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ARTICLE INFO ABSTRACT

Editor: Karen Johannesson This study has focused on the paragenetic sequence, and variation in rare earth elements with yttrium (REY)
composition, of fracture-filling calcite in the Toki Granite in the Mizunami area, central Japan. The morpho-
logical, chemical, and isotopic characteristics of the calcite and chemistry of fluid inclusions reveal that the
calcite in the Toki Granite can be differentiated into four discrete generations: Calcite I (oldest) to Calcite IV
(most recent). The precipitation history of calcite reflects the changes in the hydrogeochemical regime of paleo-
groundwaters, controlled by the evolution of groundwater by seawater infiltration associated with marine
transgression and surface water infiltration associated with marine regression and uplift. The post-Archean
average shale-normalized REY patterns in each generation of calcite show no significant Ce anomaly, negative
Eu anomaly, and a light REY (LREY)-depleted pattern dominates. These features are also common to the Toki
Granite. The consistency of the features in each generation of calcite indicates that REY was supplied from the
Toki Granite by water-rock interaction. The lack of a Ce anomaly in the calcite demonstrates that groundwaters
have maintained reducing conditions during the calcite precipitation. However, the fractionation of LREY and
heavy REY in each generation of the calcite is more pronounced than in the granite. The fractionation process in
the paleo-groundwaters from which each generation of calcite precipitated closely relates to the systematic
variation of carbonate complex in the REY series and/or pH in palaeo-groundwater. The findings of this study
will be important for assessing the long-term safety of geological disposal of high-level radioactive waste.
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1. Introduction analogues of certain trivalent actinides (e.g., Am>*, Cm3*, Cf**, and

Pu") in the natural environment because of their identical valence and

Understanding the potential migration behavior of radioactive spe-
cies in the deep sub-surface is essential in evaluating the long-term post-
closure safety (over timescales of tens of thousands to hundreds of
thousands of years) of a geological disposal system for high-level
radioactive waste (HLRW) (OECD/NEA, 2012; OECD NEA, 2013).
However, there is uncertainty in the reliability of modeling radionuclide
migration over such long periods, based solely on extrapolation of data
from “short-term” laboratory or in situ field experiments (which are
typical of the order of only months to tens of years). Confidence in long-
term model predictions can be enhanced by checking against observa-
tions from natural geological systems (“natural analogues”), where
processes relevant to radioactive waste disposal have operated over
comparably long timescales (i.e., thousands to millions of years).

Rare earth elements (REE), particularly light REE, can be studied as

* Corresponding author.
E-mail address: mizuno.takashi@jaea.go.jp (T. Mizuno).

https://doi.org/10.1016/j.chemgeo.2022.120880

similar ionic radii (Johannesson and Hendry, 2000; Stipp et al., 2006;
Wood, 1990), as well as representing analogues for REE fission products
(e.g., Ce-144, Pm-147 and Eu-154) (Miekeley et al., 1992). Yttrium also
forms a trivalent cation that exhibits similar geochemical behavior and
is commonly discussed along with the REE (Mathurin et al., 2014; Moller
and De Lucia, 2020; Qin et al., 2020). Therefore, observations on the
REE and yttrium (REY) distribution between groundwater and associ-
ated secondary mineral precipitates may provide useful analogue in-
sights into the long-term migration and retardation of actinide species in
the geological environment.

The use of hydrological techniques and hydrochemical data to
evaluate the long-term paleohydrogeological evolution of groundwater
systems is limited by the transient nature of groundwater. Past
groundwaters will tend to be flushed, for example, by steady-state flow
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Fig. 1. Geological map of the Mizunami area and locations of the DH-15 borehole and the Mizunami Underground Research Laboratory (MIU).

and mixed with or replaced by later groundwater of different origins
that may be recharged under different conditions associated with
changes in uplift, marine transgression, and regression. Consequently,
the geochemical signature of the earlier groundwater may be lost
completely, or the mixing of different groundwaters may complicate its
interpretation, or it may reflect conditions elsewhere along the flow path
(Metcalfe et al., 1998). In contrast, minerals precipitated from ground-
water are much less easily removed by subsequent groundwater flushing
events. Consequently, their textural or geochemical features can better
preserve a record of groundwater history, both at a specific location and
over a much longer period (Metcalfe et al., 1998; Milodowski et al.,
1998). Low-temperature or contemporary calcite mineralization is
commonly closely associated with fracture-controlled active deep
groundwater systems at many radioactive waste disposal research sites
in crystalline rocks in Japan, Europe, USA, and Canada (e.g., Blyth et al.,
2009; Drake and Tullborg, 2009; Iwatsuki et al., 2002; Milodowski et al.,
2015, 2018; Sandstrom and Tullborg, 2009; Tullborg and Drake, 2008)
and can potentially preserve information on the chemical composition
(Metcalfe et al., 1998; Milodowski et al., 1998); redox conditions (Bar-
naby and Rimstidt, 1989; Frank et al., 1982; Franklyn et al., 1991;
Milodowski et al., 2018), temperature (Iwatsuki et al., 2002; O’Neil
et al., 1969), and age (Roberts et al., 2020) of the paleo-groundwater
from which calcite precipitated. Furthermore, REY is strongly parti-
tioned into calcite during precipitation (Moller and De Lucia, 2020;
Tanaka and Kawabe, 2006; Terakado and Masuda, 1988; Toyama and
Terakado, 2014; Voigt et al., 2017; Zhong and Mucci, 1995). Therefore,
by combining information on REY abundances and the chemical con-
ditions preserved in calcite, we can understand the variations in REY
abundance and their behavior in paleo-groundwaters.

The Japan Atomic Energy Agency (JAEA) has been conducting
research and technique development for the geological disposal of
HLRW. The research program includes the development of the Miz-
unami Underground Research Laboratory (MIU) in the central part of
Japan, which is a generic underground research laboratory (URL)
located within the Cretaceous Toki Granite (JAEA, 2011, 2016; JNC,
2000). Previous studies have shown that the REY signature of the deep
groundwater in the Mizunami area is derived from the granite by rock-
water interaction (Takahashi et al., 2002), and in turn, REY distribution
in the secondary fracture-filling minerals (including calcite) reflects that
of the groundwater (Munemoto et al., 2015; Wogelius et al., 2020). This
study focused on the minor (Mg, Mn, and Fe) and trace (REY and U)
elements in the fracture-filling calcite in the Toki Granite to examine
their long-term migration behavior in response to changes in hydro-
geological and hydrochemical conditions.

