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Abstract Deep fracture-hosted fluids of Precambrian bedrock cratons are relatively stagnant over long time
spans compared to near-surface systems. However, episodic events, such as fracture reactivations,
transgressions, and deglaciations, may introduce dilute water, replacing, and mixing with the deep continental
brines, thereby sparking microbial activity. Secondary minerals that line bedrock fractures serve as important
geochemical archives for such episodic events. Here we explore the fracture mineral record of Archean rocks of
Western Greenland by analyzing samples from deep boreholes with the aim to trace and characterize episodic
paleofluid flow and paleomicrobial activity. A sequence of hydrothermal to low temperature fluid flow events is
demonstrated. For the youngest generation, microscale S-isotope analysis of pyrite reveals substantial >*S-
depletion (minimum &°*S:—58%0V-CDT) compared to fracture-hosted barite (8°*S:13%o + 2%o) and gypsum
(6%*8:2.6%0—10.6%o0). This suggests the formation of pyrite following S isotope fractionation during microbial
sulfate reduction. This metabolism is further indicated by several methyl-branched fatty acids preserved in
calcite. A general discrepancy between calcite and groundwater 5'80-values suggests that calcite formed from
water different from the presently residing glacial meltwater-influenced groundwater mix. High spatial
resolution U-Pb carbonate geochronology of the youngest generation of calcite yielded ages for two samples:
64 + 3,75 £ 7 Ma (20). These ages overlap with tectonic events related to early stages, or prestages, of the
opening of the Atlantic and Labrador Seas. This suggests that deep fracture networks in Western Greenland
were colonized by microorganisms, such as sulfate reducers, in the course of this extensional event.

1. Introduction

Deep fracture waters of Precambrian bedrock cratons are considered as relatively stagnant over long time spans
compared to near-surface systems (Gimeno et al., 2023; Holland et al., 2013; Kietdviinen et al., 2014). Episodic
events, such as fracture reactivation, transgressions, and deglaciations, can disrupt the prevailing conditions by
introducing water of different compositions, for example, dilute glacial water that mixes with residing brines
(Goémez et al., 2014). If ambient conditions stabilize, microbial blooms may result from infiltration of surficial
microbial taxa (Westmeijer et al., 2022) fueled by substrates in the form of dissolved organic carbon (Hubalek
et al., 2016; Osterholz et al., 2022) and by emerging geochemical gradients (Pedersen et al., 2014). Such events
may induce mineral oversaturation with resultant mineral precipitation on fracture walls (Drake, Astrom,
et al., 2015; Sahlstedt et al., 2016). These minerals serve as important archives for past events of fracture
reactivation, fluid circulation, and microbial activity, owing to the geochemical information they contain in the
form of isotopic composition and trapped fluid inclusions (Drake, Heim, et al., 2017; Milodowski et al., 2018;
Sandstrom & Tullborg, 2009; Tullborg et al., 1999, 2008). These mineral archives uncover discrete tectonic
events within cratons and temporal variation in physicochemical conditions (e.g., temperatures and salinity) as
well as habitable conditions for microbial colonization of the deep subsurface (Drake & Reiners, 2021).

In terms of paleohydrogeology in previously glaciated areas, there have been studies using fracture coating
minerals in Finland (Blyth et al., 2002, 2004; Sahlstedt et al., 2010; Seitsamo-Ryyninen et al., 2022), Sweden
(Drake, Ivarsson, et al., 2018; Tullborg et al., 1999, 2008), and the UK (Milodowski et al., 2018). These have
seldom shown clear glacial meltwater-related mineral precipitates. There are also studies using a
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paleohydrogeological approach based on groundwater chemistry of present-day waters (Gémez et al., 2014;
Pitkédnen et al., 2009; Stotler et al., 2009, 2012), showing that glacial components are clearly distinguishable in the
fluid chemical signatures. To date, however, no paleohydrogeology investigations based on fracture coatings have
been carried out in recently glaciated terrains. Consequently, little knowledge of potential mineralogical imprints
caused by circulation of glacial meltwater and subpermafrost waters exists.

For the detection of biosignatures for ancient microbial activity, studies of Precambrian cratons have so far
focused on the Fennoscandian shield, particularly in Sweden (Drake, Astrom, et al., 2015; Drake, Heim,
et al., 2017; Drake, Roberts, et al., 2021; Drake et al., 2023; Clauer et al., 1989; Sandstrom & Tullborg, 2009;
Tullborg et al., 1999) and Finland (Sahlstedt et al., 2010, 2013, 2016). The dominance of Fennoscandian shield
data in this field of research is related to extensive nuclear waste repository research in these countries, featuring
deep drilling of cored boreholes. These studies investigated Paleoproterozoic (1.87-1.8 Ga) rocks and reported
large ranges in 8'>C values in calcite associated with microbial methane consumption and formation (—125%o to
+37%0), 8**S values in pyrite associated with microbial sulfate reduction (MSR, —54%o to +147%.) (Blyth
et al., 2000; Clauer et al., 1989; Drake, Astrém, et al., 2015; Drake, Heim, et al., 2017; Drake, Roberts,
et al., 2021; Sahlstedt et al., 2013, 2016; Tullborg et al., 1999), fossilized remnants of prokaryotes (Pedersen
et al., 1997) and eukaryotes (Drake, Ivarsson, et al., 2021; Ivarsson, Broman, et al., 2013) as well as organic
molecules of microbial origin (Drake, Astrom, et al., 2015; Heim et al., 2012). Although not belonging to a
Precambrian craton, fracture coatings in the Toki granite in Japan have also shown signals of methane oxidation,
tracked by C isotope measurements of calcite (Mizuno et al., 2023). Geochronology investigations from the
Fennoscandian shield show that mineral coatings with biosignatures have formed in the Phanerozoic at intervals
410-360, 160-170, 80-13 Ma (Drake, Heim, et al., 2017; Drake, Whitehouse, et al., 2018; Drake et al., 2019;
Drake, Roberts, et al., 2021; Ivarsson et al., 2020; Tillberg et al., 2019), that coincide with thermochronology
models showing crustal habitability at these times (Drake & Reiners, 2021). Biosignatures have also been
detected in veins and vugs of oceanic crust, both in international oceanic drilling campaigns (Bengtson
et al., 2014; Ivarsson, Bengtson, et al., 2013; Ivarsson et al., 2015), and in ophiolites (Carlsson et al., 2019;
Ivarsson et al., 2019; Lima-Zaloumis et al., 2022), as well as in impact craters (Drake et al., 2019; Parnell
et al., 2010; Simpson et al., 2017). Since studies of biosignatures of ancient life in fracture networks of Pre-
cambrian basement rocks outside of the Fennoscandian shield are scarce, there is little knowledge of how
widespread signs of ancient life are in the vast ecosystem that the continental Precambrian crust represents.

Here we explore the fracture mineral record of Archean rocks by analyzing drill cores from boreholes near the
margin of the continental ice sheet of Western Greenland. The investigations aim at gaining knowledge of
paleofluid circulation and of potential paleomicrobiological signatures in the Precambrian craton, which is still
unexplored in this context. The data set includes (a) high spatial resolution S isotope analysis of pyrite crystals, (b)
C, O and Sr isotope analysis of calcite crystals, (c) S and O analysis of barite crystals, (d) conventional bulk
sample analysis of C, O, Sr in calcite, (¢) molecular analysis of calcite-trapped organic compounds, (f) fluid
inclusion microthermometry analysis of calcite crystals, and (g) high spatial resolution U-Pb carbonate
geochronology. We compare the results with hydrochemical data of fracture waters from the same borehole
sections (Harper et al., 2016) to distinguish modern precipitates, particularly of glacial origin, in a cryogenic
subsurface environment. This study also provides additional information on the neotectonic evolution of Western
Greenland and on the opening of the North Atlantic, connecting to recent works on calcite veins linked to the
opening of the Atlantic, for example, on the Faroe Islands (Roberts & Walker, 2016).

2. Geological Setting, Hydrogeology, Microbiology

The Kangerlussuaq area in central west Greenland is in an ice-free coastal zone. Barren bedrock ridges and stream
valleys trending E-NE to W-SW dominate the landscape in front of the ice sheet. The stream valleys are sub-
parallel to the ice movement and provide drainage to the fjords. The highest bedrock ridges close to the ice
margin are about 600 m above sea level (m.a.s.l.). The area of the deep boreholes is located between the glacial
outlets of Russel's Glacier to the south and Isunnguata Sermia to the north (Figure 1).

