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ARTICLE INFO ABSTRACT

Editorial handling by: Dr F Chabaux Understanding the long-term redox conditions and the related carbon cycle in groundwater is essential for long-
term safety assessment because they affect the performance of barrier systems and radionuclide transport in
geological disposal. However, it is difficult to identify those long-term changes directly. To help understand this,
we conducted a paleohydrogeological study on calcite mineralization associated with fracture-controlled
groundwater flow-paths in the Toki Granite in central Japan, focusing on its carbon and oxygen stable isotope
characteristics. Previous studies revealed four generations of fracture-filling calcite in the Toki Granite. There-
fore, we conducted isotopic analysis on both bulk samples of calcite and spatially-resolved microsamples of
discrete generations of calcite within zoned crystals. The 8'®0yppp of calcite ranging between —32.7%o to
—0.59%o revealed that the groundwater that precipitated the calcite was derived from various origins over the
geological history of the area, including early hydrothermal fluids associated with the late-stage cooling of the
granite (less than —17.2%o); freshwater invasion from the surface following regional uplift (—18.5%0~ —8.3%o),
and; seawater that penetrated during periods of marine transgression (—8.7%o0 ~ —0.3%o). The range in 613CVPDB
values (—56.5%o ~ +6.0%0) was wider than the isotopic range of dissolved inorganic carbon (DIC) that originated
from hydrothermal, meteoric, and seawater sources (—25%o ~ +2%o). Calcite with low 513CVPDB values less than
—25%o is believed to have precipitated from groundwater with DIC that was provided by anaerobic oxidation of
methane (AOM), whereas calcite with 613CVpDB higher than +2%. is believed to have precipitated from
groundwater containing 3C-enriched DIC as a carbon source derived during methanogenesis. These processes
influencing the formation of calcite mineralization in the Toki Granite are comparable to those at other crys-
talline rock sites in European countries. The AOM calcite and calcite associated with methanogenesis in the Toki
Granite precipitated during the transition of the groundwater origin from meteoric to seawater. Understanding
these redox processes and the related carbon cycle in granitic groundwater can provide important insights into
processes relevant to assessing the long-term evolution of geoenvironmental systems.
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1. Introduction

The chemical composition, pH, and redox conditions of groundwater
are essential factors that must be considered in the long-term safety
assessment for geological disposal of high-level radioactive waste (IAEA,
2012; OECD/NEA, 2013; Posiva Oy, 2012; SKB, 2011). Therefore, un-
derstanding the long-term evolution and the drivers of change in
groundwater chemistry over geological time scales relevant to that
considered in safety assessment (i.e. typically 10°-10° years) is impor-
tant (Blyth et al., 2009). The potentially transient nature of groundwater
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chemistry makes it difficult to determine how it has changed over such
long periods directly from the present-day groundwater composition
alone. However, a paleohydrogeological approach can be employed,
which utilizes secondary minerals that may preserve a more continuous
record of information about past groundwater chemistry (e.g., Bath
et al., 2000; Degnan et al., 2005; Drake and Tullborg, 2009; Milodowski
et al., 2018).

Calcite is a particularly useful mineral for paleohydrogeological
studies because it forms under a variety of conditions, and can preserve
information on long-term changes in the hydrochemical properties of
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the paleo-groundwaters recorded within; (i) chemical and isotopic
composition variations in crystal growth zones; (ii) fluid inclusions, and;
(iii) chemically-influenced crystal growth morphology; (Drake et al.,
2012, 2015; Iwatsuki et al., 2002; Milodowski et al., 2005; Sahlstedt
etal., 2013, 2016; Tullborg et al., 2008). The stable isotope composition
of calcite is one of the key features for understanding the mechanisms
that influenced groundwater chemistry in the past. §'%0 in calcite can be
a primary indicator of the origin of groundwater and temperature at the
time of precipitation, whereas 513C reflects the carbon isotopic compo-
sition of the DIC pool in groundwater (e.g., Clark and Fritz, 1997).
Recent studies have revealed the presence of calcite derived from carbon
supplied to a DIC pool by microbial anaerobic oxidation of methane
(AOM), in crystalline rocks deep in the terrestrial subsurface that are
candidates as potential host rocks for geological disposal (Drake et al.,
2015, 2018; Sahlstedt et al., 2016). AOM provides a groundwater DIC
pool with carbon that contains very low §'3C; consequently, the §'3C of
the calcite precipitating from this groundwater is also very low (e.g.,
Drake et al., 2015; Sahlstedt et al., 2016). The metabolic activities of
subsurface microorganisms are known to influence the redox conditions
of groundwater (Hallbeck and Pedersen, 2008). Microbial communities
in Olkiluoto, Finland, have been shown to be active in reducing nitrate,
iron, and sulfate (e.g., Bomberg et al., 2015). AOM is known to reduce
nitrate (NO3), nitrite (NO3), sulfate (SO?(), iron (Fe3+), and manganese
(Mr14+), which are major aqueous redox—buffering species (Stumm and
Morgan, 1996). From the viewpoint of safety assessment for geological
disposal of radioactive waste, it is important to understand the contri-
bution of AOM to DIC, and its relationship to changes in groundwater
chemistry due to redox reactions. However, few studies have been
conducted on AOM in deep groundwater systems of crystalline rocks.

