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ARTICLE INFO ABSTRACT

Editor: Dr Christian France-Lanord Unusually high uranium (U) concentrations (up to 175 pg/L) have been measured in groundwater at depths
between 400 and 650 m at the Forsmark site, eastern Sweden. Since it is unlikely that such high concentrations
formed under the stagnant and low redox groundwater conditions that currently prevail, this study employs U-
series isotopes to understand how the recent evolution (<1 Ma) of the flow system has influenced the observed U
distribution. Material from fractures as deep as 700 m along the assumed flow route was subject to U-series
disequilibrium (USD) measurements, as well as sequential extractions (SE) and U redox-state analyses that
revealed the U-series activity ratios in the bulk and soluble fraction of the fracture precipitates. Uranium isotope
data collected over several years of annual groundwater monitoring were scrutinized to evaluate the U sources
and U exchange in fractures located in high-U groundwater sections. Numerical simulations with the experi-
mental data were used to study evolution of U-series isotope composition in a fracture in the highest U section at
~500 m depth under various U mobility scenarios. The results show that U redistribution in fractures with
certain dissolution/deposition flux ratios during periodic water intrusions, driven by glaciation and deglaciation
events during the last 120 ka, can explain the U anomaly in the groundwater.
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1. Introduction

Natural U in deep groundwater has been extensively studied, for
instance, in connection to the search for suitable locations for final
disposal of spent nuclear fuel (SNF) (Gascoyne, 1997; Laaksoharju et al.,
2009; Smellie et al., 2008; Posiva, 2011). Typically, U concentrations in
these studies decrease from several hundred pg/L in dilute near-surface
groundwater to around 1 pg/L in reducing deep groundwater environ-
ments (Gascoyne, 1997). However, during the SNF repository siting
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investigations at Forsmark (SKB, 2008) on the east coast of Sweden, 120
km north of Stockholm (Fig. Al in Supplementary Material (SM)) the
concentration-depth profile showed separate peaks, with the highest U
concentration of 175 pg/L in one section at around 500 m depth. The
finding was unexpected because the redox potential (Ey) is measurably
negative (ca. -190 mV) and dissolved Fe(Il) is present (Smellie et al.,
2008).

It is unlikely that the U concentration profile was formed under the
stagnant conditions that prevail in the Forsmark deep groundwater.
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Nevertheless, the anomaly has been linked to U remobilisation triggered
by intrusion of chemically different waters (Smellie et al., 2008;
Sandstrom et al., 2008; Krall et al., 2020). Mineralogical investigations
at the site revealed several generations of U minerals, which formed
sporadic U(VI) sources throughout the bedrock following geologically
early episodes of hydrothermal fluid circulation (Krall et al., 2015; Krall
et al., 2019). It was also shown that U remobilisation in fractures could
have occurred recently, for instance during the Quaternary including the
Holocene. Similar observations of recent U mobility have been reported
elsewhere in the Fennoscandian Shield (Lofvendahl and Holm, 1981;
Blomgyvist et al., 2000; Rasilainen et al., 2003; Read et al., 2008).
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The persistence of unusually high U concentrations in anoxic
groundwater conditions at 500 m depth several thousand years after the
last water intrusion (the Littorina Sea in Fennoscandia) is explained by
formation of the CazUOZ(C03)3° complex (Krall et al., 2020), which has
been identified in the groundwater (cf. Tullborg et al., 2017). The ex-
istence and stability of the CagUOZ(C03)30 complex in oxic U mining
waste waters has been earlier reported by Bernhard et al. (2001). Lab-
oratory experiments have demonstrated persistence of U(VI) tricar-
bonate complexes in mildly reducing conditions owing to their high
thermodynamic stability (Geckeis et al., 2013 and references therein).
Importantly, the finding in Forsmark is the first one made in an anoxic
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Fig. 1. Bedrock geological map of Forsmark (Stephens et al., 2008) with the map of Sweden inserted in top right corner (from Krall et al., 2019). Boreholes in which
uranium mineral chemistry has been reported by Krall et al. (2015) and Sandstrom et al. (2011 and 2014) are shown. Current isotopic data are reported from
boreholes KFR01, KFR102B, KFR104, KFR105, KFR106 (small square) and from KFM02A, KFM02B, KFM03A, KFM06C and KFM08D (large square).
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deep groundwater environment.

The objective of the present study was to clarify the role of recent U
redistribution in creating high U concentrations in the deep ground-
water. To assess the U mobility along the assumed flow routes, fracture
coatings from the upper part of the bedrock down to depths exceeding
700 m have been studied together with groundwater samples from
relevant sections. Results of the U-series disequilibrium (USD) mea-
surements and sequential extractions (SE) were used to characterize
mobility of U. The redox state of U was further studied through anoxic
extraction of selected fracture coatings. The results of one coating ma-
terial were compared to synchrotron X-ray absorption spectroscopic
(XAS) measurements. The unique U isotope data gained over several
years' annual groundwater monitoring were used to test an approach to
link the U source to the U isotope distribution in the groundwater. The
modelling tool presented in Azzam et al. (2009) has been used to
simulate U exchange and activity ratios in the fracture located in the
highest U groundwater section. The model was constrained by the USD
signatures measured in the fracture coating.

2. Site description
2.1. Geology

The Forsmark site, including the existing low- and intermediate-level
waste repository (SFR) below the Baltic Sea, is characterized by Paleo-
proterozoic crystalline bedrock that has been affected by strong ductile
deformation under amphibolite-facies metamorphic conditions (Fig. 1).
The crystallization and deformation of the igneous rocks occurred be-
tween 1.9 and 1.8 Ga (Stephens, 2010 and references therein). The inner
part of the Forsmark site is situated within a tectonic lens, which is
surrounded by steeply dipping major fracture zones trending NNW-SSE
(Stephens et al., 2008). Gently SE-dipping zones transect the volume
between these steep zones.

Sandstrom et al. (2008, 2009) constrained the brittle deformational
history of the site and presented four generations of fracture minerals,
transitioning from Proterozoic and hydrothermal conditions to low
temperature and possibly recent. Krall et al. (2015, 2019) studied the
U—Pb geochronology and oxidation of uranium in response to these
mineralisation events. The two main Proterozoic hydrothermal epi-
sodes, at ~1.6 Ga (Krall et al., 2019) and at 1.1-0.9 Ga (Sandstrom et al.,
2009), are manifested by hematite-staining of the bedrock through
oxidation of Fe(Il). U oxidation and mobilisation are also preserved,
with the initial precipitation of Ca-U(VI)-silicates at ~1.25 Ga (Krall
et al., 2019).

During the Palaeozoic, fluids migrated downward from an organic-
rich sedimentary overburden, which covered the Palaeoproterozoic
crystalline rocks of the area at the time (Cederbom et al., 2000). Sul-
phide minerals including pyrite and galena, in addition to quartz,
calcite, corrensite, analcime, and adularia were formed, and U(IV)
precipitated in the upper part of the bedrock (Krall et al., 2015). Despite
the overall reducing conditions, Krall et al., (2019) documented ura-
nophane and haiweeite of Palaeozoic ages (400-300 Ma), which is
consistent with *°Ar—3°Ar dates 456-277 Ma for closely associated
adularia (Sandstrom et al., 2009). Rb—Sr datings of fracture albite also
support Devonian-Carboniferous ages, but even younger calcite has
been dated to the Jurassic (LA-ICP-MS U—Pb dating; Drake et al., 2017).