Three boreholes, GAPO1, GAP03, and GAP04, were drilled within a joint project between the spent nuclear fuel
management organizations of Sweden (SKB), Finland (Posiva) and Canada (NWMO). Details about the drilling
and mapping of the drill cores, as well as about hydrological investigations are reported elsewhere (Liljedahl
etal., 2021; Pere, 2014). Borehole GAPO1 is 222 m long (191 m of vertical depth, ground surface elevation 374 m.
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Figure 1. (a) Regional geological map of the Kangerlussuaq area in central Western Greenland. The study area is indicated by the red box next to Kangerlussuaq (Map
modified from Garde & Hollis, 2010; Garde & Marker, 2010). Abbreviations segment of the Nagssugtogidian Orogen, CNO, NNO = Southern, Central and Northern
parts of the Nagssugtoqgidian Orogen, respectively. (b) Close up map of the study area with foliation and lineaments shown (modified from Drake, Suksi, et al., 2017),
with geological information from Engstrom and Klint (2014), as well as meltwater lakes and talik lakes. (c) Observations of fracture coating pyrite, calcite, gypsum and
barite in boreholes, GAPO1, 03, and 04, with depth extension of borehole and permafrost indicated. (d—i) Drill core photos, with close up of fracture surface for (d—f)
Sample GAP04:550, with fracture-coating calcite (close-up in back-scattered scanning electron microscope [BSE-SEM] image in f), (g) GAP04:670, with fracture-
coating gypsum, (h—i): GAPO1:30 with fracture-coating barite, calcite, and pyrite (close-up in BSE-SEM image in i).
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a.s.l.), and drilled 20 m from the shoreline of a lake, about 1 km from the ice margin. The GAP0O3 borehole
(ground surface elevation 484 m.a.s.l.) was drilled to 341 m length (320 m of vertical depth), about 1 km from
Isunnguata Sermia, 6 km NE from GAPO1. The GAP04 drilling site, at 525 m.a.s.1., was located 200 m from the
margin of the Isunnguata Sermia. This is the deepest of the boreholes, length: 687 m, vertical depth: 650 m, with a
dip of 70° extending beneath the ice sheet.

2.1. Geology
2.1.1. Bedrock Geology

The study area is part of the southern segment of the Nagssugtogidian Orogen (SNO) of West Greenland
(Engstrom & Klint, 2014). Archean orthogneisses and a few paragneisses, having formation ages from ~2.85 to
2.70 Ga, occur across the orogen (Escher et al., 1976; Marker et al., 1995). The SNO includes granulite facies
Archean gneisses and granitoids (tonalitic to granodioritic), intruded by a swarm of 2.04 Ga Paleoproterozoic
mafic dykes (Cadman et al., 2001; Connolly, 1997; Noe-Nygaard & Ramberg, 1961; Nutman et al., 1999). All
these rocks underwent amphibolite grade metamorphism during the Nagssugtoqidian orogeny, at 2.0-1.75 Ga
(Escher et al., 1975, 1976). Since the Late Mesozoic, West Greenland has been a part of a passive margin east of
the Davis Strait (Chalmers & Pulvertaft, 2001) with cross-cutting fracture sets that suggest relation to stress fields
that governed the opening of the Labrador Sea-Davis Strait-Baffin Bay seaway (Wilson et al., 2006). This
regional 50-100 Ma faulting related to seafloor spreading during the opening of the Labrador Sea and Baffin Bay
is associated with NNE-SSW sinistral strike-slip faulting and conjugate dextral strike slip faulting. The event is
locally attested by a sinistral strike-slip fault trending NE-SW, by reactivation of NE-SW trending pegmatites, as
well as by a later set of dextral strike slip faults trending N-S (Engstrom & Klint, 2014). The mountains in West
Greenland were formed by Cenozoic uplift and erosion (Bonow et al., 2006; Japsen et al., 2006). The bedrock
structures in the Kangerlussuaq area include macroscale folds, gneissic fabric, evidence of shearing, and
prominent lineaments such as the Kangerlussuag-Russell thrust fault (Engstrom & Klint, 2014). Four to five
distinguishable fracture sets occur in the area, of which the dominant is the foliation parallel, ENE-WSW (Klint
et al., 2013; Wilson et al., 2006). There is no thermochronological evidence of thermal activity during Cenozoic
times, suggesting that the thermal effects of Paleogene rifting and break-up were negligible and that the
magnitude of Cenozoic erosion was <3.5 km in the Kangerlussuaq area (Danisik & Kirkland, 2023; Jess
et al., 2018).

2.1.2. Bedrock Geology in Boreholes

The boreholes GAPO1 and GAPO3 are dominated by feldspar-rich felsic gneisses with interspersed sections of
mafic and intermediate gneisses, whereas GAP0O4 has more of the latter (Pere, 2014). The boreholes intersect
different parts of large folds, and the geometry of foliation and fracturing is therefore different. The foliation in
GAPOL is striking predominantly NE-SW, with a steep dip toward the NW. The foliation in GAPO3 strikes NNW-
SSE, with a steep dip toward the NNE, whereas GAP04 was drilled in an open fold with a NNW-trending and
shallowly plunging (~14°) synform (Engstrom & Klint, 2014). According to the drill core mapping (Pere, 2014),
GAPO1 is unevenly fractured, has scattered narrow highly fractured zones and an average fracture frequency of
two fractures per meter (mainly steeply dipping). The main fracture filling minerals are calcite, chlorite and clay
minerals (e.g., kaolinite). Pyrite, hematite, quartz, biotite, gypsum and feldspar occur sporadically. The average
fracture frequency in GAPO3 is 4 fractures per meter (mainly steeply dipping). The main fracture filling minerals
are calcite, chlorite and clay minerals. Epidote, pyrite, biotite, quartz, chalcopyrite, goethite and hematite occur
sporadically. Drill core GAPO4 has an average fracture frequency of 1.7 fractures per meter, with increased
fracturing at around 500-600 m borehole length. Vertical fractures are common in the upper 300 m and sub-
horizontal fractures dominate below 300 m. The main fracture minerals are chlorite, gypsum, calcite and clay.
Pyrite, pyrrhotite, Fe-oxyhydroxide and kaolinite are accessory phases.

2.2. Hydrology and Permafrost

Kangerlussuaq is located in a permafrost area (Brown et al., 1998), with unfrozen ground confined to localized
thawed zones or taliks beneath lakes and rivers (French, 2007). The permafrost acts as an impermeable confining
layer, which inhibits and re-directs groundwater flow and recharge. Subglacial permafrost in the borehole GAP04
evidences re-advance of the ice sheet over frozen ground (Ruskeeniemi et al., 2018). Borehole GAPO1 is drilled
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next to a lake and temperature profiling in the borehole shows that there is a talik below the lake (Harper
et al.,, 2016). Modeling shows that presently there is minor recharge of lake water to the talik (Johansson
et al., 2015).

Temperature profiling indicates that the permafrost thickness is about 350 m in GAP04 and 335 m in GAPO3
(modeled thickness, base of permafrost is deeper than the borehole). Downhole monitoring of GAP04 shows that
the hydraulic head varies over multi-annual, seasonal and diurnal timescales, possibly as a response to fluid
pressure forcing at the ice/bed interface associated with changes in overlying ice loading and ice sheet hydrology
(Liljedahl et al., 2021).

2.2.1. Deep Groundwater Beneath the Permafrost

Hydraulic testing of borehole GAPO4 revealed sub-horizontal water conducting fracture zones with single or
closely spaced fractures, below the permafrost, with highest transmissivities in a section between 548 and 604 m
borehole length (P6llénen et al., 2012). Sulfate and calcium concentrations in the deep groundwater sampled from
GAPO04 are high, c. 2,000 mg/L SO,>~ and 660 mg/L Ca>" in the deepest section (Harper et al., 2016), likely due
to dissolution of gypsum fracture coatings. This groundwater shows low &'%0 values, —23%0 V-SMOW (Harper
et al., 2016), indicating glacial meltwater origin. Similar strontium isotope ratios and §**S and §'30 in sulfate
from GAPO4 and GAPO1 waters and crush and leach derived waters indicate that the groundwater beneath the
permafrost in GAPO4 is recharged dilute meltwater that has evolved along the flow path to a Na-Ca-SO, water
with total dissolved solids of ~3,000 mg/L (Claesson Liljedahl et al., 2016; Henkemans, 2016; Henkemans et al.,
2018). This suggests that the source of salinity in the groundwater is water-rock interaction with dissolution of
gypsum as a major sulfate source.

