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Abstract

Diffusive isotopic fractionation factors are important in order to understand natural processes and have practical applica-
tion in radioactive waste storage and carbon dioxide sequestration. We determined the isotope fractionation factors and the
effective diffusion coefficients of chloride and bromide ions during aqueous diffusion in polyacrylamide gel. Diffusion was
determined as functions of temperature, time and concentration. The effect of temperature is relatively large on the diffusion
coefficient (D) but only small on isotope fractionation. For chlorine, the ratio, Dss¢y/Ds¢; varied from 1.00128 + 0.00017 (1)
at 2 °C to 1.00192 £ 0.00015 at 80 °C. For bromine, Dwg,/Dsip, varied from 1.00098 & 0.00009 at 2 °C to 1.0064 4 0.00013 at
21 °Cand 1.00078 4+ 0.00018 (14) at 80 °C. There were no significant effects on the isotope fractionation due to concentration.
The lack of sensitivity of the diffusive isotope fractionation to anything at the most common temperatures (0 to 30 °C) makes
it particularly valuable for application to understanding processes in geological environments and an important natural tracer

in order to understand fluid transport processes.
© 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The halogen elements, chlorine and bromine, are signif-
icant constituents of ocean waters and interstitial brines de-
rived from them. Chloride and bromide are the least
reactive components of such brines, and it is this property
which allows them to display the isotopic effects of physical
processes without the added complexity of fractionation
from chemical reactions. For example, mixing of aqueous
fluids may be advective or diffusive and while the former
produces no isotopic fractionation, the latter does. With
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knowledge of the isotopic diffusion coefficients it is possible
to apply quantitative interpretation to the results. For
example, Eggenkamp et al. (1994) showed that the chloride
concentration profile in sediment porewaters was the result
of a diffusive process related to a change from freshwater to
marine conditions. Coleman et al. (2001) and Lavastre et al.
(2005) measured the chlorine isotope compositional profiles
at potential sites for construction of a subsurface radioac-
tive waste storage test facility. The aim was to identify the
extent to which each was hydrodynamically stable and thus
less liable to affect stable, long-term storage. One of these
sites showed active advective mixing while another indi-
cated a 15 million year history of steady diffusive mixing
of marine brine pore fluids with those of freshwater origin.
An as yet unexploited use for this approach would be to test
the diffusive permeability of the seals of geological forma-
tions potentially of value for sequestration of carbon diox-
ide to ameliorate the effects of global climate change. Thus,
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accurate and precise determination of the fractionation fac-
tors is of great value.

Chlorine and bromine each have two stable isotopes
(**Cl and *’Cl and "Br and %!'Br, respectively). By 1921,
there was the theoretical proposition that the different sta-
ble isotopes of an element, because of their different masses,
would fractionate by the process of diffusion (Lindemann,
1921). As early as 1943, it was shown that isotopes actually
do fractionate as a result of diffusion, when experiments
were performed showing that %*Cu was enriched (relative
to °Cu) if Cu was diffused into Ag,S (Klemm, 1943). In
1955, Senftle and Bracken described the theoretical effect
of diffusion on isotopic fractionation in rocks and their
associated fluids.