2. Study site

The Mizunami area is located approximately 40 km northeast of
Nagoya. The basement bedrock is the Cretaceous Toki Granite (Fig. 1).
The Mizunami Group and the Seto Group, comprising Tertiary and
Quaternary sedimentary rocks, were unconformably deposited on an
eroded Toki Granite surface (Sasao, 2013) (Fig. 1). The depositional
environment of the Mizunami Group changed over time. In its early
stages, fluvio-lacustrine arenaceous and conglomeratic sediments of the
Toki Lignite-bearing Formation (~27-20 Ma) were deposited (Hiroki
and Matsumoto, 1999; Sasao et al., 2006), The Toki Lignite-bearing
Formation is rich in organic matter, and the Tono Uranium Deposit is
hosted in this formation (Sakamaki, 1985). This was followed by marine
transgression resulting in the deposition of a ~ 200 m thick sequence of
shallow water marine tuffaceous sandstones and siltstones comprising:
the Hongo and Akeyo Formations (19-17 Ma), interrupted by a period of
regression, erosion, and non-deposition (17-15 Ma), before renewed
deposition of the Oidawara Formations (15 Ma) (Sasao et al., 2006). The
potential provenance of the volcanic ash has not yet been identified
(Sasao, 2013). Subsequently, the lacustrine Tokai Group was deposited
between 12 and 1.5 Ma (Sasao et al., 2006).

In the Mizunami area, the present-day groundwater is dominated by
Na-Ca-HCOgs-type groundwater. However, Na-Cl-type groundwater
occurs in the discharge area of the groundwater flow system on a
regional scale of ~100 km? centered on the MIU (Iwatsuki et al., 2010;
Iwatsuki and Yoshida, 1999; Metcalfe et al., 2003). Both groundwaters
have a weakly alkaline pH (Iwatsuki et al., 2005; Iwatsuki and Yoshida,
1999). The analyses of the stable oxygen and hydrogen isotopic com-
positions of the groundwaters show that meteoric water is their primary
origin in this region (Iwatsuki et al., 2005; Iwatsuki and Yoshida, 1999;
Munemoto et al., 2015). However, Iwatsuki et al. (2002) demonstrated
that groundwaters of hydrothermal, meteoric, and seawater origin all
existed in the past in the Mizunami area. Furthermore, Mizuno et al.
(2010) differentiated four stages in calcite mineralization that represent
the latest stages of the regional mineralization paragenesis. Calcite veins
cross-cut, and post-date, early high-temperature hydrothermal vein
mineralization dominated by silicate minerals (principally quartz, K-
feldspar, albite, chlorite, epidote, and sericite), with minor fluorite and
accessory sulfide minerals (pyrite, sphalerite, chalcopyrite, galena), and
hematite (Milodowski et al., 2005). Based on their petrographic re-
lationships, crystal morphology, compositional growth zoning charac-
teristics, and isotopic composition, these four generations of calcite are
defined as Calcite I, Calcite II, Calcite III, and Calcite IV (from oldest to
youngest). This sequence of calcite mineralization has previously been
interpreted to potentially reflect the changes in origin of the
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Fig. 2. (a) Cathodoluminescence image of the fracture-filling calcite demonstrating a precipitation sequence that can be divided into four generations in the sample
taken from the DH-15 borehole at a depth of 913.0 m. Chemical mapping of (b) Mg, (c) Mn, and (d) Fe was produced by EPMA from the area shown on the CL image

by the dotted outline.

groundwater from which each generation of calcite precipitated - from
hydrothermal fluid, to freshwater, to seawater, and finally freshwater
again - following the emplacement of the Toki granite to the deposition
of the Tokai Group (Iwatsuki et al., 2002; Mizuno et al., 2010).

The chondrite-normalized REY pattern in the present-day granitic
groundwater demonstrates a light REY (LREY) enrichment and a nega-
tive Eu anomaly, similar to that of the Toki granite (Takahashi et al.,
2002). However, in the shallow groundwater zone (depth down to 400
m) around the MIU, the penetration of surface groundwater accompa-
nying the excavation of the shaft promoted the sorption of REY
(particularly LREY) into the bedrock. Consequently, the shallow
groundwater exhibits a more heavy REY (HREY)-rich pattern than the
deep groundwater (Munemoto et al., 2015). Below 500 m, the influence
of surface groundwater invasion is negligible, and the deep groundwater
preserves the same LREY enriched pattern as that of the granite host
rock. The overall change in REY abundance from deep to shallow
groundwater generally corresponds with changes in REY abundance
from old to young groundwater (Munemoto et al., 2015).

3. Materials and methods

In this study, the calcite samples were obtained from the DH-15
borehole drilled in the southeastern part of the Mizunami area, which
is located in the regional groundwater flow system (Fig. 1). DH-15 is a
vertical borehole that was cored to a depth of ~1000 m. For this study,
the fracture-filling calcite in the Toki Granite was sampled from ten open
fractures lined with euhedral crystals of sufficient size (~1 mm or
greater) to enable detailed petrographic observation and analysis. These
open fractures were closely associated with known intervals of
groundwater inflow in the borehole, and therefore considered to be

potentially conductive or flowing features, based on hydraulic packer
tests and/or flowmeter logging (Takeuchi et al., 2013).

Detailed petrographic analysis was carried out by optical micro-
scopy, cathodoluminescence microscopy (CL), and scanning electron
microscope (SEM). SEM analysis was carried out using a LEO 435VP
variable-pressure digital SEM equipped with an Oxford Instruments
INCA energy-dispersive X-ray microanalysis (EDXA) system. The calcite
crystals were initially observed in the SEM as uncoated samples under
low-vacuum mode using backscattered electron (BSE) imaging to char-
acterize their crystal morphology. Subsequently, polished thin sections
were prepared for more detailed optical petrography and BSE-EDXA
observation and analysis. The polished thin sections were also
observed for CL imaging using a Technosyn 8200 (Mk II) cold-cathode
stage mounted on a Nikon optical microscope. The vacuum, beam
voltage, and current settings were adjusted, as required, to generate
optimum luminescence. Based on the CL images, selected areas were
microchemically-mapped by wavelength-dispersive electron probe
microanalysis (EPMA) to examine the distribution of Mg, Fe, and Mn.
These maps were produced using a Cameca SX50 electron microprobe
and generated at 15 kV, and 100 nA, typically with a spot size of 2 pm
(diameter) and a pixel dwell time of 90 ms. From the CL images and the
elemental mapping results, the compositional growth-zoning structure
within the calcite crystals was clearly defined.