2.2.2. Redox Fronts

Mineral coatings sampled from open fractures in drill cores from GAPO1, 03, and 04 (down to 650 m; within and
below the current permafrost) have been analyzed for redox histories (Drake, Suksi, etal., 2017). Disequilibrium in
the 2U-***U->*Th system reveals the occurrence of redox related processes due to water circulation in the
fracture system at various occasions during the last 1 Ma. In fractures of the upper 60 m, infiltration of oxygenated
surface water has resulted in a prominent near-surface oxidized zone with abundant FeOOH precipitation. This
zone must be a relict as it is located within current permafrost, and U deposition found within and below this zone
indicates temporal redox variation within this zone during the last 1 Ma. Potential Holocene leaching of U is
indicated by **Th/**®U >> 1 in some of the near surface fractures and in a couple of deeper fractures. These
observations are in line with documented movements of the ice front during the Holocene.

2.3. Microbiology

Microbiology investigations of the GAP borehole groundwater have aimed at determining the composition and
estimating the metabolic features of the microbial communities (Bomberg et al., 2019). Bacteria 16S rRNA gene
copies were <1 x 10° mL™". Sulfur/iron reducing Desulfosporosinus sp. dominated the deep anaerobic ground-
water (Bomberg et al., 2019), whereas archaea were almost undetectable (<1%). The bacterial community of the
deep groundwater consisted mostly of Firmicutes. The Desulfosporosinus genus had the highest relative abun-
dance, and these sulfate reducers have the capacity to reduce Fe(Ill), nitrate, elemental sulfur and thiosulfate
(Sénchez-Andrea et al., 2015). The other significant firmicutes group belongs to the SRB2 cluster of the Ther-
moanaerobacterales family (Bomberg et al., 2019). The latter are probably also sulfate reducers but have a broad
range of possible electron donors and may even turn to fermentation in the absence of reducible electron acceptors
(Sanchez-Andrea et al., 2015).

3. Methods
3.1. Samples and Sample Preparations

The cored boreholes were drilled in 2009 (GAPO1, 03; 39 mm core diameter) and in 2011 (GAP04; 50.5 mm).
Fracture coating samples were collected from the drill cores and focused on calcite-, pyrite-, and barite-bearing
open fractures.
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3.2. Analytical Methods
3.2.1. Secondary Ion Mass Spectrometry (SIMS)

Following sample characterization and mineral identification, which was carried out directly on the uncoated
fracture surfaces using a Hitachi S-3400N SEM equipped with an integrated energy dispersive spectroscopy system
under low-vacuum conditions, calcite, barite and pyrite crystals were handpicked and mounted in epoxy, polished
to expose crystal cross-section and examined with SEM to document zonation. SIMS-analysis (10 pm lateral beam
dimension, 1-2 pm depth dimension) of carbon, oxygen and sulfur isotopes were performed on a CAMECA
IMS1280 Secondary Ion Mass Spectrometry (SIMS) at NordSIMS, Swedish Museum of Natural History, Sweden.

3.2.1.1. Calcite

Analytical transects of up to 10 analyses were made within the crystals. In total, 567 analyses were conducted in
calcite for 8'*C (262) and §'°0 (305). The settings follow those described in Drake, Astrom, et al. (2015). The
influence of organic matter and inclusions of other minerals was avoided by careful spot placement in areas in the
crystals without micro-fractures or inclusions. The uncertainty associated with potential organic inclusions and
matrix composition is therefore considered insignificant compared to the isotope variations.

Calcite results are reported as %o 8'3C and 8'%0 based on the Pee Dee Belemnite (V-PDB)-standard value.
Analytical sessions were carried out using running blocks of six unknowns bracketed by two standards. Spot
transects were made from core to rim within the crystals (full data in Table S1 in Supporting Information S1).
Corresponding analytical spots for C and O isotopes were closely placed within the crystals and analyzed in
separate sessions. Isotope data were normalized using calcite reference material S0161, which comes from
granulite facies marble in the Adirondack Mountains, courtesy of R.A. Stern (University of Alberta). The values
used for IMF correction were determined by conventional stable isotope mass spectrometry at Stockholm Uni-
versity on 10 separate pieces, yielding 8°C = —022% =+ 0.11%cV-PDB (1 std. dev.) and
8'%0 = —5.62%¢ + 0.11%0 V-PDB (1 std. dev., Table S2 in Supporting Information S1). Precision was
8'%0:£0.2%0¢~0.3%0 and 8'*C:20.4%0—0.5%o.

3.2.1.2. Barite

Three and five crystals were analyzed from the two samples GAP04:681 and GAP01:30, respectively, and two to
six analyses were done on each crystal in transects, with closely spaced analyses for **S and §'20. A total of 24
analyses for 8'%0 and 19 for §**S were performed (Table S3 in Supporting Information S1). Separate analytical
routines applied for S and O are described briefly below, and closely follow those described by Whitehouse (2013)
for sulfur, with the exception that only **S/*S was measured here, and Heinonen et al. (2015) for oxygen. For both
elements, the samples were sputtered using a Gaussian focussed '**Cs* primary beam with 20 kV incident energy
(10kV primary, —10 kV secondary) and primary beam current of ~3 nA, which was rastered over a 5 X 5 pm area
during analysis to homogenize the beam density. A normal incidence electron gun was used for charge compen-
sation. Analyses were performed in automated sequences, with each analysis comprising a 40-s pre-sputter to
remove the gold coating over a rastered 15 X 15 pm area, centering of the secondary beam in the field aperture to
correct for small variations in surface relief, and data acquisition in twelve four-second integration cycles. The
magnetic field was locked at the beginning of the session using an NMR field sensor. Secondary ion signals (*>S and
38 or '%0 and '80) were detected simultaneously using two Faraday detectors with a common mass resolution of
4,860 (M/AM) for S and 2,430 (M/AM) for O. Data were normalized for instrumental mass fractionation using
matrix-matched reference materials mounted in the sample mounts and analyzed after every sixth sample analysis.
The S0327 reference material, with a conventionally determined &°*S value of 22.0%o + 0.3%0 and 8'%0 value of
11.0%0 £ 0.1%o (Liseroudi Mastaneh et al., 2021) was used (Table S4 in Supporting Information S1). Typical
precision on a single 8°*S and 8'®0 value, after propagating the within run and external uncertainties from the
standard measurements was +0.2%o (10) and 0.23%o (10), respectively. All results are reported with respect to the
V-CDT (Ding et al., 2001) and V-SMOW (Coplen, 1995) for oxygen.

3.2.1.3. Pyrite

Sulfur was sputtered using a '**Cs* primary beam with 20 kV incident energy (10 kV primary, —10 kV sec-
ondary) and a primary beam current of ~1.5 nA. A normal incidence electron gun was used for charge
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compensation. Analyses were performed in automated sequences, with each analysis comprising a 70 s pre-
sputter to remove the gold coating over a rastered 15 X 15 pm area, centering of the secondary beam in the
field aperture to correct for small variations in surface relief and data acquisition in 16 four second integration
cycles. The magnetic field was locked at the beginning of the session using an NMR field sensor. Secondary ion
signals for >2S and **S were detected simultaneously using two F detectors with a common mass resolution of
4,860 (M/AM). Results, n = 126, are reported as %o §°*S based on the Canon Diablo Troilite (V-CDT)-standard
value (Ding et al., 2001). Analytical transects of up to 11 spots were made from core to rim in the crystals (data
listed in Table S5, reference materials in Table S6 in Supporting Information S1). One to seven crystals were
analyzed from each sample. The reference material for one session was the Ruttan pyrite that has conventionally
determined values of +1.408%o (Cabral et al., 2013). For the other sessions, the pyrite reference material SO302A
with a conventionally determined value of 0.0%o0 = 0.2%o (R. Stern, University of Alberta, pers. comm.) was used.
Typical precision on a single 8*S value, after propagating the within run (typically <0.1%o) and external un-
certainties from the standard measurements was +0.14%o for pyrite (£0.09%o for the SO302A session).