Isotope fractionation effects in chlorine were studied a
long time ago. Madorsky and Strauss (1948) enriched a
NaCl solution in *°Cl by a counter-current method. They
found, using a solution containing 33 gram NaCl per liter
that the diffusion coefficient (separation factor) of *°Cl is
1.001-1.002 times that of *’Cl. Konstantinov and Bakulin
(1965) did experiments comparing Cl fractionation of
NaCl, LiCl and HCI solutions at various concentrations
and found that the Cl isotope fractionation for HCI is much
smaller than for LiCl and NaCl, and that fractionation in-
creases with concentration. For molten TICI (Herzog and
Klemm, 1958) it was shown that at a higher (~710 °C) tem-
perature the isotope fractionation, defined as the ratio of
the diffusion coefficients between *>Cl and 3’Cl, was smaller
(1.0031) than at lower temperature (~565 °C; 1.0043). In
these older experiments diffusion was accelerated by electric
currents, as during the early years of Cl isotope chemistry
precision of mass spectrographs and mass spectrometers
was not sufficient to measure the relatively small natural
variation of only a few per mil (Long et al., 1993). After
the development of techniques precise enough to measure
small variations (Kaufmann, 1984) it was possible to trace
evidence for diffusion of Cl in nature. Eggenkamp (1994)
calculated, using equations described by Duursma and
Hoede (1967) that chloride could fractionate considerably
in diffusion processes. Several studies are known (Desaul-
niers et al., 1986; Beekman et al., 1992; Eggenkamp et al.,
1994; Groen et al., 2000; Hesse et al., 2000) that show that
certain natural Cl isotope distributions can be fitted to
hydrogeologic models that include a mass dependence of
the chloride diffusion coefficient. These studies show that
the combination of Cl concentration and Cl isotope varia-
tions is very powerful in solving complex historical fluid
transport mechanisms. Richter et al. (2006) measured diffu-
sion of Cl in relation to diffusion of Mg?* and Li". Their
data seem to have substantial scatter, which is not yet
understood, but their Dss¢;/Dxe of 1.00143 4 0.00040 (10)
is clearly in line with values from other experimental deter-
minations of diffusion fractionation.

On the contrary, very few studies are known describing
isotope effects of bromine. There are two studies in which
the fractionation of Br isotopes was determined, in liquid
PbBr; (Cameron et al., 1956), and ZnBr, (Lundén and Lod-
ding, 1960). It was found that the fractionation of Br in li-
quid PbBr, is approximately !/5 that of CI in liquid PbCl,.
No measurable natural variation was found in studies from

this era (e.g. Cameron and Lippert, 1955). Recently several
studies have been published describing analytical tech-
niques to measure Br isotopes (Eggenkamp and Coleman,
1997, 2000; Shouakar-Stash et al., 2005; Sylva et al.,
2007). These studies also present Br isotope variations in
natural samples which are not only much larger than the
analytical error, but also show characteristics which are
very different from those of chlorine, indicating the impor-
tance of looking into the isotope geochemistry of bromine.

In this paper, we describe the first attempt to measure iso-
tope fractionation of both Cl and Br in a laboratory environ-
ment that is comparable to the situation in nature. So, pure
concentration derived diffusion has been applied to a chloride
or bromide solution, captured in a gel, from which after a per-
iod of diffusion the Cl or Br isotope composition is deter-
mined. The diffusion experiments are similar in concept to
those developed to measure the diffusion of actinides in clay
(Schreiner et al., 1982), but in our case we measured diffusion
of Cl and Br in a polyacrylamide gel. In total, 10 experiments
were performed, seven with Cl™ as the diffusing anion, and
three with Br™. Experiments were undertaken at different
temperatures and concentrations to be able to assess their ef-
fects on diffusion and fractionation of Cl and Br.

2. EXPERIMENTAL
2.1. Diffusion experiments

The diffusion experiments are carried out in a polyacryl-
amide gel (Laemmli, 1970; Davison et al., 1994). The gel is
prepared by mixing 14 ml distilled water, 6 ml Acrlylaide®
cross-linker (FMC Bioproducts, 2% aqueous solution) and
20 ml 30% acrylamide solution (Boehringer Mannheim).
400 pL of a 3% K,S,04 solution (BDH, AnalaR grade) and
40 uL. TEMED (N,N,N’,N’-tetramethylethylenediamine,
Sigma Chemical Co.) were added to initiate the polymeriza-
tion. A borosilicate glass tube (inner diameter 16 mm) was
filled with 40 cm® liquid gel (15% acrylamide). A small
amount of Cl or Br was added to some of these gels to facil-
itate a measurable, low quantity of Cl or Br to be able to mea-
sure 6°’Cl and 6%'Br even in the samples with the lowest
concentrations. After setting, generally in two to 3h,
40 cm?® of the same type of gel, into which NaCl or NaBr
was dissolved, was added to the tube. It was not known
beforehand what effect the addition of C1™ or Br~ would have
on the setting of the gel, but we observed that it sets even fas-
ter in this case. The tube was placed in a horizontal position
and diffusion of CI™ or Br™ then was allowed for a time esti-
mated to produce a clear diffusion profile. A total of seven
experiments with C1™, and three with Br~, were performed,
with different initial concentrations and at different tempera-
tures. At the end of each experiment the glass was broken and
removed from the gel. The gel was sliced into 1-2 cm slices
with a scalpel, and put in 30 mL HDPE bottles to which
18-20 mL distilled de-ionized water was added. The gel was
equilibrated with the water, so that the Cl or Br concentration
became equal in both gel and water (Krom et al., 1994). We
waited always at least one week to be sure that equilibrium
between water and gel was reached, in fact more than twice
the time suggested by Krom et al. (1994). The Cl or Br
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concentration of the solution was determined by colorimetry
and data were recalculated to the original concentration in
the gel. Prior to isotope analyses C1™ or Br™ in solution was
converted to AgCl or AgBr (Taylor and Grimsrud, 1969;
Willey and Taylor, 1979), and subsequently converted to
CH;3Cl or CH;Br on which Cl or Br isotope data were mea-
sured (Long et al., 1993; Eggenkamp, 1994; Eggenkamp
and Coleman, 2000). The analytical precision for §°’Cl and
5%'Br measurements for this procedure is normally 0.1%, or
better (see e.g. Long et al., 1993; Eggenkamp, 1994).

