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Abstract

U-series disequilibria measured in waters and rocks from a chalk aquifer in France have been used as an analog for long-term radio-
nuclide migration. Drill core samples from a range of depths in the vadose zone and in the saturated zone, as well as groundwater sam-
ples were analyzed for 238U, 234U, 232Th and 230Th to determine transport mechanisms at the water/rock interface and to quantify
parameters controlling the migration of radionuclides. Isotope measurements in rocks were done by TIMS, whereas (234U/238U) and
(230Th/232Th) activity ratios in water samples were measured by multi-collector-ICP-MS. Both depletion and enrichment in 234U relative
to 238U were observed in carbonate rock samples resulting from chemical weathering in the unsaturated zone and calcite precipitation in
the zone of water-table oscillation, respectively. The correlation between (230Th/232Th) activity ratios and 87Sr/86Sr ratios found in the
chalk samples indicates that thorium is mainly contained in a minor silicate phase whose abundance is variable in chalk samples. Water
samples are all characterized by (234U/238U) > 1 resulting from a-recoil effect of 234Th. Groundwaters are characterized by a more radio-
genic signature in 87Sr/86Sr than the rocks. Moreover, (230Th/232Th) activity ratios in the waters are lower than in the rocks, and increase
with distance from the water divide, which suggests that Th transport is controlled by colloids formed during water infiltration in the soil.
A 1-D transport model has been developed in order to constrain the U-series nuclide transport considering a transient behavior of radio-
nuclides in the aquifer and a time-dependent composition for the solid phase. This model permits a prediction of the time scale of equil-
ibration of the system, and an estimation of parameters such as weathering rate, distribution coefficients and a-recoil fractions.
Retardation factors of 10–35 and from 1 · 104 to 2 · 105 were predicted for U and Th, respectively, and can be used to predict the migra-
tion of radionuclides released as contaminants in the environment. At the scale of our watershed (�32 km2), a characteristic migration
time from recharge to riverine discharge of 200–600 yr for U and 0.2–3.7 Myr for Th was obtained.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

The short-term fate of radionuclides in aquifers has been
studied in considerable detail either through laboratory
experiments or through numerical models calibrated and
validated based on field data extending up to 50 years
(e.g., Zielinski and Rosholt, 1978; Buddemeier, 1988; Ker-
sting et al., 1999). In contrast, studies of long-term migra-
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tion (>50 years) are scarce and usually rely on chemical
analogs (e.g., Liu et al., 1996). U-series nuclides are espe-
cially powerful in investigating these issues as they repre-
sent natural analogs that have been migrating in aquifer
systems over long time scales (e.g., Krishnaswami et al.,
1982; Ku et al., 1992). Thus, they should enable investiga-
tion of the processes involved in long-term radionuclide
transport over large spatial scales. The U-series decay
chains include elements with a wide range of chemical
properties as well as isotopes with differing half-lives.
Among them, we have studied the longer-lived isotopes
of uranium (U) and thorium (Th). In a closed system, all
the nuclides in the decay chain reach secular equilibrium,

mailto:amelie.hubert@cea.fr


5438 A. Hubert et al. 70 (2006) 5437–5454
i.e., the activities of the radionuclides are equal. As water
flows through an aquifer, disequilibria (i.e., fractionation)
between U-series nuclides are produced by chemical and
physical processes such as weathering, adsorption, desorp-
tion or a-recoil. This allows the assessment of both the tem-
poral and spatial scales of these processes (Ku et al., 1992;
Osmond and Cowart, 1992; Osmond and Ivanovich, 1992;
Bourdon et al., 2003; Porcelli and Swarzenski, 2003).

U-series disequilibria have been used in several studies
of radionuclide behavior in groundwater (Krishnaswami
et al., 1982; Copenhaver et al., 1993; Luo et al., 2000).
These studies describe the transport processes (adsorption,
desorption, a-recoil, dissolution, and precipitation) that
produce U-series disequilibria measured in water and use
a mass-balance approach to estimate some of these param-
eters, where the a-recoil inputs are derived from 222Rn
measurements. More recently, Tricca et al. (2000) devel-
oped a transport model including an advective term to
the processes of retardation described above. This model
has been applied to the studies of sandy aquifers (Tricca
et al., 2001; Reynolds et al., 2003) by considering that the
system is at steady state in order to solve the transport
equations.

Previous studies were based on measurements of U- and
Th-series nuclides in groundwaters and assumption of a
solid phase with uniform U, Th concentrations and at sec-
ular equilibrium. In contrast to these previous studies, we,
in addition to water sampling, have done a comprehensive
sampling of the solid phase from boreholes within a chalk
aquifer in the Paris Basin (France), and analyzed them for
U and Th isotopes. The sampling of both the solid and
fluid phases of the aquifer should provide a better under-
standing of the behavior of radionuclides at the water/rock
interface, which is the key for the development of a robust
mass-balance model. Unlike the model of Tricca et al.
(2000), which assumes steady state with a solid of constant
chemical composition, our model allows transient behavior
and includes a proper mass balance for both solid and flu-
id. This model was then used to evaluate key parameters
influencing the transport of radionuclides in an unconfined
calcareous aquifer.

2. Geological setting and sampling of the chalk aquifer

The Upper Cretaceous chalk aquifer extends over an
area of 70,000 km2 in the Paris Basin. The chalk aquifer
has been extensively studied in England (Cuttell et al.,
1986; Edmunds et al., 1987; Feast et al., 1997; Elliot
et al., 1999; Schürch et al., 2004) but there are only a few
isotopic studies on the continental part of this aquifer
(Kloppmann et al., 1996, 1998). Chalk is characterized by
having double porosity (matrix and fractures) providing
pathways for both slow and rapid migration of water.
The rock has its own matrix porosity (first type of porosity)
and this rock is fractured, which is the second type of
porosity. The total porosity of the chalk is about 40%
(Crampon et al., 1993a), whereas the fracture porosity is
about 1%. Price et al. (1993) indicate that 15% of the re-
charge to the chalk aquifer takes place through fractures.
In the saturated zone, both matrix and fractures are filled
with water. In the unsaturated zone, fractures are empty
and matrix porosity is saturated due to high pressure in
the capillary fringe that extends up to 40 m (Vachier
et al., 1987). Above the capillary fringe, the matrix is only
partly saturated.

The study area corresponds to a watershed located in
the Champagne region (NE of France). In this region,
the aquifer is monolithological (Campanian chalk, mostly
calcium carbonate), which makes it ideally suited for study-
ing water/rock interaction. This aquifer is unconfined and
is an important groundwater resource in France (Crampon
et al., 1993b). The studied watershed extends 8 km N–S
and about 4 km E–W (Fig. 1a). The recharge area is locat-
ed mainly on mounts forming the southern boundary of the
catchment divide (Fig. 1a). Water flows in a SW–NE direc-
tion and the aquifer is bounded on the north by the Suippe
river. The boreholes used for sampling are located at the
southern end of the watershed, near the catchment divide,
mainly in a north–south trending dry valley.

The water flow velocity has been determined based on
the hydraulic conductivity and the effective porosity of
the chalk. Pumping tests were done in the area and the
chalk presents a hydraulic conductivity ranging between
1.5 · 10�6 and 1.5 · 10�5 m s�1, with an effective porosity
of 0.5–2% (Little et al., 1996). The effective flow velocity
ranges between 30 and 1200 m yr�1. Dry valleys are known
to be major drains of the aquifer as the permeability is
higher than in the surroundings (Crampon et al., 1993a).
An average flow velocity of 450 m yr�1 was used in this
work.

In order to analyze rocks at different depths, samples
were taken from 80 mm diameter cores obtained from both
new and older boreholes. Five bores, located along an
approximate flow line (SSW to N, Figs. 1a and b), were
drilled down to 45–80 m depth, depending on the topogra-
phy and the piezometric level. Rock samples were taken
from the center of these cores to avoid contamination by
the drilling fluid (water from a nearby well). The chalk
material has a mean grain radius of 0.38 lm and a density
of 2700 kg m�3 (Vachier et al., 1979).

Water samples were collected only from newly drilled
boreholes. These boreholes were carefully lined with PVC
slotted lining from the base of the hole up to 10 m above
the higher water level (measured on site) and with full lin-
ing up to 1 m above the topographic surface. The gap be-
tween the wall-rock and the PVC lining was filled with
silica sand to prevent the hole from collapsing and to allow
good water circulation from the base up to 1 m above the
limit between slotted and full lining. Granules of bentonite
were added in the last meter to avoid water infiltration
from the surface. Cement was added to fill in the hole up
to the top and stabilize the well. Upon completion, these
wells were flushed using an air lift for over 1 h to clean
them. After 5 months, the wells were pumped to purge
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Fig. 1. (a) Map showing the studied area with the sampling locations. The piezometric level, shown in the figure, was determined during the dry season,
and modified from BRGM (1966). (b) Cross-section along a flow line showing the water table and the piezometers used in this study.
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them and minimize aging and adsorption of elements dur-
ing water storage. Sampling was done 24–48 h after the
purging, which allow the water level in the well to come
back to its original level. Sampling was performed 10 m be-
low the water table or 1 m above the bottom of the well
when the water was low. During groundwater sampling,
pH and conductivity were measured to ensure that con-
stant conditions were reached. Just after sampling, pH,
conductivity, temperature and redox potential were mea-
sured in situ, using a probe installed in the well at the depth
of sampling.