The youngest fracture mineralisation consists of calcite, clay min-
erals and Fe-oxy-hydroxide that precipitated, at low temperature, in
near surface fractures (Sandstrom et al., 2008, 2009). Due to the
complexity of the samples, this mineralisation could not be dated but is
possibly Quaternary in age and may relate to a U-mineral reactivation
event(s).

2.2. Hydrogeology

Several cycles of glacial loading and unloading occurred during the
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Quaternary (cf. Naslund, 2010 and refences therein). These have influ-
enced the hydraulic conductivity of the fractures with a proposed in-
crease in hydraulic pressure during periods with advance or retreat of
the ice and with large volumes of meltwater transported via fractures in
the ice and tunnels below (Follin et al., 2008). The impact of deglacia-
tion on the Baltic Sea boundaries is shown in SM Fig. A2.

The possibility that repeated marine transgressions and regressions
influenced the area are considered likely, given the location close to the
Baltic Sea coast and the flat topography. This, together with alternating
periods of glaciation/deglaciation and permafrost, has caused extensive
changes in the groundwater chemistry to depths greater than 500 m.

2.3. Hydrochemistry

More than fifty packed-off borehole sections at depth from 50 m
down to 1000 m have been sampled for groundwater chemistry (Laak-
soharju et al., 2008; Nilsson et al., 2011), and many sections have sub-
sequently been annually monitored to evaluate the stability in the
groundwater chemistry over time.

The hydrochemical model outlined for the area (Laaksoharju et al.,
2008; Smellie et al., 2008; Nilsson et al., 2011) describes several
groundwater types with different origin and residence times. The oldest
is a brackish-to-saline water (>6000 mg/L Cl) that generally shows low
concentrations of Mg, K, SO4 and HCOs3 and is therefore categorised as a
non-marine-type groundwater. This is an old saline water that has
resided in the bedrock for up to several hundred thousand years and has
partly mixed with a water with low 5'%0 that originated from glacial
meltwater of the last or earlier glaciations (Smellie et al., 2008). The
high hydraulic head created when meltwater enters the bedrock can
inject the glacial meltwater to great depth. At Forsmark, glacial rem-
nants were indicated down to at least 1000 m depth. It is assumed that
the upper several hundreds of meters of the bedrock fractures were
almost replaced with this diluted water. When the area was subse-
quently deglaciated, the hydraulic head was diminished (Follin et al.,
2008). This, together with the changes in stress pattern due to isostatic
rebound of the crust, led to the formation of isolated pockets with
meltwater in certain bedrock fractures (Nilsson et al., 2011).

During the Holocene, the area was influenced by the evolution of the
Baltic Sea (cf. Follin et al., 2008 and references therein; cf. SM Fig. A2)
and especially by the increased inflow of Atlantic Sea water via the
Oresund strait (between Sweden and Denmark). This stage is named the
Littorina Sea, which at its peak some 7 to 6.5 ka ago had a salinity of
6000 mg/L (twice as high as today's salinity of the Baltic Sea off-shore
Forsmark). The Littorina Sea transgression resulted in brackish sea
water intrusion via the most conductive zones that intersected the
seabed. Ancient sea water, mixed with glacial meltwater in the bedrock
fractures, is detected as deep as 630 m. The resulting groundwater type
is named “brackish marine-glacial”. Recent groundwater recharge of
meteoric-type water is detected in the upper 50 to 100 m of the bedrock
aquifer inland Forsmark, whereas present Baltic Sea water can be found
in the upper 100 m of the sub-sea bedrock at SFR. The groundwater
becomes anoxic in the upper 10 to 20 m (Smellie et al., 2008). Fig. 2
shows depth variation of key groundwater components, including Cl
(salinity), Mg (indicator of sea water), 5'%0 (low values indicate glacial
meltwater), and Fe(II) (indicator of reducing/anoxic conditions).

3. Methods
3.1. Drill core sampling

3.1.1. Selection of samples

A general problem in water-rock interaction studies is to relate a
specific fracture coating sample to the corresponding groundwater (cf.
Tullborg et al., 2008). This often fails because the groundwater signa-
ture is inherited from a large fracture surface (a radius of tens of meters
or more) or even several different fractures. The fracture mineral
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Fig. 2. Cl, 8'®0, Mg and Fe (practically Fe*") in groundwater samples from Forsmark and the nearby SFR area plotted versus vertical depth given as elevation (m.a.s.
1.). Data from SKB's database Sicada with monitoring data (SM part A: Groundwater chemistry data).

sample, in contrast, represents a few cm? and the flow-wetted surface
assumed to have interacted with the groundwater may be even smaller.
The fracture coating usually contains minerals precipitated during
different time periods and different hydrochemical conditions. For the
present study additional issues include the risk that U redox state was
affected by handling and storage of the drill core. Also, large variation of
U in fracture coatings, from less than one ppm up to several weight
percent needs to be considered.

Based on challenges in the sampling the following different ap-
proaches were applied for sample selection (cf. Table 1).

1) To get fracture samples corresponding to groundwater samples in-
formation from flow logs and optical tele logging (BIPs stored in
SKB's database, Sicada) were used. The samples include fracture
coatings from e.g., drill cores KFM02A:423 m, KFM02A:513 m, and
KFMO03A:643 m where the high U groundwater has been sampled.
These two boreholes penetrate a system of gently dipping, highly
transmissive fracture zones. Unfortunately, flushing and grinding
during the drilling has made it difficult to obtain undisturbed drill
core samples from the most transmissive parts of the zones.

For the acquisition of redox-sensitive samples it was important to
avoid artificial disturbances. Thus, in connection to the drilling of

2

—

borehole KFR106, samples were vacuum-sealed and stored in a ni-
trogen glove box under an oxygen-free atmosphere (Sandstrom et al.,
2011). Therefore, the sampling was performed before the core
mapping, the flow logging, and the selection of sections for
groundwater sampling.

3) To obtain samples with enough U to test different analytical tech-
niques, additional samples were taken based on gamma logs (stored
in SKB's database, Sicada) and handheld scintillometer.

To maximize the sample quality, triple tube drillings is strongly
preferred. These drill cores are better preserved, and the loss of material
due to flushing and grinding is usually limited. The KFM boreholes
(inland Forsmark) were drilled (triple tube) between 2002 and 2007,
whereas the KFR boreholes (below Baltic Sea) have two different series;
the one starting with KFRO1 drilled 1986-1987 (not triple tube) and the
series from KFR101 to KFR106 drilled (with triple tube) 2008 to 2009.
All samples included in the present study are listed alongside core
length, elevation, and analytical methods applied in Table 1. Drill core
samples from groundwater sections with repeated high U measurements
are indicated in bold (Table 1).
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Table 1

Sample information. U concentrations have been determined by ICP-MS. KFM refers to Forsmark and KFR to the low- and intermediate-level waste repository SFR. Bulk
U-series analyses were done for all samples. Samples for other analyses and analytical tools are indicated. Drill core samples from groundwater sections with repeated
high U measurements are indicated (bold).