2.2. Diffusion model

The model used to describe the results of the experi-
ments is a simple one dimensional diffusion model that al-
lows us to calculate concentration and isotope
composition of the samples. Diffusion, according to Fick’s
second law (Fick, 1855) is defined as:
dc &c
D 1
ot Ox? (1)
The solution, for ¢ (concentration) as a function of x (dis-
tance) and 7 (time) for a two dimensional system of infinite
length (Crank, 1975) is:

Co X
c(x,t) = —erfc
(1) 2 2/Dt

D is the diffusion coefficient, ¢, is the initial concentration at
the high-concentration side, x is the distance from the gel-
gel interface, ¢ is the time since the beginning of the exper-
iment and erfc(z) is the complementary error function,
which is defined as (Duursma and Hoede, 1967):

erfe(z) = % / TPy 3)

2)

2.3. Notation of isotope data

Isotope variations are reported as 6°’Cl and 6%'Br val-
ues, indicating the per mil (9,) variation of the ratio of
the isotope of interest, relative to that ratio in an interna-
tional standard material, e.g.

37 35
537 Cl _ ( Cl/ Cl) sample
(’ci/Pan

standard

- 1) 1000 (4)

A comparable definition for Br can be produced, defin-
ing 6%'Br from the 3'Br/”’Br ratio. The internationally ac-
cepted standard for both Cl and Br is seawater (Standard
Mean Ocean Chloride, SMOC (Kaufmann, 1984; Long
et al., 1993; Godon et al., 2004), and Standard Mean Ocean
Bromide, SMOB (Eggenkamp and Coleman, 2000; Shoua-
kar-Stash et al., 2005, 2007).

5*7Cl and 6% Br values in the diffusion models are calcu-
lated by computing the concentration for both the light and
the heavy isotope and then calculating 6°'Cl or 0%'Br
according to Eq. (4).

3. RESULTS

All experiments showed similar characteristics. These
are shown in Fig. 1. The measured concentrations (individ-

ual symbols in the figures to the left) as a function of the
length of the glass tubing in which the experiment was
done, follow the modeled concentrations (lines in the fig-
ures on the left) generally very well. It is also shown that
the measured isotopic data (individual symbols in the fig-
ures to the right) agree well with the modeled isotopic char-
acteristics for the same experiment (lines in the figures on
the right). The CI- or Br~ concentrations in the experi-
ments were determined for each slice of gel, but the isotopic
composition could only be determined if sufficient CI™ or
Br~ was present. Due to the fact that a minimum amount
of 20 umol of C1™ or Br™ is necessary to measure the isoto-
pic composition, it was only possible to measure those sam-
ples which had at least a ClI™ or Br~ concentration of
approximately 1000 ppm. It is clear from Fig. 1 that a much
larger isotope variation appears in the side to which the dif-
fusing substance is moving. The reason for this effect is that
the relative influence of the faster moving light isotope is
much larger if the concentration is low, compared with
when the concentration is high (see e.g. Eggenkamp,
1994; Richter et al., 1999). In experiments with a measur-
able amount of Cl or Br in the low concentration end it is
observed that 6°’Cl or 5%'Br returns to the original value
towards the end of the diffusion tube. This happens because
the diffusion front, containing higher >°Cl contents as this
isotope is lighter and faster than *’Cl, has not yet reached
that part of the experiment, so that the value is still
approaching the original value.

