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Understanding metal scavenging by calcite in deep aquifers in granite is of importance for
deciphering and modeling hydrochemical fluctuations and water—rock interaction in the upper
crust and for retention mechanisms associated with underground repositories for toxic wastes.
Metal scavenging into calcite has generally been established in the laboratory or in natural
environments that cannot be unreservedly applied to conditions in deep crystalline rocks, an
environment of broad interest for nuclear waste repositories. Here, we report a microanalytical
study of calcite precipitated over a period of 17 years from anoxic, low-temperature (14 °C),

neutral (pH: 7.4—7.7), and brackish (Cl: 1700-7100 mg/L) groundwater flowing in fractures at



>400 m depth in granite rock. This enabled assessment of the trace metal uptake by calcite
under these deep-seated conditions. Aquatic speciation modeling was carried out to assess
influence of metal complexation on the partitioning into calcite. The resulting environment-
specific partition coefficients were for several divalent ions in line with values obtained in
controlled laboratory experiments, whereas for several other ions they differed substantially. High
absolute uptake of rare earth elements and U(IV) suggests that coprecipitation into calcite can be
an important sink for these metals and analogousactinides in the vicinity of geological

repositories.

Introduction

The trace element composition in calcite has been frequently used as a proxy to decipher (1)
fluid sources and hydrochemical fluctuations in ore deposits(1) and tectonically active
regions,(2) (2) past climatic changes,(3, 4) and (3) temperature and salinity variation in
oceans.(5, 6) Uptake of toxic metals into calcite is also an important remediation process for
contaminated sites(7) and therefore constitutes a growing interest at potential nuclear waste
repository sites,(8-10) where naturally occurring calcite in the bedrock fracture systems and
newly precipitated calcite formed by various processes associated with disturbed conditions in
the vicinity of the repository may offer important scavenging capacity of radionuclides along the

flow paths.

The application and the reliability of the mentioned cases require knowledge of the partitioning of
the dissolved metals into calcite. Numerous laboratory experiments in which metals (Me) have
co-precipitated with calcite have determined partition coefficients for a series of

metals.(11) These coefficients are derived from dividing the ratio of the molar fractions of the
specific metal (Me) and Ca in calcite with the ratio of molar concentrations of Me and Ca of the
solution. However, coefficients established in the laboratory, particularly for metals that are not
structurally compatible with Ca?, cannot indisputably be applied to natural conditions because of
their non-thermodynamic phenomenological nature under a given set of

conditions.(12) Therefore, phenomenological partition coefficients (pw.) have to be determined
and the existing thermodynamic descriptions need to be verified for different natural
environments, either under controlled analogue conditions in the laboratory or directly in the field.
Laboratory studies carried out for this purpose have typically been mimicking marine(13, 14) or
karst(15, 16) conditions.

Several countries are planning for deep geological disposal of nuclear waste in crystalline

(granite) rock.(17) Mineral-metal pv.'s specific to this environment are thus needed, primarily



because they are relevant in models of radionuclide retention around the repositories.(11, 18) Of
particular interest are radionuclides such as Sr, Cs, U, and other actinides. Because several of
the actinides do not exist in nature, elements such as certain rare earth elements (REE), which
have similar properties as the trivalent actinides, can be used as natural analogues.(11) In
addition, the REEs may also occur as radionuclides, e.g., *'Sm and '**Eu. In the potential
candidate areas for deep nuclear waste disposal in Sweden, Finland, and Canada, calcite is a
major mineral along the flow paths in the fracture network.(19-22) Additionally, inflow and mixing
of water, grouting of part of the repository tunnel walls during the construction phase, and
hydrogeochemical evolution during different foreseen natural hydrological cycles (e.g.,
transgressions and deglaciations) are all expected to cause favorable conditions for the
groundwater to reach supersaturation with respect to calcite.(23, 24) Further, metal
coprecipitation with calcite is expected to be an important retention mechanism around
cementitious repositories, such as for low- and intermediate-level radioactive waste.(11) The very
few studies of trace-element abundance in young calcite from these settings (mainly Sweden)
have shown only partial correspondence with the trace-element abundance in groundwater when
using pwe from the laboratory.(8, 9, 25) This can be explained, at least partly, by a complex
(unmatching) timing relationship, that is, the waters presently residing in the fractures may be
much younger (Holocene in the upper 500 m) than the calcite in the fractures (mainly pre-
Holocene). There is thus a strong need to investigate trace element incorporation into calcite in

situ during natural conditions in deep crystalline bedrock.