Quantitative analysis of Mg, Mn, Fe, REY, and U was undertaken
directly on the calcites observed in polished thin sections, using laser
ablation microprobe - inductively coupled-plasma mass spectrometry
(LAMP-ICP-MS). The analytical system used a Spectron Nd YAG ultra-
violet laser, a 266-nm-sized wavelength linked to a high-quality Leitz
optical microscope. An Ar carrier gas stream then transfers the ablated
material from the ablation chamber to the plasma source in a VG
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Fig. 3. CL and SEM images illustrating the petrographic and morphological characteristics of late-stage fracture-filling calcite from borehole DH-15: (a) CL image of
complex multi-generational calcite vein (913.0 m depth) containing Calcite I, II, III, and IV. Anhedral Calcite I mineralization lining the fracture wall contains fine,
non-luminescent inclusions of comminuted wall rock, fills microfractures penetrating the adjacent wall rock, and partially replaces wall rock minerals such as non-
luminescent plagioclase and blue-luminescent K-feldspar (kf); (b) SEM image of euhedral Calcite III (427.3 m depth) demonstrating its characteristic c-axis elongated
crystal form, showing etched and pitted crystal surfaces coated with a microcrystalline precipitate of later Calcite IV; (c) SEM image of micro-colloform or “globular”
precipitates of Calcite IV (x) nucleated on the corroded crystal faces (z) and edges (y) of euhedral Calcite III (427.3 m depth); (d) SEM image showing the early stages
in the development of euhedral Calcite IV overgrowths on strongly corroded surfaces of Calcite III; (¢) SEM image of a well-developed euhedral c-axis flattened
Calcite IV syntaxial overgrowth nucleated on a corroded Calcite IIT (427.3 m depth); (f) Well-developed euhedral crystals of Calcite IV (996.2 m depth) showing
typical c-axis flattened tabular and equant crystal forms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

Table 1
The sampling depths of the fracture-filling calcite in the Toki Granite and the
observed distribution of different generations of calcite in each sample.

Sampling depth of fracture-filling calcite Observed Generation

(GL-m) 1 I I I\

238.7 Yes Yes Yes No
303.1 Yes Yes No Yes
427.3 Yes Yes Yes Yes
442.5 No Yes Yes Yes
475.5 Yes Yes Yes Yes
573.0 Yes Yes Yes No
913.0 Yes Yes Yes Yes
930.2 Yes No No No
995.2 Yes Yes Yes Yes
996.2 No Yes No Yes

Plasmaquad 2+ spectrometer ICP-MS instrument using a modified dual-
flow sample introduction system. The analytical procedure followed
Chenery and Cook (1993); with NIST SRM 613 glass used as calibration
reference material. Analytical precision and accuracy were checked
against BHVO-2G glass as an independent standard and calculated on
the basis of six replicate analyses. Analytical values for REY were within
15% of the standard value. Full details of the detection limits, precision,
and accuracy of each measured element are given in Table S1. Because
of the difference in ablation efficiency between the standard reference
material and the calcite samples, in this study, the LAMP-ICP-MS anal-
ysis data were normalized to **Ca, which was then scaled to an “ideal-
ized” calcite composition stoichiometry (i.e., assuming a nominal Ca =
400,000 mg/kg for pure CaCO3). In reality, this overestimates the trace
element concentration since these calcites are mildly magnesian and
ferromanganoan, and therefore the actual Ca concentration will be
lower than for pure CaCOs. However, for most analyses, the total
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Fig. 4. The box plots with maximum and minimum values of (a) Mg, (b) Mn, (c) Fe, (d) ZREY, and (e) uranium in each generation of fracture-filling calcite.

amount of Fe, Mn, and Mg is less than 5% of the mass of Ca. Conse-
quently, any overestimation of trace element concentration is relatively
small (i.e., less than the analytical error). Furthermore, this does not
impact the overall pattern of post-Archean average shale (PAAS)-
normalized distribution plots of Y and REE derived from these calcite
data. Therefore, this simplified approach is considered to be appropriate
for comparative purposes in this study.

4. Results
4.1. Macroscopic and microscopic observations

The CL and SEM observations show that four generations of calcite
mineralization can be differentiated, referred to (from oldest to youn-
gest) as Calcite I to IV (Fig. 2, Fig. 3a; Table 1). The relative concen-
tration distribution of the metal elements, as indicated by EPMA
mapping, is also helpful in distinguishing the calcite generations.
(Fig. 3b, ¢, and d). All the samples display textural evidence of repeated
fracture reactivation, involving movement with brecciation, dilation,
and subsequent overgrowth of one or more generations of later calcite
mineralization on earlier calcite mineralization (e.g., Fig. 2). No local-
ized concentration or relationship to depth was observed in the distri-
bution of each generation of calcite. The characteristics of calcite for

each generation are listed below.

Calcite I: This is the earliest precipitated calcite with moderate to
bright luminescence. It commonly contains a considerable amount of
included comminuted wall rock fragments and may mineralize some
earlier hydrothermal veins, which have been reactivated by later
movement. The calcite may locally replace primary granite minerals
(principally plagioclase and biotite) and fill microfractures in the
immediately adjacent host rock (Fig. 3a). In some cases, Calcite I was
immediately preceded by the localized injection of light gray, finely-
comminuted, and argillised (smectitic) granitic material into dilatant
fractures as fluidized fine sand- to silt-grade sediment (i.e., “cataclastic
injectite”). This was subsequently partially replaced and tightly
cemented by microcrystalline Calcite I (e.g., the sample from 930.2 m,
Table 1). Calcite I is typically anhedral. Qualitative EPMA elemental
mapping shows that this generation of calcite has relatively high Mn and
Fe concentrations and a very low concentration of Mg (Fig. 2b-d).

Calcite II: This was precipitated on top of an irregular substrate of
Calcite L. It displays moderate to bright luminescence, similar to that of
Calcite I (Fig. 2a, Fig. 3a), but in contrast, it is devoid of inclusions of
comminuted rock fragments. Multiple samples show Calcite II is sub-
sequently enclosed beneath later Calcite III and IV. The external crystal
form of Calcite II cannot be directly observed because it is obscured by
extensive syntaxial overgrowths of Calcite III, which dominate the
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Fig. 5. The ternary plots based on Mg, Mn, and Fe concentration in each calcite generation.

external crystal morphology of the calcite mineralization. However, the
growth zoning characteristics revealed under CL suggest that the Calcite
II (which forms the cores of these composite calcite crystals) tended to
develop as equant to slightly c-axis elongated crystals. This contrasts to
the markedly c-axis elongated growth forms exhibited by the subsequent
syntaxial overgrowths of Calcite III. Qualitative EPMA elemental map-
ping (Fig. 2b-d) shows that this calcite is broadly similar in composition
to Calcite I.