The modeled diffusion profiles were calculated using the
equations described above, and are fitted to the measured
data (by minimizing the sum of the least square differences)
using the Solver™ add-in of the Microsoft® Excel® spread-
sheet programme. The following variables were used to
match them as closely as possible: low-end concentration,
high-end concentration, diffusion coefficient, ratio between
diffusion coefficients of the light and the heavy isotope, the
offset from the center and the initial 3*’Cl or 6%'Br value.
The diffusion time and the length of the two parts of the col-
umn were set fixed, as these were exactly known. The concen-
tration values were constrained to be within the range of the
measured value and its uncertainty bounds. The values calcu-
lated for all variables are in Table 1. Data in Table 1 also
incorporate calculated tortuosities as will be discussed later.

4. DISCUSSION
4.1. Diffusion coefficient

The diffusion coefficient of electrolytes in a solid, porous
medium is dependent on several parameters such as the con-
centration, the temperature and the structure of the medium.
The set up of our experiments, adding NaCl or NaBr to a gel,
imposes diffusion of the chloride or bromide ion to be cou-
pled with that of the sodium ion. The diffusion of the chloride
ion at infinite dilution can than be calculated as:

) _ (21| +1Z:)DiDY o)
2 12)|DY + |2,|D5

In this equation D, 50 is the salt diffusion coefficient of

Na® and Cl~ or Br~, Z; and Z, the charge of Na' and
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Fig. 1. Concentration and isotope data for all diffusion experiments. Experiments are sorted in the same order as in Table 1. Refer to this
Table for information on experimental conditions and end-member concentrations. Measured values are shown as solid circles and the models
as continuous lines. To the left are the measured and modelled CI and Br concentrations, to the right the measured and modelled 637Cl and
881Br data. Samples that could not be measured are not represented in these figures.
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Fig 1. (continued)
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Cl” or Br™ and D, and D, are the self-diffusion coeffi- The self-diffusion of ions in water at different tempera-
. + — — . . . . .
cients of Na” and CI” or Br~ (see Li and Gregory, tures can be calculated using the Stokes—Einstein relation,

1974). as shown by Simpson and Carr (1958):
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Parameters from the diffusion experiments. Ion, time and temperatures were known, the other parameters were calculated using the Solver™
plug-in from the Microsoft® Excel® spreadsheet. "Dy /Dy means Dss¢y /Ds¢ for chlorine, Dy, /Dsig, for bromine. The analytical uncertainty in
the concentration measurements is 8.5%. The tortuosity is calculated from the experimentally determined diffusion coefficient and the salt
diffusion coefficient as defined in Li and Gregory (1974).

Experiment Ion Time Temperature Concentration Concentration Diffusion Fractionation Tortuosity
(days) (°C) low half (ppm) high half (ppm) coefficient (D1/Dyy)"
(m*s™")
H Cl- 18.15 2 18 18,000 0.74 £ 0.06 % 107 1.00128 & 0.00017 1.07 + 0.04
B ClIm 674 21 0 24,000 1.05+£0.10 107 1.00155 4 0.00009 1.18 +0.06
J CI- 89 21 2100 82,000 1.09 £0.03 107 1.00167 4 0.00016 1.16 + 0.02
1 ClI™ 10.82 21 700 18,000 1.134+0.05% 10~ 1.00166 +0.00018 1.14 4 0.03
G Cl- 1504 21 17 18,000 1.29 £0.06 « 1072 1.00177 4+ 0.00014  1.07 + 0.02
K Clm 323 54 140 10,000 2.67+0.41 %107 1.00165 +0.00014 0.98 + 0.08
N Cl- 273 80 150 22,000 3.5140.60 « 107 1.00192 + 0.00015  0.99 + 0.09
M Br- 17.10 2 9000 160,000 0.94+0.30 % 107 1.00098 & 0.00009 0.96 + 0.16
F Br- 1514 21 18 50,000 1.53£0.17 107  1.00064 4+ 0.00013  0.98 £ 0.06
L Br- 270 80 130 51,000 3.40 4+ 0.43 107 1.00078 + 0.00018  1.00 = 0.06