3.2.2. LA-MC-ICP-MS, ¥Sr/*Sr Calcite

Analysis of ¥’Sr/%Sr in calcite (n = 46, Table S1 in Supporting Information S1) was conducted 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 and an ESI
NWR193 ArF excimer laser ablation (15 Hz) system following methods presented in Drake et al. (2020). The spot
size was 80 pm, fluence 2.7 J/cm?, with washout and ablation times of 40 and 45 s, respectively. All measure-
ments of 3Sr/3Sr were normalized to an in-house brachiopod reference material “Ecnomiosa gerda” (linear drift
and accuracy correction) using a value established by TIMS of 0.709168 (2sd 0.000004) (Kiel et al., 2014). A
secondary reference material—a modern oyster shell from Western Australia—was analyzed at regular intervals
along with the primary reference. Comparison to the modern seawater value for %'Sr/*®Sr of
0.7091792 £ 0.0000021 (Mokadem et al., 2015) was used to quantify the accuracy of these analyses (Table S7 in
Supporting Information S1).

3.2.3. Conventional Isotope Analysis

For calcite, conventional bulk sample 5'>C and 8'®0 analysis was performed for 64 calcite aliquots (Table S8 in
Supporting Information S1, including a few with co-genetic dolomite). For ®”Sr/%Sr, the total number of analyses
was 40 (Table S8 in Supporting Information S1). Small sections of calcite mineralogy were carefully sampled
from fractures with the aid of a binocular microscope and dental tools. In cases where multiple generations were
evident in fractures, small chips of calcite were removed from different layers of fracture infilling material.
Carbonate samples were then ground to a fine powder with an agate mortar and pestle to homogenize the sample.

Isotope analyses for 8'C and 8'®0 were completed by the Environmental Isotope Laboratory at the University of
Waterloo (EIL-UW) and Isotope Tracer Technologies (IT?) to have inter-laboratory comparisons of results. Small
aliquots of calcite and dolomite powders (~0.25 mg of powder) were weighed for each sample and the sample
vials were purged with continuous He gas flow to remove atmospheric CO,. Mass analysis was conducted by
reacting calcite and dolomite with 100% orthophosphoric acid (H;PO,) at 90°C and 50°C (EIL-UW and IT?,
respectively) to generate CO, gas, similar to established techniques (Al-Aasm et al., 1990; Paul & Skrzy-
pek, 2007). Isotopic measurements of CO, gas were conducted using a GV Instruments Isoprime and Trace
Gas gas chromatograph (GC) Interface coupled with Gilson 222 XL Liquid Handler and autosampler for sample
introduction (EIL-UW) and ThermoFinnigan EA 1110 (IT?) instrument using manual sample injection. Isotopic
results were reported in 8§ notation, expressed in parts per thousand (per mil, %o) with respect to V-PDB.
R

sample — Rstd

0= x 1,000

std

Standard Reference Materials used in this study for data correction were calcite standards: NBS-19
(6°C = +1.95%0, 8'0 = —2.20%c), IAEA CO-8 (8'°C = —5.76%c, 8'°0 = —22.70%0), Tauber
(8'3C = —25.87%0, 830 = —25.74%; Copenhagen, DK), and EIL-21 (8'*C = —0.19%0, §'0 = —15.68%o; EIL-
UW Internal Standard, Pine Point NS). Reproducibility for the results for most analyses was better than +0.2%o
(Table S8 in Supporting Information S1).

DRAKE ET AL.

7 of 23

BSUBO1 SUOLULUOD SAIIERID el |ddde au3 AQ peusenoB e Sapie YO ‘88N JO S3|NJ 404 AReiq1T UIIUO AB]IM UO (SUORIPUOD-PUR-SULBH0D" A IMARe.q 1[ouUO//SdIY) SUORIPUOD PUe S L 31 39S *[202/2T/70] uo ARiqiTauluo Ao jim ‘AeAins 2180|009 usiug Aq 9¥9TT00OYZ02/620T OT/10p/Lod A8 im Akeiq 1t |uo sqndnfey/sdny wouy pepeojumod ‘6 ‘v20Z ‘L20e5eST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2024GC011646

Strontium was extracted from calcite using Eichrom strontium-specific resin composed of crown ethers. These
crown ether structures have high affinity for Pb and Sr in nitric acid (Horwitz et al., 1992, 1994). The ions are then
released from the resin using milli-Q deionized water, which makes it useful for Sr purification. The extraction
method used in this study was developed based on resin binding data (Horwitz et al., 1992, 1994) and is similar to
other studies (Andrews et al., 2016; Wang et al., 2019). A 1 pg aliquot of strontium is loaded on the center of a
rhenium filament following an established methodology (Di Salvo et al., 2018; Tuttas & Schwieters, 2008).
Intensities of 3*Sr, #Sr, 7Sr, and %¥Sr were measured by TIMS using the double rhenium filament technique.
During data collection, 3*Rb was monitored to ensure there was no isobaric *’Rb interference with #’Sr. Analyses
are conducted using an ion beam for *3Sr with an intensity set at 1.5 V measuring 200 cycles with integration
times of 8 and 4 s idle times. Results are obtained by normalizing 8”/%°Sr ratio relative to a value of 8.375209 for
the ®¥86Sr ratio. The 3”/%°Sr ratio was corrected using the NIST987 standard reference material (3"
86Sr = 0.710245). With the TIMS instrumental set-up, the magazine in the source housing holds 21 samples, three
NIST987 samples are analyzed throughout the analytical run and the precision of unknown analyses are reported
by standard error that has been calculated using the variance of the three measurements for NIST987. Three
duplicate samples of unknowns are also analyzed for reproducibility and precision. The current long-term ¥7/%°Sr
mean (2012-2024) for NIST987 is 0.710278 (205, = 0.000041, n = 640). External precision for 87/86Sr mea-
surements is also evaluated using Pacific Ocean seawater (Cabo San Lucas). The mean of 8718651 (2019-2024) for
this Pacific Ocean water is 0.709180 (264 = 0.000051, n = 57).

3.2.4. Fluid Inclusions

Fluid inclusion analysis was conducted using a Nikon microscope equipped with a Linkam THMS600 heating
and freezing microscope stage at Stockholm University, Sweden, and University of Waterloo, Canada. The
working range of the stage is from —196° to +600°C (Shepherd et al., 1985). Fluid inclusion measurements on
small chips of double polished carbonate sections and on hand-picked mm-sized calcite fragments were per-
formed using methods described by Roedder (1984). Double polished sections were prepared using a Duren ore
polisher. Fluid inclusions were completely frozen by super-cooling using liquid nitrogen and initial melting runs
were performed using a heating rate of 5-10°C/min to measure the first melting (7,) and final melting (7},,)
temperatures. Heating programs were created using Linkam software to change the rates during melting runs,
slowing down the heating rates to 1-2°C/min near the initially observed T, and T, for more accurate observation
of these temperatures. Several melting runs were conducted in order to ensure that meta-stable melting tem-
peratures were not observed and that consistent temperatures were recorded. After cooling/melting runs were
completed, the fluid inclusions were then heated at 5-10°C/min until the gas-phase vapor bubble homogenized
with the liquid and the homogenization temperature (7;) was recorded. As with the melting runs, heating pro-
grams were created using Linkam software to change the rates during the homogenization runs, slowing down the
heating rates to 1-2°C/min near the initially observed T}, for more accurate observation of these temperatures. A
cycling technique that was described by Roedder (1984) was used to measure homogenization temperatures when
it was challenging to observe when the vapor bubble disappeared in the fluid inclusion. Once the 7}, was recorded,
the double polished chip was not used for additional thermometric measurements to eliminate the possibility of
stretching, which can occur when soft minerals are overheated (Roedder, 1984). In the Waterloo laboratory,
calibration of the fluid inclusion stage was checked daily using synthetic CO, and H,O fluid inclusions. Precision
was £0.1°C for melting temperatures (CO,: —56.6°C; H,0: 0.0°C) and +1°C for the critical point of water
(374.1°C). In the Stockholm laboratory, the thermocouple readings were calibrated by means of SynFlinc®
synthetic fluid inclusions and well-defined natural inclusions in Alpine quartz. The reproducibility was £0.1°C
for <40 and +0.5°C for temperatures >40°C.