Previous studies in the Mizunami area, the target area of this study,
have focused on microorganisms in granite groundwater (Fukuda et al.,
2010; Ino et al., 2018; Suzuki et al., 2014), but previous paleohy-
drogeological studies based on the fracture-filling calcite in the Toki
Granite (Iwatsuki et al., 2002, 2010; Mizuno et al., 2010, 2022) have not
considered chemical processes involving microorganisms as well as
AOM. Therefore, the present study aims to understand the contribution
of AOM and associated processes to DIC in the long-term hydrochemical
evolution by focusing on newly obtained stable isotopic data, combined
together with existing data from previous studies (Iwatsuki et al., 2002;
Mizuno et al., 2010), obtained from fracture-filling calcite in the Toki
Granite in the Mizunami area.
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2. Background information

The Mizunami area is located in Gifu Prefecture in central Japan,
approximately 300 km west of Tokyo (Fig. 1a). The Mizunami Under-
ground Research Laboratory (MIU) is a purpose-built generic under-
ground research facility for developing technologies for geological
disposal in crystalline rocks. The MIU had two 500m deep vertical shafts
with horizontal tunnels that connected the two shafts (Fig. 1b). They
were backfilled as the research and development project was completed.
(Fig. 1b). The basement geology of this area comprises the Cretaceous
Toki Granite, which is overlain by the sedimentary rocks of the Paleo-
gene Mizunami Group and Quaternary Tokai Group (Sasao, 2013)
(Fig. 1a). Previous thermochronological studies focusing on the Toki
Granite revealed that the granite was emplacemed during the Creta-
ceous (Shibata and Ishihara, 1979). The zircon and apatite fission-track
dating reveal the cooling history of 190 °C-390 °C from 75.6 Ma to 54.6
Ma; 90 °C-120 °C from 49.5 Ma to 37.1 Ma in the granite (Table 1)
(Yuguchi et al., 2019). Mineralogical studies of fracture fillings (Ishi-
bashi et al., 2016) indicate that no subsequent granite-related hydro-
thermal activity occurred. It can be inferred that after 35 Ma,
temperature conditions evolved along a geothermal gradient, similar to
that of the present day (Table 1). Based on the fracture frequency, the
Toki granite can be divided into the upper highly fractured domain
(UHFD) with a high fracture frequency, and the lower sparsely fractured
domain (LSFD) with a low fracture frequency (Tsuruta et al., 2013). The
boundary depth is not constant over this area but is approximately
several hundred meters deep (Iwatsuki et al., 2010; Yuguchi et al.,
2021). The depositional environment of the Mizunami Group varied
over time. In its early stages, fluvial-lacustrine arenaceous sediments of
the organic-rich Toki lignite-bearing Formation (27-20 Ma) (Iwatsuki
et al., 2004), and the Hongo Formation (19-18 Ma) were deposited
(Hiroki and Matsumoto, 1999; Sasao et al., 2006). They were followed
by marine transgression that resulted in the deposition of the Akeyo
Formation (17 Ma) in a shallow marine environment, which was inter-
rupted by a period of regression, erosion, and non-deposition (17-15
Ma) before the renewed marine deposition of the Oidawara Formation
(15 Ma) (Sasao et al., 2006). Subsequently, the lacustrine Tokai Group
was deposited between 12 and 1.5 Ma, and then the Mizunami area has
been uplifted since 1.5 Ma (Table 1) (Sasao et al., 2006).

The present-day groundwater is dominated by Na-HCOs-type
groundwater of meteoric origin over much of the area (Iwatsuki and
Yoshida, 1999). However, NaCl-type groundwater is present in the
southern part, associated with the Tsukiyoshi Fault, and was
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Fig. 1. Overview of the study area and sampling location. a) Geological Map of the Mizunami area and location of boreholes in which fracture filling calcite was
sampled. b) Overview of the Mizunami Underground facility (MIU). Two boreholes shown by the dotted line were drilled from the bottom of the Main and Ventilation

shaft as pilot boreholes of the shafts.
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Table 1
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The geological history of the Mizunami area and precipitation sequence of fracture-filling calcite (modified after Mizuno et al. (2022)).

Timescale Geological event Origin of groundwaters Salinity and Temperature of the Calcite generation (mineralogical characteristics)
in the basement granite ~ groundwaters
c.75Ma Toki Granite intrusion
75.6-54.6 brittle faulting and Hydrothermal fluid Salinity is unknown [190 °C-390 °C] Calcite I (typically anhedral, moderate to bright
Ma subsequent geothermal event luminescence)
49.5-37.1 Cooling with uplift Warm hydrothermal Salinity is unknown [60 °C-120 °C]
Ma fluid
35-27 Ma uplift and subareal exposure Meteoric [Freshwater] Salinity in fluid inclusions hosted by Calcite II (equant to slightly c-axis elongated form,
and erosion (Deep weathering fracture-filling calcite is varied with moderate to bright luminescence) & Calcite III (distinctly
of Toki granite) 0.47-4.53 (wt.% NaCl Eq.). [< 90 °C] elongated along the c-axis form, generally dull but locally
27-20 Ma? Deposition of the Toki Lignite- ~ Meteoric + Riverine and variably bright luminescence)
bearing Fm [Freshwater]
19-18 Ma? Deposition of the Hongo
Formation
c.17Ma Deposition of Akeyo Seawater invasion
Formation [Saline]
17-15 Ma Unconformity Possible meteoric
invasion? [?
Freshwater]
c. 15 Ma Deposition of the Oidawara Seawater invasion
Formation [Saline]
15-12 Ma Major unconformity between Meteoric invasion
Mizunami and Tokai Group [Freshwater]
12-1.5 Ma Deposition of the Tokai Group ~ Meteoric + Lacustrine] Diluted groundwater [< 90 °C] Calcite IV (microporous or gel-like “globular” deposits or
sediments [Freshwater recharge] micro-crystalline coatings on the corroded surfaces of
c. 1.5- Base-level change due to Meteoric invasion Calcite III, relatively bright luminescence)
present regional uplift ongoing [Freshwater
recharge]
Table 2 Two types of methane with markedly different §'3C signatures have
able

513C and 880 data of spatially-resolved calcite microsamples shown in Fig. 3.
Microsamples taken from the regions shown in Fig. 3 are mixed before analysis.
Therefore, the analytical values shown in the table are averages for each region.
Estimated isotopic values in groundwater from which calcite precipitated are
calculated based on Eq. (2), Eq. (3), Eq. (4), and Eq. (5), as well as the method
described in section 4.1.