Surface waters (springs S1, S2 and rivers Suippe, Pros-
nes and Vesle) as well as groundwaters (G1, G2, G3 and
G4) were sampled in October 2002, October 2003 (periods
of low water flow regime) and/or March 2003 (period of
high water flow regime). The Prosnes sampling point
(Fig. 1) was a river resurgence (Prosnes-I) in October and
a spring (S2-II) in March. Twenty liters of water was sam-
pled and then filtered with 0.45 lm filters by frontal filtra-
tion within 2 h of sampling in our field laboratory and
stored in acid-washed polypropylene bottles. Two aliquots
were acidified to pH 6 2 with high-purity HNO3 for major
cation and isotope measurements. Un-acidified aliquots
were used for alkalinity determination by Gran titration
in our field laboratory and for major anion analyses. For
U and Th isotope analysis, they were preconcentrated from



Table 1
Chemical compositions of water samples

Sample name Sampling
date

Water
typea

Alkalinity
(mmol/L)

pH Eh (mV) Specific
conductivity
(mS cm�1)

Temperature
(�C)

F� Cl� NO3
� SO4

2� Na+ K+ Mg2+ Ca2+ Balance (%)b Xcalcite
c

S1-I 9/23/02 S 4.45 7.09 517.3 0.438 11.4 36.6 495 414 165 188 42.0 46.8 2255 �8.4 �0.26
S1-II 3/18/03 S 3.55 7.21 461.6 0.557 10.2 19.1 481 548 154 207 39.7 48.7 2342 1.2 �0.22
Prosnes-I 10/8/02 R 3.87 7.13 491.6 0.064 9.3 43.3 639 463 123 198 37.4 35.1 2292 3.6 �0.27
S2-II 3/18/03 S 3.92 7.06 445.6 0.695 10.1 15.5 947 726 142 353 14.5 34.9 2816 1.5 �0.26
SuippeAM-I 9/23/02 R 3.89 8.04 555.8 0.424 11.9 14.4 587 422 100 230 32.0 33.0 2184 4.3 0.63
SuippeAM-II 3/18/03 R 4.48 7.78 483.5 0.574 8.3 13.3 607 557 113 236 34.7 37.6 2410 6.5 0.45
SuippeAV-I 9/23/02 R 3.57 7.74 557.5 0.445 12.0 19.5 605 432 122 280 55.5 43.2 2264 0.8 0.31
SuippeAV-II 3/18/03 R 3.56 7.83 526.1 0.579 9.1 13.4 608 542 115 247 39.2 42.6 2405 2.3 0.41
VesleAM-I 10/8/02 R 3.91 7.70 — 0.075 8.3 16.6 685 482 121 213 30.0 33.9 2302 �4.1 0.30
VesleAV-I 10/8/02 R 4.41 7.69 — 0.497 9.2 27.3 726 445 185 335 57.5 49.7 2626 �2 0.39
G1-II 3/20/03 GW 2.85 — — — — 22.8 124 188 77 129 11.4 48.4 1693 4.1 �5.1d

G2-II 3/18/03 GW 3.68 7.02 480.4 0.538 11.3 14.1 181 328 34 170 10.9 57.6 2108 2.7 �0.43
G2-III 10/29/03 GW 3.8 7.42 499.1 0.414 11.4 5.3 237 290 19 165 10.3 49.4 2161 2.5 0.00
G3-III 10/30/03 GW 4.59 7.27 456.0 0.522 11.1 10.5 922 289 42 122 12.8 41.1 1664 �6.2 �0.18
G4-III 10/30/03 GW 3.54 7.50 517.3 0.400 11.0 26.3 302 576 48 174 74.4 49.4 2136 0.9 0.04

All concentrations are in lmol/L.
a S, spring; R, river; GW, groundwater.
b Cation/anion balance = (

P
cations �

P
anions)/(

P
cations +

P
anions) in mEq L�1.

c Xcalcite ¼ logðaCa2þ � aCO3
2�=KSÞ with aCa2þ and aCO3

2� the activities of the ions and KS the solubility constant of calcite.
d pH and temperature has been taken at 7.3 and 11.2, respectively (mean of groundwater values), for saturation index calculations.
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10 to 15 L of filtered water with Fe hydroxide in our field
laboratory; for this, 1 ml of a Fe(NO3)3 solution containing
40 mg/ml of high-purity Fe was added and distilled
NH4OH to adjust the pH to 9–9.5 for Fe hydroxide co-
precipitation.

In order to characterize the composition of waters per-
colating from the surface, 20 g of soil material was mixed
with about 0.1 L of rain water collected during the previous
day. This mixture was then stirred and left for 2 h. The
water was filtered with 0.45 lm filter and acidified to
pH 6 2 with high-purity HNO3. Analytical procedures
are described in Appendix A.

3. Results

Major element compositions of groundwater, river- and
spring-water samples are given in Table 1. The cation/an-
ion balance for the waters is better than 9% (Table 1), indi-
cating a consistent data set. All the waters were oxidizing
(Eh above 400 mV) and pH values range from 7 to 8.
Water temperatures range between 8 and 12 �C, with no
measurable variation between low and high flow regimes.
The U, Th contents and the U-series activity ratios for
water and rock samples are reported in Tables 2 and 3,
respectively. The results of bulk rock analysis integrate
both the carbonate and the residue after acetic acid disso-
lution (see Appendix A for details). In what follows, we re-
fer to the bulk solid phase as chalk or rock samples.
(234U/238U) ratios (where parentheses denote activity ra-
tios) range from 0.878 to 1.109 in rock samples and from
0.981 to 1.541 in water samples. (234U/238U) ratios were
measured along a depth profile (Fig. 2). In order to com-
pare rock samples, the depth of the chalk was calculated
relative to the mean water-table level for each well. Three
zones can be identified in the aquifer: (i) a vadose zone,
from 50 to 12 m above the mean water-table level, with
Table 2
U-series and Sr isotope data in water samples

Sample name Depth of
sampling (m)

Distance from
catchment divide (m)b

(234U/238U)

S1-Ia 0 3500 1.211 ± 0.002
S1-IIa 0 3500 1.209 ± 0.003
SuippeAM-I 0 — 1.537 ± 0.003
SuippeAM-II 0 — 1.472 ± 0.003
SuippeAV-I 0 — 1.541 ± 0.003
SuippeAV-II 0 — 1.498 ± 0.005
Prosnes-Ia 0 — 1.521 ± 0.003
S2-IIa 0 6500 1.413 ± 0.002
VesleAM-Ia 0 — 1.461 ± 0.003
VesleAV-Ia 0 — 1.439 ± 0.003
G1-II 70 1100 0.981 ± 0.002
G2-II 45 2000 1.278 ± 0.002
G2-III 50 2000 1.339 ± 0.002
G3-III 46 2500 1.400 ± 0.004
G4-IIIa 44 1000 1.164 ± 0.004
Soil leachate 0 0 0.986 ± 0.005

a Samples not located on the main flow direction.
b Calculated along a flow line from the catchment divide.
chalk samples depleted in 234U relative to 238U, (ii) a satu-
rated zone, from 9 m below the mean water-table down to
the deepest sample (32 m), with chalk samples that have
(234U/238U) above 1 or near secular equilibrium, and (iii)
a zone of water-table fluctuation, between the upper part
and the saturated zone, where chalk U activity ratios are
both enriched and depleted in 234U relative to 238U. Water
samples all show (234U/238U) > 1 (except for G1-II) with
the highest values in river waters and the lowest value in
the deepest groundwater sample. Such enrichments in
234U in the dissolved phase have commonly been found
in most groundwaters (Andrews and Kay, 1982; Plater
et al., 1992; Bonotto and Andrews, 1993; Riotte and Cha-
baux, 1999). The soil leachate has a deficit in 234U (as indi-
cated above the aquifer in Fig. 2).

The chalk has a wide range in (238U/232Th) from 1.42 to
7.39 (Table 3), but (230Th/238U) ranging from just 1 to 2
(Fig. 3). A depth profile of (230Th/232Th) for both rock
and water samples shows that water and rock samples do
not have the same Th isotope signature (Fig. 4). Ground-
waters have substantially lower (230Th/232Th) than the
chalk, but similar (230Th/232Th) to the soil leachate and
the fracture wall material. The only exception is a spring
(S2-II) that was sampled 6.5 km from the water divide,
quite far from the other sample locations.