D? * 0 _ D? * 10 ©)
T T
T 7

where 7 is the viscosity of water. The temperature depen-
dence of the viscosity of water is well known (Dorsey,
1940). We assume that this relationship also counts for salt
diffusion and taking self-diffusion coefficients at 25 °C from
Li and Gregory (1974), and using (6) we could calculate the
salt-diffusion coefficients of sodium chloride and sodium
bromide at the temperatures of the experiments (Table 2).

Diffusion in porous media is normally slower than as
calculated above. This is due to the effect of tortuosity ()
which indicates the longer path length an ion travels in
these media relative to the total length of the medium. Tor-
tuosity and diffusion are related according to the equation
(Ullman and Aller, 1982):

D! =D/ (7)

In this equation, D* is the apparent diffusion coefficient
in the gel. The tortuosities as calculated from the measured,
effective diffusion coefficients and the calculated self-diffu-
sion coeflicients are incorporated in Table 1.

The diffusion coefficient is highly dependent on the tem-
perature. We find in our experiments that the apparent dif-
fusion  coefficient of chloride increases from
0.74 + 10" m*s™" at 2°C to 3.51 x 10 °m?s ™" at 80 °C.
The diffusion coefficient of bromide increased from
0.94 %10 m*s™" at 2°C to 3.40 % 10" m*s~" at 80°C

Table 2
Calculated salt diffusion coefficients for Na™Cl~ and Na'Br~ in
water. Calculated from self-diffusion coefficients in Li and Gregory
(1974).

Temperature (°C) Cl™ Br—

Dy in m?s7! Dy in m?s7!
2 0.84 % 107° 0.86 % 1077
21 1.47 % 107° 1.48 % 107°
54 2.57 % 107° 2.56 %1077
80 3.43%107° 3.41%107°

not showing any significant difference from chloride
(Fig. 2).

When looking at the tortuosities it is striking that all val-
ues for Br™ and perhaps also for CI™ (with the exception of
experiments at 21 °C) have a tortuosity which is not signif-
icantly different from 1.0. Each of the four experiments with
CI™ at 21 °C has a tortuosity which is significantly higher
than 1.0, but which decreases with increasing diffusion time,
and also tends to a value of 1.0 at the longest diffusion time.
This could indicate that the cross-links in the polyacryl-
amide gel do not have a large influence on the tortuosity,
and that the structure of the gel approaches that of water
very closely.

Based upon the combination of data obtained from nat-
ural diffusion profiles (Desaulniers et al., 1986; Beekman
et al., 1992; Eggenkamp et al., 1994) we expected to find
a relationship between diffusion coefficient and concentra-
tion. However, in this dataset we did not find, or at least
did not recognize, such relationship.

4.2. Isotope fractionation

Isotope fractionation due to diffusion is a kinetic pro-
cess, caused by the difference in mass between the diffusing

4.5
4.0 1

3.5
3.0 1
2.5 A
2.0 A

1.5 1
1.0 q
0.5 A

® ClI, measured
@ Br, measured
— Cl, salt-diffusion
— — Br, salt-diffusion
0.0 T T T

0 20 40 60 80

temperature (°C)

diffusion coefficient (10 ° m%*s™)