Calcite Sub- Measured isotopic values  Estimated isotopic values
Generation sample in calcite in groundwater from which
calcite precipitated
8'*Cypps 8'®Ovrps 8'*Cypps 8"®Ovsmow
(%o) (%o) (%o) (%0)
I 1 —56.0 -11.4 —59.3 ~ -11.2 ~
2 —54.7 -11.5 —56.5 -2.7
3 —55.4 -11.4
4 —56.5 -11.5
111 5 0.0 -7.0 —6.6 ~ ~7.6 ~
6 -3.8 -7.9 -1.8 +1.7

encountered in the underlined boreholes and the MIU site shown in
Fig. 1 (Iwatsuki et al., 2005). The residence time of granitic groundwater
in and around the MIU is estimated to be over 50,000 years at depths of
around 600 m below the surface, below which 4C is no longer detect-
able (Iwatsuki et al., 2005). The previous paleo-hydrogeological studies
focused on the fracture-filling calcite in the Toki Granite and have
revealed that past groundwaters originated from the circulation of early
hydrothermal fluids, as well as from seawater, meteoric water, or river
and lake water introduced during episodes of marine transgression and
regression, and subaerial uplift (Iwatsuki et al., 2002, 2010; Mizuno
et al., 2010, 2022). The paragenetic sequence of fracture-filling calcite
mineralization could be divided into four stages, referred to as Calcite I
to IV (from oldest to youngest), that reflect the changes in groundwater
chemistry (Mizuno et al., 2022). Detailed petrographic analyses,
together with fluid inclusion microthermometry, stable (C, O) isotope,
and chemical composition data of fracture-filling calcite in the earlier
studies (Mizuno et al., 2010, 2022), enable the mineralization to be
correlated with the geological evolution of the Mizunami area.
(Table 1).

also been identified in the present-day granitic groundwaters. One is the
methane supplied from the deeper part of the sequence through frac-
tures, with SIBCVPDB in the range of —21.0%0 ~ —45.3%o, that has been
identified in and around the MIU site (Iwatsuki et al., 2005; Kurosawa
etal., 2010; Niwa et al., 2021; Suzuki et al., 2014). The concentration of
this methane is depth-dependent, with the highest concentration
detected to date being 688 uM at a depth of 945 m below the surface
(Iwatsuki et al., 2005). The origin of the methane is thought to be
thermogenic based on the range of isotopic compositions (Ino et al.,
2018; Iwatsuki et al., 2005). The other methane type is identified from
the unconformity between the Toki Granite and the overlying sedi-
mentary rocks at the Tono uranium mine, located about 2 km west of the
MIU (Fig. 1). The 5'3Cyppp of this methane is —97.1%o and is considered
to be microbial methane (Mills et al., 2010). Genome analysis of mi-
croorganisms sampled from present-day groundwater and laboratory
experiments indicate that AOM associated with sulfate reduction may
occur in the UHFD by ANME-2d and that microbial methanogenesis may
occur in the LSFD (Ino et al., 2018). These hydrochemical baseline
conditions are summarized in Table S1.

3. Approach

3.1. Sampling

The calcite samples for carbon and oxygen isotopic analysis were
collected from the cores recovered from several boreholes drilled in the
Toki granite. These included: DH-15, a deep vertical borehole drilled
from the surface, and; 06MI03, one of the vertical pilot boreholes drilled
from within the shafts during the MIU construction (Fig. 1). Eight
samples were collected from DH-15 and six samples from 06MI03. One
sample, collected from DH-15, where sufficient sample volume was
obtained, was specifically prepared as a polished block for subsequent
micro-sampling, and was petrographically examined by cath-
odoluminescence (CL) microscopy using a Technosyn Model 8200 Mark
II cold cathodoluminoscope stage mounted on a Nikon optical
microscope.

Microsamples for oxygen and carbon isotope analysis were obtained
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from single calcite growth zones of ~100 pm wide using an optical
microscope-mounted tungsten carbide microdrill (New Wave Research
Inc., MicroMill). The microsampling locations of discrete calcite zones
and generations were guided by the CL images of the polished block, and
the drill depth was set from 50 to 200 pm to avoid contamination. The
other calcite samples were treated as bulk samples for analysis for the
oxygen and carbon isotopic composition. Existing data (Iwatsuki et al.,
2002; Mizuno et al., 2010) were summarized and used together with the
new data obtained in the present study.