Fluid inclusion T, temperatures are used to estimate salinity (wt. % NaCl) using equations that calculate wt %
total salt as a function of temperature (Oakes et al., 1990; Potter et al., 1978). Isotopic signatures of paleo-fluids
(i.e., 613CCO2 and SISOHZO) are calculated using the fluid inclusion 7}, temperatures and fractionation factor—
temperature equations for CO,—CaCO; (Bottinga, 1968) and CaCO5;-H,O (O’Neil et al., 1969), respectively.

3.2.5. U-Pb Geochronology

U-Pb geochronology via the in situ LA-MC-ICP-MS method was conducted at the Geochronology & Tracers
Facility, British Geological Survey (Nottingham, UK). The method utilizes a New Wave Research 193UC
excimer laser ablation system coupled to a Nu Instruments Nu Plasma multi-collector ICP-MS. The method
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follows that previously described in Roberts and Walker (2016) and involves a standard-sample bracketing with
normalization to NIST 614 silicate glass for Pb-Pb ratios (values of Woodhead & Hergt, 2001) and WC-1 car-
bonate for U-Pb ratios (Roberts et al., 2017). The laser parameters comprise an 80 pm static spot fired at 10 Hz,
with a ~6 J/cm? fluence, for 30 s of ablation. Material is pre-ablated to clean the sample site with 120 pm spots for
3's. No common lead correction is made; ages are determined by Model 1 regression and the lower intercept on a
Tera-Wasserburg plot (using IsoplotR; Vermeesch, 2018). Duff Brown, a carbonate previously measured by
Isotope Dilution mass spectrometry, was used as a validation, and yielded ages of 65.6 £ 0.5 and 65.67 = 0.65 Ma
for the two sessions, overlapping the published age of 64.04 £ 0.67 Ma (Hill et al., 2016). All ages are plotted and
quoted at 2¢ and include propagation of overdispersion and systematic uncertainties according to the recom-
mended guidelines of Horstwood et al. (2016). Data are screened for low Pb and U counts below detection. Five
samples were screened; only two yielded robust U-Pb ages, and the three others (GAP04:559, GAP04:459,
GAP04:601) did not yield any radiogenic data. The samples were measured on crystals that were previously used
for in situ stable isotope analysis via SIMS. Full analytical data from the sessions are listed in Table S9 in
Supporting Information S1 and analytical conditions in Table S10 in Supporting Information S1.

3.2.6. Biomarkers

Glass and metal tools used for organic-geochemical preparation were heat-cleaned, and organic solvents were
distilled and checked with gas chromatography—mass spectrometry (GC-MS). First, 0.1 g of calcite (GAPO1:30,
GAPO1:219, GAP03:287, GAP04:550) was extracted with methanol (MeOH), dichloromethane (DCM) and n-
hexane (10 min ultrasonication, respectively). The extract was gently dried at 40°C under nitrogen and derivatized
with trimethylchlorosilane/methanol (TMCS/MeOH, 1/9, v/v) at 35°C for 2h. The solvent extracted calcite was
then crushed with a glass stick and dissolved with 1 mL TMCS/MeOH (1/9, v/v) over night. The resulting liquid
was subsequently extracted with n-hexane, and the extract was chromatographically separated into a hydrocar-
bon, fatty acid methyl ester and polar fraction using a glass column with 7.5 cm height and 1.5 cm inner diameter
(filled with 0.7 g silica gel). 7 mL n-hexane was used for hydrocarbon separation, 7 mL DCM for fatty acid methyl
ester separation, and 10 mL DCM/MeOH (3/1, v/v) for the polar residue. The latter was derivatized with N,0-bis
(trimethylsilyl)trifluoroacetamide at 80°C for 2h. The separated fractions, a fatty acid methyl ester standard mix
and an eicosane-D,, standard were analyzed with a Thermo Scientific trace 1,300 GC coupled to a Thermo TSQ
Quantum Ultra triple quadrupole mass spectrometer (MS). The GC was equipped with a 30 m Phenomenex
Zebron ZB-5MS column (0.25 pm film thickness and 0.32 mm inner diameter). Helium was used as the carrier
gas (1.5 mL/min flow rate). The samples were injected in splitless mode, and the injector was heated to 300°C.
The initial GC oven temperature was 80°C (held for 1 min). The temperature was raised to 310°C with 6°C/min
(held for 30 min). The ion source temperature in the MS was 240°C. The ionization energy was 70 eV. The scan
range was set between 50 and 600 amu.

4. Results
4.1. Mineralogy

Sampling focused on open fractures but also included some sealed fractures. The sealed fractures contained veins
of calcite, quartz, chlorite, albite, illite, occasionally pyrite (up to mm-sized euhedral crystals, Figure. S1 in
Supporting Information S1) and dolomite. A few vein pyrites and calcites were analyzed for stable isotopes. The
drill core mapping showed that calcite was frequent throughout all depths (Figure 1c) (Pere, 2014). Pyrite was rare
in GAPOI and GAPO3 and basically non-existing in GAP04. Gypsum occurred in GAP0O4 preferentially but not
exclusively beneath the permafrost. Barite was not noted in the drill core mapping but was observed with SEM
(Figures 1i and 2d). The gypsum coatings occurred as smooth thin layers on the fracture surface (Figure 1g),
whereas calcite, pyrite and barite occurred as euhedral crystals (Figures 1i, 1f, and 2). In a few cases, such as in
GAPO1:30, barite, calcite and pyrite were in paragenesis (Figure 1i). There were also samples with intergrown
gypsum and barite (e.g., GAP04:600.07, Figure. S2 in Supporting Information S1). Other paragenetic minerals in
the open fractures are celestine (intergrown with barite), chlorite, clay minerals, quartz, bastnésite, and goethite
(mostly near surface, cf. Drake, Suksi, et al., 2017).
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300um

Figure 2. Mineral paragenesis and appearance. BSE-images of (a) Euhedral calcite (cal), partially with scalenohedral habit,
on the fracture surface of sample GAP04:601.67, (b) Fine-grained aggregates of rhombohedral calcite in a vug of sample
GAP04:637.07, (c) An aggregate of euhedral pyrite (pyr; cubic to pyritohedral), on the fracture surface of sample
GAP01:209.60. (d) Fine-grained aggregates of equant calcite and bright barite (bar) crystals in a vug of sample GAP04:681.

4.2. Stable Isotopes
4.2.1. Calcite: §'3C, §'%0, ¥’Sr/%°Sr

Calcite was measured in bulk samples for C, O, and Sr isotopes, and in micro-scale using SIMS (C, O) and LA-
MC-ICP-MS (Sr). The SIMS data showed average values of §°C: —10.7%c + 3.0%c (1SD), &'%0:
—15.1%o0 % 2.1%o0 and ranges of —25.1 to —6.2 and —21.7%o to —9.0%o, respectively. Bulk data showed average
values of —8.9%o £ 1.7%c and —14.7 = 1.7%o and ranges of —12.2 to —5.0%o and —21.3 to —10.0%o. The values
do not show any distinct groups in a scatter plot of 8'>C versus 8'%0 (Figure 3c), except for potentially two groups
in 8'*0 (one dominant clustering around —15%o to —13%o V-PDB, and one less densely clustered with lower
values, —21%o to —16.5%o range), and one outlier with low 8'>C. The bulk sample values are relatively constant
versus depth (Figure 3), and the micro-scale values are more varied on the sample scale as well as showing local
8'2C depletions at ~90 m and below 500 m (in GAP04). This discrepancy can be explained by the analytical scale,
that is, the SIMS analyses were done on fine-grained euhedral crystals, whereas the bulk samples were scraped off
from both euhedral crystals and older anhedral coatings underneath the euhedral crystals, representing a mixed
signal.

For strontium, 87Sr/86Srcalcne’ the highest values are in the upper 100 m (Figure 3d), mainly around 0.710-0.711,
with some exceptions, and from these depths down to 350 m, there is a slight decline in ¥’Sr/*¢Sr (from 0.709 to
0.706), although there is a large scatter. The deepest samples, from GAPO04, beneath the permafrost, are generally
lower in *’Sr/**Sr (mean values of 0.702 + 0.02 to 0.704 + 0.02).