Drill core Core length, m Elevation, m.a.s.l. Transmissivity, m?/s ! U ppm SE2 ox® Comment
Vacuum sealed samples from KFR106 stored and handled in N2-glove box

KFR106 16.62-16.97 -14.57 107t0o107° 44-58 X X x2*
KFR106 68.41-68.46 -63.18 107 to 107° 4.53

KFR106 85.13-85.52 -78.87 1077 to 107° 232 U-phosp®
KFR106 86.88-87.33 -80.51 <101 142 x x* U-phosp®
KFR106 100.56-101.08 -93.33 1077 to 107° 6.95

KFR106 112.91-113.35 —~104.90 1077 to 107° 5.96

KFR106 131.42-131.71 —122.22 <10 71! 16.6

KFR106 154.22-154.99 —143.54 107 to 107° 3.03

KFR106 156.11-156.20 —-145.31 1077 to 107° 15.4

KFR106 188.14-188.56 —~175.24 107 to 107° 24-137 x3*
KFR106 229.59-230.11 —213.96 <10 71 10.2

KFR106 244.83-245.35 —228.19 <10 1! 3.0

KFR106 262.48-262.97 —244.67 107 to 10~° 2.03 X X

KFR106 299.77-300.00 —-279.48 <101 7.6-21.1 x x X2, Pitchb®
Samples from sections with increased gamma levels detected by geophysical logging

KFRO1 26.35-26.52 -70.80 101 01078 110

KFR102B 104.37-104.51 -82.07 101 to10°8 3610

KFR104 21.57-21.66 -14.64 107 to 1078 19,223 U-Ca oxide®
KFR104 21.34-21.47 -14.83 107" 01078 1311 X U-Ca-Oxide®
KFR104 43.53-43.76 -32.75 101 to 1078 117

KFR104 107.83 -84.81 101 to10°8 174

KFR105 16.58-16.84 —109.72 <10 1! 349

KFR105 51.73-51.87 —~115.75 <10 71! 3

KFMO4A 899.68-899.82 —724.60 <101 20.3

Samples from sections with U analysed in groundwater

KFR105 45,54-45.87 —~114.70 10 11t010°8 5.84 6-27 ppb®
KFMO02A 513.21-513.42 —504.13 1077 to 10~° 31.5 63-172 ppb®
KFMO02A 423.48-423.64 —414.79 107" to10® 10.5 24-46 ppb®
KFMO2B 420.03-420.25 —406.59 107 to 107° 3259 4-5 ppb®
KFMO3A 643.95-644.05 —633.32 1077 to 10~° 1587 x 16-52 ppb®
KFMO6C 537.27-537.50 —436.21 107" to 1078 4.37 44 ppb®
KFMO6C 537.72-537.86 —436.56 101 01078 1674 44 ppb®
KFMO8D 676.23-676.35 —~542.96 1001 to 1078 19.9 0.2-1.5°
KFMO08D 832.35-832.55 —664.36 107 to 1078 15.03 0.5-1.5°

For location of the boreholes see Fig. 1.
1 = Transmissivities from PFL logging (SKB database Sicada).
2 = Sequential extraction analyses (SE) performed.

3 = Oxidation state analyses performed: anoxic extraction and L3 edge HERFD-XANES spectroscopy (x*).

4 = Number of subsamples analysed from the same fracture coating.

5 = U-phase detected in SEM see Sandstrom et al., 2011 and 2014. Detailed studies by Krall et al., 2015 identified an Y and P rich coffinite in near-surface fractures,

which may relate to the U-phosphate.

6 = U-concentration in groundwater from corresponding borehole section, data from SKB's database Sicada.

3.1.2. Sample description

Generally, the fracture coatings consist of a mixture of chlorite,
calcite, adularia, and clay minerals of corrensite and/or smecitite-illite,
deposited at different times and variably affected by secondary pro-
cesses. Small amounts of hematite, laumontite, pyrite, barite, asphaltite
and in some fractures Fe-oxyhydroxide, are also present. However, there
is a large variation in coverage and mixtures of fracture minerals on the
fracture surfaces. Typical coating thicknesses range from 0.5 to a few
mm. Mineralogical analyses have been performed for all samples from
KFR106 (Sandstrom et al., 2011) and KFR104 (Sandstrom et al., 2014).
Uranium in the fracture coatings is incorporated into and associated
with the above-mentioned minerals. In a few cases, precipitation of pure
U phases is found as grains or thin precipitates (cf. Krall et al., 2015,
2019). In the dataset presented here, specific U-minerals were difficult
to identify, with a few exceptions (Table 1). Details of some samples are
shown in SM Figs. A3 and A4.

The fracture coatings were gently scratched off the core surfaces
using a steel knife, and 50 to 300 mg was obtained per sample. The small
sample volumes and the complex history of the fracture coatings (cf.
Section 2.1) yields heterogeneity which is difficult to avoid. Since ho-
mogenisation by crushing would have created new mineral surfaces that
would adversely affect the sequential extraction results, particle size

vary between samples.
3.2. Experimental and analysis

3.2.1. Sequential extraction (SE)

SE is often used to study dispersion and bioavailability of harmful
metals in the environment, as documented and discussed in the litera-
ture (cf. Rauret and Quevauviller, 1992). In this study, the method was
used to evaluate mobile fraction of U in fracture coating material. Eight
fracture coating samples each yielded enough material for SE analyses.
In the procedure, sample material was successively extracted, starting
with water, to determine weakly and more tightly bound U.

The water used was tap water (TW) which is a lake water that has
been treated for drinking water and here represents oxygenated dilute
surface water. Main cations Na (6 mg/L), Ca (27 mg/L), Mg (~ 2 mg/L)
and anions HCO3 (30-60 mg/L), Cl (6 mg/L), SO4 (65-348 mg/L). TW
extractions were performed by shaking 120-250 mg of sample material
in 10 ml in air at room temperature for two hours. The pH of the TW
extractions was 7.5. Solid part was separated using 0.45 pm filter.

Immediately after the water extraction, sample material was exposed
to ammonium acetate buffer solution (pH = 4.8, 1 M NH4Ac + 0.02 M
EDTA) to dissolve the soluble U(VI) phases (cf. Bolle et al., 1988). EDTA
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was used to keep dissolved Th in solution. In the last two steps, ex-
tractions in 6 M HCI and Aqua Regia were performed to remove U-series
nuclides from the more resistant phases. The mineral residue is usually
U-poor but may contain excess 23U and 2°Th recoiled from U-rich
phases. This excess is proportional to the timing of U deposition (Suksi
and Rasilainen, 1996).

An additional water leaching experiment was performed with syn-
thetic groundwater (SGW), which was prepared to correspond the
brackish marine-glacial groundwater type usually found at 500 m in the
most transmissive zones were also the highest U has been measured.
Main cations were Na (2000 mg/L), Ca (900 mg/L), and anions HCO3
(125 mg/L), C1 (5500 mg/L), SO4 (200 mg/L), and pH adjusted to 7.5. In
the extraction, sample material of about 100 mg was stirred for 20 min
in 10 ml of deoxygenated water in a glove box (O2 < 2 ppm) at 25 °C.

3.2.2. Oxidation state of solid U

Uranium oxidation states were separated using ion-chromatography.
The principle of the method for separation is based on the distinct dis-
tribution coefficients that U(IV) and U(VI) complexes formed in 4.5 M
HCI have for a Dowex1 x 4 anion-exchange resin. Whereas negatively
charged U(VI) complexes are retained by the anion exchange resin,
positively-charged U(IV)-chloride complexes pass through the column.

The material was treated for 10 min in 20 ml of 4.5 M HCI 4 0.03 M
HF solution (bubbling with Ar), where U(IV)- and U(VI)-chloro com-
plexes were formed and maintained until analysed. The leachate was
immediately filtered over a 0.2 pm Millipore membrane, then loaded in
an anion exchange column (Dowex 1 x 4, 50-100 mesh). The U(IV)
fraction was collected in the first 20 ml fraction and U(VI), retained in
the column, was eluted with 20 ml of 0.1 M HCl (Pidchenko et al., 2013
and references therein). The leached fracture material was subsequently
treated with strong HNOs, to dissolve the residual U, considered to be
insoluble U(IV). All leachates were determined by alpha-spectrometry.
The uncertainties of the procedure include the possibility of U redox
perturbations during material leaching in acid, for instance by Fe(II)
and/or Fe(IIl) species released during the leaching. To correct for the
oxidation or reduction of U, a U redox tracer, such as 2>°U, was added.