3.2. Method

The carbon and oxygen isotopic analysis of calcite was performed
using a VG Isocarb and Optima mass spectrometer (Micromass UK Ltd.).
Small amounts of each powdered-carbonate mineral sample were con-
verted to CO5 gas by allowing them to react with 100% phosphoric acid
in a vacuum line. The isotope values (613C and 6180) were presented in
per mil (%o) deviations of the isotopic ratios *3c/*%c and 0/ 16O),
which were calculated relative to the Vienna Pee Dee Belemnite inter-
national standard (VPDB). This standard referred back to the original
PDB standard, which was calibrated against the NBS-19 standards and
analyzed together with the samples. The analytical reproducibility
values of NBS-19 were §'0yppg = + 0.05%0 (16, n = 21) and 6'3Cyppp =
+ 0.03%0 (10, n = 21), and those of the laboratory standard calcite were
5'80yppp = + 0.05%0 (16, n = 6) and 5'3Cyppg = =+ 0.03%0 (16, n = 6). In
this study, the isotopic compositions of calcite, both 8'3C and §'%0, are
presented as VPDB-standard values. However, §'80 in groundwater was
based on the Standard Mean Ocean Water (VSMOW)-standard value.
The conversion between SISOVPDB and 618OVSMOW followed Equation (1)
(Gonfiantini, 1984).

5'"%0vsmow = 1.03086%8'80yppg +30.86 @

4. Result and discussion

4.1. Origin of groundwater from which calcite has been precipitated based
on bulk-analysis

The result of bulk-analysis of fracture-filling calcite in this study
shows 613CVPDB ranging from —42.1%o to —7.0%o and 6180vaB ranging
from —14.2%o to —3.3%o (open symbols in Fig. 2, Table S2). Combining
these results with those of bulk-analysis in previous studies (Iwatsuki
et al., 2002; Mizuno et al., 2010), the ranges of 613CVpDB and 6180\/1)])]3
were —42.1%o to +6.0%0 and —32.4%o to +0.59%o, respectively (Fig. 2).
This wide distribution of isotopic compositions in the calcites reflects the
changes in the origin of groundwater distributed in the Mizunami area in
the past (Iwatsuki et al., 2002, 2010; Mizuno et al., 2010). Although
previous studies have compared the isotopic composition of the
fracture-filling calcite with that of inferred paleo-groundwaters (Iwat-
suki et al., 2002; Mizuno et al., 2010, 2022), in this study, the temper-
ature effect during isotope fractionation was also taken into account and
re-examined.

The isotopic fractionation of carbon was calculated, according to the
method of Blyth et al. (2009), using the isotopic fractionation factor
obtained from Equation (2) (Blyth et al., 2009), (3) (Mook et al., 1974),
and (4) (Bottinga, 1968).

10¥*In0pc03-catcite = 10°*In0tsco3.co2 + 10¥I0co2-calcite 2
10**Inagcos.coz = 9.552*%(10%+T 1) — 24.10 3)
10**Inatco-calcie = 2.9880%(10%T~2) + 7.663(10%T ") —2.4612 4

[where T is the temperature in Kelvin and « is the isotopic fractionation
factor].
For groundwater of seawater origin, both 613CvaB and 6180VSMOW
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Fig. 2. Plot of 5'3Cyppp and 8*80yppp of fracture-filling calcite analyzed by bulk
analysis. Open symbols show the data newly obtained in this study. The range
of “Calcite in equilibrium with present-day groundwater” is estimated from the
isotopic data of present-day groundwater (Mizutani et al., 1992; Iwatsuki et al.
2001, 2005; Suzuki et al., 2014). The range of “hydrothermal calcite” is esti-
mated assuming past hydrothermal environment. The “Calcite in equilibrium
with sea water” range is referenced to 5'3Cyppp Of 0%0 and 5'80yppg of 0%o,
respectively. Calcite with 8'3Cyppp lower than —25%o is considered AOM
calcite, and calcite with 8'3Cyppg higher than +2.8%o is considered methano-
genic calcite. See text for details.

were set to 0%o as reference values. For groundwater of meteoric origin,
the ranges indicated by 613CWDB and 6180v5M0w for groundwater of
present meteoric origin (unaffected by the disturbances associated with
the construction of the MIU) were used as references (813CVPDB:
—18.0%0 ~ —4.4%0; 5'%0vsmow: —9.9%0 ~ —8.0%0) (Iwatsuki et al.,
2002, 2005; Mizutani et al., 1992). The §'3C in present-day groundwater
exhibits a widely-distributed depth dependence, becoming higher at
depth. However, mineral precipitation and microbial reduction are not
the cause of the depth dependence but rather it reflects a mixing be-
tween DIC with relatively higher 5!C at depth and DIC with lower 5'3C
at shallower depths.

The oxygen isotopic ratio is calculated using Equation (5) (O’Neil
et al., 1969).

10%*In0tg,y = 2.78(10° T72) - 3.39 5)

Because isotopic fractionation factors for both carbon and oxygen are
temperature dependent, it is necessary to estimate the paleo-
temperature at which calcite precipitation occurred. Since it was
impossible to determine each sample’s precipitation temperature
directly, the temperature conditions were calculated from the
geothermal gradient and burial depth of the Toki Granite. Based on the
results of borehole logging, the geothermal gradient was assumed to be
ca. 3 °C/100m (Saegusa and Matsuoka, 2011). The Toki Granite was at
its deepest following emplacement, during the deposition of the Tokai
Formation, and the total maximum thickness of the Mizunami and Tokai
groups is 575 m (Sasao et al., 2005). Since the Toki Granite is exposed at
the surface in some places, it is assumed that the maximum depth was
about 575 m deeper than at present. The maximum burial depth at the
deepest point sampled in this study (which is ca. 900 m below the un-
conformity) would have been about 1475 m below ground surface.
Assuming a surface temperature of 15 °C, based on the present-day
geothermal gradient, it is estimated to have ranged from 15 °C to
60 °C. Although this estimation involves uncertainty, the temperature
conditions were assumed to be within this range for paleo-groundwaters
of meteoric water and seawater origin. This estimate is consistent with
the occurrence of fluid inclusions (identified previously in Calcite II and
Calcite III) as being monophase liquid inclusions (Mizuno et al., 2010)
that generally form under low-temperature (<80 °C) conditions (Gilg
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et al., 2014; Roedder, 1984).