A few representative examples of the evolution of isotope values within individual calcite crystals are shown in
Figure 4. Clear zonation is observed in some crystals, such as in GAP01:30 (Figure 4b), but the evolution from
inner zones to outer rims is usually not straightforward. In the latter sample, the 8'>C shows a dip of 6% in the
center of the crystal, and the 8'®0 values show a clear increase from the inner zone (analyses #1 and #2) to the
outer zones, whereas the 3’Sr/%Sr values are less consistent. Sample GAP04:550 (Figure 4c) shows much more
consistency throughout the crystal, with a large inner growth zone (#1, #2) and a tiny first overgrowth (#3) that has
more or less consistent values of 8'°C (—15%o + 0.8%0) and §'0 (=14%o + 0.6%o). The outermost growth zone
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Figure 3. Stable isotope data of fracture-coated calcite, (a) 5'3C versus. depth, (b) 5'%0 versus. depth, (c) 5'3C versus. 8'%0, (d) 87Sr/%Sr versus depth. Also included are
groundwater data (from top two bottom): GAPO1, GAPO4:upper, middle, lower sections for 8'*C-DIC (a), values for hypothetical modern calcite if precipitated from the
current groundwater at 3—12°C (applying fractionation factors from Kim & O'Neil, 1997), correction for flushing water contamination (in GAP04:upper and middle) (b),

and ¥7Sr/%Sr (d).
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has consistent 8'%0 but slightly elevated 8'*C (—11.1%0). The ¥’Sr/*®Sr values show small differences in the
range 0.700-0.702. Sample GAP01:219 (Figure 4e) did not show any BSE-SEM indications of zonation, and the
isotope values show variability of 1%0—2%o for 6'20 of 8'>C (Figure 4f). The samples beneath the permafrost in
GAPO04; GAP04:636 (Figures 4g and 4h) and GAP04:681 (Figures 4i and 4j) show a rather similar evolution, with
low 8'%0 values in the inner zone (—17%c and —21%s, respectively) followed by higher values (—15 + 1%o),
whereas 8'°C and 3”Sr/*®Sr show a slightly more complex evolution with minor dips and spikes, albeit within a
relatively minor range in values.

4.2.2. Barite, §'%0, §°*S

The two measured barite samples had similar §'80 composition (9.6 = 1.5%c and 10.1 + 1.6%o), but the deeper
sample (GAP04:681) had lower 5°*S values (6.9%0 + 0.8%0) than the shallower sample (13.0%0 %= 1.9%o,
GAPO01:30). Differences within the grains were relatively small, up to 3%0—4%o for both samples and isotope
systems and did not show any obvious trends (Figure 5).

4.2.3. Pyrite, 8*'S

The six pyrite samples analyzed with SIMS group into two distinct groups. The first consists of relatively large
pyrite grains (0.5-2 mm, n = 2) in veins, which has homogeneous §**S values close to 0%o (0.3%0 * 0.4%0 V-
CDT, sample GAP03:47) or slightly higher (4.2%0 + 0.3%0, GAP01:97). A transect of homogeneous 5°*S values
throughout a crystal from GAP03:47 is shown in Figures 6a and 6b. The other group features smaller euhedral to
subhedral crystals (n = 4) and has much lower and more varied &S values (—59 to —17%o). All of these samples
have minimum values below —39%o. The samples are relatively homogeneous in 8**S values, GAPO1:30:
spanning from —58.5 to —51.2 (average # stdev = —55.1 + 2.0%0), GAP01:176: —46.7 to —34.3
(—44.4 £ 3.4%0), GAP01:219: —54.9 to —17.3%0 (=39.6 + 10.7%0) and GAP03:287: —39.4%0 to —34.2%0
(—36.4%0 + 1.6%0). The &>*S values of microscale analyses within individual crystals of these samples showed
relatively small variation (Figure 6). The largest span within a crystal was 7.2%o in GAP01:219.

4.3. Fluid Inclusions

The inclusions were found to have a primary appearance (Roedder, 1984) and occur essentially as randomly
distributed single fluid inclusions. The final melting is interpreted as ice melting and measured values yielded
temperatures corresponding to salinity of 2.2-4.7 eq. mass % NaCl for sample GAP01:219, 0.18 for GAP01:74,
between 1.9 and 11.6 for GAP03:47 and between 23.6 and 26.2 for GAP01:97 (dolomite) for the CaCl,-H,O
inclusions (Bodnar, 2003), Table 1. Homogenization temperatures ranged from around 31°C for the CO,-rich
inclusions in GAPO01:97, and the single-phased GAP01:219, which infers temperatures below 50°C (Roed-
der, 1984) to 83.6°C in GAP03:47, 85.7-140.1°C in the CaCl,-H,O inclusions of GAP01:97 m, up to the highest
temperatures, which are from GAPO01:74: 198.7°C and GAP04:305 m at 163.1-279.1°C. The latter two samples
also have significantly higher (and positive) 6180H20 (SMOW) compared to the lower temperature inclusions.

4.4. Biomarkers

Calcite from GAP01:30, GAP01:219, and GAP04:550 did not contain organic compounds in detectable amounts.
The surface extract of calcite from GAP03:287, however, showed straight-chained and methyl branched fatty
acids with 14—18 carbon atoms. Concentrations varied between 0.5 and 139.3 pg/g calcite (Table 2). After calcite
dissolution, a broader range of fatty acids with 12—18 carbon atoms was detected (Figure 7; Table 2). Addi-
tionally, the abundances significantly increased compared to the surface extract. At least 88% of each recovered
fatty acid was trapped inside the calcite (100% for 12:0, 13:0, iso-14:0, 8-me-15:0, 10-me-15:0, and 15:1;
Table 2). Little 16:0 (<0.1 pg) and 18:0 (<0.3 pg) appeared in the TMCS blank. The concentrations of these two
compounds in the sample were corrected accordingly.

4.5. U-Pb Geochronology

Two calcite samples yielded robust ages when targeted for high spatial resolution U-Pb geochronology using
Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS) in the same crystals that were targeted for
SIMS microanalysis of C and O isotopes. Sample GAP01:219 yielded an age of 75.2 + 7.4 Ma (Figure 8a). This
calcite shows no discernible growth zonation (Figure 4f), and the age is interpreted to represent a single calcite
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6 1 precipitation event. Sample GAP04:550 yielded an age of 64.5 + 2.7 Ma, and
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Figure 4. Micro-analytical transects for 813C, 5'%0, ¥Sr/%°Sr within polished
calcite crystals (spot locations marked on BSE-SEM images). Note the
larger spot size for 87Sr/80Sr spots (stippled circles, 80 pm) compared to
8'3C, 5'%0 (lined circles, 10pm). Samples: (a) GAP01:30, (¢) GAP04:550,
(e) GAPO01:219, (h) GAP04:636, (i) GAP04:681. Values of groundwater
613CDIC and hypothetical calcite 8'%0 using the current groundwater data
and temperature (Harper et al., 2016) are also shown.

is derived from the inner, and most voluminous growth zone of the calcite
crystals (the area covered by spots #1-3, Figure 4d), which means that there is
a younger growth zone that is not dated.

5. Discussion
5.1. Sequence of Hydrothermal to Low-Temperature Events

The vein fillings and fracture coatings analyzed have formed at several
events. The earliest groups are hydrothermal veins with calcite, pyrite, and
quartz. This group has fluid inclusions with homogenization temperatures
>150°C, and high 6180H20 (SMOW), which suggests metamorphic influence.
The salinity are mostly low but range up to 11.6% in one occasion. The second
group is distinguished by lower homogenization temperatures of 83—-140°C,
and higher salinity (23%-26%), which suggests a hydrothermal brine. The
large CO,-component of the fluid inclusions in dolomite of GAP01:97 m
might suggest a magmatic source, but the low-temperature and relatively low
6180H20 (SMOW) suggest there has been oxygen exchange with the host
rock. 834SPyritc values of 0%0—4%o for these older group veins are typical for
hydrothermal pyrite (Field & Fifarek, 1985). The lack of radioisotopic dating
inhibits any detailed interpretation of potential age and its relation to regional
events. When compared to analog vein fillings from other Precambrian cra-
tons, most of those with similar isotope signatures are Precambrian in age
(Drake et al., 2009; Sandstrom et al., 2009), which is also plausible for the
samples in this study. In addition, the (U-Th)/He zircon dates (220-580 Ma)
determined for Western Greenland rocks imply several kilometers of burial of
the basement by Paleozoic sediments (Danisik & Kirkland, 2023), which
might have potentially increased the temperatures enough for hydrothermal
fluid circulation and thermochemical sulfate reduction (TSR), and thus
represent minimum ages for these fracture fills. As this older generation is
hydrothermal, and the scope of this manuscript is on low-temperature cir-
culation and paleomicrobial activity, the rest of the discussion will focus on
the younger low-temperature generation of calcite/barite/pyrite/gypsum/clay
minerals.