Here, we present a study where current groundwater and recently (within 17 years) precipitated
calcite in boreholes in deep granitoid rock (>400 m below sea level) have been sampled and
analyzed for trace-element compositions. This provided a rare possibility to determine the in situ
metal uptake into calcite under reducing low-temperature (14 °C) and near-neutral pH (7.4-7.7)
conditions in deep granitoid aquifers. The overall aim was to determine the environment specific
partition coefficients of several cations, particularly those of interest for nuclear waste disposal,

for modern calcite deep in crystalline bedrock.

Materials and Methods

Site, Materials, and Sampling

The studied boreholes (KA3105A at 415 m depth and KA3385A at 445 m depth, hereafter named
A and B, respectively) were drilled in 1994—1995 in the Proterozoic granitoids of the Aspo Hard
Rock Laboratory (HRL), SE Sweden, a full-scale test-facility tunnel built and operated by the
Swedish Nuclear Fuel and Waste Management Co. (SKB) (Figure 1a,b). The boreholes, drilled



horizontally into the tunnel wall, have lengths of 34 and 69 m, respectively, and have been
equipped with inflatable pairs of rubber packers, connected by rods of Al running through the
whole length of the boreholes (Figure 1c¢,d). The packer system isolates (packed-off) borehole
sections intersected by targeted individual or clusters of water conductive fractures from which
water can be extracted from the tunnel wall through individual polyamide tubing for each section
(three sections in A and one in B; Figure 1c). The tubing is fastened to the Al rod by black tape.
Calcite crystals observed on the borehole instrumentation, after this was withdrawn in 2012, were
scraped off for laboratory analysis. The groundwater in each packed-off section is composed of
“stagnant water”, which is sampled without pumping and may have been affected by the
borehole instrumentation, and “fracture water” collected after discharge of 10 section volumes
and thus is a true representation of the groundwater residing in the targeted fractures. Both of
these water types were sampled for chemical analysis by SKB before extraction of the borehole
instrumentation in 2012. Additionally, chemical data of fracture water, collected by SKB from the
borehole sections in 1995 until 2012 were revisited, and includes several sampling occasions in

B (n = 21 samples) and a few sampling occasions in A (n = 2—4).
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Figure 1. Site and materials. (a) Map of Sweden with Aspd Hard Rock Laboratory (HRL) indicated. (b)
Underground layout of the Aspd HRL with the sampled boreholes marked. (c) Sketches of boreholes A and
B with sections for groundwater sampling and instrumentation indicated. The section volumes are A:2 65.2
L,A349L,A:46.2L,B:14.5L, and the lengths indicated are the distance between each packed off
section and the tunnel wall. (d) Photograph of the borehole instrumentation just after extraction of the
instrumentation. Calcite had precipitated preferentially on the packer connections (but also on the Al-rod).
Sulfide precipitates (black) were dominantly found on the Al-rod and Al-oxide precipitates were almost

exclusively observed close to the PVC-tape. Modified from ref 29.

Analysis

The mineral material was first analyzed at low-vacuum mode on a Hitachi scanning electron
microscope (SEM) equipped with an electron dispersive spectrometer (EDS) for identification of
calcite crystal habits and cogenetic minerals. Calcite crystals were then hand-picked with
tweezers under the stereo-microscope and split into two batches. One batch was analyzed with
X-ray diffraction (XRD) for identification of the carbonate mineral phases (method presented in

the Supporting Information), and the other batch of crystals was mounted in epoxy and polished

to expose cross sections of the crystals. The mounted crystals were analyzed with Raman
spectroscopy (following published settings(19)) in order to confirm that no other minor carbonate
phases, such as aragonite, occurred within the calcite crystals. Intracrystal zonations
(overgrowths) of the polished calcite crystals were documented with SEM and then targeted
using LA-ICP-MS (a NWR213 laser ablation system coupled to an Agilent 7500 quadropole ICP-
MS) with a spot size of 30 or 40 um (one session used 10 x 40 ym rectangular spots) in
transects of up to five analyses/crystal in several different analytical sessions (total spots n =
232, between 24 and 53 from each borehole section). For the sessions using 40 and 30 pm
spots a fluence of 6 and 6.9 J/cm?, energy of 0.076 and 0.061 mJ, and frequencies 10 and 5 Hz
were used, respectively. The setup of determined elements varied between the sessions (e.g.,
Na and Li were not analyzed for borehole B). Normalization was to a NIST 612

standard(26) measured at regular intervals. Data reduction was made with Glitter software,
allowing avoidance of inclusions from the reduced data. The carbonate standard MACS-3 was
used as a matrix-matched secondary standard, both as a pellet and as a nanopellet, prepared
following a published method.(27)Accuracy and precision was better than 5% for most elements
with exceptions in some sessions (Table S1). LA-ICP-MS trace element mapping was carried out

for a selection of calcite crystals from section A:4, following a published method.(28)