Calcite III: This was typically precipitated as syntaxial overgrowths
that nucleated on top of Calcite II. It demonstrates locally and variably
bright luminescence, although the overall luminescence is generally
duller than Calcite I, II, and IV. The crystals of this generation are
distinctly elongated along the c-axis (Fig. 3b). These commonly display
etching of their surfaces prior to overgrowth or encrustation by later
Calcite IV (Fig. 3b-d). Qualitative EPMA element maps show that Mn
and Fe concentrations are relatively low, but the Mg concentrations are
relatively high in comparison to Calcite I and II (Fig. 2b-d). The corro-
sion and etching of Calcite III surfaces clearly indicate a hiatus in calcite
mineralization that was associated with a period of minor calcite
dissolution, followed by the renewal of calcite mineralization resulting
in the precipitation of Calcite IV.

Calcite IV: This is the youngest generation of calcite observed and
rests on earlier calcite substrates (Fig. 2a, Fig. 3a). It displays relatively
bright luminescence, broadly similar to those of Calcite II. Calcite IV is
commonly seen as microporous or gel-like “globular” deposits or micro-
crystalline coatings on the corroded surfaces of euhedral crystals of
Calcite III (Fig. 3c). However, as Calcite IV became more extensively
developed, this poorly-crystalline calcite was progressively overprinted
or replaced by well-formed euhedral overgrowths (Fig. 3d, €) or by
clusters of euhedral crystals lining open fracture cavity walls (Fig. 3f).
Typically, the well-developed Calcite IV crystals display euhedral c-axis
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Fig. 6. Relationship between XREY and uranium concentration (r = 0.85 in
all samples).

flattened tabular to more equant rhombohedral crystal forms (Fig. 3e, f).
Qualitative EPMA element maps indicate that this generation of calcite
is slightly lower in Fe and Mn than in Calcite I and Calcite II.
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represent groundwaters sampled from deep underground (>500 m depth).

4.2. Minor (Mg, Mn, and Fe) and trace (REY and U) elements in the
fracture-filling calcite

All generations of calcite exhibit a wide range of minor (Mg, Mn, and
Fe) and trace (REY and U) element concentrations (Fig. 4; Table S2, S3).
The statistical differences between each generation of these elements are
confirmed based on the non-parametric Mann-Whitney U test. As a
result, Calcite I shows significantly higher Mn, Fe, total REY (£REY), and
U concentrations, except for SREY and Fe concentrations to Calcite III
(Fig. 4; Table S3). Calcite II and Calcite III shows significantly higher Mg
concentration than Calcite IV (Fig. 4a; Table S3). Calcite IV shows
significantly lower ZREY. Ternary plots of Mg, Mn, and Fe indicate that
Calcite I is relatively depleted in Mg, Calcite II and Calcite III show a
similar relative enrichment in Mg and are depleted in Fe. Calcite IV has
no distinctive tendencies (Fig. 5). XREY and U concentration in each
generation show a positive correlation except for Calcite IV (r = 0.94 in
Calcite I; r = 0.82 in Calcite II; r = 0.96 in Calcite III; r = —0.23 in Calcite
V), although overall there is a good positive correlation across the all
generations (r = 0.81) (Fig. 6).

Post-Archean average shale (PAAS)-normalized (Pourmand et al.,
2012) REY distribution patterns comparing the fracture filling calcites,
Toki Granite, and present-day groundwaters are shown in Fig. 7, with
key REY ratios summarizing the shape of these profiles and associated
REY anomalies are presented in Table 2. The PAAS-normalized REY
distribution patterns for the Toki granite, groundwaters, and fracture-
filling calcites all display a marked negative Eu anomaly. Calcites I, II,
and IIT have broadly similar PAAS-normalized REY distribution patterns,
although, in general, the absolute REY concentrations may be up to an
order of magnitude higher for Calcite I (Table S3). Fig. 7 illustrates that
these calcites are displayed between 1 and 2 orders of magnitude
enhancement in REY compared to the host Toki Granite. In addition,
Calcite I, II, and III are generally more enriched in the LREY relative to
the HREY, although deeper groundwaters (>500 m depth) also display
similar relative enrichment in LREY against HREY. No statistical dif-
ference was found between Lagy/Ybgy values in Calcite I, Calcite II, and
Calcite III (non-parametric Mann-Whitney U test). In contrast, the shape
of the REY distribution profile for Calcite IV more closely matches that of
the present-day shallow groundwaters (<500 m depth), but with
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Table 2
Key indicator REY ratios summarizing the profile and anomalies PAAS-normalized REY distribution patterns of each generation of calcite, Toki granite, shallow and
deep groundwater. REYgy means shale (PAAS) normalized value of REY. Cegy * and Eugy™ are 0.5Lagy + 0.5Prgy, 0.5Smgy + 0.5Gdgy, respectively.

Cesn/Cesn™ Eugn/Eugy* Lagn/Ybgy Lagn/Gbsy Gdsn/Ybsy Ysn/Hosn
Maximum 1.2 0.85 2.2 1.1 5.1 3.4
Calcite T Median 0.98 0.17 0.39 0.60 0.64 1.4
Minimum 0.71 0.10 0.03 0.13 0.11 1.0
Maximum 1.6 1.09 3.2 2.5 3.9 3.1
Calcite TI Median 0.97 0.24 0.43 0.52 0.93 1.7
Minimum 0.65 0.11 0.02 0.10 0.11 0.88
Maximum 1.5 1.8 2.7 2.3 2.7 3.4
Calcite TIT Median 0.90 0.28 0.49 0.42 0.87 1.37
Minimum 0.61 0.11 0.04 0.12 0.37 0.97
Calcite IV Maximum 1.7 2.5 1.3 1.2 5.5 2.3
Median 1.02 0.33 0.24 0.31 0.83 1.7
Minimum 0.85 0.09 0.03 0.02 0.21 0.75
Maximum 1.1 0.94 0.41 0.80 0.58 1.5
Toki granite Median 1.00 0.28 0.17 0.34 0.50 1.20
Minimum 0.9 0.19 0.11 0.24 0.40 1.0
Shallow Maximum 1.1 0.35 0.59 0.58 1.1 2.9
Groundwater Median 0.89 0.24 0.04 0.22 0.18 1.8
Minimum 0.62 0.17 0.01 0.11 0.10 1.4
Dee Maximum 0.87 0.20 0.59 0.53 1.4 2.1
Gfoun dwater Median 0.86 0.19 0.58 0.47 1.3 1.8
Minimum 0.86 0.18 0.58 0.42 1.1 1.6
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Fig. 8. Isotopic characteristics of fracture-filling calcite in DH-15 borehole. The isotope data were obtained from different calcite crystals to those analyzed for REY in
this study. (a) Cross-plot of the variation in d'*Cppg vs d'®Oppy for each calcite generation. The dashed outline box shows the range of d'*Cppg and d'®0ppg in calcite
calculated to be in equilibrium with the present-day groundwaters using carbon (Emrich et al., 1970) and oxygen (O’Neil et al., 1969)isotopic equilibrium constant
between calcite and fluid. (b) Plot showing the variation in d'3Cppp with depth for fracture-filling calcite in the DH-15 borehole. Data source: Mizuno et al. (2010) for
calcite; Iwatsuki et al. (2005) and Suzuki et al. (2014) for groundwaters.