5.2. Relation of the Low-Temperature Fluid Circulation to Regional
Tectonic Events

The dated samples with ages between 75 and 65 Ma represent a regional
period of fracture opening and calcite precipitation that broadly coincides
with the emplacement of the proto-Icelandic plume (Hestnes et al., 2023).
Different models have shown that this plume could have caused uplift starting
at c. 70 Ma (Barnett-Moore et al., 2018). Furthermore, regional rifting events
may have begun at c. 81 Ma (Faleide et al., 2008), such as the opening of the
Atlantic between Greenland and Norway, where structural and stratigraphic
analyses suggest an early rift phase at c. 81 to 65 Ma that is characterized by
large-scale normal faulting (Ren et al., 2003). Seafloor spreading between
Greenland and Labrador commenced later, at c. 63-61 Ma (Chalmers &
Pulvertaft, 2001; Lundin & Doré, 2005). This event featured a burst in vol-
canic activity, with large amounts of tholeiitic picrite and basalt eruptions
onto the continental margins of West Greenland and Labrador (Melchior
Larsen et al., 1999). The dated fracture minerals are thus overlapping in age
with these large-scale events of regional rifting related to the opening of the
Labrador Sea and early opening of the Atlantic Ocean.
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Figure 5. Secondary Ion Mass Spectrometry 8>*S and 8'®0 transects for representative barite crystals with spot location in a
and isotope values in (c) for sample GAP04: 681, and (b, d) for GAP01:30. Black circles with white interiors are 5'%0 spots
(values on left y-axis) and gray circles with black interiors are 8**S spots (values on right y-axis).
5.3. Biosignatures for Microbial Sulfate Reduction at Depth
10
a b The generally large fractionation in the S isotope system (8**S) during MSR
0 - O———-o>0 — . . .
= has made this system an extensively used tool for understanding both modern
8 -10 1 = GAPO1176 and ancient biogeochemical cycles (Bryant et al., 2019; Canfield & Farqu-
> -20 + — O GAPOIE0 har, 2009; Johnston et al., 2006). This fractionation occurs due to discrimi-
= 30 - B GAPO3:47m nation of **S compared to **S by the microorganisms (Canfield, 2001), and is
§; 40 generally larger than the fractionation during abiotic thermochemical pro-
C . .
g)a' 50 O— O. O. O. ‘o) cesses (Machel et al., 1995). Laboratory culture studies as well as environ-
o EL . " — mental studies have reported depletion in *>S in sulfide relative to the source
80 5 sulfate (% = 8,10 — 67S,ynae) during MSR up to 75%. (Canfield
-70 ) ) N . s et al.,, 2010; Drake, Tullborg, et al., 2015; Sim et al., 2011; Wortmann

Figure 6. 5>*S transects for representative pyrite crystals, for

(b) hydrothermal pyrite, sample GAP03:47m, and (c, d) more fine-grained
and very **S-depleted pyrite (c, sample GAP01:30 and d GAP01:176).

etal., 2001). The MSR process enhances the saturation indices of iron sulfide
minerals, which typically precipitate initially as mono-sulfides, evolving to
metastable and usually poorly crystalline intermediates such as greigite and
mackinawite, and ultimately to pyrite (Barrie et al., 2009; Thiel et al., 2019).
Pyrite formed as an end result of MSR inherits the biological S isotope
signature of the precursor hydrogen sulfide, as there is negligible fractionation
during transformation from FeS to FeS, (Bottcher et al., 1998), and thus,
5’ 4Sp commonly serves as an isotopic biomarker for MSR. The very low
minimum §>*S values (as low as —59%o; Figure 6a) from the GAP sam-
ples are consequently proposed to result from large S isotope fractionation
during MSR. The initial paleowater 8**S_ .
estimated using the 634Sbaﬁte and 634Sgypsum
particular, sample GAP01:30 is of interest, as there are coeval barite and pyrite
on the same fracture surface (Figure 1i). The mean &S, values,

yrite

pyrite

is unknown, but the **¢ can be
in the fracture system. In
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Table 1

Fluid Inclusion Results, Carbonates

Sample T, (°C) T, (°C) T, (°C) Salinity Paleofluid §'*Cco, (PDB) Paleofluid 8'%0y,o (SMOW) FI type
GAPO1:74 —21.3 —0.1 198.7 0.18 —5.46 3.31 NaCl-H,O
GAPO01:97 —53.8 -33.1 140.1 23.6 —-8.51 —4.50 CaCl,-H,0
GAPO01:97 —50.1 S 85.7 26.3 —11.46 -9.77 CaCl,-H,0
GAPO01:97 —52.1 —26.8 96.1 26.2 —-10.77 —8.58 CaCl,-H,0
GAPO01:97 —56.6 = 31.4 = = = Co,
GAPO01:97 —-56.6 = 314 = = = Co,
GAP01:97 —56.3 = 31.3 = = = co,
GAPO01:97 —56.4 = 31.2 = = = co,
GAPO01:219 <50 22-4.7 NaCl-H,0
GAP03:47 = = 83.6 = —12.46 —5.87 CaCl,-H,0
GAP03:305 m —27.8 -7.9 279.1 11.6 —7.77 9.75 NaCl-H,0
GAP03:305 m —22.7 —-1.1 163.1 1.90 —10.42 422 NaCl-H,0

T.=First ice melting temperature, 7,,=Final ice melting temperature, 7, =Homogenization temperature, FI=Fluid inclusion. Isotopic signatures of paleo-fluids are
calculated using the fluid inclusion 7} temperatures and fractionation factor—temperature equations for CO,—-CaCOj; (Bottinga, 1968) and CaCO;—H,O (O’Neil

et al., 1969), respectively.

+13.0 =+ 1.9%0, and 8**S

pyrite

values, —55.1 = 2.0%o of this sample will give a mean **¢ = >*S

sulfate

34
=87"S uifide Of

68.1%o0 (up to a maximum of 75.3%o0, when taking the full range of the SIMS values). In comparison, the mean

834Sbaritc value is overlapping or slightly lower than contemporary Late-Cretaceous-Early Paleocene seawater

sulfate (17-20%o, based on sedimentary 8**S, ;.. values, Present et al., 2020). A **¢ value of 68%o to explain the

Table 2

Concentrations of Fatty Acids in Calcite Coating GAP03:287

Surface extract ¢ (pg/g)

Dissolved calcite ¢ (pg/g)

Calcite-trapped portion (%)

12:0

13:0
i-14:0
14:1

14:0
8Me-14:0
4Me-14:0
10Me-14:0
i-15:0
ai-15:0
15:1

15:0
i-16:0
16:1

16:0
4Me-16:0
10Me-16:0
17:0

18:2

18:1

18:0

0.5
5.2

0.5
1.1
2.6
4.3
2.0
17.3
139.3
24
1.0
35
7.6
62.4
78.9

15.7
12.5
43
10.7
2243
11.3
37.6
19.4
38.1
107.6
39.8
317.0
55.6
508.2
2,597.7
68.0
423
75.6
533
918.4
1,184.6

100
100
100
96
98
100
99
100
97
98
100
99
97
97
95
97
98
96
88
94
94
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Figure 7. Specific fatty acids in calcite from GAP03:287 (section of the total ion chromatogram). i-14:0, 10Me-14:0, i-15:0,
and ai-15:0 are indicative of sulfate reducers. The GAP03:287 calcite surface extract (orange line) and the blank (red line) are
shown for comparison.