The isotopic compositions of calcites expected to precipitate in
equilibrium from each type of groundwater were calculated using
Equations (2) to (5). The predicted 5'3Cyppp and 5'0vppg of calcite
precipitated from groundwater of seawater origin ranged from 1.8%o to
2.8%o and from —8.7%o to —0.3%o, respectively. The predicted 613CVPDB
and 8'%0yppp of calcite precipitated from groundwater of meteoric
origin ranged from —16.2%o to —1.6%o and —18.5%o to —8.3%o, respec-
tively (Table S3).

Regarding the oxygen isotopic ratio of calcite precipitated from hy-
drothermal fluids, previous studies assumed that the 5'%0vsmow of
paleo-groundwaters in the Mizunami area was 0 to —10%o (which is the
range of meteoric water and seawater) and noted that temperatures
above 230 °C are required for calcite precipitation with 5'%0vppp of
—32.5%0 (Iwatsuki et al., 2002). However, it is known that 5'%0 in hy-
drothermal water becomes higher due to intense water-rock interaction
(e.g., Clark and Fritz, 1997). For example, 5'80ysmow is +8%o in the
Arima hot spring water in Japan (Sakai and Matsubaya, 1974).
Assuming the temperature at which the fractures formed in the Toki
Granite was 300 °C (Yamasaki et al., 2013), then if §'80Oygmow of the
paleo-fluids in the associated hydrothermal circulation system is
assumed to have been +8%o, the slsovaB of calcite in equilibrium with
this fluid is calculated to be —17.2%o based on Equation (4). Thus, calcite
with 6180VpDB lower than —17.2%0 may be assumed to have precipitated
in a hydrothermal environment (Table S3).

Fig. 2 summarises these results and compares them with the 5!%0 of
fracture-filling calcites analyzed from the Toki Granite. This shows that
the calcite mineralization encounted in the Toki Granite can be
explained by precipitation from a variety of groundwaters of seawater,
freshwater, and hydrothermal origin, or their mixtures, over time.
However, the 5'3C of many of the calcite samples are far lighter than
expected, and fall well outside the predicted compositional ranges
calculated above. DIC in present-day granitic groundwater is supplied by
soil CO, and the decomposition of organic matter in the overlying
sedimentary rocks (Iwatsuki et al., 2001, 2005). The 613CvaB values of
soil CO and sedimentary organic matter are —20%o (Iwatsuki et al.,
2005) and —25%o (Iwatsuki et al., 1995; Shikazono and Utada, 1997),
respectively. Therefore, calcite with 613CVpDB that is lower than —25%o
or higher than +2.8%. indicates the presence of a different carbon source
than soil CO; or carbon supplied by the breakdown of organic matters or
DIC in seawater. The very low 8'3C values found in some of the
fracture-filling calcites in the Toki Granite are close to the range of
values observed in methane-derived authigenic carbonate deposits
formed by AOM at seafloor methane seepage sites (e.g. Douglas et al.,
2017; Judd et al., 2019; Judd and Hovland, 2007; Schoell, 1980).
Because no other carbon source with 8'3Cyppg lower than —25%o is
observed in the study area except methane, the calcite with significantly
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low 5'3Cyppp observed in this study most likely precipitated from DIC
supplied by AOM as a carbon source. However, calcite with 613CVpDB
values higher than +2.8%. also exists, which suggests that methano-
genesis may have shifted the isotopic composition of residual DIC to a
relative '3C enrichment (e.g. Drake et al., 2017; Sahlstedt et al., 2016;
Sandstrom and Tullborg, 2009).

4.2. Spatiotemporal distribution of AOM calcite as shown by micro-
analysis

The results of the micro-analysis of the DH-15 samples newly con-
ducted in the study were as follows (Fig. 3, Table S4):