T. Mizuno et al.

20
O Calcite 111
m Calcite Il
15
3
5 10
=
o
o
[
5
) L. N S
1 2 3 4 5

Salinity (wt% NaCl eq.)
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absolute concentration enhanced by about 1 order of magnitude. This
generation of calcite is significantly less enriched in LREY compared to
Calcite I, Calcite II, and Calcite III, which is more similar to the host
granite. A key feature of the PAAS-normalized REY distribution patterns
in both the groundwaters and most of the fracture calcites (particularly
Calcite II, III and IV) is the presence of a positive Y anomaly. This is
absent in the Toki Granite.

5. Discussion
5.1. Precipitation history of calcite

The paragenetic sequence of four distinct generations of late-stage
calcite fracture mineralization identified in this study agrees with the
results of previous studies (Iwatsuki et al., 2002; Mizuno et al., 2010).
Detailed petrographic analyses from this study, together with fluid in-
clusion microthermometry and stable (C, O) isotope data of fracture-
filling calcite obtained from the same borehole during the earlier
studies, potentially enable the mineralization to be correlated with the
geological evolution of the Mizunami area.

Calcite I has a strongly depleted %0 signature (5'%0pps mainly
lighter than —20%o) (Fig. 8a). Since the distribution coefficient of oxy-
gen isotopes between groundwater and calcite is temperature depen-
dent, it is possible to estimate the temperature when the calcite
precipitated (O’ Neil et al., 1969). In fact, the lighter 5'80ppg in Calcite I
is far different from the isotopic composition in the calcite precipitated
from present-day groundwater or seawater (Fig. 8a). The lightest
5180ppp in Calcite I (—32.7%o) indicates it was probably deposited from a
warm hydrothermal fluid (at least 90 °C) (Iwatsuki et al., 2002). Pre-
vious studies have also shown that calcite was precipitated in high-
temperature environments during the late-stage cooling of the Toki
Granite (Ishibashi et al., 2016). Based on apatite fission-track ages, the
temperature of the Toki Granite is estimated to have cooled to between
90 °C to 120 °C at 37.6-39.8 Ma (Yamasaki and Umeda, 2012), and
hydrothermal events have not been identified after that time (Sasao
et al., 2006). Therefore, Calcite I is considered to have formed during
this period.

The later generations of fracture-filling calcite commonly display
euhedral crystal morphologies, and their crystal forms change through
each generation. The morphology of calcite crystals may reflect the
groundwater composition from which the calcite precipitated. For
example, previous studies have shown that calcite with crystals elon-
gated along the c-axis may form in brackish to saline, and Mg-rich en-
vironments, whereas c-axis flattened and rhombohedral crystals tend to
precipitate from more dilute (fresh) groundwater (Davis et al., 2004;
Folk, 1974; Lahann, 1978; Milodowski et al., 2005, 2018; Sakamaki,
1985). Calcite growth morphology can also be influenced by other
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chemical components (e.g., organics, SO4, Mn?*, and Sr?* (Astilleros
et al., 2002; Kimbell and Humphrey, 1994; Parker et al., 1993; Temmam
et al., 2000), and by the degree of saturation, temperature, or fluid flow
rates (Given and Wilkinson, 1985; Gonzalez et al., 1992).

Assuming the relationship between salinity and calcite crystal
morphology observed in other studies also holds true for the Mizunami
mineralization, Calcite III (which develops c-axis elongated crystals) is
interpreted here to have precipitated from a brackish to saline ground-
water. This is supported by microthermometric analysis of fluid in-
clusions from Calcite III (Milodowski et al., 2005; Mizuno et al., 2010),
which clearly demonstrated the mineralizing fluid had a salinity ranging
between 0.47 and 4.53 wt% equivalent NaCl (Fig. 9). The crystal growth
morphology of Calcite II is not well defined, but fluid inclusion analyses
show that it also precipitated from a fluid with a similar salinity (0.47 to
3.26 wt% equivalent NaCl) (Fig. 9). The fluid inclusions in both Calcite II
and Calcite III are all monophase, which indicates they both formed
below 80 °C (Roedder, 1984), consistent with their stable isotope
composition (5'80ppg typically between —7 to —12%o), which is much
less depleted in 180 than Calcite I (Fig. 8a) and implies mineralization
under cooler conditions. No fluid inclusion data could be obtained from
Calcite IV (Milodowski et al., 2005; Mizuno et al., 2010), but the simi-
larity in its §'®0ppp values (Fig. 8a) suggests that the formation tem-
perature was possibly similar to Calcite II and Calcite III.

The period when seawater intrusion may have influenced the
groundwater system was potentially from the beginning of the deposi-
tion of the Hongo Formation, a shallow marine deposit, at 19 Ma to the
end of the deposition of the Oidawara Formation associated with a major
seaward movement event at 15 Ma. It may be assumed that meteoric
water infiltrated the area during the period of the unconformity between
the Akeyo and Oidawara Formations from 17 to 15 Ma. However, since
the uplift of this area had not begun at that time, the hydraulic gradient
was small, and it can be assumed that the groundwater originated from
seawater was retained. The salinity comparable to seawater found in the
fluid inclusions of Calcite II and Calcite III suggest that these two gen-
erations of calcite are associated with seawater infiltration related to the
marine transgression from 19 Ma to 15 Ma. This is also supported by the
Mg enrichment in Calcite Il and III (Fig. 4a, Fig. 5). Calcite IV displays an
equant to c-axis flattened crystal morphology, which may imply that it
potentially precipitated from a more dilute (fresh) groundwater (cf.
Milodowski et al., 2018), and this would also be consistent with a post-
Calcite IV change in groundwater chemistry. In addition, the changes of
fabric in Calcite IV may possibly be explained by Oswald ripening: with
the initial fine-grained or amorphous calcium carbonate precipitating
rapidly with abundant nucleation sites; and subsequently, as minerali-
zation progressed, these fine particles would have coalesced with fewer
but coarser well-formed crystals growing at the expense of finer material
(e.g., Dae et al., 2020).