The calcite was also analyzed for stable isotope composition, including 6'*C and 880 in bulk

samples, as well as in situ 8*C microanalyses within the calcite crystals, following previously



published methods.(19) These data were then compared to 5*C and &0 in the dissolved
HCO;- (previously presented(29)).

The chemical and isotopic composition of the water samples (1995-2012), analyzed by SKB or
in external accredited laboratories, was extracted from SKB'’s quality controlled database Sicada.
This data includes pH, electric conductivity, major/minor anions, and cations (including REEs),
dissolved organic carbon (DOC), HS-, and stable isotopes (Table S2, where methods are briefly
presented). REE concentrations are frequently below the limit of detection in the Sicada
database: only light REEs (LREEs) are above detection in samples determined after routine
filtration (0.45 um), whereas middle and heavy REE (MREE and HREE) concentrations are
reported only for a few passive filter samples.(30) Therefore, high-resolution ICP-MS analyses of
stagnant and fracture water from borehole A was carried out in order to obtain concentrations for
MREEs and HREEs. These analyses were performed on water sampled in 2015, after
reinstallation of the instrumentation and a period of no pumping (stagnant conditions), and also
included Cs and U. These analyses were quality controlled by analyzing the standard SPS-SW1
(generally within 3% uncertainty) and a blank of 2% HNO;.

Aqueous Speciation Modeling

Aqueous speciation was modeled with the geochemical code Windermere Humic Aqueous
model (WHAM), which includes the module Humic lon-Binding Model VII (HIBM-

VII),(31) allowing (through discrete modeling) consideration of binding of free cations to colloidal
ligands in addition to inorganic anions. The modeling was applied to characterize the colloidal
phases, including humic substances, as described previously.(32) Inorganic colloids were
estimated according to the degree of supersaturation of the groundwaters with respect to both Fe
and Al solid phases, mostly occurring under the form of illite and smectite along the fracture walls
and in the reduced groundwaters.(33, 34) The quantitative estimation of the simulated clay
colloids was performed with the geochemical computer code PhreeqC v3.0(35) and the use of
the Lawrence Livermore National Laboratory thermodynamic database.(36) The binding
properties of colloidal clays were modeled with no specific binding sites but a fixed negative
charge. Therefore, cations were bound nonspecifically to the clays and depended mainly on the
values of exchange capacity and surface area of the mineral phase. Speciation of the dissolved

phase was modeled for both the fracture and stagnant water.

Results

Calcite



The X-ray diffraction analyses confirmed that all of the carbonate occurring on the
instrumentation was calcite (Figure S1), and the Raman spectroscopy in situ analyses showed
no trace of other carbonate phases within the calcite crystals. Euhedral calcite crystals of mainly
scalenohedral type (Figure 2a—c), but also less c-axis elongated (Figure 2d), with abundant
zonations/overgrowths (Figure 2c¢,d) had precipitated together with pyrite, minor barite

(Figure 2b), FeS, fluorite, silica, Fe oxides and a series of Al oxides/(oxy)hydroxides and Al-rich
clay minerals.(29) The Al minerals and the sulfides were preferentially precipitated on the Al rods
and the calcite on the steel connections at the packers (Figure 1d). Calcite showed variable and
more or less section-specific trace element concentrations (Figure S3). Overall range was
(percentiles 10-90, P4—Pg, in ppm): Li: 1.9-3.4, Na: 390-910, Mg: 620-2080, Mn: 2000—4830,
Fe: 144-940, Sr: 720-1200, Ba: 8.3-21, La: 2.3-24, Y: 0.8-10.5, Cs: 0.01-0.10 and U: 0.3-28.9
(Table S3).
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Figure 2. BSE-SEM images of calcite precipitates and chemical composition. (a) Precipitates dominated by
euhedral calcite crystals in borehole B. (b) Close up of calcite and paragenetic pyrite and barite (from(29)).
(c) Polished interior of a calcite crystal showing numerous growth zones (growth direction from bottom to
top of image) in section A:3. (d) Polished interior of a calcite crystal showing five growth zones, from
section A:2 (growth direction to the right). (e) Trace-metal chemistry transect of the spots indicated in “d”
and in three other crystals from the same section for comparison. (f) Trace element (U and Y) distribution in