Calcite II (3 regions)) 8> Cyppg: —56.5%0 ~ —54.7%o; '8 0vppr: —11.5%0 ~
—11.4%0

Calcite IIT (2 regions)) 8> Cyppp: —3.8%0—0.0%0; &'20yppp: —7.9%0 ~ —7.0%0

This sample showing the most negative 8'3Cyppg is dominated by
fracture surfaces lined by Calcite II mineralization varying in thickness
from 1 mm to several millimeters. It also displays overgrowths,
approximately 1 mm thick, of later c-axis elongated crystals of Calcite III
(differentiated by its slightly darker CL) nucleated on top of Calcite II
(Fig. 3). Calcite II and Calcite III are clearly different in both their iso-
topic composition and CL characteristics (Fig. 3, Table 2), reflecting
discontinuous precipitation from groundwaters with different hydro-
chemical properties. The isotope data has been differentiated in regard
to the generation of calcite dominating in each of the samples, as
distinguished on the basis of CL petrography (cf. Mizuno et al., 2022).
The analysis result from this sample indicates that AOM was operating
during Calcite II precipitation. Since the precipitation of Calcite II is
considered to have occurred following the deposition of the Toki
Lignite-bearing Formation, it can be inferred that Calcite II was poten-
tially formed in a freshwater environment. However, the 5'80ysmow of
groundwater from which the calcite precipitated is estimated to be
—11.2%o to —2.7%o based on the 6180VPDB of Calcite II in the temperature
range assumed in section 4.1 (Table 2), indicating that it is difficult to
determine the origin of the groundwater as meteoric water or seawater.
Although the estimated 8'3C of the groundwater from which Calcite III
precipitated shows a comparable value with the DIC of seawater, §'%0
may differ from the value of seawater (Table 2). These isotopic char-
acteristics suggest that Calcite II and Calcite III precipitated in an
environment where groundwater of seawater origin mixed with water of
meteoric origin. The microthermometry of fluid inclusions in Calcite II
and Calcite III has also revealed that groundwater salinity varied within
the range of freshwater to seawater during the precipitation of these
calcite generations (Mizuno et al., 2010). Considering the geological
history of the area, several episodes of marine transgression and marine

Pore space

V7] calite i El Wall rock (Toki granite)
Calcite Il

3 Sampling area for isotopic analysis

Fig. 3. Location of sampling using micro-drill for isotopic analysis in DH-15 depth of 196.4 m below unconformity (mbu). (a) Cathodoluminescence image and trace
of micro-sampling locations; (b) Schematic tracing of the CL image identifying the different calcite generations and trace of micro-sampling location. Isotopic data

from each micro-sampling location are shown in Table 2.
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regression occurred during this period (Table 1), and would have
impacted on groundwater recharge, and are consistent with the hydro-
chemical changes in the granitic groundwater that can be inferred from
the calcite analysis.

The stable isotope data obtained by micro-analyses of the fracture-
filling calcites from this present study, together with data from previ-
ous studies (Iwatsuki et al., 2002; Mizuno et al., 2010), are presented in
Fig. 3 and Table S4. The range of 613CVPDB and 6180vaB values observed
for each of the four calcite generations is summarized below.

Calcite I) 613CVPDB: from —15.3 to —7.5%; 618OVPDB: from —32.7 to
—12.1%o0

Calcite IT) '3 Cyppp: from —56.5 to —4.6%o; 5 80yppg: from —17.02%
to —10.3%o

Calcite IIT) 8'3Cyppp: from —17.99 to 5.77%o; 8 0yppp: from —11.4
to —2.34%o

Calcite IV) §'3Cyppg: from —10.6 to —1.7%o; 5 0yppp: from —12.7 to
—8.2%0

The carbon and oxygen isotopic data obtained by micro-analysis
were compared to those of calcite predicted to be in equilibrium with
present-day groundwater, seawater, and hydrothermal circulation, as
described in section 4.1 (Fig. 4). The calcite with around —30%. of
6180VpDB in Calcite I precipitated in a warm hydrothermal environment
before 35Ma. The 6180VPDB of the other Calcite I samples are distributed
in the range that is in equilibrium with the present-day groundwater. It
suggests they precipitated from groundwater with a similar isotopic
composition to present-day groundwater (Fig. 4a). In Calcite II, other
than the AOM calcite, all but one sample plotted in the range of calcite in
equilibrium with present-day groundwater. (Fig. 4b). In contrast, Calcite
III contains calcite with SISOVPDB values that are close to that of calcite
in equilibrium with seawater, which suggests that its precipitation was
influenced by groundwater derived from seawater (Fig. 4c). In addition,
calcite with more positive 5'3Cyppp than calcite expected to be in
equilibrium with seawater can also be identified. Residual CO, which
became 3C-rich during methanogenesis, can be assumed as the carbon
source for calcite with such high 5'3C (Drake et al., 2017; Sahlstedt et al.,
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10
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0 with seawater
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2016; Sandstrom and Tullborg, 2009). Since the maximum 613CVPDB was
+6.0%o, the change of 5'3C in the DIC pool is considered limited. The
changes in the hydrochemical properties prevailing during Calcite II and
Calcite III precipitation may have regulated the occurrence and sus-
pension of AOM and the methane forming process. Both Calcite IV and
Calcite II, plot mainly in areas of equilibrium with the present-day
groundwater (Fig. 4d). Since Calcite IV is the most recent calcite, it is
thought to reflect the isotopic composition of the present-day
groundwater.

Fig. 5 shows the 8'3Cyppp of fracture-filling calcite obtained by both
bulk- and micro-analysis relative to their depth below the unconformity
(mbu). The unconformity is used as a reference because the thickness of
the sedimentary layer is not uniform within the study area, and the el-
evations of the tops of the boreholes vary with the location. The calcite
with the most negative 5'3Cyppg (—56.5%0) appears 196.4 m below the
unconformity (Fig. 5a). No AOM calcite has been found deeper than 500
mbu (Fig. 5a). In the Toki granite, the UHFD is extends over several
hundred meters in the shallow part of the granite (Iwatsuki et al., 2010).
The boundary between the UHFD and the LSFD in borehole DH-15 oc-
curs at a depth of 467 mbu (Saegusa and Matsuoka, 2011). Therefore,
AOM principally occurred within the UHFD. In contrast, methanogenic
calcite more enriched in 13C is not found at shallower depths (i.e. above
~200 mbu) but occurs at the same depth or slightly deeper than AOM
calcite (Fig. 5a).

AOM and methanogenesis in present-day groundwater occur at the
UHFD and LSFD, respectively (Ino et al., 2018). Therefore, the spatial
distribution of past AOM and methanogenesis that can be reconstructed
from calcite mineralization is the same as that of their location at pre-
sent. These suggest that the AOM occurs in shallower, more permeable
areas with more microbially-reactive organic components supplied from
the shallower parts of the sequence.