It seems most likely that this was related to meteoric invasion
following the regional uplift between 12 and 15 Ma that brought about
the end of marine sedimentation. Since then, the groundwater system
has been influenced by freshwater recharge both during the deposition
of the lacustrine-dominated Tokai Group strata and by meteoric inva-
sion following regional uplift up to the present day.

5.2. Source of REY in fracture-filling calcite and paleo-groundwater
properties

The negative Eu anomaly and lack of significant Ce anomaly
commonly observed in the REY patterns of each calcite generation are
also common to both the Toki Granite and the present-day groundwater
(Fig. 7; Table 2). Calcite II and Calcite III can be presumed to have
precipitated from groundwater mixed with seawater, but there is no
significant negative Ce anomaly and positive Eu anomaly seen in PAAS-
normalized REY patterns of seawater (Deng et al., 2017). These common
REY patterns in each generation of calcite indicate that the calcites
precipitated from groundwater inheriting the REY pattern of the Toki
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Fig. 10. Depth profile of Lagn/Ybsy values in each generation of the calcite. The purple hatched area shows the range of the Toki granite. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Granite, even if groundwater is displaced by infiltration of water of
different origins such as meteoric water or seawater.

Generally, Ce is removed from groundwater by precipitation as Ce
(IV) in oxidizing environments (Drake et al., 2009; Marsac et al., 2017;
Milodowski et al., 2018; Nakada et al., 2013). There is no evidence of a
significant Ce anomaly in the fracture-filling calcites of any generation
(Cesn/Cesn* 0.61-1.6, where subscript SN denotes shale (PAAS)
normalization) (Table 2). The results indicate that the paleo-
groundwaters remained reducing relative to the Ce (III)/Ce(IV) redox
couple throughout the calcite mineralization history (Calcite I-Calcite
IV). There is a good correlation between XREY and U concentration (r =
0.85 within all data). REY and U behave similarly in partitioning by
water-rock reaction in groundwater in which carbonate complexes are
predominant (Hidaka et al., 1992; McLennan and Taylor, 1979; Taka-
hashi et al., 2002). Suzuki et al. (2016) also reported the presence of
coffinite nanoparticles in fracture-filling calcite collected from the Toki

Table 3

Granite. They concluded that the leaching of U from the bedrock is not
attributed to oxidative groundwater infiltration but increased U
mobility due to complexation with dissolved carbonate. These indicate
that carbonate complexes play an essential role in the long-term
migration of REY and U in reducing groundwater in the Toki granite.
However, there is no correlation between ZREY and U concentration in
Calcite IV, which may represent less significance of carbonate complex
in the groundwater environment.

5.3. Fractionation between LREY and HREY

Studies of calcite in Swedish crystalline rocks have shown that REE
fractionation patterns are related to the crystal form (Maskenskaya
et al., 2015). The REY fractionation of the fracture-filling calcite
investigated in this study is not related to crystal form, but the depth
distribution trends are different in each generation (Fig. 10). The

Correlation coefficient between Lagy/Ybsy values and SREY, SLREY, and SHREY. Here, LREY means La,
Ce, Pr, and Nd. HLEY means Er, Tm, Yb, and Lu. Gray hatched areas indicate positive or negative cor-
relation, which shows 0.3 < |r| and p < 0.05.

YREYvs YLREY vs YHREYvs
LaSN/YbSN LaSN/YbSN LaSN/YbSN
. r value 0.44 0.53 0.06
CalCIte I ..................
p value 0.06 0.02 0.79
r value -0.18 0.05 -0.46
C 1 't H ..........
arete b value 0.20 0.71 0.00
r value -0.31 -0.08 -0.53
C 1 t III .......... e
awete b value 0.10 0.69 0.00
. r value 0.36 0.59 -0.06
C 1 t IV ..................
arete b value 0.04 0.00 0.73
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Fig. 11. Plots of Lagn/Ybsy values vs and XREY, XLREY, and HREY. The legend of each circle is the same as in Fig. 6. Here, LREY means La, Ce, Pr, and Nd. HREY
means Er, Tm, Yb, and Lu. Calcite I and Calcite IV show a positive correlation with XLREY, and Calcite II and Calcite III show a negative correlation with THREY, as

shown in Table 4.

fractionation between LREY and HREY in groundwater is caused by, for
example, adsorption to Fe- and Mn-hydroxides (Bau, 1999; Bau et al.,
1997; Leybourne and Johannesson, 2008; Ohta and Kawabe, 2000,
2001), complexation with organic matter (Mathurin et al., 2014; Tang
and Johannesson, 2005a), and adsorption and desorption with colloidal
phase with changing salinity (Johannesson et al., 2017). In the present-
day shallow groundwater in the Mizunami area, it was revealed that
shaft excavation has led to a brief penetration by dilute surface water
(Hagiwara et al., 2015), which promotes adsorption of positively
charged REYCO3 complexes dominated LREY to the bedrock, thus
creating a more LREY-depleted pattern (Munemoto et al., 2015). On the
other hand, the deep groundwater is not affected by such disturbances.
The fractionation of LREY and HREY in each generation of calcite is
discussed here, using Lagy/Ybgy value as an indicator.
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5.3.1. Calcite I

High Lagn/Ybsy values are generally observed in the deeper part,
although there is no clear correlation (r = 0.47, p = 0.07) (Fig. 10a). The
change in Lagn/Ybgy values in Calcite I depends on the change in LREY,
with high Lagn/Ybgy caused by the addition of LREY, since Lagn/Ybgn
values positively correlate with ZLREY (r = 0.53) but not with XHREY
(Table 3; Fig. 11). REY leaching tests from Toki Granite have shown the
preferential leaching of LREY against HREY (Takahashi et al., 2002).
Therefore, preferential LREY leaching from the Toki Granite seems to be
a possible process of LREY enhancement in Calcite I.

However, normalized REY patterns in groundwaters generally tend
to become enriched in HREY (e.g., Liu et al., 2016). The reason for
fractionation is because lanthanide contraction results in a more sig-
nificant extent of aqueous carbonate complexation for HREY relative to
LREY (Lee and Byrne, 1993), leaving a greater proportion of LREY
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Fig. 12. Lagn/Ybsy vs Fe and Mn plots of Calcite II and Calcite IIL.
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Fig. 13. Calculated result of Mn?*/MnCOj3 reaction as a function of pH and Mn
concentration.

available for adsorption onto reactive particle surfaces (Bonnand et al.,
2020). Groundwater showing enrichment in LREY has been identified
from the Forsmark site but is caused by LREY adsorbed on iron-rich
colloids (Ronnback et al., 2008). In Calcite I, some calcite contains
fragments of very finely comminuted wall rock intimately entrained and
cemented within the calcite matrix, so such fragments may also have an
influence on the REY abundance.