4. Uranium/thorium behavior in the aquifer

In this section, we investigate qualitatively the geochem-
ical behavior and fractionation pattern of U-series nuclides
(238U–234U–230Th) in the aquifer system. Variable
(234U/238U) in the chalk indicate U mobility in the matrix
over the past 1 Myr. Signatures of U mobility prior to
1 Myr cannot be detected as 234U would have attained
equilibrium with 238U because of the short half-life of
234U (�245 kyr). Preferential leaching of 234U in the vadose
(230Th/232Th) Th (pg L�1) U (ng L�1) 87Sr/86Sr

3.87 ± 0.18 59.4 ± 0.9 466.2 ± 0.3 —
2.70 ± 0.17 90.5 ± 2.2 464.6 ± 0.4 —
2.82 ± 0.32 614.8 ± 12.2 259.4 ± 0.3 —
2.41 ± 0.03 84.7 ± 1.8 292.2 ± 0.2 0.707672 ± 21
2.87 ± 0.47 145.1 ± 2.0 304.2 ± 0.4 —
2.30 ± 0.14 11.8 ± 2.8 331.1 ± 0.4 0.707684 ± 17
2.66 ± 0.10 139.8 ± 8.4 434.8 ± 0.3

11.00 ± 0.21 125.1 ± 2.8 308.5 ± 0.2 0.707658 ± 25
2.80 ± 0.17 177.7 ± 7.9 253.5 ± 0.2 —
3.20 ± 0.07 167.4 ± 10.0 390.5 ± 0.3 —
3.05 ± 0.12 262.9 ± 3.8 823.8 ± 0.05 0.707556 ± 23
1.85 ± 0.07 48.3 ± 12.2 932.0 ± 1.0 0.707821 ± 18
2.73 ± 0.10 127.6 ± 2.6 643.3 ± 0.4 0.707815 ± 23
2.09 ± 0.11 66.2 ± 1.3 782.6 ± 0.4 0.707807 ± 26
1.86 ± 0.07 1074.0 ± 16.1 454.1 ± 0.3 0.707679 ± 23
1.87 ± 0.08 32527 ± 1395 177.1 ± 0.1 —



Table 3
U-series and Sr isotope data for the solid samples

Sample Sample
elevation
(m)

Sample
depth
(m)

Mean
water-table
depth (m)

Residuea

(wt%)
(234U/238U) (230Th/232Th) (238U/232Th) (230Th/234U) U (ng g�1) Th (ng g�1) 87Sr/86Sr

Outcrop chalk 140 0 45 2.39 0.878 ± 0.004 3.80 ± 0.07
R1_10_1 192 10 44 3.36 0.987 ± 0.002 2.85 ± 0.01 2.52 ± 0.03 492.3 ± 0.3 0.707511 ± 11
R1_40_2 162 40 44 6.14 1.005 ± 0.004 6.05 ± 0.05 3.03 ± 0.01 1.99 ± 0.02 882.5 ± 0.4 883.3 ± 1 7 0.707488 ± 13
R1_49_2 153 49 44 9.54 1.002 ± 0.005 3.42 ± 0.13 2.51 ± 0.06 1.35 ± 0.05 399 ± 0.2 481.9 ± 5.8 0.707502 ± 16
R2_24 120 24 42 0.982 ± 0.012 3.51 ± 0.07 3.13 ± 0.01 1.14 ± 0.03 497 5 ± 0 7 481 7 ± 0 3 0.707483 ± 14
R2_34 110 34 42 1.059 ± 0.006 6.03 ± 0.08 5.06 ± 0.02 1.12 ± 0.02 451.2 ± 0.3 270.3 ± 0 5 0.707518 ± 15
R2_44 100 44 42 1.019 ± 0.006 5.50 ± 0.03 5.11 ± 0.01 1.06 ± 0.01 519.8 ± 0.4 308.5 ± 0 1 0.707437 ± 16
R2_53 91 53 42 2.03 1.109 ± 0.102 8.03 ± 0.04 5.37 ± 0.13 1.35 ± 0.13 457.3 ± 5.3 258.4 ± 0 1 0.707451 ± 14
R2_64 80 64 42 0.84 1.010 ± 0.013 4.88 ± 0.05 4.81 ± 0.12 1.00 ± 0.02 560.9 ± 0.7 353.8 ± 0 2 0.707487 ± 13
R2_74 69 74 42 0.84 1.039 ± 0.003 10.77 ± 0.15 7.39 ± 0.42 1.40 ± 0.08 539.9 ± 0.4 104.2 ± 0.8 0.707416 ± 13
R3_15_2 218 15 36 3.50 0.982 ± 0.003 2.97 ± 0.01 0.707526 ± 11
R3_36_1 197 36 36 1.037 ± 0.017 3.66 ± 0.13 3.09 ± 0.06 1.14 ± 0.05 568.6 ± 1.3 557.5 ± 5.6
R3_36_2 197 36 36 4.26 1.029 ± 0.027 3.55 ± 0.11 3.10 ± 0.05 1.11 ± 0.05 570.6 ± 2 558.5 ± 4.2 0.707482 ± 12
R3_36_3 197 36 36 1.037 ± 0.004 3.71 ± 0.12 3.24 ± 0.04 1.10 ± 0.04 595.7 ± 0.2 557.5 ± 3.8
R3_45_1 188 45 36 6.43 0.960 ± 0.010 2.00 ± 0.06 1.42 ± 0.01 1.47 ± 0.05 428.9 ± 0.5 917.6 ± 3.3 0.707525 ± 13
R3_45_2 188 45 36 8.84 1.013 ± 0.007 1.97 ± 0.06 1.46 ± 0.01 1.31 ± 0.04 405.7 ± 0.3 843.7 ± 3.1
R4_15_1 218 15 29 1.006 ± 0.005 3.2 ± 0.12 2.69 ± 0.01 1.19 ± 0.04 473.7 ± 0.3 534.9 ± 1.2 0.707536 ± 12
R4_15_3 218 15 29 4.97 1.012 ± 0.004
R4_25_1 208 25 29 11.98 0.970 ± 0.004 4.02 ± 0.06 3.88 ± 0.01 1.07 ± 0.02 721 ± 0.3 564.3 ± 0.6 0.70752 ± 21
R4_41_1 192 41 29 2.89 1.013 ± 0.010 5.68 ± 0.18 5.04 ± 0.07 1.11 ± 0.04 821.4 ± 1.1 494.8 ± 3.9 0.707519 ± 10
R4_41_2 192 41 29 1.064 ± 0.016 5.03 ± 0.16 4.21 ± 0.07 1.12 ± 0.04 655.8 ± 1.3 472.1 ± 3.8
R5_24 172 24 25 11.48 0.915 ± 0.008 5.33 ± 0.04 2.75 ± 0.01 2.12 ± 0.02 520 ± 0.6 573.0 ± 0.4 0.707524 ± 11
R5_34 162 34 25 3.65 0.896 ± 0.003 4.91 ± 0.05 4.66 ± 0.01 1.14 ± 0.01 546.7 ± 0.1 344.5 ± 2.3 0.707467 ± 14
R5_44 152 44 25 4.82 1.015 ± 0.010 567 ± 0.7 0.707527 ± 11
R5_53 143 53 25 0.993 ± 0.007 6.90 ± 0.04 6.47 ± 0.01 1.07 ± 0.01 673.5 ± 0.6 315.6 ± 0.1 0.707462 ± 13
Fracture wall R4 183 13 29 22.73 1.000 ± 0.002 1.89 ± 0.01 1.79 ± 0.01 0.97 ± 0.01 1148 ± 0.7 1987.0 ± 12

a Residue after acetic acid dissolution.
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Fig. 2. Plot of (234U/238U) activity ratios measured in solid and aqueous
phases versus depth of sampling calculated relative to the mean water-
table level in each well. The dark vertical line represents secular
equilibrium. The solid circles represent rock samples from drilling cores,
the triangle represent fracture material, and the open, crossed and solid
squares represent groundwater, spring-water and river-water samples,
respectively. The open circle represents the soil leachate that is indicated
above the aquifer, with no relation to the height above the water table.
Water samples show enrichment in 234U whereas rock samples show
contrasted values with 234U depletion mainly in the upper part of the
aquifer and enrichment in the water-table fluctuation zone and in the
saturated zone of the aquifer.
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zone results in (234U/238U) > 1 in the water samples and
234U depletion in the chalk. Remarkably, (234U/238U) > 1
are found in rock samples from the zone of water-table
fluctuation (Fig. 2). The simplest explanation for
(234U/238U) > 1 is that 234U-rich material has been deposit-
ed in these layers. We consider a priori two possible mech-
anisms for U deposition: (1) a redox front due to seasonal
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Fig. 3. (230Th/232Th) versus (238U/232Th) activity ratios in core samples
for the different boreholes. The equiline is the line of secular equilibrium.
The triangle and circles represent the fracture material and the rock
samples, respectively. All samples plot above the line of secular equilib-
rium and show a wide range of (238U/232Th) activity ratios. They all show
preferential U leaching from rock.
changes in the aquifer or (2) precipitation of calcite due to
variation in its saturation index. No significant difference
has been observed in the water oxidation state (Table 2)
measured in situ during high flow (March) and low flow
(September–October) regimes. In contrast, there seems to
be difference in calcite saturation index (Xcalcite, Table 1),
between the two periods. In high water flow regime,
groundwater samples have Xcalcite between �5.1 and
�0.43, indicating undersaturation with respect to calcite,
compared to values of �0.26 and 0.04 in the low water flow
regime, indicating a slight undersaturation or saturation.
This can promote precipitation of calcite during the low
water flow regime, which can result in (234U/238U) > 1 in
the chalk samples located in the water-table oscillation
zone. As water oxidation state has not been measured for
the entire annual cycle, more data about redox state would
be useful to be fully conclusive.