4.3. Possible paleo-AOM process in the Mizunami area

The 613CVPDB values of methane involved in AOM back-calculated
from the lowest 5'3Cyppg of —56.5%0 recorded from the calcites are
estimated to be —60.0%o to —42.1%o based on Eq. (2) and fractionation

(b) Calcite Il
10
Calcite in equilibrium
0 with seawater
Calcite in equilibrium
AO_M}a\cwte with present-day groundwater
2-10 @ °
s Rl
9 20
w0
-30
-40
-60 -40 -20 0 20
513CVPDB
(d) Calcite IV
10

Calcite in equilibrium
with seawater

i [I
g =10 |
E Calcite in equilibrium

o> with present-day groundwater

&

“w

20
-30
-40
60 -40 -20 0 20
81 3CVPDB

Fig. 4. The plot of 5'3Cyppp and & ¥Oyppp of fracture-filling calcite analyzed by the micro-drilling method in each generation, Calcite I (a), Calcite II (b), Calcite III
(c), and Calcite IV (d). Open symbols shown in (b) and (c) indicate the data newly obtained in this study (Table 2). The respective ranges of “Hydrothermal calcite”,
“Calcite in equilibrium with present-day groundwater”, “AOM Calcite”, and “Methanogenic Calcite” are based on the same approaches as in Fig. 2.
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Fig. 5. (a) 813CVPDB of the bulk analysis and microanalysis in each generation versus depth; (b) §13CVPDB of DIC (Ino et al., 2018; Iwatsuki et al., 2001, 2005;
Mizutani et al., 1992; Suzuki et al., 2014), thermogenic methane (Ino et al., 2018; Iwatsuki et al., 2005; Suzuki et al., 2014), and biogenic methane (Mills et al., 2010)
in the present-day groundwater; (c) Concentration of DIC, sulfate ion, and methane in present-day groundwater (Iwatsuki et al., 2001, 2005; Mizutani et al., 1992).

factor between CH4 and CO> [0cH4-coz = from 1.00838 to 1.022
(Alperin et al., 1988; Chanton et al., 2008)]. The calculated range of
513C in methane, which represents the potential carbon source for the
AOM calcite, is close to the 5'°C value of the present-day thermogenic
methane (613CVPDB is from —46.3%o0 to —21.0%0) (Ino et al., 2018;
Iwatsuki et al., 2005) (Fig. 5b). Because the fracture network in the Toki
granite was formed soon after the granite emplacement (Ishibashi et al.,
2016), methane profiles in the past may have been similar to those at
present (Fig. 5c). The present microbial methane is produced by CO»
reduction (Mills et al., 2010), and shows more negative 513¢C (6'%Cyppp
= —97%o). However, methane with higher 5'3C (5'3Cyppp: —65%0 ~
—50%o) would be supplied when methanogenesis occurs by the acetol-
ysis pathway in a freshwater environment with low sulfate ion con-
centrations (Kuivila et al., 1989; Phelps and Zeikus, 1985; Whiticar
et al., 1986). A recent comprehensive review of the isotopic composition
of methane and other natural gases also indicates that even microbial
methane has a §'3Cyppg of —50%0 (Milkov and Etiope, 2018). In this
case, microbial methane could also be a carbon source for the AOM
calcite.

Calcites formed where the DIC is derived from AOM as the carbonate
source are generally depleted in '3C, with —125%0 being the most
negative 8'3Cyppg value reported from crystalline basement rocks
(Drake et al., 2015). However, the 513C of the AOM calcite would be
influenced by several factors such as 5!3C of the initial methane, the
carbon-isotope fractionation, the ratio of oxidized to residual methane,
and mixing proportions with DIC from other sources in the groundwater
(Machel et al.,, 1995; Whiticar, 1999). For example, studies of
fracture-filling calcite in the Fennoscandian shield have shown that the
relatively higher §!3C of the AOM calcite found at Forsmark compared to
other sites is due to the oxidation of methane derived from both methane
of microbial original, and methane produced by the thermogenic
breakdown of organic matter (Drake et al., 2017). In the Mizunami area,
two methane sources with different §3C are present, and therefore there
is the potential for a process whereby they are mixed and subsequently

oxidized. This study has identified two methane sources with different
isotopic compositions as potential methane sources for the AOM calcite.
However, it is difficult to define the methane source of the AOM calcite.
Although the current AOM in the granitic groundwater may depend on
sulfate ions supplied from sedimentary rocks and methane provided
from greater depth (Fig. 5b) (Ino et al., 2018), sufficient evidence has
not been obtained to fully-discuss the detailed process of past AOM.
Further investigations are needed to determine past AOM processes in
the Mizunami area.

The methanogenesis calcite was found to have occurred in a slightly
deeper part of the sequence. Methanogenesis in present-day ground-
water may utilize Hy supplied from greater depth (Ino et al., 2018).
Since the potential for methanogenesis by other processes appears to be
small, the same process may have occurred in the past.

The schematic diagram showing the occurrence of AOM and meth-
anogenesis calcite is presented in Fig. 6. The AOM calcite and the
methanogenic calcite in the Mizunami area were formed by mixing of
meteoric water and seawater. The AOM calcite formed in the UHFD area
with high fracture density and high permeability during the deposition
of the organic-rich Toki Lignite-bearing Formation (Fig. 6 (a)). Conse-
quently, methanogenesis calcite was found to have occurred in the same
and/or slightly deeper area (Fig. 6 (b)). However, the methane source
for the AOM is uncertain.