5.3.2. Calcite IT and IIT

Lagn/Ybgy in Calcite II and Calcite III decreased with depth (r =
—0.49 and r = —0.58, respectively) (Fig. 10b, c). Lagn/Ybsy values in
Calcite II and III are negatively correlated with *SHREY (r = —0.46 and r
= —0.53, respectively) but not associated with ZLREY (Table 3; Fig. 11).
The high Lagy/Ybgy is caused by the removal of HREY. Regarding the
selective removal of HREY from REY dissolved in groundwater, Tang
and Johannesson (2005b) reported that shale-normalized patterns in
Canadian sandstone formations that were HREE-rich in the recharge
zone became flattened as HREY were removed with groundwater flow.
However, Calcite II and Calcite III show high Lagy/Ybgy values only at
the shallower part of the sequence, and no high Lagn/Ybgy values are
observed at deeper depths (Fig. 10), where the residence time of
groundwater is longer. Therefore, it is unlikely that the process is
associated with groundwater flow.

Mn- and Fe-hydroxides have also been shown to remove HREY
(Leybourne and Johannesson, 2008; Liu et al., 2016; Mathurin et al.,
2014; Tang and Johannesson, 2010). There is no correlation between Fe
and Lagn/Ybgy in Calcite II and III, but a negative correlation with Mn (r
= —0.45 and = —0.55, respectively) (Fig. 12). Since Fe-hydroxide pre-
cipitation is also observed in the shallow part of the Toki granite
(Iwatsuki and Yoshida, 1999), adsorption of REY on Fe-hydroxide would
be expected but no evidence of this was found in this study.

In reducing carbonated groundwater, an equilibrium reaction be-
tween Mn?* and MnCOj is possible (Eq. (1)), and a similar equilibrium
reaction is assumed in current groundwater (Iwatsuki and Yoshida,

1999; Yamamoto et al., 2013).
Mn** + HCO;~ = MnCO; + H' @))

Assuming an equilibrium constant of 1 (Hem, 1963) in eq. (1) and an
HCOj3 concentration of 100 mg/L, MnCOj3 precipitates in an alkaline
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environment at pH 7.5 when the Mn?" concentration is 1 mg/L and at
pH 8.5 or higher when the Mn concentration is 0.1 mg/L (Fig. 13). The
partition coefficient of REY for MnCOs is higher in HREY (Nakada et al.,
2014), causing preferential removal of HREY and Mn from groundwater.
Then, the negative correlation between Mn concentration and Lagy/
Ybgy values in Calcite II and Calcite III can be considered the result of Mn
and HREY removal from groundwater as precipitation of MnCOs. The
high Lagn/Ybsy values are found in the shallows, indicating that the
formation of MnCO3 may have been enhanced by alkalization associated
with the supply of HCO3 from the surface layer. This bicarbonate supply
could have been provided by meteoric water that passed through the
sedimentary rocks or by DIC in seawater related to the marine
transgression.

In addition, it has also been shown that HREY preferentially forms
organic complexes compared with LREY (Marsac et al., 2013; Och et al.,
2014; Tang and Johannesson, 2005a). At low pH conditions (< 5), the
formation of complexes between REY and organics is inhibited by major
cations, such as Fe. Still, competition is minimal under near-neutral pH
conditions (Marsac et al., 2013). The complexation of HREY with or-
ganics inhibits the incorporation of HREY into calcite, resulting in high
Lagn/Ybgy values. Previous studies from fractured crystalline rocks in
Sweden suggested that the correlation between the concentration of
organic matter in groundwater and the 5!3C and REY patterns in calcite
indicates that the LREY-rich pattern in calcite is due to the effect of REY-
organic complexes (Drake and Tullborg, 2009; Sandstrom and Tullborg,
2009; Tullborg et al., 1999). The bulk analysis of calcite in the shallower
part of the DH-15 borehole shows low 5'%Cppa, lighter than —25%o
(Mizuno et al., 2010) (Fig. 8b), which is commonly explained by the
presence of carbon having an organic origin (Sahlstedt et al., 2016;
Sandstrom and Tullborg, 2009; Tullborg et al., 1999). The DOC con-
centration is mainly below the detection limit in the present-day granitic
groundwater (Munemoto et al., 2015). Organic complexes are less
critical than carbonate complexes in groundwater with a low concen-
tration of organic matter (Tang and Johannesson, 2003). However, the
Toki Lignite-bearing Formation is rich in organic matter (Sasao, 2013).
The groundwater at that period of sedimentation of the Toki Lignite-
bearing Formation is thought to have had a higher concentration of
organic matter than present-day groundwater. Therefore, inhibition of
coprecipitation of HREY into calcite as a result of HREY organic complex
formation is a potential process of LREY enhancement in the calcite.

5.3.3. Calcite IV

In Calcite IV, Lagn/Ybgy values and XLREY are positively correlated
(r = 0.59) but not with SHREY (Table 3; Fig. 11). Therefore, changes in
Lagn/Ybsy values in Calcite IV, as in Calcite I, reflect changes in LREY.
The depletion of LREY shown by the present-day shallow groundwater is
attributed to the disturbance of underground facility construction
(Munemoto et al., 2015). However, in Calcite IV, the change to
groundwater of freshwater origin due to marine retreat and the recharge
by dilute surface waters as a result to uplift after 1.5 Ma (Sasao et al.,
2006) potentially caused LREY to be preferentially adsorbed to bedrock,
resulting in a depleted LREY signature. Johannesson and Hendry (2000)
investigated neutral to slightly alkaline groundwater in Canadian sedi-
mentary rock formations. They found that REYCO3 and REY(CO3)7 are
the predominant dissolved chemical species for REY in shallow
groundwater in LREY and HREY, respectively. The REYCO3-dominated
LREY is preferentially adsorbed by the rock, creating a depleted pattern
for the LREY in the groundwater. Therefore, it indicates that preferential
adsorption of LREY to bedrock can occur in shallow areas, even in the
absence of artificial influences.

5.4. Y anomaly
As for the origin of the Y anomaly, it has been pointed out that Y

preferentially remains in the aqueous phase due to lower complexation
constants of carbonate species than the similar REYs (Ho and Er) (Moller
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Correlation coefficient between Ysn/Hogy values and ZREY, ZLREY, and THREY. Here, LREY means
La, Ce, Pr, and Nd. HLEY means Er, Tm, Yb, and Lu. Gray hatched area indicate negative correlation

which shows 0.3 < |r| and p < 0.05.
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Fig. 14. Plots of Ysn/Hogy values vs and TREY, SLREY, and SHREY. The legend of each circle is the same as in Fig. 6. All generation of calcite has a positive
correlation with XREY, XLREY, and ZHREY, except for Calcite I with THREY, as shown in Table 5. Here, LREY means La, Ce, Pr, and Nd. HREY means Er, Tm, Yb,

and Lu.

et al., 2021). The partition coefficient for Y is also lower for calcite than
other REE (Tanaka et al., 2004). A positive Y anomaly in calcite reflects a
positive Y anomaly in groundwater. Ygn/Hogy in each generation of
calcite is negatively correlated with both LREY and HREY, except for the
relationship between Ygn/Hogy values and HREY in Calcite I (Table 4;
Fig. 14), indicating that the formation of Y anomaly is caused by the
removal of REE except for Y.