In contrast with the 234U–238U system, 230Th–238U sys-
tematics in rocks shows that U is depleted relative to more
immobile Th. From the (230Th/232Th)/(238U/232Th) ratios,
it is clear that all the rock samples are characterized by
(230Th/238U) greater than 1 (Fig. 3). The trend in Fig. 3
could result from a heterogeneous aquifer matrix with var-
iable initial compositions (Fig. 5a) that evolves away from
the equiline (line of secular equilibrium in Fig. 3) as U is
being leached. The digestion of the rock samples reveals
that the matrix is not composed of pure calcium carbonate.
There is a residual phase after digestion with acetic acid
amounting between 0.8 and 12 wt% of the total sample
(Table 3). Therefore, the chalk is not a completely homoge-
neous lithology and the trend in Figs. 3 and 5a is inferred
to result from variable composition in (238U/232Th). Sr iso-
tope ratios are correlated with (230Th/232Th) (Fig. 6), which
can be interpreted in terms of a mixing line between a
carbonate endmember (high U/Th, low 87Sr/86Sr) and a



0
0

2

2

4

4

6

6

8

8

10

10

12

12
Fracture material
Rock samples
Initial rock composition

0 5 10
0

2

4

6

8

10

12

14

16

18

kTh=105

k
Th =0 k

Th =10
5

kTh=106

kTh=107

(238U/232Th)

(23
0 T

h/
23

2 T
h)

(238U/232Th)
(23

0 T
h/

23
2 T

h)

Initial rock
(238U/232Th)=13.4

Variable 
initial U/Th 

in rocks

Uranium leaching

0 5 10 15
0

2

4

6

8

10

12

14

16

18

20

WU=2×10-6 yr-1

WU=3×10-6 yr-1

WU=4×10-6 yr-1

WU=5×10-6 yr-1

(238U/232Th)

(23
0 T

h/
23

2 T
h)

kTh=kU=0

a

b c

Fig. 5. Different scenarios for U leaching in rock samples. (a) Initial rock composition with a wide range evolving as uranium is being leached, (b) plot
with model curves showing the evolution of (230Th/232Th) versus (238U/232Th) in the bulk solid phase without adsorption (kTh = kU = 0) for various initial
rock compositions and U weathering rate, and (c) plot with model curves showing the evolution of (230Th/232Th) versus (238U/232Th) in the bulk solid
phase (solid and surface layer) for WU = 3 · 10�6 yr�1, kU = 750 and initial rock composition of (238U/232Th) = 13.4 and kTh of 0, 105, 106 and 107.

(
032

/h
T

232
)h

T

87Sr/86Sr

2

Groundwaters and river

Spring

Rocks

0

2

4

6

8

10

12

0.7074 0.7075 0.7076 0.7077 0.7078 0.7079

Deep

Shallow

Fig. 6. Plot of (230Th/232Th) activity ratios versus 87Sr/86Sr for rock and
water samples. The solid circles represent rock samples from drill cores,
the open, crossed and solid squares represent groundwater, spring and
river samples, respectively. The relationship between Th and Sr isotope
systems in rocks shows that (230Th/232Th) ratios are linked to lithological
variations. The deep rock samples are richer in carbonate phase than
shallow samples which show also more radiogenic 87Sr/86Sr. Water
samples show more radiogenic 87Sr/86Sr ratios than rocks, indicating that
they have circulated in a medium richer in silicates (probably clays from
soil) than the aquifer rocks.

5444 A. Hubert et al. 70 (2006) 5437–5454
silicate endmember (low U/Th, high 87Sr/86Sr). The Sr iso-
tope ratios vary positively with the mass fraction of acid-in-
soluble residue (Table 3). However, there is no relationship
between the bulk Th concentration and the residue frac-
tion. The residual phase has been characterized by X-ray
diffraction at LGIT (Laboratoire de Géophysique Interne
et Tectonophysique, Grenoble) and it is predominantly sil-
icates (mainly quartz and kaolinite). Thorium is mainly
contained in this silicate phase and is obviously less mobi-
lized than U during weathering.

Groundwaters have (230Th/232Th) ratios lower than the
chalk samples but similar to the soil leachate and the frac-
ture material (Fig. 4). As shown in Fig. 7 (230Th/232Th) in
water samples tends to increase with the distance from the
catchment divide. The water collected near the recharge
mostly results from vertical infiltration through the soil
and the vadose zone and has not flowed over a long dis-
tance within the saturated part of the aquifer and has there-
fore not interacted for a long time with the chalk matrix. It
can be inferred that increasing water/rock interaction tends
to increase (230Th/232Th). All the water samples show a
more radiogenic signature in 87Sr/86Sr (Fig. 6) than the
rock samples. The surface layers, where rainwaters infil-
trate, are richer in silicates (with a low 230Th/232Th) than
the deeper part of aquifer matrix (chalk with a high
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230Th/232Th). Thus, it is likely that the Th isotope signature
of water is inherited from the upper part of the vadose
zone. The possible source of radiogenic Sr and radionuc-
lides in groundwater may also be the soil. As listed in Table
2, soil leachate has a (230Th/232Th) ratio of 1.87, which is
similar to the lowest groundwater values. The coating of
the fracture sample could reflect the same Th isotope signa-
ture as the soil and further suggests that fractures represent
a rapid pathway of water infiltration from the recharge
area. Moreover, the Th concentration measured in ground-
water samples largely exceeds its solubility based on the
major ion composition of the water, using the geochemical
code CHESS (van der Lee and De Windt, 2002). A logical
inference is that Th is bound to colloids when infiltrating
from the soils to the aquifer, which increases the apparent

solubility of Th (Langmuir and Herman, 1980). Studies
have shown that organic colloids promote the transport
of radionuclides in river waters (Porcelli et al., 1997,
2001; Viers et al., 1997), and that Th is strongly complexed
by humic acid and products resulting from humic acid
decomposition (Cacheris and Choppin, 1987; Viers et al.,
1997). The analyses of dissolved organic carbon (DOC)
show no detectable trace of organic carbon in the samples
(<1 mg L�1). Although we have not identified the carrier of
Th in the chalk aquifer waters, colloids seem to be a very
likely candidate for explaining the enhanced Th transport.

5. Quantifying U-series transport processes within the

aquifer

An important aim of this study is to quantify the pro-
cesses that control radionuclide migration at the water/
rock interface. Previous studies based primarily on mea-
surements in the water phase have highlighted the applica-
tion of U-series disequilibria to quantify parameters
influencing radionuclide mobility (Krishnaswami et al.,
1982; Luo et al., 2000; Tricca et al., 2000, 2001; Reynolds
et al., 2003). Many of these studies consider that the U-se-
ries decay chain is in secular equilibrium in the solid phase.
U-series disequilibria in the bulk solid phase result from
protracted periods of weathering and the precise determi-
nation of the U-series isotope distribution in the solid
phase provides constraints on weathering rates. Our data
set includes analyses of both the solid and water phases
of the aquifer that enables us to construct a complete
mass-balance calculation that has not been possible in
other studies of U-series in aquifer systems. Furthermore,
it enables us to compare sorption coefficients measured in
the laboratory with our field determinations which inte-
grate a much larger scale.

5.1. Basic concept of the model

The model described below is a one-dimensional time-
dependent model for the migration of U-series nuclides in
a porous medium. Similar to previous modeling attempts
(Tricca et al., 2000, 2001; Keum and Hahn, 2003; Reynolds
et al., 2003), it takes into account three phases: (1) a solid
phase that does not directly exchange with the water phase,
(2) a surface layer that represents the part of the solid phase
accessible to liquid phase (where physico-chemical reac-
tions, such as adsorption/desorption, take place), and (3)
a liquid phase.

The processes that affect the distribution of nuclides in
the different phases are: (a) in situ production by decay
of the parent nuclide, (b) in situ decay of the nuclide,
(c) a-recoil which ejects a fraction of the daughter nu-
clide produced from solid to liquid phase, (d) dissolu-
tion/precipitation of the solid phase with a first-order
rate specific to each element, (e) adsorption of nuclides
from the liquid phase onto the surface layer, (f) desorp-
tion of nuclides from the surface layer to the liquid
phase. U oxidation state is usually an important param-
eter to assess its mobility but, as shown in Sections 3
and 4, this parameter is not crucial in the chalk aquifer
due to oxidizing conditions.

Several models have been developed to quantify the
behavior of radionuclides in groundwater (Krishnaswami
et al., 1982; Luo et al., 2000; Tricca et al., 2001) and
have all used a similar approach: they all considered
aquifer phases to be at steady state and neglected the
possible time-evolution of the solid phase. Our data
clearly show that the solid is not in secular equilibrium
with respect to U-series nuclides: this indicates that U-se-
ries fractionation is recent (less than 300 kyr). As a con-
sequence, we have considered the time dependence of
radionuclides both in the liquid and solid phases. How-
ever, similarly to other studies, the surface layer is con-
sidered to be in quasi-steady state (Tricca et al., 2000,
2001). In fact, as the exchange between the water and
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the surface layer is fast, the surface layer always remains
in quasi-equilibrium with the water.

We consider an elementary volume of aquifer and the
mass conservation equation for a given radionuclide i in
the solid phase is:

oqsð1�UÞð1� fslÞCi
s

ot
¼ qsð1�UÞð1� fslÞð1� eiÞkpCp

s

þ1

2
qslð1�UÞfsle

0
ikpCp

sl

�qsð1�UÞð1� fslÞðkiþW iÞCi
s; ð1Þ

where C is the nuclide concentration in mol per kg, s
and sl subscript refer to solid phase and surface layer,
respectively, i and p superscripts denote the nuclide
and its parent, respectively, k is the decay constant
(yr�1), U is the porosity of the aquifer, fsl is the volume
of surface layer per volume of solid phase, ei is the frac-
tion of nuclide i ejected into the liquid phase from the
solid, e0i is the fraction of nuclide i ejected into either
the solid or the liquid phase from the surface layer, q
is the density of a given phase (kg m�3) and Wi is the
weathering rate of element i (yr�1). The values of the
parameters that are typical for the chalk aquifer are list-
ed in Table 4.