3.2.3. ?38U.series disequilibrium (USD) measurements

For the alpha-spectrometry analyses, sample material (120-250 mg)
was spiked with 236U and 2?°Th isotopic yield tracers and extracted in
20 ml hot Aqua Regia for 30 min. The leachate was filtered through a 0.2
pm Millipore membrane, prepared in 9 M HCI and loaded in Dowex 1 x
4 resin for U/Th separation. Finally, purified U and Th fractions were
precipitated in CeF3, which was mounted on a measurement plate for
a-spectrometry. SE leachates were treated in hot concentrated HNO3 to
decompose organics before the a-spectrometry.

PIPS-detectors of 450 mm? area with a nominal resolution of 20 keV
were used. Counting statistic (16) varied 2.0-7.5%, 4.0-8.5% and
3.4-8.1% for the 23*U/238U, 230Th/2%8U and 22°Th/23*U activity ratios,
respectively. Reproducibility of the method was tested repeatedly by
analysing 50 mg of a certified U/Th-mineral reference DL-1a where the
2381.decay series is known to be in secular equilibrium (Steger and
Bowman, 1980). Equilibrium value for 234/2%8U and 23°Th/?34U ARs
~1 was obtained with the accuracy of 2%.

The synthetic groundwater extraction leachates were digested in hot
Aqua Regia for isotopic measurements by multi-collector inductively
coupled plasma mass-spectrometry (MC-ICP-MS). An in-house
229Th-233y.236y spike, prepared and calibrated by the Geological Sur-
vey of Finland, was added to the filtered solution (0.22 pm Millipore). U
was separated from the solution using a TRU resin by Eichrom. Final
leachates were evaporated nearly to dryness and prepared in 2% HNOs3.
Solutions were diluted to U concentration between 20 and 30 ppb into a
disposable 2 ml beaker in 1.0 to 1.5 ml 2% HNQO3. Measurements were
carried out using a desolvator nebuliser, a 80 ul Meinhard concentric
quartz nebuliser, and a Multi-Collector Inductively Coupled Plasma
Mass Spectrometer (Nu Instruments™). Measurements were performed
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at the Geological Survey of Finland following a procedure described by
Luo et al. (1997). U blank was in the 6 pg range. For details see SM part
B.

3.3. Synchrotron-based techniques

Synchrotron methods to determine U oxidation state and mineralogy
was performed for KFR106:86 m. This sample, taken from the upper part
of the bedrock where the most intense leaching of U has occurred, was
the only one to offer enough U-rich fracture coating material to enable a
comparison between wet chemistry and mineralogical methods for
determination of U oxidation states in the fracture material.

3.3.1. U Ls edge high-energy resolution fluorescence-detected X-ray
absorption near edge structure (HERFD-XANES) spectroscopy

U L3 edge HERFD-XANES spectroscopy can clearly distinguish minor
contributions of different U redox states in complex, environmentally
relevant systems (Pidchenko et al., 2017; Rothe et al., 2019). For the
measurements sample material and reference compounds were pressed
into pellets with cellulose and packed into a gas-tight, dual-containment
sample holder (10 and 13 pm polypropylene) in an Ar-glovebox and
transported in a gas-tight container. The measurements were performed
with a Johann type X-ray emission spectrometer at the ID26 beamline,
ESRF, Grenoble, France (Glatzel and Bergmann, 2005). The ATHENA
program from the IFFEFIT software package was used for the spectra
evaluation (Ravel and Newville, 2005). For more details see SM part B.

3.3.2. Microfocus powder X-ray diffraction (u-PXRD)

The p-PXRD measurements were performed at the SUL-X beamline of
KIT synchrotron radiation source in Karlsruhe, Germany (Goettlicher
et al., 2013). Measurements were performed under air and room tem-
perature. Data was analysed using the FIT2D program for radial inte-
gration of the Debye rings and DIFFRAC.EVA V3.1 (Bruker) program for
background subtraction and diffraction peaks evaluation (Hammersley
et al., 1996). For more details see SM part B.

3.4. Numerical simulation

The simulation was used to mimic natural U redistribution (U ex-
change between solid and solution) to evaluate the relation between U
redistribution on fracture surface and elevated U concentrations in the
groundwater. The model for U redistribution processes was recon-
structed using information of the last glaciation-deglaciation episode.
The redistribution was constrained using data from past groundwater
conditions and site-specific experimental data. Radioactive decay and
ingrowth equations, including a term for U input and output fluxes, was
used to calculate the evolution of the U-series isotope composition as a
function of time (cf. SM Part C). The description of the modelling tool
can be found in Azzam et al., (2009). The approach is analogous to other
U transport models reviewed in Chabaux et al. (2008).

4. Results
4.1. Groundwater U data

The groundwater evolution outlined in Section 2.3 has likely been a
driving force for the current U distribution in the Forsmark ground-
water. Generally, wide variation is observed in the U concentration (<1
pg/L to >175 pg/L) and the 2%*U/2%U AR (1.5-6.5) (Fig. 3). The U
concentration profile does not show decrease with depth; rather, the
highest concentrations were measured in parts of the deep groundwater
environment, a pattern that has persisted in annual time-series samples
through the present including unpublished values from recent years, all
presented in Fig. 3. High concentrations are generally associated with
the brackish marine-glacial groundwater-type with negative Ej, values
(=140 to —190 mV) (Laaksoharju et al., 2008; Nilsson et al., 2011).
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versus elevation and 23®U. Data from SKB's database Sicada (SM part A: Groundwater data).

Since the ongoing recharge of meteoric or present Baltic Sea water in-
fluence only the upper 100 m the observed U concentration peaks below
this depth relate to earlier recharge processes, such as that of glacial
meltwater and the Littorina Seawater. In the highest U groundwater
section (KFM02A:490-518 m), U oxidation state analyses showed a total

dominance of U(VI) (Suksi and Salminen, 2007).

Annual groundwater monitoring of U isotopes, partly reported in
Tullborg et al. (2017) has continued to produce new data. Three deep
sections have been studied (KFM02A:411-442 m, KFM02A:490-518 m,
and KFMO03A:633-650 m). Time-series isotope activities (Bq/L) were
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plotted 238y versus 24U (Fig. 4), and correlation trend lines were
examined to evaluate U isotope release ratios (similar approach as Suksi
et al., 2006). Good correlation was obtained in all three groundwater
sections (R2 > 0.91).

Trend lines from KFMO02A:490-518 m and KFMO03A:633-650 m
groundwater sections showed perfect fit (R ~ 1) despite the wide
variation in concentrations between sampling occasions. Both trendlines
intercepted the origin which reflects congruent dissolution of U, during
which the isotopes do not fractionate. The trendline slope, or the
234y/2%80 release ratio, is the same as the 22*U/>3%U AR for both,
respective groundwater sections, (~2 and 1.5; SM Table Al), which
suggests that U is supplied by one main source specific for each
groundwater section.

Interestingly, the KFM02A:411-442 m trendline showed a weaker
correlation and intercepted clearly above the origin (Fig. 4). The slope
was different from the 23*U/238U AR in this groundwater (~2 and 3.5,
respectively), and the 23*U/?%%U AR showed larger variations between
sampling occasions (2.91-3.95). It is possible that inconsistent pumping
and flow rates caused mixing of groundwaters with different U charac-
teristics during the eight sampling occasions between 2005 and 2010.