a calcite crystal from section A:4. More examples are found in the Supporting Information. The maps have

been masked to avoid the epoxy around the crystals. (g) 8'*C composition calculated for the fracture water
(2012) and stagnant water (2012) and measured for the calcite (both bulk samples and in situ analyses).
For the waters, fractionation factors(73) were used to calculate the hypothetical stable isotope composition
of the water from which the calcite precipitated. A more detailed presentation of the stable isotope

compositions is given in Figure S8.



Groundwater

The fracture water in borehole A had relatively low concentrations of CI- (1700-2800 mg/L) and
Ca (350-610 mg/L) and high concentrations of HCO,~ (120-230 mg/L) and can be described as
a slightly brackish Na—Ca CI-SO,(HCO:) type. In contrast, the fracture water in B had high
concentrations of CI- (6400—7100 mg/L) and Ca (1750-2000 mg/L) and low concentrations of
HCO; (13-25 mg/L) and can be described as a strongly brackish Ca—Na (Mg) CI-SO, type.
Considerable concentration differences between the boreholes were also noticed for Sr (A: 6-8
mg/L, B: 40-44 mg/L), Li (A: 0.1-0.4 mg/L, B: 1.6—1.8 mg/L), and DOC (A: 5.0-7.5 mg/L, B: 1.0-
1.5 mg/L). By contrast, relatively small differences between the boreholes occurred for Mg (40—
80 mg/L), Fe (0.1-0.4 mg/L), and Mn (0.3-0.7 mg/L). Complete data are shown in Table S2. In
borehole A, the concentrations of CI-, Ca, Na, Sr, Li, and Ba were lower in 2012 than at the start
of the monitoring (1995), whereas in borehole B the concentrations of major ions were relatively
stable throughout 1995-2012 (Figure S2). With respect to Ca, there were generally small
variations of Mg/Ca, Fe/Ca, Mn/Ca, and Sr/Ca with time (Table S2, Figure S2). Compared to the

fracture water, the stagnant water had systematically higher pH and concentrations of HS- and Al
and slightly higher Sr/Ca ratios (Figure S3f). Other metals showed variable and indecisive
differences between stagnant and fracture waters (Figure S3).

Partitioning between Calcite and Groundwater

There was generally a correlation between the metal concentration in calcite and waters, e.g.,
lowest Mg and highest Sr occurred in borehole B water and calcite (Figure S4). The appearance
of two other prominent features was important: first, for the calcite in section A:2, there was a
temporal evolution of decreasing Sr concentrations from 1500 to 700 ppm (Figure 2e) and a
similar trend for Li, Na, and Ba (Figure S5). Second, for the sections of borehole A, the number
of calcite overgrowths correlated with the number of past water extractions (Figure S6). Because
of these two features, the py. calculations were based on the outermost calcite overgrowths and
the corresponding 2011-2012 hydrochemical data (2014-2015 for some elements). For borehole
B, past water samplings were more frequent, and consequently, the crystals showed very fine-
scaled zonation. Consequently, for this borehole the outermost zone alone could not be used for
calcite—water comparison. This was, however, not of concern because this borehole showed
insignificant hydrochemical variations over time. The LA-ICP-MS-mapping of crystals from
section A:4 showed that trace-element concentrations were variable among the growth zones but

stable within the individual growth zones (Figure 2f , Figure S7). This confirms that the spot

analyses used for py.calculations are representative for the entire growth zone.