The sources of nuclides in the rock are in situ decay
of the parent nuclide (first term in the right-hand side
(RHS) of Eq. (1)) and recoil from the surface layer (sec-
ond term in the RHS of Eq. (1)). We consider that half
of the fraction recoiling from the surface layer goes to
the solid phase and the other half goes to the liquid
phase. Nuclides are released from the solid phase to
the water phase through recoil and weathering (third
Table 4
Model parameters

Symbol Parameters

qs
a Rock density

qsl
a Surface layer density

qw
a Water density

Ub Porosity
ra Chalk grain radius
v* Water flow velocity
Tc Thickness of surface layer
S* Surface of surface layer per volume of solid
fsl

* Volume of surface layer per volume of solid
WU

* Uranium weathering rate
WTh

* Thorium weathering rate
e234Th

* Fraction of recoil 234Th from the rock phase
e230Th

* Fraction of recoil 230Th from the rock phase
e0i

* Fraction of recoil nuclide i from the surface layer
kU* Uranium distribution coefficient
kTh* Thorium distribution coefficient
Ci

n Concentration of nuclide i in the phase n

a Vachier et al. (1979).
b Crampon et al. (1993a).
c Doyle et al. (2004).
* Calculated in this study.
term in RHS of Eq. (1)) and they decay in situ to their
daughter nuclide (third term in RHS of Eq. (1)). The
conservation equation of nuclide i in the liquid phase
can be written as follows:

oqwUCi
w

ot
¼ � v

oqwUCi
w

ox
þqsð1�UÞð1� fslÞW iC

i
s

þqsð1�UÞð1� fslÞeikpCp
s

þqslð1�UÞki
�1SCi

slþ
1

2
qslð1�UÞfsle

0
ikpCp

sl

þqwUkpCp
w�qwUkiC

i
w�qwð1�UÞki

1SCi
w; ð2Þ

where w subscript refers to water phase, v is the
water velocity (m yr�1), ki

1 and ki
�1 represent the

adsorption and desorption rates, respectively (m yr�1)
and S is the area of surface layer per volume of rock
(m2 m�3).

In Eq. (2), the nuclide concentration in water evolves as
a function of both time and distance from the water divide.
The advective term is controlled by the water velocity (first
term in RHS of Eq. (2)). Nuclides are produced in the li-
quid phase by in situ decay of parent isotopes (sixth term
in RHS of Eq. (2)). They are released from the solid to
the water phase by weathering (second term in RHS of
Eq. (2)) and a-recoil (third term of RHS in Eq. (2)), from
the surface layer by a-recoil (fifth term in RHS of Eq.
(2)) and desorption (fourth term in RHS of Eq. (2)). The
sink term for nuclides in the liquid phase are in situ decay
(seventh term in RHS of Eq. (2)) and adsorption onto the
surface layer (eighth term in RHS of Eq. (2)). The conser-
vation equation for nuclide i in the surface layer is as
follows:
Value Unit

2700 kg m�3 of rock
2700 kg m�3of surface layer
1000 kg m�3 of water
0.4
0.38 · 10�6 m
450 m yr�1

1–1.5 nm
8 · 106 m�1

8–12 · 10�3

2–5 · 10�6 yr�1

1 · 10�9 yr�1

0.05
0.06
1
500–1000
1–10 · 105

mol kg�1 of phase
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oqslð1� UÞfslC
i
sl

ot
¼ qwð1� UÞki

1SCi
w

þ qslð1� UÞfslð1� e0iÞkpCp
sl

� qslð1� UÞki
�1SCi

sl

� qslð1� UÞfslkiC
i
sl: ð3Þ

Both adsorption and desorption affect the surface layer
composition. We consider that nearly all the nuclides pro-
duced by a-decay recoil from this layer are lost, with half
being ejected into the solid and the other half into the water
phase. This surface layer is assumed to be in steady state
such that:

Ci
sl ¼

qwki
1S

qslðki
�1S þ fslkiÞ

Ci
w þ

fslkpð1� e0iÞ
ki
�1S þ fslki

Cp
sl: ð4Þ

The surface layer thickness (T), the surface area (S) and the
volume of this layer (fsl) are not independent parameters.
The surface S (Eq. (5)) is defined as the surface area of
the surface layer divided by the volume of the grain:

S ¼ 4pr2

4
3
pðr � T Þ3

¼ 3r2

ðr � T Þ3
: ð5Þ

with r the average grain radius. T ranges from 1 to
1.5 nm according to Doyle et al. (2004), and represents
0.25–0.4% of the grain radius (380 nm according to
Vachier et al. (1979)). Thus, T has little influence on
the estimate of S and can be neglected in Eq. (5). The
fraction of solid volume occupied by the surface layer
is defined as follows:

fsl ¼ 1� r � T
r

� �3

� 3T
r
: ð6Þ

Eq. (1) was solved by standard methods for first-order or-
dinary differential equation while an analytical solution
was obtained for Eq. (2) by Laplace transform methods.
Decay constants were taken from Bourdon et al. (2003)
with k238U ¼ 1:551� 10�10 yr�1, k234Th ¼ 10:505 yr�1,
k234U ¼ 2:823� 10�6 yr�1, k230Th ¼ 9:158� 10�6 yr�1 and
k232Th ¼ 4:916� 10�11 yr�1. For the initial conditions at
t = 0, the rock was taken to be in secular equilibrium,
and for the boundary conditions at x = 0, the composition
of the water at the recharge was similar to the composition
of the soil leachate (see Table 2). Solution of the equations
for each radionuclides, in groundwater and rock, is too
long to be written in this paper and is given in Hubert
(2005).

5.2. Transport mechanisms of U and Th

5.2.1. The role of adsorption/desorption and dissolution on

U/Th fractionation

We have considered a priori that the water flow in the
chalk aquifer has lasted between 10 ka and a few Ma.
The U-series data for rock samples reported in Table 3 rep-
resent bulk rock analysis where the surface layer has not
been isolated. As a consequence, in order to compare the
modeling results with our observations, we calculated the
bulk solid composition which integrates the solid phase
(s) and the surface layer (sl) as calculated in the model.
In what follows, we used the model results to estimate
the rate parameters characterizing dissolution (W), adsorp-
tion and desorption (k’s).

Dissolution affects the bulk solid composition while
adsorption and desorption affect the surface layer. For
example, the evolution of 238U in the solid phase depends
on the weathering rate and the initial U concentration
ðC238U

st0 Þ and can be expressed as:

C
238U
s ¼ C

238U
st0 e�W Ut: ð7Þ

In contrast, the evolution of 238U in the surface layer de-
pends on surface phenomena:

C
238U
sl ¼ qwkU

1 S

ðqslk
U
�1S þ fslk238UÞ

C
238U
w : ð8Þ

In Eq. (8), fslk238U can be neglected, so it follows that:

C
238U
sl ¼ qwkU

1 S

qslk
U
�1S

C
238U
w ¼ qw

qsl

kUC
238U
w ; ð9Þ

where kU is a dimensionless U distribution coefficient de-
fined as the ratio of the adsorption/desorption rate con-
stants. C

238U
w , the concentration of 238U in the water

phase, is given by the following equation:

C
238U
w ¼ C

238U
wx0

þ qsð1� UÞð1� fslÞ
qwU

C
238U
st0 e�W Uðt�x=vÞ � e�W Ut
� �

:

ð10Þ
After algebraic manipulation of Eq. (9), the adsorption
terms (fourth and eighth term in the RHS of Eq. (2)) disap-
pear. The 238U concentration in the water increases only
due to weathering. The U adsorption onto the surface layer
is assumed to be in steady state (see above) and the varia-
tion of 238U concentration in the water through time is not
influenced by this process.

The equations describing the evolution of 232Th concen-
tration in the solid and surface layer are similar to Eqs. (7)–
(10), with parameters k232Th, WTh and kTh.

We first attempt to determine the values of WU and WTh

by assuming that adsorption is negligible (kU = kTh = 0).
In this context, the 230Th–238U fractionation shown in
Fig. 3 requires that WU > WTh, which implicitly means that
dissolution is not congruent. The combined Th and Sr
clearly demonstrate that the initial U/Th ratios in the solids
are not constant. In order to model the data shown in
Fig. 3, we have assumed a variation in initial 238U/232Th ra-
tios. Model parameters were adjusted by trial and error in
order to fit the collected data for both water and rock sam-
ples. (238U/232Th) is changing through time, and for
WU P 7WTh the time evolution is independent of the value
of WTh. The data shown in Fig. 5b can be explained for
WU ranging between 2 · 10�6 and 5 · 10�6 yr�1. Previous
studies of U-series disequilibria in continental environ-
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ments have derived a similar parameter, which was denom-
inated as a leaching coefficient, weathering rate or dissolu-
tion rate constant (Tricca et al., 2001; Vigier et al., 2001,
2005; Maher et al., 2004; Dosseto et al., 2006). This param-
eter was assumed to be a first-order rate constant, with val-
ues ranging from 10�8 to 10�5 yr�1 for U and from 10�13

to 10�7 yr�1 for Th weathering from a variety of lithologies
(mainly sedimentary or basaltic lithologies but not chalk).

We then test whether adsorption/desorption on the
surface layer could play a role in the data shown in
Fig. 3, which means the surface layer is not negligible.
As shown in Fig. 5c, for kTh ranging between 105 and
106, a slight effect can be seen, but for kTh ranging be-
tween 0 and 105 there is hardly any effect of the surface
layer on the Th budget of the bulk solid. This is due to
the small volume of the surface layer relative to the
grain. Values of kTh < 105 yield incoherent value for
(230Th/232Th) in water (<0), and kTh > 106 cannot explain
the solid phase data. Thus, kTh has been estimated to
range between 105 and 106.