4.2. U and USD in fracture coating material

4.2.1. Sequential extraction (SE) results

Total extractable U, studied in eight of the samples, varied from a few
ppm to over 4000 ppm, indicating presence of U-rich phases in some of
the fracture coatings. Large portions of the U occurred in an easily
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extractable form (water + NH4Ac up to 80%) of which the water-soluble
portion varied between 0.11 and 25% (Fig. 5 and SM Table B1).

The four samples from drill core KFR 106 were subject to leaching
tests with two different waters (cf. Section 3.2.1). Interestingly, a larger
portion of U was dissolved in the anoxic SGW (1.8-18%) compared with
the oxic TW (0.1-10%) (Table 2). The higher solubility of U in the anoxic
SGW was unexpected but can be due to its higher cation and complexing
ion concentrations, which were similar to the high U groundwater sec-
tion KFM02A:490-518 m. Bulk samples (whole fracture coating mate-
rial) were analysed twice in a two-year interval on similar fracture
material, first time followed by alpha-spectrometric and second time by
MC-ICP-MS measurements (cf. Table 2). These two different sets of an-
alyses were done to 1) check the reproducibility of results after
considerable storage time and 2) obtain data with minimized errors for
more precise analysis (cf. Table 2). In three of the fracture coatings the
AgRg extractions showed good agreement in both U concentration and
ARs, considering the uncertainty in alpha-spectrometry. For sample
KFR106:262 m the differences were larger which can be due to the
sample heterogeneity but partly also to the low U content in this sample
(2.0 to 3.4 ppm).

While 23*U/2%8U AR results from TW and SGW experiments show in
general good agreement within 2-3 standard deviations (c), noticeable
variation was found in sample KFR106:262 m (Table 2). Both waters
extracted U with the 22*U/?*8U AR clearly over unity. For the near-
surface sample (KFR106:17 m), the SGW leachate gave AR = 1.12,
similar to that measured in the Baltic Sea water (Skwarzec et al., 2004).
Water leachates from drill cores KFR106:86 m gave ARs 1.9-2.1, which
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Fig. 4. 23*U—2%8U correlation in the deep groundwater sections where elevated U concentrations have been measured.
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Table 2

Comparison of U and 234y/238 AR results from tap water (TW) and synthetic
groundwater (SGW) extractions. Four aliquots from the same fracture coating
are measured. (1) refers to MC-ICP-MS and (2) to alpha-spectrometry, see SM
Table B1). AqRg refers to bulk (whole coating material) results (Aqua Regia

extraction). Standard deviation is given as +2c, — value could not be
determined).
KFR106 Treatment U +6  BUAU o U
[m] method [ppm] extracted
[%]

17 AgRg 1 47.6 0.07 0.946 0.005 -
AgRg 2 58.4 1.2 0.887 0.023 -
SGW 1 8.6 0.3 1.120 0.004 18.0
TW 2 6.7 0.4 1.053 0.027 10.2

86 AgRg 1 129 0.07 0.918 0.003 -
AqRg 2 142 1 0.849 0.017 -
SGW 1 2.3 0.03 2.06 0.02 1.8
T™W 2 0.66 0.1 1.89 0.17 0.5

262 AqRg 1 3.4 0.1 1.530 0.001 -
AqRg 2 0.9 - 1.24 0.04 -
SGW 1 0.24 0.02 2.64 0.01 7.04
W 2 0.002 - 1.91 0.01 0.11

299 AgqRg 1 22.7 0.2 0.865 0.002 -
AqRg 2 19.3 0.8 0.884 0.022 -
SGW 1 2.2 0.1 1.510 0.006 9.9
™ 2 0.41 - 1.600 0.005 2.2

coincide with the groundwater section KFM02A:490-518 m. Water
leachates from sample KFR106:299 m showed also ARs in good agree-
ment (1.5 to 1.6), a ratio similar to the studied section KFMO3A:
633-650 m. In sample KFR106:262 the ARs varied (TW AR = 1.9 and
SGW AR = 2.64), where the SGW result was similar to that of the NH4Ac
extraction (AR = 2.65) (see SM Table B1). Also, the extracted amounts of
U were similar. Differences in TW and SGW extraction can be due to
different selectivity of the waters towards U-phases.

U-series isotopes were also analysed from the other leaching steps
(SM Table B1). Sample-specific 234y/2%8y ARs across the leachates

varied significantly, with the highest ARs in the water and NH4Ac
leachates. It is unlikely that the extractions would have caused U isotope
fractionation, so the distinct 234/238U ARs reflect dissolution of
different U phases. Presence of distinct U phases is also supported by
variation in the 2*°Th/?%%U and 23°Th/24u.

Residual material from the three extraction steps was treated in hot
Aqua Regia. This extraction revealed a large surplus of 23*U and 2*°Th in
sample KFR104:21 m (3*U/2%U = 3.46 and 2°Th/?*%U = 7.74). This
surplus probably formed though a-recoil of daughter isotopes, propelled
into the rock matrix from U-rich phases covering the residual minerals.
This is supported by the high total U in this fracture coating (over 4500
ppm). If the U-rich phase is the reason for the 234U and 2**Th surplus,
then the magnitude of the excess is proportional to the timing of U
deposition, as demonstrated by Suksi and Rasilainen (1996).

4.2.2. Distribution of U(IV) and U(VI)

Three fracture coating samples from KFR 106 were subject to
oxidation state analysis with a wet chemistry method (cf. Section 3.2.2).
The U(VI) varied from 22% to 45% between the analysed samples
(Table 3). The 234,238 AR in the U(VI) fraction was systematically
higher than in the U(IV) fraction, consistent with the theory that the
chain decay product 22U occurs more frequently in the hexavalent state
and, therefore, is more leachable (Rossler, 1983; Petit et al., 1985; Adloff
and Rossler, 1991; Suksi and Rasilainen, 2002). U(VI) and the 23475 /238y
ARs extracted by this method were similar to the total U dissolved by the
water and NH4Ac extractions for samples KFR106:17 m and
KFR106:299 m. However, in KFR106:86 m, extracted U(VI) (24%) was
higher than that dissolved by the water and NH4Ac extractions (10%;
Table 3). Here, a fraction of U(VI) may reside in a less soluble matrix,
such as the U(IV)-bearing U-phosphate or P-rich U-silicate phase
observed in the SEM study (Sandstrom et al., 2011). More sensitive
p-PXRD analysis was applied to identify specific U phases (SM Fig. B1.),
but U concentrations were too low to determine the mineralogy (142
ppm). Nevertheless, the ~10 wt% U that is selectively removed by
leaching with TW/SGW and NH4Ac (Table 3 and Fig. 5) in the
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Table 3
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U(IV) and U(VI) fractions dissolved in anoxic HCI extraction. Insoluble portion of U (Uy.s) was considered U(IV). Dissolved U(VI) is compared to readily soluble U, i.e.,
water and NH4Ac extracted U (cf. Fig. 5). Main minerals of fractures coatings from Sandstrom et al., 2011 (ad = adularia, ca = calcite, py = pyrite, chl = chlorite, gz =
quartz, corr = corrensite, clay = illite-smectite, hm = hematite). *ocular mapping.