834Spyrite values in GAP01:30, is in line with **¢ observed for MSR-induced pyrite precipitation in 415 m deep
groundwater at Aspd, SE Sweden (Drake, Tullborg, et al., 2015), and for coexisting dissolved sulfide and sulfate
from hypersulfidic interstitial waters in a sediment core from the continental margin of the Great Australian Bight
that shows an isotope difference of up to 72%o caused by in situ MSR (Wortmann et al., 2001). Formation of the
sulfide by TSR can be ruled out as it produces >*e of up to 22%o, but usually much less (Kiyosu & Krouse, 1990). For
the other samples with extremely low 634Spyrite
direct comparisons of sulfate and sulfide §**S on the sample scale. The deeper barite sample GAP04:681 had lower
§*S values, 6.9 + 0.8%o, than GAP01:30, and is within the range of gypsum measured in the same borehole section
(values between +2.6 and + 10.7%o, Harper et al., 2016; Henkemans, 2016). Applying these lower values would
give aminimum &>*S 0f 49.3 and 57.3%o for the lightest §**S ., of GAP01:176, 57.6 %0 for GAP01:219, and 42.0%
for GAP03:287, respectively, which all agree with MSR. The small 634Spyﬁle
pyrite crystals suggest that MSR occurred in an open system with regard to sulfate and/or at high sulfate con-

. 4 e gep e
values, there are no corresponding §**S measured, inhibiting

sulfate

differences within the individual

centrations, which promotes high S fractionation during MSR (Leavitt et al., 2013). The sulfate concentrations in
the groundwater of the boreholes are indeed relatively high up to almost 2,000 mg/L at large depth in GAPO4
(Harper et al., 2016). Closed system Rayleigh distillations would theoretically also affect barite by increasing the
63451,mte values as the sulfate pool diminishes (Magnall et al., 2016). The relatively homogeneous 8**S (and §'20)
values within individual barite grains (Figure 5) are therefore another supporting line of evidence for MSR in open

o
a
i GAP01:219
lower intercept = 75.2 £ 7.4 Ma (n=5)
27Pb/2%Pb = 0.787 + 0.074
MSWD =0.88

GAP04:550
lower intercept = 64.5 + 2.7 Ma (n=29)
27Pb/2%Ph; = 0.863 + 0.014
MSWD =1.9

0|.6 0‘.8
1

207ppy206Pp
0.4

0.2

1000°—o 5 o
500 250 100 500 250 100°

0.0

0 60 40 60
238 /206Ppy 238 /206Dy

Figure 8. U-Pb dating of calcite sample GAP01:219 (a), and GAP04:550 (b). Ages reflect lower intercept ages and
uncertainties are quoted at 2 sigma and comprise systematic uncertainties. Data details are reported in Table S9 in Supporting
Information S1.
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and/or sulfate rich conditions. Taken together, MSR is supported by the low 634SpyritE and high apparent isotope
enrichment between precipitated sulfate and sulfide minerals, and MSR appears to have occurred in an open system
and/or at high concentrations of dissolved sulfate.

Additionally, calcite from GAP03:287 incorporated several fatty acids, including i-14:0, 10Me-14:0, i-15:0, ai-
15:0, 4Me-16:0, and 10Me-16:0 (Figure 7; Table 2), which are typically found in sulfate reducers (Dowling
et al., 1986; Kaksonen et al., 2006; So & Young, 1999; Ueki & Suto, 1979). The presence of 10Me-14:0, 4Me-
16:0, and 10Me-16:0 may even indicate a hydrocarbon-based metabolism (So & Young, 1999). Moreover,
organotrophic sulfate reduction is indicated by &'>C-depleted calcite coatings in the samples with MSR-related
634Spyr-values (GAPO01:30, down to —16.2%0; GAPO01:219: —14.0%0, GAP03:287: —13.5%0, GAP01:176, no
calcite). Thus, there are several lines of evidence in support of ancient MSR in the deep fracture system.

5.4. Timing of Microbial Activity

The U-Pb age of GAP01:219 calcite occurring together with MSR-related pyrite suggests that MSR occurred in
the fracture system in the late Cretaceous (75.2 £ 7.4 Ma). GAP04:550 yielded a slightly younger age of
64.5 = 2.7 Ma, which shows that fluid flow and mixing that induced mineral precipitation occurred at the
Cretaceous-Paleogene boundary in the bedrock fracture systems of Western Greenland. Extension-related
opening of normal faults enabled the descent of microbial communities in fresh water that mixed with deeper
seated brines. This scenario shares similarities with observations from the Fennoscandian shield (Drake
etal., 2023; Sahlstedt et al., 2013; Sandstrom & Tullborg, 2009) and sedimentary basins in North America (Budai
et al., 2002; Martini et al., 1998; Mclntosh et al., 2023).

Although the GAP fracture coatings apparently range from numerous generations of hydrothermal to low-
temperature precipitates with host rocks dating back to the Archean, it is notable that only the young fracture-
hosted low-temperature calcite appears together with co-genetic MSR-related pyrite. Older coatings lack bio-
signatures for microbial activity. Thermochronology investigations provide a powerful tool to assess the habit-
ability of the rock volume over time, helping to understand the local subterranean paleomicrobiology (Drake &
Reiners, 2021). Periods of subsidence due to sedimentary rock coverage may have depressed the bedrock volume
to depths that infer temperatures above the limit of life (122°C, Takai et al., 2008) for long times during the
geological history of the area. Thermochronology studies from Western Greenland predict that ambient condi-
tions prevailed during formation of the fracture coating calcites, following earlier periods of subsidence and
inhabitable temperatures (DaniSik & Kirkland, 2023; Jess et al., 2018). Thermal processes associated with
extensional tectonism starting in the Late Triassic and passive margin formation in the Early Cretaceous have
been indicated, but there is no evidence of thermal activity during Cenozoic times in the area (Dani§ik &
Kirkland, 2023). This suggests that the temperature was suitable for microbial colonization at the time of for-
mation of the dated calcite crystals (i.e., Cretaceous-Paleogene), but it was periodically too hot before. However,
some habitable windows in earlier geological periods seem plausible. Mean zircon (U-Th)/He dates from ca.
725 Ma to ca. 1.05 Ga record exhumation of the basement to upper crustal levels during Meso-/Neoproterozoic
times following the Nagssugtoqidian orogeny at 1.7 Ga (DaniSik & Kirkland, 2023), but no biosignatures for deep
subsurface microbial activity from these times have been found.

5.5. Potential Modern Glacial Water-Associated Precipitates

The isotope composition of the fracture coating minerals, in particular O and Sr of calcite, can be compared with
the chemical composition of the groundwater to assess whether the minerals might be precipitated from modern
groundwater (Drake, Ivarsson, et al., 2018; Sahlstedt et al., 2016; Sandstrom & Tullborg, 2009; Tullborg
et al., 1999; Wallin & Peterman, 1999). Although 8'13C-DIC values of the groundwater (Harper et al., 2016)
roughly match with the 8'°C_,,;.. range (Figure 3a), and Quaternary glacial water has likely influenced a few
fracture flow paths below the permafrost in GAP04 (Drake, Suksi, et al., 2017), no agreement can be observed for
5'80 (Figure 3b applying temperature-based fractionation factors from Kim & O'Neil, 1997 and simple flushing
water contamination correction for GAP0O4 upper and middle sections). Due to the potential flushing water
contamination, these comparisons (upper and middle section) should be taken with caution. The groundwater
sampling and potential causes of contamination are the subject of another ongoing study. The SIMS analyses
enabled comparison between the outermost growth zones and the groundwater (Figure 4) and showed corre-
spondence in some rare cases.
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Considering the ¥Sr/*®Sr data, some calcite (Figure 3d) shows an overlap with the groundwater ¥’Sr/5¢Sr values,
which may indicate precipitation from the present-day waters. However, this is contradicted by the different 5'%0
values between calcite and groundwater. Calcite sample GAP04:550 (Figure 4c) for example, which was
recovered from a hydraulically active part underneath the permafrost, shows slightly less radiogenic values than
the groundwater. This suggests that the calcite is not modern but precipitated from an ancient groundwater that
has not evolved to the radiogenic levels encountered in the present groundwater. Generally, Quaternary glacial
waters have made very little imprint in the calcite record of the fractures below and in the vicinity of the con-
tinental ice sheet and permafrost. Instead, the low temperature precipitates are indicated to be Cretaceous-
Paleogene in age, as suggested by the two dated calcite samples.

6. Conclusions

Several generations of secondary mineral precipitates can be attested in deep fracture networks in the Archean
rocks of the Kangerlussuaq area in Western Greenland. At least one of these generations is Cretaceous-Paleogene
in age and is proposed to be temporally tied to extensional tectonics related to the opening of the North Atlantic
and Labrador Sea. Potential glacial water precipitates have not been documented in the present study but cannot
be ruled out. The Cretaceous-Paleogene calcite-pyrite-associations contain MSR signatures (isotopic fingerprints
and molecular biomarkers). It is therefore indicated that the extensional tectonics related to the opening of the
North Atlantic and Labrador Sea enabled the colonization of the fracture system by microorganisms via fluid
infiltration.
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