For the determination of kU values, we used the var-
iation of (234U/238U) in water versus the distance from
the catchment divide for various water flow velocities
(Fig. 8). Considering a heterogeneous water flow, due
to the hydrologic properties of the chalk (Price et al.,
1993), kU has been estimated to range between 500 and
1000. With this range of values, our calculations could
not detect any effect of kU on the U behavior in the solid
phase. This is attributed again to the small volume of the
surface layer relative to the grain. Overall, the adsorption
phenomenon on U and Th cannot be responsible for the
variation of (230Th/238U) in the solid phase and can
therefore be neglected in studies of carbonate chemical
weathering.
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Fig. 8. Predicted behavior of (234U/238U) in the aquifer water versus
distance from the catchment divide for various kU and water flow
velocities compared with groundwater (open square) and spring (crossed
square) samples.
5.2.2. Effect of a-recoil on 234U and 230Th mobilization

As 238U decays in the chalk, a fraction of daughter 234Th
is ejected in the water phase due to a-recoil (Kigoshi, 1971).
This results in substantial mobilization of 234Th and 230Th
in the water. To estimate the magnitude of this effect, how-
ever, the fraction of recoiled nuclide e234Th must be estimat-
ed using (234U/238U) in the rock. In fact, the fractionation
observed between 234U and 238U must be the result of
238U–234Th fractionation by a-recoil, as both 234Pa and
234U are being produced by b-decay that does not produce
a substantial recoil effect. The parameter e234Th also inte-
grates the preferential leaching of 234U due to damage
caused to the crystal lattice by 234Th a-decay. The time evo-
lution of 234Th and 234U nuclides concentration in the solid
phase can be written as follows:

C
234Th
s ¼ ð1� e234ThÞ

k238U

k234Th

� �
C

238U
st0 ðe�W U t � e�k234Th

tÞ

þ C
234Th
st0 e�k234Th

t; ð11Þ

C
234U
s ¼ k234Thk238Uð1� e234ThÞC

238U
st0

k234Uðk234Th � W UÞ
ðe�W Ut � e�ðk234U

þW UÞtÞ

þ C
234U
st0 e�ðk234U

þW UÞt: ð12Þ

For t > 5T 234Th, with T 234Th being the half-life of 234Th,
e�k234Th

t can be neglected in Eq. (11), and (234Th/238U) of
the chalk is given by the following equation:

ð234Th=238UÞs ¼ ð1� e234ThÞ: ð13Þ
This activity ratio reaches a constant value almost instanta-
neously. As seen above, k234U and WU are of the same order
of magnitude, but W U � k234Th. The activity ratio of
(234U/238U) in the solid phase can thus be expressed as:

ð234U=238UÞs ¼ ð1� e234ThÞð1� e�k234U
tÞ

þ k234UC
234U
st0

k238UC
238U
st0

e�k234U
t: ð14Þ

If the solid phase is considered to be in secular equilibrium
at t = 0, the second term of Eq. (14) can be simplified as
follows:

ð234U=238UÞs ¼ ð1� e234ThÞð1� e�k234U
tÞ þ e�k234U

t: ð15Þ

Eqs. (13) and (15) illustrate the importance of a-recoil effect
on the behavior of 234Th and 234U in the solid phase. Fig. 9
shows model calculations of (234U/238U) as a function of
time for various a-recoil fractions. As expected, with
increasing e234Th, there is a marked decrease in (234U/238U)
in the solid. The measured chalk (234U/238U) show con-
trasting values between the various sections of the aquifer
(saturated zone, water-table oscillation zone or unsaturat-
ed zone; see Section 3). In our model, weathering does
not generate fractionation between 234U and 238U. Water
infiltrating at the top of the aquifer is in equilibrium with
the soil P CO2

, which means that calcite precipitation is
unlikely in this context. Thus, the observed depletion in
234U relative to 238U is entirely due to a-recoil process from
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its parent 234Th, and e234Th ¼ 0:05 for the range of measured
(234U/238U) in the carbonates (where precipitation has not
taken place). It is worth noting that the effect of weathering
from the surface layer is negligible compared with the bulk
solid and it has therefore not been taken into account in the
model. More specifically, the surface layer would have a
contribution from weathering of qsð1� UÞfslW iC

i
s, while

the contribution from the bulk solid would be
qsð1� UÞð1� fslÞW iC

i
s. Thus, given that fsl is approximate-

ly 10�2, this contribution is negligible.
In contrast with e234Th, e230Th cannot be calculated

directly from measured (230Th/234U) activity ratios as
230Th depends on several other processes such as the
weathering, adsorption or desorption. However, the frac-
tion of 230Th ejected from the solid to the liquid phase
through a-recoil can be estimated from e234Th and should
be of the same order of magnitude, as 234Th and 230Th
are both produced by a-decay from a U isotope (238U
and 234U, respectively). A slight difference between e234Th

and e230Th stems from differences in recoil energy (Ivano-
vich and Harmon, 1992). The kinetic energies Ei

c for the
decay of 234Th and 230Th are:

E
234Th
c ¼ Q

234Th Ma

Ma þM 234Th

; ð16Þ

E
230Th
c ¼ Q

230Th Ma

Ma þM 230Th

; ð17Þ

where Qi is the total energy released during the a-decay of
parent nuclide of the radionuclide i (4.184 eV for 238U de-
cay and 4.754 eV for 234U decay (Ivanovich and Harmon,
1992)), Ma and Mi are the masses of the helium atom
and of the nuclide i, respectively. The fraction of nuclide
ejected per unit of time per unit of mass is (Bourdon
et al., 2003):

ei ¼ qsð1� UÞ r
3 � ðr � diÞ3

4r3
; ð18Þ
where qs is the density of the solid and di the range of the
daughter nuclide. This displacement is expressed as follows
(e.g., Bourdon et al., 2003):

di ¼
M i þMað Þ MaEi

cK
� �

Z2=3
i þ Z2=3

a

� �2=3

M iZ iZaqð Þ ð19Þ

with Zi the atomic number of element i, K is a constant
(6.02). Based on Eqs. (18) and (19), the fraction of 230Th
ejected by a-recoil can be expressed as (Henderson and Slo-
wey, 2000):

e230Th ¼
Q

230ThM 234Th

Q
234ThM 230Th

e234Th: ð20Þ

A factor of 1.16 has been calculated between e230Th and
e234Th. Based on Eqs. (16)–(20), the estimated value for
e230Th is 0.06, which is slightly higher than e234Th (Table 4).

5.2.3. Length and time scales of radionuclides’ transport

Some of the processes that have been described above
act as retarding processes for the migration of radionuc-
lides in the aquifer. A retardation factor represents the
velocity of each nuclide relative to the water velocity in
the aquifer. This can be calculated as in Krishnaswami
et al. (1982) and Ku et al. (1992) using the following
equation:

Ri
f ¼

Ci
sl þ Ci

w

Ci
w

¼ 1þ Ci
sl

Ci
w

ð21Þ

with Ci
sl being the concentration of adsorbed nuclide i in

mol per volume of fluid and Ci
w the concentration of dis-

solved nuclide i in mol per volume of fluid. In the model
described here, the concentration of adsorbed nuclide is ex-
pressed in mol per mass of surface layer ðCi

slÞ. As the sur-
face layer is considered to be in steady state, the
concentration of adsorbed nuclide i is easily calculated
once the parameters of the model are constrained (Eq.
(4)). Then, the parameter K i

d can be estimated for each
nuclide:

K i
d ¼

fsC
i
sl

ð1� fsÞCi
w

: ð22Þ

On this basis, the retardation factor can be calculated with
the following equation:

Ri
f ¼ 1þ fsqslð1� UÞCi

sl

ð1� fsÞqwUCi
w

: ð23Þ

The calculated concentration in the adsorbed phase takes
into account adsorption/desorption but also a-recoil,
which implies that the parameter Ri

f is more realistic than
if it was based on a simple distribution coefficient. The re-
sults of the calculation for each groundwater sample are
given in Table 5. KTh

d and KU
d range from 0.2 · 104 to

5.1 · 104 L kg�1 and from 2.5 to 7.9 L kg�1, respectively.
KU

d were independently determined from two experimental
studies (Pili et al., 2001). A laboratory batch experiment



Table 5
Retardation coefficients and characteristic time scales for U and Th
migration

Sample KU
d

(L kg�1)
KTh

d

(·104 L kg�1)
RU

f RTh
f

(·104)
sU

(yr)
sTh

(Myr)

S1-I 4.9 4.3 20.8 17.4 370 3.09
S1-II 4.9 2.8 20.8 11.4 370 2.03
S2-II 7.9 2.0 33 8.2 587 1.47
G1-II 2.9 1.0 12.7 3.9 226 0.7
G2-II 2.5 5.1 11.1 20.7 197 3.68
G2-II 3.7 2.0 16.0 8.1 284 1.44
G3-III 3 3.9 13.2 15.6 235 2.78
G4-III 5.2 0.2 22.1 1 393 0.17
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Fig. 10. Model results for the evolution of (a) (230Th/232Th) and (b)
(234U/238U) in the groundwater versus time for various distance from the
catchment divide. The gray zones represent the range of measured values
in the water phase. Both (230Th/232Th) and (234U/238U) increase with
distance, but decrease with time. The S2-II sample is shown by a dashed
line as it is not on the same flow line. Both systems provide information on
the age of the system and indicate that the system in not in steady state.
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yielded KU
d values from 12 to 27 L kg�1. U concentrations

measured separately on contaminated chalk cores (1 m
long) and the interstitial water extracted by a squeezing
technique gave KU

d ranging from 10 to 30 L kg�1. There-
fore, the three determinations of KU

d are consistent despite
the different length scales involved (from cm to km).