KFR106 [m] U form U [ppm] +o 234238y E U [%] Water + NH,Ac [%]
composition
17 uav) 3.27 0.10 0.99 0.04 - -
[8/4%))] 24.6 0.5 1.12 0.02 45 44
Ures 27.4 0.9 0.654 0.023 - -
ad, ca, clay py UIV)ior 30.6 - - - - -
86 uav) 35 1 0.806 0.018 - -
U(vD 29.4 0.8 1.70 0.06 24 10
Ures 60 2 0.611 0.023 - -
ca, qz. ad, py, clay UIV)ior 94 4 - - - -
299 u@av) 0.37 0.04 0.656 0.058 - -
U(vD 5.13 0.17 1.37 0.04 22 17
Ures 18 2 0.69 0.02 - -
*chl, corr, ad, hm UIV)ior 18.4 0.1 - - - -

KFR106:86 m sample is most probably U(VI).

Uranium redox state in KFR106:86 m was also studied using the U Lg
edge HERFD-XANES spectroscopy (Fig. 6a). The HERFD spectrum ex-
hibits several spectral features resembling those in the spectrum of U409
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Fig. 6. U L3 edge HERFD-XANES spectra of KFR106:86 m, U409, UO, and (K,
Na)UO,(SiO30H)-1.5H,0 (boltwoodite) (a); LCF analysis of KFR106:86 m
spectrum performed in ATHENA program shows 80% of U409 and ca. 20% of U
(VD) fraction, as uranyl species (b).
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(marked as A, B and C). Based on a linear combination fit (LCF) analysis
of the HERFD spectrum, 80% of the solid-phase U is present in mixed-
valence phase (stoichiometry similar to U4O9) and the remaining
~20% as a U(VI) phase, such as sodium boltwoodite (Fig. 6b). The
finding of a significant portion of U(VI) agrees well with the oxidation
state results obtained from the wet chemistry approach where ca. 24% U
(VI) was determined (see Table 3). However, in the SE experiment most
U was extracted by 6 M HCI in the KFR106:86 m sample (see Section
4.2.1 and Fig. 5), which could occur as mixed-valence UO- 4 species, as
supported by XAS measurements. Less than 15 wt% of the total U is left
in the residue and refers to sparingly soluble U(IV) phases.

4.3. USD results in bulk fracture coating material

Radioactive disequilibrium in the 238U decay chain has been widely
used to understand U mobility during water-rock interaction (e.g.,
Rosholt, 1983; Ivanovich and Harmon, 1992; Bourdon et al., 2003;
Paces et al., 2013). In brief, disequilibrium originates from nuclear
chemical processes during decay of 2°®U and its daughters and is
increased and modified by preferential mobilisation of 23*U relative to
238y, and U relative to 23°Th. Recent mobility of U is recognized if
a-activity ratios (AR) of the 23U decay chain's longest-lived isotopes
(238U, 230Th and 2%*U) deviate significantly from one. The nature of U
mobility has traditionally been interpreted from measured ARs plotted
on a disequilibrium diagram (Fig. 7). The half-lives of 23417 (245 ka) and
2307 (75.2 ka) are ideal to study the mobility of U within the last 150
ka. Since Th is considered immobile (cf. Langmuir and Herman, 1980)
mobility of U isotopes relative to 23°Th can be recognized in the
diagram.

In this study, USD was used to identify fractures and depths that have
experienced U mobilisation or deposition within the past 150 ka.
Interpretation of ARs in material sampled from open, water-conducting
fractures can be challenging because disequilibrium signature is inte-
grated over a long history of U mobility, starting from current water-
rock interaction and extending to beyond the USD time scales (> 1
Ma). Fig. 8 presents ARs from Forsmark (this study) together with
several study sites in the Fennoscandian shield (Blomqvist et al., 2000;
Tullborg et al., 2004; Drake and Tullborg, 2008). At all sites, recent U
mobility is apparent at considerable depths (several hundred meters),
which can be explained by palaeohydrological similarities between the
sites, with periodic intrusion of distinct waters during the last 120 ka.

ARs for most Forsmark samples (red dots) indicate U gain, i.e., U
addition has controlled overall U mobility (SM Table B2). Several
samples plot below the 22U /238U AR = 1 line and left of the 22°Th—2**U
equiline, which indicates selective loss of 234y (%*U/%%8U AR < 1) but
also recent addition of U (23°Th/238U AR < 1) which is due to relative
quantities of leached versus deposited U. This isotopic composition is
possible in fractures that have been leached by groundwater over a long
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time period, with preferential leaching of 22*U. In U-gain samples
(234U/238U AR > 1), the timing of U additions equates to the late Qua-
ternary, because an older deposition would experience decay of excess
234y and convergence of 224U/2%8U AR towards one. Several samples are
at or close to equilibrium. This may be due to lack of redistribution or to
a very small portion of mobile U in these fractures.

5. Discussion

The purpose of collecting experimental data was to evaluate for-
mation pathways for the unusual U enrichment observed in the deep
anoxic groundwater. Since this finding has been linked to glaciation-
deglaciation water intrusions (Smellie et al., 2008), the recent
mobility of sources for U were in focus. The last two water intrusions
occurred as late as 18,000-11,000 y and ~7000 y ago. Their impact on U
mobility should be detectable in the 23°Th-234U-228U isotope composi-
tion of the fracture-borne U source.

5.1. Uranium isotope dynamics in the deep groundwater sections

The balance between preferential release of 2*U and congruent
dissolution of U determines the overall 23*U/238U AR of the water. The
primordial isotope 2387 is released through chemical processes only,
whereas release of 234U, being decay product of 23U, can be enhanced
relative to its parent through both chemical and physical processes.
Preferential leaching of 22*U is a well-known phenomenon and explains
2347 excess in groundwaters. Significant preferential release of 234U is
possible due to its chain decay-induced auto-oxidation which makes it
more susceptible to groundwater leaching (cf. Rossler, 1983; Petit et al.,
1985; Adloff and Rossler, 1991; Suksi and Rasilainen, 2002). Physical
release via a-recoil of the short-lived precursor 2>*Th is an ongoing
process but becomes important when the fracture surface is rich in U,
water exchange is slow (on the order of 22U half-life), and congruent
dissolution of U does not occur.

Within the last 400 ka, the water intrusion associated with the most
recent glaciations in Northern Europe, Saale and Weichsel, has strongly
influenced groundwater exchange and groundwater chemistry in the
upper 300 m of bedrock and to at least 1000 m depth in some fracture
zones. In the groundwater section KFM02A:490-518 m, where the
highest U concentrations are measured, water exchange within the last
8 ka is apparent from an analysis of non-steady state 2>Ra/?°Ra ARs
(Krall et al., 2020). The large variation in U concentration (69-172 pg/L)
with invariable 2>*U/2%8U AR found during several consecutive years of
monitoring this groundwater offered a unique tool to evaluate the U
source. Variation in the U concentration during the monitoring is not
clear but might be due to disturbances in flow conditions introduced by
the drilling activities and subsequently by the sampling itself (Nilsson
et al., 2020).

In the groundwater sections KFMO02A:490-518 m and
KFMO03A:633-650 m, the 2*U/?*%U ARs revealed congruent dissolution
of a U source that has the same 23*U/2%U AR as the respective waters
(cf. Section 4.1). Here, high groundwater U concentrations point to a
readily soluble U(VI) source, as corroborated by the speciation-solubility
calculations performed for KFM02A:490-518 m (Tullborg et al., 2017
and references therein). Since 22*U/238U ARs are clearly over one (i.e.,
excess 23U has not fully decayed), the U source phase likely accumu-
lated during the late Quaternary and has since participated in U mass
exchange during U redistribution.