pve Was calculated for each of the borehole sections for each metal above detection limit in the
water and calcite. In order to avoid outliers in the relatively large calcite data set (n = 232),

the P,—Pg molar concentrations [Me] of each metal were used. We calculated the maximum and
minimum pye by dividing the Py and P4, ratio, respectively, of [Me]/[Ca].aqe With single
[Me)/[Ca]souion Values measured in the stagnant water and in the A:2 fracture water. For the
fracture water in the other sections (B and A:3-A:4), an interval instead of a single value was
used for the calculation of minimum and maximum values; for B in 1995-2012, and for A:3—-A:4
in 2011-2012. The pwe were for several metals, mainly major cations (Fe = 0.64-7.0, Mg =
0.017-0.049, Mn = 4.8-20.8, Na = 0.004—-0.0010, Sr = 0.09-0.021), in line with published
laboratory determinations, whereas those for the REEs (e.g., p.. = 8.6—-1420; py, = 1.7-42) and Y
(4.2—74.8) were significantly lower and for Ba (0.075-1.10), Cs (0.0010-0.65), U (1.8—-150), and
partly for Li (0.0061-0.022) were dominantly higher (Figure 3, Table S4). It should be noted that

during all flushing events, stagnant water was replaced by pristine fracture water and that,
consequently, it is not possible to tell whether a particular calcite growth zone precipitated from a
“pure” stagnant or “pure” fracture water; instead, the water has evolved from fracture water to

stagnant water due to within-section biogeochemical processes and mineral precipitation.



A:2 A:3 A:4 B:1 Lab

0.06 35 p
0.05 1 I 30 1
0-04 | T . - 25 -
L= - H = 20 -
<0.03 - T & s r I_
Q IT I Q 15 I |
0.02 - I
10 -
0.01 - 4 5 I
0.00 0
8 = 0.25 i
7 :
6 . 0.20 - I -
| -
o 5 50.15 - - L
Q 4 Q Tt "
3 4 I T.T 0.10 { 4
]
2 I
1 | I IL - 0.05 -
0 0.00
1.20 0.025
1.00 - 0.0 - I
0.80 - I
a 0.015 - . v
Q_ 0.60 - 3 [
. Qo014 [T +
K 1 I; 1 T ]
0.20 - - 0.005 -
0.00 1 0
0.01 1
L]
= 4
a 80.1 .
0.001 - Q ’
rEI T
0.01{ TT
0.0001 0.001
10000 10000
1000 - T | 1000 T I
m o I
> ~ 1
q100 - - Q100 - I"' -
- 1 ™ f :
| H L N !
10 - I I. T 10 ; 3
rS
1 1
100 1000
=
a 100{ T _ TI.-
- |1 =) ! H
<] T | Q I 4
1 ! -
|- 10 = |
- I L
e
1 1

A:2 A:3 A:4 B:1 Lab




Figure 3. Ranges of partition coefficients (p) calculated based on the calcite and groundwater data for
borehole sections A:2, A:3, A:4, and B:1 (using the outermost calcite zone and latest hydrochemical data
for borehole A) and reported in previous laboratory studies (references are listed in Table S4). The span
was calculated from the P1o—Ps0 Me/Ca-molar fraction ratios of the calcite and the molar concentration
ratios in the fracture groundwater (filled lines) and stagnant groundwater (stippled lines) in each section.
For psr, most experiments show values lower than 0.18, except for a single experiment showing up to
0.4%3 (indicated by the stippled line). It should be noted that the laboratory-derived coefficients for Cs are
from sorption experiments and that one experiment under reducing conditions showed significantly higher
coefficients (up to 0.44)*. For pu there are no literature values available for incorporation of U(IV). Note

that log-scale is used for some metals.

The calcite had bulk 680 values and partly also &'3C values that in general were in the range of
those of the waters, when fractionation factors from the literature are applied and temporal

variation of the waters considered (Figure 2g, Figure S8). However, the 8*C values were slightly

lower in the stagnant water than the fracture water, and the calcite tended to be relatively light,
especially in B:1. The 8"C of calcite from A showed intracrystal variation of up to 7%. V-PDB but

no general growth-related trend (Figure 2g).

Aquatic Speciation Modeling

The aquatic modeling suggested that most of the major cations, Ba and Cs, were present as free
cations in solution (Figure 4a), whereas the REEs (in particular the HREESs), Y, and U were to a
large extent bound to humic substances (HS, Figure 4d). Iron existed in the structure of colloidal
clays in relatively large proportions in some of the stagnant waters, but not in the fracture water

(Figure 4a, Table S5). Other important ligands were carbonate binding up to 48% of the LREE