Calculated Rf range from 11 to 33 for U and from
1 · 104 to 21 · 104 for Th. Luo et al. (2000) found retarda-
tion factors ranging from 0.1 · 103 to 3.4 · 103 for U and
from 0.2 · 106 to 18.3 · 106 for Th in a basaltic aquifer.
Both U and Th are thus far more mobile in the chalk aqui-
fer. Our Rf values for long-lived thorium (230Th and 232Th)
are similar to Rf for 234Th reported by Krishnaswami et al.
(1982) for various aquifer materials and ranging from
1.4 · 104 to 2 · 105. Considering the length scale of the
studied basin (8 km from the catchment divide to the river)
as well as the water velocity in the aquifer (about
450 m yr�1), a characteristic time (si) for nuclide migration
from the recharge area to the river, for each element (Table
5), can be estimated with the following equation:

si ¼
xRi

f

v
; ð24Þ

where x is the length scale (taken to be 8 km here). For Th
migration, the time scale is 400–19,000 times longer than
for U. The characteristic time scale ranges from 0.2 to
3.7 Myr for Th and from 200 to 600 yr for U, respectively.
These characteristic times could be used for predicting the
effect of a contamination in space and time.

5.3. Discussion

5.3.1. Assessment of the non-steady-state approach

In our modeling, we have not assumed that the system is
at steady state. This modeling approach allows us to follow
the time evolution of the nuclide activities in the liquid and
solid phases of the aquifer. An unknown parameter still
needs to be evaluated in our solution: the age of the system,
i.e., the time elapsed since the aquifer became active.

Fig. 10a represents the evolution of (230Th/232Th) in the
water as a function of the ‘‘age of the system’’ for different
distances from the catchment divide. All the curves show a
decrease in (230Th/232Th) with time. At the beginning of the
aquifer ‘‘operation’’, the first batch of infiltrating water
reacts with a pristine rock that has high quantities of easily
leachable 234U and 230Th. This results in a large increase of
(230Th/232Th)water within the first meters and years of water
circulation. Then, (230Th/232Th)water only decreases with
time as shown by modeled curves in Fig. 10a. The solid
phase controls the evolution of (230Th/232Th)water until
the water/rock system reaches a steady state where activity
ratio reaches a constant value regardless of the distance for
t > 2.5 Myr which is equal to the initial (230Th/232Th)water.

The (230Th/232Th) activity ratios measured in the
groundwater samples might indicate that the aquifer is
younger than 2.5 Myr, because there is a relationship be-
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tween the activity ratio and distance (Fig. 7). If the S2-II
sample is considered to be an exception, the range in
(230Th/232Th) ratios in water indicates that the system is
older than 6 · 105 yr.

The same applies for (234U/238U)water (Fig. 10b). After
3 Myr of continuous water circulation, the (234U/238U)
ratios reach a steady state controlled by the time scale
of U weathering (WU = 2 · 10�6 yr�1). As shown in
Fig. 10b, regardless of the distance, (234U/238U) activity
ratios reach asymptotically a common value equal to
the initial (x = 0) water composition
(234U/238U)x=0 = 0.99 (i.e., the soil leachate). As the data
presented in Section 3 show a range in (234U/238U) activ-
ity ratios from 1.16 to 1.41 in groundwater, we deduce
an age between 0.75 and 1.5 Myr.

The age of the system is thus estimated between 0.6
and 1.5 Myr. This age represents the time when the aqui-
fer became active. As we do not have any other indepen-
dent determinations, we have estimated an upper limit for
the age of the aquifer. The chalk aquifer becomes active
with the opening of the fractures, which were due to both
decompression of the chalk and freezing–thawing cycles.
These processes only take place near the surface, namely
in the first hundred meters of rock. Erosion rates in
northeastern France have been calculated by Schaller
et al. (2001) and range between 14 and 60 mm kyr�1 with
an average value of 31 mm kyr�1. Given that chalk aqui-
fer is about 100–150 m deep; it will take 3–5 Myr to erode
this system. Our estimated age is therefore consistent be-
cause it is of the same order of magnitude as the erosion
time-scale.

An important result of our modeling is that the system is
not at steady state. The main parameter that controls the
time to reach steady state is the inverse of the U weathering
rate (on the order of 106 yr). If we had not analyzed rock
samples, we would have assumed that the system is at stea-
dy state as in previous studies, but our results show that it
is not the case.

Our model is also able to predict the time evolution of
a U contamination in the system. A transient solution is
needed to describe the propagation of the perturbation in
the aquifer. As U is less surface-reactive than Th, a per-
turbation in the system will not be damped by the inter-
action with the solid. The characteristic time scale of
migration and the time scale for reaching steady state
are not similar. The evolution of the natural system is
governed by the weathering of the solid, while in the case
of contamination, the perturbation in the system is
brought by the water and the relevant time scales are
estimated in Section 5.2.3.

5.3.2. Consistency of the model with the observations

The complexity of transport processes in a heteroge-
neous media prevents our model from explaining all
the observed data. In this section, we discuss where
our 1-D single porosity model fails to account for some
important observations, and potential reasons for these
discrepancies. This could help identify where more
sophisticated modeling could be used to fully account
for our observations.

First, as the chalk is heterogeneous, it is highly
likely that permeabilities are locally variable, at the
scale of hundreds of meters (for example in the dry
valleys). This might explain why the trend of
(230Th/232Th) versus distance cannot be explained by a
single value for the flow velocity. The required range
of water velocities (Fig. 7) is well within the variability
of permeability obtained from a complete hydrological
modeling of the chalk aquifer (F. Renard, pers. comm.)
as well as for other areas of the same aquifer (Price
et al., 1993).

The weathering rates of U and Th have been assumed
to be different because these elements are located in dif-
ferent phases (carbonates versus silicates, respectively). In
this case, 230Th and 232Th must behave differently be-
cause 230Th is contained in the carbonate phase whereas
232Th is located mainly in the non-carbonate phase.
As carbonates dissolve faster than silicate rocks, one
must have W 230Th > W 232Th. With this hypothesis,
the (230Th/232Th) in groundwater would increase over
a shorter distance than previously shown in Fig. 7:
for W 230Th ¼ W U, the predicted (230Th/232Th) in ground-
water are higher than the observed ratios by up to a
factor of 5.

There is an additional for the preferential release of
230Th relative to 232Th. As discussed in Section 5.2.2,
the recoil of 230Th enhances its mobilization in the
solution (parameter e230Th). Because of this added com-
plexity in the case of Th, it is difficult to deconvolve
the respective role of incongruent dissolution and recoil
effects.

Our model does not include a complete description of
the major element chemistry of the waters. In order to ex-
plain the (234U/238U) > 1, the U-series model would need to
be coupled with a model for the water chemistry. This ap-
proach would require repeated sampling of water through-
out a hydrological cycle and is beyond the scope of this
study.

Similar (230Th/232Th) in the water and surface layer
are not readily explained by a model where the length
scale for Th adsorption is approximately a few meters.
The interpretation we propose is that the fractures in
the chalk represent a hydrological by-pass that permits
the rapid transport of ‘dissolved’ Th to deeper layers in
the aquifer. In this case, the length scale of Th transport
in the aquifer is substantially greater. Obviously, a more
complete model would include a double-porosity descrip-
tion of the aquifer.

Admittedly, a 1-D continuum model cannot provide a
full interpretation. Yet, this modeling is a clear step for-
ward in the identification of key processes controlling the
migration of U-series nuclides in high transmittivity aqui-
fers. The relative role of transport through matrix or frac-
tures will be addressed in future studies.



Table A.1
Cup configurations for uranium and thorium acquisition on a MC-ICP-
MS

Cup # L1 SEM H1 H2 H3

Uranium 234U 235U 236U 238U

Thorium 229Th 230Th 232Th
229.7
230.4
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6. Conclusions

Uranium and thorium isotopes were measured in rock
and water samples of an unconfined chalk aquifer in order
to constrain processes affecting radionuclide transport. We
have developed precise measurements of (230Th/232Th) in
low level samples by MC-ICPMS to characterize Th isoto-
pic composition in this aquifer. This study shows the
mobility of U within the aquifer, with preferential leaching
of 234U in the upper part of the aquifer and reprecipitation
in the zone of water-table fluctuation. Thorium is less
affected by weathering because it is hosted by minor phases
in the chalk that are more resistant to dissolution, and is
mostly transported in the aquifer by colloids derived from
the recharge zone. A systematic enrichment of 230Th over
238U has been observed, due to preferential weathering of
U in the rock. Hence, (230Th/238U) ratios greater than 1
are principally due to U leaching. Th adsorption plays a
minor role due to the small volume of the surface layer rel-
ative to the grain size. Our results exemplify the importance
of understanding the water recharge process within the
aquifer and the role of fractures in the infiltration of rain-
water to the water table on water chemistry.

We have developed a 1-D model in order to constrain
the parameters controlling the U-series disequilibria mea-
sured in the different phases of the aquifer. Uranium
weathering rate, U and Th distribution coefficients and re-
coil effects have been evaluated. The rock dissolution is
incongruent due to the presence of non-carbonate phases
(WU „ WTh). We have derived from these parameters the
characteristic time scale of U and Th migration within this
aquifer. The results of the modeling show that U is more
mobile in chalk aquifers than in other groundwater sys-
tems, such as sandy or basaltic aquifers, described by ear-
lier studies. Estimated retardation factors are <33 for U
and between 1 · 104 and 21 · 104 for Th. As this model de-
scribes a transient behavior of the radionuclides, it can be
used for estimating rates of anthropogenic nuclide
migration.
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Appendix A. Sampling and analytical procedures
A.1. Chemical separations

Aliquots of 200 ml acidified water samples were spiked with 236U and
229Th. U and Th contents were measured by isotopic dilution after sepa-
rating them by anion-exchange chromatography (Manhès, 1981).