The groundwater section KFM02A:411-442 m, on the other hand,
yielded a 234U/238U release ratio that was smaller than the 234U/238U AR
of the respective water (2.05 and 3.5, respectively; Fig. 4). Furthermore,
the 224U—2%8U correlation trend line did not intercept origin but rather
the positive y-axis (Fig. 4). This finding suggests the involvement of
more than one U source, one that supplied U to the water at the AR of ~2
and another that supplied excess 234U. A source for 23U could be an old
U(IV)-rich phase, such as the secondary uraninite or the metamict
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uranothorite found in local pegmatites (Krall et al., 2015). The other
source is evidently a U(VI) phase from which U has congruently dis-
solved at an AR of ~2, possibly the same source as for section
KFMO02A:490-518 m (Fig. 8).

The persistence of high U concentrations in the section
KFMO02A:490-518 m several thousand years after the last water intru-
sion (brackish marine water) implies that the geochemical constituents
of the groundwater can stabilise dissolved U, thereby inhibiting signif-
icant U deposition despite the anoxic conditions. Nevertheless, some
deposition may have occurred, and this possibility was addressed in the
simulations (Chapter 6). Interestingly, the modelling discussed in Krall
et al. (2020) also indicates that simultaneous dissolution of U(VI)-phase
and reprecipitation of U(IV)-oxide is thermodynamically feasible in
KFMO02A:490-518 m.

The possibility that the brackish Littorina Seawater, itself, trans-
ported U-rich water into the deep bedrock aquifer was excluded because
both high and low U concentrations have been measured in this water-
type throughout the site without significant changes in the overall
groundwater chemistry. Instead, the groundwater remobilised U that
was previously deposited in the fracture network (cf. Sandstrom et al.,
2008; Krall et al., 2015; Tullborg et al., 2017; Krall et al., 2020). The
identification of the CazUoz(C03)30 complex in the groundwater with
the highest dissolved U corroborates this interpretation (cf. Tullborg
et al., 2017).

5.2. Uranium mobility in fracture coatings

Large changes in flow conditions during the last glacial cycle left
Forsmark groundwater chemistry in transient state. Consequently,
steady-state conditions in U-series isotopes on fracture surfaces would
not be expected in conductive fractures shallower than 800 m. This re-
flected by the range of disequilibrium ARs, recording both U gain and
2344 loss throughout the fracture network. 2>*U loss was principally
indicated in fracture coatings from shallow depths (upper 115 m), where
differences in the character of recharging waters can drive intense U
leaching. Leaching of U along near-surface fractures and extending
centimetres into the rock matrix was reported from the Palmottu natural
analogue study site in southern Finland (cf. Rasilainen et al., 2003).
Generally, 234y deficiency (***U/?%8U < 1) on fracture surfaces also
reflects long-term chemical stability of the U source in the host phase.

Most mineral coatings in the presently water-conducting fractures
are of hydrothermal origin and Palaeozoic or Precambrian in age
(Sandstrom et al., 2009). Flow routes at the site have varied over time, in
connection to changes in hydraulic pressure and surface hydrogeology
(cf. Follin et al., 2007, 2008). No correlation was found between
disequilibrium isotopic composition and fracture transmissivity (water
flow m?/s). Instead, samples from borehole sections with no measurable
transmissivity showed disequilibrium (white dots in Fig. 9). Near-term
hydraulic isolation can be explained by the post-glacial unloading of
the site, which has reduced fracture transmissivity or disconnected
fractures from the main flow. Findings of pockets with high portions of
dilute glacial meltwater at depth of 200 to 400 m (Nilsson et al., 2011)
support this interpretation.

Information obtained from the sample KFM02A:513 m, located in the
groundwater section with highest U, indicate U gain (***U/2%%U = 1.18
and 2°0Th/?38y = 1.53) and, as such, does not indicate that the analysed
fracture surface has supplied U to the groundwater. Although U disso-
lution may have occurred, overall addition of U masks the signature.
This possibility was addressed in numerical simulations (Section 6). ARs
of sample KFM02A:423 m, situated 100 m above sample KFM02A:513
m, indicate the opposite scenario, with loss of U (**°Th/?3*U = 1.1) with
minor and recent U addition (3**U/?38U = 3.78) (see Fig. 8).

The SE study revealed that coating material contains both weakly
and more tightly bound U. The fraction of easily extractable U, consid-
ered to be U(VI), varied between samples. This is consistent with de-
terminations of U redox state, which showed analogous variation in
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Fig. 9. U-series isotopic composition and fracture transmissivities. Blue: most
transmissive, 1077-10"> m?/s, yellow: 107! to 107® m?%/s and white: no
measurable transmissivity. The sample from the highest U groundwater section
is indicated. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

dissolved U(IV) and U(VI) phases (cf. Section 4.2.2; Table 3). The U(VI)
fraction separated by the anoxic 4.5 M HCI extraction was similar or
larger than the U fraction determined for the water+NH4Ac leachate in
all three samples studied. In KFR106:86 m U(VI) clearly exceeds the
easily dissolvable fraction. In this sample the redox state was also
determined by the U L3 edge HERFD-XANES technique. This method
gave similar redox state information and showed the presence of a
mixed-valence U mineral, possibly the UO2.4 and/or P-rich U-silicate
phase observed in the SEM study (Sandstrom et al., 2011). A previous
study by Pidchenko et al. (2013) likewise showed that carefully
designed chemical extraction in geological sample material gives U(IV)/
U(VI) results that agree well with instrumental methods.

The 23*U/?%8U ARs in the U(VI) fraction and in the easily extractable
U fraction (water+NH4Ac) agreed for samples KFR106:17 m and
KFR106:299 m demonstrating that U(VI) is hosted in easily dissolvable
phases in these samples. In contrast, in sample KFR106:86 m the
234,238y ARs were different in U(VI) fraction (1.7), water leachate
(1.9) and NH4Ac leachate (1.4). This is in line with the presence of more
than one distinct U(VI) phases, e.g. U co-precipitated with calcite, in-
dividual U(VI) minerals and U(VI) in stable P/Si matrix.

6. Numerical simulation of U redistribution
6.1. Description of system behaviour

The U system is situated in a fracture at ~500 m depth, where ARs on
fracture surfaces have evolved through radioactive decay and through U
redistribution leading to elevated U concentrations in the groundwater.
The uranium source for the deep groundwater originates from U leached
from the overburden and from fracture surfaces along the flow path
during glacial cycles before it is gradually deposited on fracture surfaces
at depth. There is strong evidence from the isotopic study (cf. Section
4.1) that 2347 and 238U have not fractionated, so the 23413/238U AR re-
mains unchanged during redistribution.

6.2. Simulations

In our model, U mobility parameters reflect deposition and
congruent dissolution. Due to elevated U in the system, adsorption and
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desorption and selective leaching of 23U are less important for the
overall mobility of U (cf. Section 4.2.1).

The evolution of isotopic composition is calculated by radioactive
decay/in-growth equations that include a term for U input and output
fluxes (cf. Azzam et al., 2009). In the simulation, the specified mobile
fraction of U was based on results from the water extractions (Section
4.2.1) and was ascribed the same 23*U/?%U AR as measured in the
groundwater (cf. Section 4.1). Since measured ARs of sample
KFMO02A:513 m indicated U gain, we focused the simulations on U
redistribution scenarios with overall dissolution/deposition flux ratios
below unity.