(Figure 4e), 17% of Mn, and 13% of Fe (Figure 4b), chlorine binding up to 21% of the Mn and 8%
of Fe (Figure 4c), and sulfate binding up to 13% of the Ba.
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Figure 4. Speciation of metals in the water samples used for calculation of pme (only showing complexes

with over 15% contributions, see Tables S5 and S6 for full data). (a—c) Major cations Ba and Cs divided

into (a) free metal ions and Me bound to organic colloids (almost exclusively affecting Fe in the stagnant
water, especially in the high ionic strength B:1 waters with 75% colloid complexation, and A:2 with 22%);
(b) Carbonate complexes (including MeHCO3* and MeCQOs), mainly affecting Mn and Fe; the low binding is
from B:1 where there are low HCO3~ concentrations; (c) Me—Cl complexes mainly affecting Mn and Fe; the
largest Mn—CI complexation is from section B:1 which has highest ionic strength. (d—f) REE+Y and U, with
arrows indicating A:2-A:4 and B:1, respectively (speciation modeling was inhibited for MREE and HREE in
B:1). These three diagrams show binding to (d) humic substances, (e) carbonate complexes representing
the sum of MeHCOs*, MeCOs, and Me(CO3)?, and (f) free cations. Note that the U-hydroxides are shown

for B:1 instead of free cations for U (absent).

Discussion

Calcite Growth and Stability

The presence of sulfate-reducing bacteria (SRB) in biofilms on the borehole equipment and
enhanced HS- concentrations and SRB cells in the stagnant water compared to the fracture
water(37) show that bacterial sulfate reduction (BSR) has been an important process in the
boreholes. Abundant formation of HS- has led to oversaturation and precipitation of sulfide after
reaction with dissolved Fe?*. Additional evidence for BSR includes the highly variable S-isotope
values of the sulfide precipitated on the borehole instrumentation (6%S: — 47.2 to +53.3%o V-
CDT).(29) The BSR process also involves production of HCOs-, which can react with dissolved
Ca?* in the water to form calcite. The 8'*C.... Values are depleted but also highly variable
(Figure 2g), pointing to local heterogeneity and potential also for precipitation that is not related

to BSR, e.g., mixing of water types or corrosion processes causing supersaturation.(29)

The calcite crystals show growth zonation that matches the number of water extractions from the
boreholes (Figure S6). Either these growth zones are related to a pressure drop during water
sampling that has led to instant oversaturation and enhanced calcite growth, or alternatively,
loosely attached microbial cells were flushed away during the water sampling, hampering the
microbial activity (and thus calcite precipitation) in the boreholes until the biofilms had been re-
established. Significant equilibrium solid-state recrystallization from interaction with the
groundwater, which in experiments has been shown to be fast in the outermost monolayers of
calcite crystals,(38) has not occurred for the bulk of the studied calcite. The evidences are crystal

growth zonations with distinct differences in trace element signatures (Figure 2f, Figure S7), and



that the evolution in trace element chemistry across the growth zones can be related, such as in
borehole A, to hydrochemical evolution in the fracture water (Figure 2e, Figures S3 and S5). The

latter phenomenon is related to tunnel drawdown of Baltic seawater.(39)

Incorporation of Metals into Calcite

The structurally compatible divalent ions Mg, Mn, Fe, and Sr (and Ba) were predicted to occur in
water, in @ manner similar to that for Ca, as dominantly dissolved free cations (Figure 4a). These
cations (Me#) and Ca?* are chemically similar, and the endmembers (CaCO,, and MeCO,) have
the same stoichiometry and structure (not given for SrCO; for which a hypothetical endmember
can be applied instead(40, 41)). Complexation and ionic strength should therefore not affect the
partitioning significantly, possibly with the exception of Ba*, which is 30% larger than Ca** and
forms a CO;-phase that is not isostructural with calcite (see below). Consequently, there is
generally a good agreement between the partitioning coefficient determined in this field study
and those determined under controlled laboratory conditions for Mn, Mg, Fe, and Sr (Figure 3).
This feature, together with the overall similar partitioning for the stagnant and fracture waters,
suggests that the uptake of these metals, which are not much involved in ongoing
processes/interactions within the borehole sections, results from a fundamental fractionation.
Hence, the empirical partition coefficients roughly coincide with the thermodynamic partition

coefficients for these metals.