For rock analysis, about 200 mg samples were powdered and first
digested in acetic acid to dissolve carbonates. The slurry was centrifuged,
and the supernatant was extracted and dried on a hot plate. The residue
was then dissolved in concentrated HF–HNO3. U/Th were separated from
solutions and purified using anion-exchange resins. Material coating
fracture wall within the carbonates was also collected by scraping with a
spatula. U/Th isotopes were measured in these samples (200 mg) following
the procedure described above for the chalk samples.

Total procedural blanks for rock and water samples were 25 pg for
238U, for 232Th it was 14 pg for water and 35 pg for rock samples.
(234U/238U) and (230Th/232Th) ratios and U and Th concentrations in
rocks and waters were determined by thermal ionization mass spectrom-
etry (TIMS). Th and U isotopic ratios in waters were determined using
multi-collector inductively coupled plasma mass spectrometry (MC-ICP-
MS) (see Table A.1).

Strontium isotope composition of water samples was determined using
the procedure developed by Meynadier et al. (2006). Strontium separation
was performed automatically using high-performance ion chromatogra-
phy (HPIC). Samples were loaded on degassed single W filaments.
87Sr/86Sr isotope ratios were measured on a VG-354 mass spectrometer.
Measurements of the SRM-987 Sr standard yielded 87Sr/86Sr =
0.710271 ± 8 (n = 20, 2rm) (certified value 0.710235 ± 0.000017). For rock
samples, strontium isotope ratios’ measurements were done by Actlabs
(Canada). Samples were dissolved in a mixture of HF, HNO3 and HClO4.
Prior to dissolution, all samples were spiked with a 85Rb–84Sr mixed
solution. Rb and Sr were separated using conventional cation-exchange
techniques. The analyses were done on a Finnigan MAT 261 mass spec-
trometer equipped with 8-collector, in a static mode. Over the period of
measurements, the weighted average of 15 SRM-987 Sr-standard runs
yielded 87Sr/86Sr = 0.710261 ± 12 (2r).

A.2. Thermal ionization mass spectrometry (TIMS) procedure for

U/Th analyses in rock samples

Measurements were performed on a Thermo-Finnigan Triton mass
spectrometer. Uranium samples were loaded on a degassed single Re fil-
ament between two colloidal graphite layers and dried at a temperature of
1720 �C. Thorium samples were loaded on degassed double Re filament
between two layers of H3PO4. The concentration measurements have an
uncertainty less than 0.35% for U and less than 1% for Th at the 2r level (r
is the standard deviation). Reproducibility for 234U/238U ratios was
determined using NBS-960 standard (now CRM-145, also called NBL-
112a) on 16 aliquots and was 0.4% at the 2r level with a mean value of
5.287 (±0.02) · 10�5. Repeated analysis of ThS1 standard gave a repro-
ducibility of 1% on (230Th/232Th) activity ratio with a mean value of
1.023 ± 4 (n = 7; 2r) which is in good agreement with the value of
1.020 ± 0.002 obtained by Claude-Ivanaj et al. (1998).



Fig. A.1. Variation of the secondary electron multiplier (SEM) yield over
9 h of continuous operation of the plasma. Yield = (234U/238U)measured/
(234U/238U)ref.
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A.3. Inductively coupled plasma mass spectrometry (ICP-MS)

procedure for U/Th analyses in water samples

Due to a very low Th concentration (<100 pg L�1) in natural water,
analyses were not possible by TIMS, so MC-ICP-MS was utilized for
the precise determination of 230Th/232Th isotopic ratios in water sam-
ples (Luo et al., 1997; Turner et al., 2001). Measurements were per-
formed on a Thermo-Finnigan Neptune equipped with a double spray
chamber. Both samples and standard solutions were diluted in 2%
HNO3. We first tuned the instrument for U measurements to follow the
evolution of mass bias as well as the yield of the ion counting channel
(relative to Faraday cups) using a 12 ppb U solution of NBS-960
standard. The ionization efficiency for U and Th was 0.25% and 0.12%,
respectively. During measurements, the intensity of the signal remained
relatively constant within 1%.

A.3.1. Ion counting yield calibration

NBS-960 standard was used before and after each sample in order
to determine a yield calibration for the ion counting channel relative to
Faraday cups. Th measurements were performed once the plasma was
stable and yielded constant U isotopic ratios with standard solutions. It
was noticed that the yield was stable after 4 h of continuous operation
(Fig. A.1).

A.3.2. Correction for 232Th tail contribution

The tail of 232Th on 230Th can contribute 3–6% of the 230Th signal.
We determined for each sample and standard the tail contribution of
the 232Th peak on the 230Th peak. The tail correction was estimated
using only two masses (230.4 and 229.7) and fitted with an exponential
law. This yields the same results as with four masses but is less time
consuming.

A.3.3. Mass bias

Th mass fractionation was corrected using (230Th/232Th) data of a
standard (Th_105, given by C. Innocent (BRGM, Orléans)) before and
after each sample, and by applying an exponential mass-dependent frac-
tionation law.

A.3.4. Reproducibility

The reproducibility of (234U/238U) activity ratios was determined by
analyzing three different aliquots of the same sample G2 and was found to
be 0.4% at the 2r level. Th isotope measurements of water samples could
only be done once, because of the small sample size (0.6–12 ng). We
determined the reproducibility of (230Th/232Th) activity ratio using stan-
dard Th S1 on 11 aliquots with a concentration of 10 ppb in 232Th (with a
consumption of 1.2 ml of solution per analysis), and obtained 0.75% at the
2r level with a mean value of 1.017 ± 0.008.
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Hubert, A., 2005. Géochimie des séries de l’uranium dans les aquifères: cas

de l’aquifère de la craie (Champagne, France). Ph.D. thesis. IPG Paris,
242pp.

Ivanovich, M., Harmon, R.S., 1992. Uranium-Series Disequilibrium:

Applications to Earth, Marine, and Environmental Sciences. Oxford
University Press, Oxford.

Kersting, A.B., Efurd, D.W., Finnegan, D.L., Rokop, D.J., Smith, D.K.,
Thompson, J.L., 1999. Migration of plutonium in ground water at the
Nevada Test Site. Nature 397, 56–59.

Keum, D.K., Hahn, P.S., 2003. A coupled reactive chemical transport
model: mixing cell model with two solid phases and its application.

Comput. Geosci. 29, 431–445.
Kigoshi, K., 1971. Alpha recoil thorium-234: dissolution into water and

uranium-234/uranium-238 disequilibrium in nature. Science 173,
47–49.



5454 A. Hubert et al. 70 (2006) 5437–5454
Kloppmann, W., Dever, L., Edmunds, W.M., 1996. Redox zones in the
Chalk aquifer of the Paris and North German basins. Hydrol. Sci. 41

(3), 311–326.
Kloppmann, W., Dever, L., Edmunds, W.M., 1998. Residence time of

Chalk groundwaters in the Paris Basin and the North German Basin: a
geochemical approach. Appl. Geochem. 13 (5), 593–606.

Krishnaswami, S., Graustein, W.C., Turekian, K.K., Dowd, J.F., 1982.
Radium, thorium and radioactive lead isotopes in groundwaters:
application to in situ determination of adsorption-desorption rate
constants and retardation factors. Water Resour. Res. 18 (6), 1663–
1675.

Ku, T.-L., Luo, S., Leslie, B.W., Hammond, D.E., 1992. Decay-series
disequilibria applied to the study of rock–water interaction and
geothermal system. In: Ivanovich, M., Harmon, R.S. (Eds.), Uranium-

Series Disequilibrium: Applications to Earth, Marine, and Environmen-

tal Sciences. Oxford University Press, Oxford, pp. 631–668.
Langmuir, D., Herman, J.S., 1980. The mobility of thorium in natural

waters at low temperatures. Geochim. Cosmochim. Acta 44, 1753–1766.
Little, R., Muller, E., Mackay, R., 1996. Modelling of contaminant

migration in a chalk aquifer. J. Hydrol. 175, 473–509.
Liu, J., Yu, J.-W., Neretnieks, I., 1996. Transport modelling in the natural

analogue study of the Cigar Lake uranium deposit (Saskatchewan,
Canada). J. Contam. Hydrol. 21, 19–34.

Luo, S., Ku, T.-L., Roback, R., Murrell, M., McLing, T.L., 2000. In-situ
radionuclide transport and preferential groundwater flows at INEEL
(Idaho): decay-series disequilibrium studies. Geochim. Cosmochim.

Acta 64 (5), 867–881.
Luo, X., Rehkämper, M., Lee, D.-C., Halliday, A.N., 1997. High

precision 230Th/232Th and 234U/238U measurements using energy-
filtered ICP magnetic sector multiple collector mass spectrometry. Int.

J. Mass Spectrom. Ion Process. 171, 105–117.
Maher, K., DePaolo, D.J., Lin, J.Chiu-Fang, 2004. Rates of silicate

dissolution in deep-sea sediment: in situ measurement using 234U/238U
of pore fluids. Geochim. Cosmochim. Acta 68 (22), 4629–4648.
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