The isotopic composition 120 ka ago, after the Saale glaciation, is
unknown and was therefore estimated. For the estimation, it was
assumed that the U system evolved similarly during both glaciation
cycles. Therefore, the isotopic composition after the last glaciation
(Weichselian), which could be obtained from the studied fracture sur-
face sample (“reference”), was considered a reasonable choice. Redis-
tribution scenarios were constructed within the framework of the

climate reconstruction outlined in Table 4.
The reconstruction consisted of two periods with glacial conditions,
each followed by transgression of the Baltic Sea, the most recent

Table 4

Climate reconstruction for the past 120 ka (cf. SKB, 2010 report Fig. 4-22) and
assumed impact on U mobility in deep groundwater environment.

Time Climate Hydrogeological Impact at around

[ka] conditions conditions 500 m depth

0-23 Mixed temperate Relatively stable Negligible or no
and permafrost impact.
conditions

23-38 Periglacial Hydrogeologically stable
due to permafrost

38-42 Mixed temperate Relatively stable
and permafrost
conditions

42-62 Periglacial and Hydrogeologically stable
glacial (basal due to permafrost
frozen conditions)

62-66 Glacial (basal Recharge of meltwater Deposition
melting
conditions)

66-75 Submerged Some intrusion of Dissolution due to
conditions brackish water due to elevated alkalinity
(brackish sea density turnover. No and Ca
water) indication of a high concentration

salinity in this water
based on the current
understanding of the
groundwater evolution
and therefore less driving
force for density
intrusion.

75-90 Periglacial Hydrogeologically Negligible or no
stagnant due to impact.
permafrost

90-109 Glacial (basal Recharge of meltwater Deposition.
melting
conditions)

109-115  Submerged Intrusion due to density Dissolution due to
conditions (first turnover of brackish sea high alkalinity and
fresh water water with variable Ca contents.
(Ancylus Lake and  salinity. The Littorina Dissolution more
thereafter Sea maximum at about 7 intense than in the
Brackish Sea ka being the most saline. ~ period 66-75 ka.
water) The process was

most prominent
during the Littorina
maximum some 7 ka
ago.

115-120  Temperate Intrusion of meteoric Deposition

water in the shallow
bedrock. No real impact
below 100 m.
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glaciation being the most prominent (cf. Fredén, 2002; SKB, 2010, and
references therein). U fluxes were transferred from the fracture surface
to the groundwater during periods of brackish water intrusion, suc-
ceeded by reverse mass transfer from the groundwater to the fracture
surface after the intrusion. During the brackish Littorina sea water
intrusion considerable U dissolution was assumed based on groundwater
chemistry. During periglacial, glacial, and permafrost periods, the sys-
tem was considered non-dynamic with negligible mobility of U and U-
series isotope composition evolved only by radioactive decay. Input
parameters for the numerical simulation are presented in Supplemen-
tary Material (Table C1).

6.3. Simulation results

Numerous U redistribution scenarios were tested. Activity ratios at or
close to reference were used as starting ARs and overall dissolution/
deposition ratios ranging from 0.43 to 1.25 were chosen. Scenarios and
simulation results are presented in SM Table C1 and plotted in Fig. 10.
Reference ARs were chosen to test the hypothesis that the U system
evolved similarly during both glaciation cycles. Respective scenarios
yielded ARs close to reference, in support of this hypothesis. Even better
agreement with the reference was obtained with a slightly higher
starting 234y/238y AR (1.60-1.65) and lower starting 2307, /2347y.230-
Th/?38U ARs (0.70-0.75 and 1.15-1.2) and when overall dissolution/
deposition flux ratios were set to 0.43-0.57 (circled values in Fig. 10).

It was found that if U was let to deposit after the Littorina Sea water
intrusion (late Holocene) it increased the compatibility between simu-
lation results and the reference. Increasing the flux ratio from 0.75 to
1.25 resulted in ARs that approached and crossed 23°Th = 234U equiline.
Since this would reflect substantial loss of U from the system, these
scenarios can be omitted. Similarly, the scenarios with no U fluxes (RO,
EAOQ, EBO and ECO in Table C1) or fluxes only after the Weichselian
glaciation (EA20, EB20 and EC20) can also be excluded because the
simulation results significantly differed from the reference. An example
of Decservis-2 graphical output of ARs' evolution over time for a viable

1.8

U gain &~

1.6 »

234( 238
=

1.2 U loss

1.0

1.0 1.2 1.4 1.6 1.8
230Th/238Y

Fig. 10. Simulation results from U redistribution scenarios with different
starting ARs and dissolution/deposition flux ratios. Grey circles represent sce-
narios starting from reference ARs (sample KFM02A:513 m). Other markers
result from scenarios with slightly different starting ARs. Scattering within
marker series reflect variable dissolution/deposition flux ratios (cf. SM
Table C1). Good agreement with the reference (black) is obtained in scenarios
with starting ARs 2*°Th/?%%U 1.15-1.20 and 2**U/?%8U 1.60-1.65 and overall
flux ratios of 0.43-0.57 (see Section 6.3).
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Fig. 11. Example of Decservis-2 graphical output. Evolution of 23°Th-234U-

80 100 120 140

Time [ka]

2381 isotope compositions under U redistribution scenario EC1, with starting ARs

234y/238y = 1.7, 230Th/?38U = 1.3 and 2*°Th/?34U = 0.76. Kinks in curves refer to U dissolution and deposition. Overall U dissolution/deposition flux ratio is set to
0.43. Curves at the beginning of graph belong to the short-lived daughters and are not discussed here.

scenario is presented in Fig. 11.

Simulations could reproduce the U redistribution process that yiel-
ded disequilibrium isotopic composition in the sample KFM02A:513 m.
A simple calculation shows that the simulated U fluxes are realistic: The
fracture coating was gently scratched off from a surface area of about
0.008 m. The sample weighing 0.298 g contained 31.5 pg U/g which
gives 9 pg of U and for an area of 1 m2 1140 pg U. With 1 mm fracture
aperture (cf. Forsman et al., 2004) the water volume would be 1 L. Using
the water-extractable part of U (10% of total extractable U) as U
dissolution flux would yield a concentration over 100 pg U/L, which is
similar to the concentrations measured in groundwater section
KFMO02A:490-518 m. Smaller apertures (<1 mm), which are common in
this drill core section, would yield much higher U concentrations which
may have prevailed immediately after the Littorina Sea water intrusion.
The calculation is a rough estimation, but it gives a reasonable view of U
fluxes contributed to the unusually high U concentration in the
groundwater.

7. Conclusions

We have investigated U redistribution in fractures to understand the
reason for unusually high U concentrations in anoxic deep groundwater.
The study has produced the following crucial findings:

e U mobility was identified in fractures as deep as 700 m, and it is
realistic to assume that this mobility is, to large extent, related to
recent water intrusions during the last glacial cycle.

The U redistribution is broadly characterized as U gain, but some
fractures, typically those located in the upper bedrock, showed a
2341 loss, an indicator of long-term U leaching.

Large portions (up to 25%) of the U in fracture coatings were water-
soluble and, in the more mobile U(VI) oxidation state.

From groundwater monitoring data (at 500 to 630 m depth), we were
able to identify the 2*U/238U AR of solid-phase U that participated
in the recent U redistribution.

The findings above and relevant information from the site were used
in the simulation, which could reproduce the isotopic composition in
the studied fracture coating. Because the simulation included disso-
lution during two periods, the most recent some 7000 y ago, it is
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apparent that this dissolution is masked by the overall signature of
deposition (U gain).

A simple mass balance calculation shows that the simulated U fluxes
during U redistribution are realistic and can explain the measured high
content in the anoxic groundwater at 500 m depth.
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