Although the incorporation of Mg, Mn, Fe, and Sr generally coincides with laboratory-derived
coefficients, it can be noted that the incorporation of Sr and Mg is in the upper range and Mn in
the lower range, and that the minimum Fe uptake is relatively low (Figure 3, Table S4). The
relatively high uptake for Sr and low for Mn may be partly explained by high precipitation rates in
the boreholes.(42, 43) High precipitation rates lead to kinetic processes hampering Mn relative to
Sr incorporation due to slow diffusion of the relatively large sized Sr?* ion in the outermost
monolayer during precipitation.(44) The aquatic modeling predicted significant Fe association
with colloids in the stagnant water with highest ionic strength (B:1 77% and A:2 22%), whereas
insignificant Fe—colloid association was predicted for the fracture water overall. The

low pe. values of stagnant water in B:1 and A:2 can thus partly be explained by colloidal
association (Figure 4a). However, colloids cannot be the sole explanation for the low pe. because
low minimum pe. also occurs in sections with low degree of colloidal association. The Fe
concentration in calcite and thus pe.varies extensively irrespective of aqueous speciation, which
is proposed to be related to some degree to Fe sulfide formation following BSR in the stagnant

water,(29) a common process in these fracture systems over geological time scales.(45)



For Ba, the relatively large ion size infers nonideal solid solution in the calcite structure and
therefore the kinetic or entrapment effect is potentially strong, especially at high precipitation
rates.(46-48) This can explain the much higher pg, in our natural samples (Figure 3) than in
controlled experimental studies(49-51) working closer to equilibrium. Olsson et al.(52) explained
similar high uptake in bulk travertine samples (precipitated from river water) by inclusion of barite,

which is, however, not the case for our samples.

The monovalent cations Li, Na, and Cs have different charges than Ca#, and therefore,
incorporation is typically expected to be localized to dislocation sites. In contrast to the divalent
cations described above, the lack of a relevant endmember phase inhibits determination of
thermodynamic partition coefficients, and thus, empirical partition coefficients have to be
obtained. Nevertheless, compared with the few existing experimental values, our empirical
determinations fit well for Na and are only slightly higher for Li (Figure 3). This shows that the
experimental values for these ions are generally valid under the natural conditions described
here. For Cs, the values overlap but are in our data more scattered than results from batch-
sorption experiments (Figure 3).(53) Hu et al.(54) presented batch sorption of Cs* to carbonate
rock under reducing conditions, i.e., similar to our conditions, and found values in line with our
high-end values. Sodium and Cs were modeled to occur as dissolved monovalent ions in the
solution (no speciation model database available for Li), which means that complexation should
not matter for these cations. A possible reason for the large variability in pcs (3 orders of
magnitude) is the abundance and availability of frayed edge sites of illite, which can strongly

influence the solid-liquid partitioning of Cs.(55)

The strictly reducing conditions prevailing in the borehole sections strongly favor U(IV), in
accordance with observations of abrupt decrease in dissolved U(VI) with increasing depth in the
fracture system around the Asp6 HRL.(56) XAFS-spectroscopy investigations have indicated that
calcite offers a very stable structural environment for U(IV) as the U* ion substitutes in the Ca
site which does not involve any significant disruption of the local structure.(57) Experimental
incorporation into calcite has so far been focused on U(VI) (i.e., UO,?*), which has shown very
low uptake (py < 0.26).(58, 59) Here, we present, to the best of our knowledge, the first partition
coefficient determinations for U(IV) in calcite. The results show that the uptake is very high (py =
1.8-150, Figure 3, Table S4), suggesting that incorporation of U into calcite is strongly favored
under the reducing conditions prevailing in the borehole sections. The LA-ICP-MS mapping
showed homogeneous distribution of U within individual growth zones, which means that U is
incorporated into the crystal lattice and not occurring as discrete U-phase inclusions in the
calcite. The fact that the speciation modeling predicted that most of the dissolved U is complexed

to HS is challenging, considering that this species in general decreases the uptake in



calcite.(60) The temporal variability of the uptake U and other metals (Figure 2f) is enigmatic but
might be due to variation in solution Me/Ca ratios, precipitation rate and speciation. It may
possibly also be related to temporal variability of the available sites at different crystal surfaces

during growth, which can affect U uptake into calcite.(61)

The high incorporation of U, and also of Ba and partly Sr, hints that aragonite formation may
have occurred as this phase incorporates these metals more readily than calcite.(62, 63) In
addition, recrystallization of aragonite to calcite may preserve high U concentrations in the
calcite.(64) We can, however, reject aragonite formation or recrystallization to calcite as there is
(1) no trace of aragonite neither in the XRD analyses (Figure S1) nor in the Raman spectroscopic
spot analyses of the crystal interiors and (2) dominant scalenohedral habit of the crystals, which
rules out pseudomorphic recrystallization after aragonite that typically consists of acicular

crystals of the orthorhombic system.