4.4. Comparison of isotopic compositions with those in other sites

To compare the isotopic composition of calcite in the Toki granite
that is presented in this study with the results of previous studies, we
compile and plot the isotopic composition of calcite in crystalline rocks
from Sweden (Drake et al., 2012, 2014, 2015, 2017; Drake and Tullborg,
2009; Fritz et al.,, 1989; Larson and Tullborg, 1984; Sandstrom and
Tullborg, 2009; Tullborg et al., 1999; Tullborg, 1989; Tullborg and
Larson, 1983; Wallin and Peterman, 1999), Finland (Blyth et al., 1998;
Sahlstedt et al., 2010, 2013, 2014; Sahlstedt and Karhu, 2016), UK (spot
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analysis) (Milodowski et al., 2018) and France (bulk-analysis) (Fourcade
et al.,, 2002) (Fig. 7). The “bulk” sample and microsampled “point”
analysis results are plotted separately in Fig. 7. Note that the UK data
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Because the study conducted at the Olkiluoto site yields results where
only the carbon isotopic composition is analyzed, its 813CVPDB range is
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and (d) Mizunami site, Japan.
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indicated by the bar (Fig. 7c).

A review of isotopic data for fracture-filling calcite in crystalline rock
indicates that there are common chemical controls on precipitation
based on the similarity of isotopic compositional distributions at each
site (Blyth et al., 2009). The review suggested that calcite with depleted
180 precipitated in hydrothermal environments, and calcite with
5'80yppp between —5%o and —20%o precipitated from meteoric or sea
water with varying degrees of water-rock reaction (Blyth et al., 2009). It
has also been shown that the very low §!3C in calcite originates from
carbon due to AOM (Drake et al., 2015, 2017; Sahlstedt et al., 2016),
while calcite with heavier isotopic compositions is precipitated from
residual CO; after methanogenesis as a carbon source (e.g., Drake et al.,
2017; Sahlstedt et al., 2016; Sandstrom and Tullborg, 2009). The data
compilation performed in this study (Fig. 7) also shows that the calcite at
each Swedish site plots predominantly in areas presumed to have been
precipitated from groundwater of freshwater or seawater origin. Calcite
precipitated in hydrothermal environments is also present (Fig. 7a and
b). The carbon isotopic ratio values also span a wide range due to
methanogenesis and AOM (Fig. 7a and b). The analytical results of the
calcite from Olkiluoto, while not as extreme as the Swedish results,
similarly show a broad distribution of oxygen and carbon isotopic
compositions from the calcite formation associated with hydrothermal
fluids and methane (Fig. 7c). Although the isotopic composition of the
calcite collected from the Vienne site in France appears to be less
influenced by methane, the influence of the meteoric water, surface
water, seawater, and even hydrothermal water can be confirmed as the
origin of the groundwater, similar to that in the other sites (Fig. 7c). The
distribution of isotopic compositions in the Mizunami area is compara-
ble with those of these sites (Fig. 7d). This suggests that the hydro-
chemical conditions related to calcite precipitation at the Mizunami are
similar to those at other crystalline sites.

5. Conclusion

In this study, carbon and oxygen stable isotopic analysis were un-
dertaken on both bulk samples of calcite and spatially-resolved micro-
samples of discrete generations of calcite within zoned crystals collected
from calcite-mineralized fractures in the Toki granite in the Mizunami
area in central Japan. The wide range of 5'80yppp exhibited by the
fracture-filling calcite (—32.7%c ~ —0.59%o) reflects the isotopic
composition of residual warm hydrothermal fluids, infiltrating meteoric
water and seawater, which are the origin of groundwater from which
calcite precipitated. Although each of these groundwater types were
present at different periods (Table 1), most of the calcite data suggests
that they precipitated from a mixture of the groundwaters (Fig. 3). The
SIBCVPDB also shows a wide range (from —56.6%0 to +6.0%0). The
8'3Cyppp ranging from —16.2%o to +2.8%o suggested that the major
carbon sources were soil CO2 supplied from the surface, DIC from
organic matter degradation in the overlying organic-rich sedimentary
strata, and DIC in seawater. However, many samples exhibit 613CvaB
values outside that range. The calcite with more negative 5'3Cyppp than
—25%o was interpreted to have precipitated by AOM, and calcite with
813Cyppp above +2.8%. inferred to have precipitated from groundwater
with residual DIC of methanogens.

The distribution of AOM calcite in the Mizunami area is only found in
the UHFD, which has a high fracture density, and active mass trans-
portation from shallow depth is expected. The methane involved in AOM
was assumed to be either the methane with very low 813Cyppg (—97%o)
identified at the Tono uranium mine, or the methane dissolved in the
present-day granitic groundwater with more positive 813Cyppp
(—46.3%0 ~ —21.0%0). However, the precise source of methane could
not be identified from the results of this study. Methanogenesis calcite
was found to have occurred in the same and/or slightly deeper regions.
Further investigations are needed to determine the detailed process of
AOM and methanogenesis in the Toki Granite.

These results indicate that AOM also occurs in crystalline rocks in

Applied Geochemistry 150 (2023) 105571

areas other than that previously reported from crystalline rocks in stable
crustal regions, and that AOM may occur in a wide geological envi-
ronment. Understanding the carbon cycle in these environments is an
important insight into assessing the long-term safety of geological-
disposal systems for high-level radioactive waste.
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