A comparison of REY analyses of groundwater in the Toki granite
that were filtered at 0.2 mm or 0.45 mm with unfiltered samples also
showed a uniform decrease in all elements except Y and Eu (Munemoto
et al.,, 2014; Takahashi et al., 2002). These results suggest that the
adsorption of REY may cause the Y anomaly on suspended solids in
groundwater. However, since Ygy/Hogy correlate negatively with Mn
only in Calcite II (r = —0.59), precipitation of MnCO3 may be a possible
adsorbed particles, as in Lagy/Ybsy. Also, there is a positive correlation
between Lagy/Ybsy and Ysn/Hogy (r = 0.55) in Calcite II (Fig. S1). It is
also shown that Mn is present in the same fraction as La as colloids in
present-day granitic groundwater (Saito et al., 2015).

6. Summary

The research focused on the interpretation of the paleohy-
drogeochemical evolution elucidated from mineralogical and
geochemical information recorded in fracture-filling calcite minerali-
zation in the Toki Granite in the Mizunami area. Four discrete calcite
generations, from Calcite I to Calcite IV, have been differentiated based
on their petrographic relationships, crystal morphological, mineral
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chemistry, isotopic characteristics, and chemistry of fluid inclusions.
The hydrogeochemical changes in paleo-groundwaters are caused by the
replacement of groundwater by seawater infiltration associated with
marine transgression and by surface water infiltration associated with
marine regression and uplift. Microchemical analysis of Mg, Mn, Fe,
REY, and U in fracture-filling calcite also reveals a change in REY
migration behavior accompanying the changes in hydrogeochemical
conditions. The paragenetic sequence and the fractionation behavior of
the REY in the groundwater from which calcite precipitated are also
summarized in Table 5. At the time of this study, it was not possible to
undertake direct age dating of the calcite samples because of limited
sample size and budgetary constraints. However, in the future, if the
ages of the calcite mineralization could be determined using more recent
developments in laser ablation microsampling-ICP-MS U—Pb age dating
techniques (e.g., Roberts et al., 2020), then it may be possible to
reconstruct more detailed and better-constrained mineralization and
paleo-hydrogeological history.

The PAAS-normalized REY patterns in all four generations of calcite
(Calcite I - IV) show no significant Ce anomaly and a marked negative
Eu anomaly. These features are also common to the Toki Granite. The
consistency of the features in each generation indicates that the origin of
REY in the calcite was supplied from the Toki Granite by a water-rock
interaction. The lack of significant Ce anomaly in all the calcites sug-
gests that the groundwaters were reducing throughout each generation
calcite formation. The positive correlation in *REY and U concentra-
tions, except Calcite IV, indicates that carbonate complex was more
important species in the aqueous phase. The normalized REY patterns
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Table 5

The paragenetic sequence of calcite mineralization and estimated REY behavior
in granitic groundwater and its potential correlation with key geological events
(from Sasao et al., 2006; Yamasaki and Umeda, 2012) in the Mizunami area.

Timescale Geological Origin of Calcite Estimated REY
event groundwaters generation  behavior in
in the fracture-filling
basement calcite
granite
75 Ma Tokl (?ramte
intrusion
Intense water-
Warm rock interaction
Late-stage hydrothermal induces LREY-
37.6-39.8 . . . . .
Ma cooling of the fluid Calcite I enrichment in
granite [90 °C to 120 the
°Cl] groundwater
and calcite
uplift and
subareal
exposure and .
37.6-27 ergsion Meteoric
Ma [Freshwater]
(Deep
weathering of
Toki granite)
Deposition of .
Meteoric
27-20 the Toki eteoric
Ma? Lignite-bearing Riverine Removal of
: Fm [Freshwater] HREY from
Deposition of groundwater
19-18 P associated with
the Hongo .
Ma? . Seawater . precipitation of
Formation . . Calcite 11
.. invasion MnCO3 and/or
Deposition of [Saline] & adsorption on
c.17 Ma Akeyo Calcite III p
. organic matters
Formation .
Possible in shallow area
meteoric cause LREY
17-15 Ma Unconformity . . enhancement in
invasion? the calcite
[?Freshwater]
Deposition of Seawater
c. 15 Ma the Oidawara invasion
Formation [Saline]
Major
unconformity Meteoric
15-12 Ma between invasion
Mizunami and [Freshwater]
Tokai Group
Deposition of Meteoric + Removal of
12-1.5 Ma the Tokai Lacustrine] LREY from
Group [Freshwater groundwater
sediments recharge] associated with
Meteoric Calcite IV adsorption on
15 Base-level invasion bedrock cause
T change due to ongoing HREY
present . X :
regional uplift [Freshwater enhancement in
recharge] the calcite

for Calcite I, II, and III generally show an enhancement in LREY relative
to HREY compared to that seen in the granite host rock. In contrast, the
normalized REY patterns for Calcite IV show less enhancement of LREY,
more closely reflecting the REY distribution of the granite. The study
results on REY fractionation in the calcite based on Lagy/Ybgy and Ygn/
Hogy revealed the following processes. Calcite I in the deeper part shows
a LREY-enrichment pattern, which is caused by the preferential release
of LREY by water-rock interaction and/or influence of wall rock frag-
ments which preferentially adsorbed LREY. Calcites II and Calcite III
show high Lagn/Ybgy in the shallow part, which is induced by copreci-
pitation of HREY with MnCO3 or selective adsorption of HREY on
organic matter in paleo-groundwater. Calcite IV shows more LREY
depleted patterns caused by adsorption of LREY on bedrock. In addition,
the positive Y anomaly identified in the calcite reflects the low formation
constant of Y with carbonic species. It is inferred to be due to the
adsorption of REE other than Y on suspended particles in groundwaters.

These variations of REY behavior are closely related to changes in the
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carbonate concentration and/or pH in palaeo-groundwater, and REY
carbonate speciation, indicating that understanding them is essential for
understanding the long-term REY behavior in groundwater. The findings
of this study will be necessary for assessing the long-term safety of
geological disposal of HLRW.
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