Trivalent Eu and other trivalent ions (e.g., Am) may be structurally incorporated and replace Ca
in the calcite lattice,(65-67) but thermodynamic considerations and spectroscopic results(66, 68-
70)show that a range of incorporation species and potential endmember phases can be involved.
Formulating thermodynamically meaningful partition coefficients is therefore challenging, and
empirical partition coefficients that do not account for charge balance upon Me?* exchange with
Ca?* are generally not applicable in a thermodynamic sense. It is therefore not unexpected that
our empirical partition coefficients for the REEs and Y do not match; i.e., they are much lower
than results from laboratory experiments (Figure 3). The relatively low incorporation of REE and
Y into calcite in our study can be due to a number of processes. First, the modeling predicted
that approximately 10-50% of La and up to 90-95% for the HREEs and Y in the groundwater
was complexed with organic colloids (Figure 4d), which is likely to have reduced the extent of
incorporation into calcite.(60) Second, the low dissolved REE concentrations in the groundwater
may be important because experiments demonstrate positive correlation between REE
concentrations and uptake.(13) Third, the relatively low ionic strength of the groundwaters in
borehole A can be another significant parameter, because experiments show positive correlation
between REE?* partitioning and Na* concentration in solution due to coupled ion substitution such
as Na* + REE-(CO;)* <+ Ca?* combined to surface migration, reorientation and
dehydration.(13)Fourth, REE—carbonate complexation including REE(CO;)* and REE(CO;),~ can
matter because different relative partitioning into calcite depends on which carbonate complex
dominated in the experimental solution,(71) which is relevant for the system studied here as the
REEs in the groundwater show a systematic difference between the proportions of different
carbonate complexes throughout the REE series (Tables S5 and S6). Significant influence of Al-

rich colloids can, in contrast, be ruled out as the proportion of REE-HS complexes decreased



only a couple of percent in the stagnant water where Al was substantially elevated (Table S2). In
order to explain the difference in LREE uptake between the two boreholes, mechanism (2) is

likely to be significant.

Sequestration Potential of Calcite

Several metals showed empirical partition coefficients roughly coinciding with laboratory-derived
coefficients, particularly the divalent ions but also some of the monovalent ions, whereas others
showed significantly different uptake (e.g., REE and Ba). Discrepancies can be explained by the
fact that for some of the metals thermodynamic coefficients are difficult or impossible to
determine and that the uptake in the system studied here may be affected by a range of
parameters such as metal concentrations, ionic strength, precipitation rates, and aqueous
complexation that differ from laboratory determinations. Consequently, the results presented
here improve the confidence level for metal uptake in calcite precipitated in fractures deep in
crystalline bedrock (and elsewhere under similar conditions) and are thus relevant in terms of
models of radionuclide retention around nuclear waste repositories. The studied system is
slightly disturbed, which is, however, not a drawback, as such conditions will be expected in the
vicinity of a nuclear waste repository, partly due to introduced materials and partly as a
consequence of the excavation leading to intensified water mixing, draw-down of surficial water,
upflow of deep groundwater,(39) and possibly changes in microbial activity. This knowledge is
needed in studies of metal scavenging and fluid circulation in crystalline bedrock, in general, and
for safety-assessment related retention models for nuclear waste repositories, in particular.
Because both pristine fracture water and instrumentation-affected stagnant water were included,
the partition-coefficient ranges obtained represent the entire capability of calcite to trap various

dissolved metals in a deep system near a disposal.

The metal and isotopic compositions of natural calcite precipitated over hundreds of millions of
years within the bedrock fractures in the same area as we have studied here are not in
equilibrium with the current groundwater.(19, 72) This reflects a long-term nonequilibrium
metastability in crystals over geologic time scales. This is in contrast to an experimental study by
Heberling et al.(38) reporting a slow long-term recrystallization of the calcite. However, Heberling
et al.(38) also report a fast initial recrystallization, which comprised only a few monolayers in
smooth coarse crystals. This process may have occurred also in the natural calcite studied here,
which overall is dominated by precipitation events. These features combined with high
partitioning of many metals such as U(IV) and the actinide analogous REE:s (although lower than
in laboratory experiments) in calcite suggest that this mineral has unique sequestration

properties and can be a permanent sink for metals around a repository.
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