basement aquifer from basinal sedimentary
brines and evaporites when the shield was covered by sedimentary successions in the Paleozoic [79].
This means that brines may develop under continental conditions if marine sedimentary successions
overlay the shield.

Contemporaneous methanogenesis is in agreement with previous fossilized fungal-prokaryotic
communities in granitic deep settings [23], and suggest a potential synergy. Methanogenic activity and
formation of sulfides indicates anoxic conditions in the system and explain the pristine carbonaceous
nature of the fungal fossils and lack of mineralization by clays and Fe-oxides, which is common among
fungal fossilization in oxygenated deep environments and dominates the findings in the oceanic
crust [80].

Although impact craters and associated impact-generated hydrothermal systems likely are
favourable environments for microbial life [1,2] owing to their increased pore space for endolithic
communities, and heat convection favourable for ecosystems [5], our revised model for the ancient
Lockne microbial community shows that colonization took place long after the impact, in contrast to
previous models. The role of the impact-induced hydrothermal system is, therefore, negligible for the
fossilized community observed in the fractures. Instead, reactivation of the fractures occurred 100 Myr
after the impact event, in a post-Caledonian extension event documented previously throughout the
Fennoscandian shield. Fractures and pore space opened as a result of the impact thus likely provided
pathways for the extension-related fluids. However, the extent of reutilization is likely to be local
given that the relatively small amounts of melt rocks are scattered along the crater rims, implying
that small-scale hydrothermal cells did not produce extensive wall-rock dissolution. This extension
correlates with a heating episode in the crystalline basement of southern Sweden that relates to burial
by Caledonian foreland sediments [65], whereas Caledonian nappe structures overthrusted the Lockne
area during the Silurian and early Devonian [81]. Tectonothermal or thermometamorphic overprinting
has caused resetting of 40Ar/39Ar melt rock ages in several impact structures, including Gardnos in
Norway [82], Acraman in Australia [83] and Charlevoix in Canada [84]. Following rapid uplift after
Caledonian orogenic collapse, thermochronology records temperatures of 250–300 ◦C at 350 Ma [85]
towards western Norway where the metamorphic temperatures were the highest during the orogeny
as well as in northwestern Norway [86]. In the nappes immediately west to the Lockne area, cooling
rates of 15 ◦C/Myr brought the rocks through 475 ◦C at 425 Ma [87]. Similar rapid cooling episodes
at 350 Ma in western Norway have been attributed to extension concurrent with rapid uplift [88].
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Despite the fact that the Rb-Sr isotopic system is more resistant to heating than Ar systems, the lack of
thermochronological constraints in the Lockne area at 350 Ma means that temperatures high enough
to disturb the radiogenic chronometer cannot be ruled out. However, the hydrothermal minerals of
Lockne neither feature any traces of such an overprint in terms of diffusion or dissolution textures
nor radiogenic isotopic inhomogeneity or disturbances on spatial and depth scales. Furthermore,
no signs of severe degradation of the fossils are observed, which would certainly be expected if
experiencing a regional thermal event. Instead, the pristine fungi structure indicates precipitation
through extension-facilitated hydrothermal activity where bituminous material from overlying shales
was introduced into the fracture system and provided energy for microbial activity. In that sense,
the majority of the studied hydrothermal mineralizations are not impact induced and thus not of
astrobiological importance in a Martian context as was previously suggested [16].

7. Conclusions

The age of previously described fungal fossils from the Lockne crater (458 Ma), Sweden, is here
revised. In situ Rb/Sr dating of secondary calcite-feldspar (356.6 ± 6.7 Ma) shows that the fungal
colonization is not associated with the impact-induced hydrothermal system but took place at least
100 Myr after the impact event. This revised age excludes the previous notion that marine fungi were
introduced by seawater recharge, and instead suggests that the fungi may have been established in
the deep continental crust underneath remnant marine successions already at 356 Ma or shortly after.
Microscale stable isotope data of 13C-enriched calcite further suggest methanogenesis occurred in the
fracture system, potentially in synergy with the fungi.
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