Fig. 2. Relationship between measured diffusion coefficient and
temperature (symbols, error bars represent 1o errors) and the salt-
diffusion determined from data in Li and Gregory (1974, lines).
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species, and as such of the speed of the isotopes of interest.
In the case of Cl the moving species are >>Cl and *’Cl, or,
more correctly, these isotopes plus their respective hydra-
tion spheres. Theoretical and molecular dynamics simula-
tion studies in Lennard-Jones fluids (Bhattacharyya and
Bagchi, 2000; Ali et al., 2002; Willeke, 2003), molten
MgO (Tsuchiyama et al., 1994) and liquid water (Bourg
and Sposito, 2007, 2008) can be modeled with an inverse
power-law relation:

o= (My/M.)" ®)

with 0 < f<0.5. In Eq. (8), « is the fractionation factor de-
fined as the ratio of the diffusion coefficients of the light and
heavy isotope (Dy/Dy) and My and My are the masses of
the heavy and light isotope, respectively. In the case of elas-
tic collisions, such as in ideal gases the factor f is 0.5 (Gra-
ham’s Law). As collisions in solution are non-elastic the
factor f will be lower and the diffusion fractionation in
solutions will be lower than would be predicted by Gra-
ham’s Law. Deviations from Graham’s law were generally
explained by assuming a larger moving species. As it is as-
sumed the ion is moving with its hydration shell, there is
need to know the hydration number of ions in water. This
however is not very well known, and opinions in the litera-
ture differ. Our measured variations in the isotope fraction-
ation due to diffusion are not very large. Measured ratios
are between 1.00128 and 1.00192 (Dss¢;/Dx¢,;), with errors
that can be as large as 0.00018. The reason for these small
differences is probably due not only to non-elastic collisions
and the number of water molecules in the hydration shell,
but also to the structure of that shell. Mancinelli et al.
(2007) used neutron diffraction to demonstrate that the
hydration shell hardly varied significantly with increase in
concentration, from 6.1 &= 1.1 water molecules in a 1:83
NaCl solution down to 5.6 + 1.6 in a 1:19 NaCl solution.
However, and more significantly, they showed that the
chloride ion and its hydration shell were effectively incorpo-
rated into the water structure, which would act as a consid-
erable impedance to its mobility and produce the observed
reduction in the effect of the mass differences of the ions.
This may be the reason that the observed diffusion fraction-
ation is much lower than would be predicted based upon
Graham’s Law with a hydration number of approximately
6. Recent research, however, based upon calculations pub-
lished by Impey et al. (1983), showed that deviations in the
factor f§ are dependent on the strength of solute-solvent
interaction, defined as the average residence time of water
molecules in the first solvation shell of ions (Bourg and
Sposito, 2007).

It would normally be expected that the change in tem-
perature would have an influence on the fractionation due
to diffusion. The reason for this is that at higher tempera-
tures either the hydration shell around the diffusing ions
contains fewer water molecules, so that at higher tempera-
tures the low/high mass ion ratio is smaller, or that the
average residence time of water molecules in the first solva-
tion shell is shorter, and thus the difference in the diffusion
coefficient would be larger. This effect is not clearly seen in
our experiments. For bromide we find a higher fraction-
ation in the experiment at 2 °C, while for chloride we seem

to be able to show this effect, but only in the coldest exper-
iment, with a lower fractionation, and the warmest with a
higher fractionation. The experiments at 21 and 54 °C do
not show variations outside the analytical error. If this min-
or dependence on temperature were to be proven, then it is
more likely to reflect changes in the structure of the water
and hydrated ion system, rather than just in the hydration
shell. This may be due to a comparable effect as described
above.

The fact that the isotopic fractionation factors do not
depend on the normally expected factors is a great advan-
tage in using this approach. When applying the isotopic
data just as we have them, even the influence of temperature
seems to be only minor, while this is the only parameter
that shows a slight positive effect over the whole measured
range.

It is important to note that the experimental data agree
very well with the theoretical data calculated by Eggenk-
amp (1994) based upon formulas presented by Duursma
and Hoede (1967). The experimental results could be de-
scribed near perfectly using the same equations used to pro-
duce the theoretical diffusion and isotopic profiles. Thus in
relatively simple systems diffusion of conservative ions be-
haves exactly as expected.

4.3. Comparison to natural data and other experimental data

The diffusion coefficient in combination with the frac-
tionation due to diffusion has only been determined rarely
in natural systems. Table 3 shows reported data from four
publications from the period 1986 to 2000. All situations
where they have been determined consist of systems where
more saline pore water diffuses into less saline pore water,
in environments where salinity of pore water has varied
over the past several 100s to 1000s of years. In these sys-
tems, where the past salinity history is fairly well known
it was possible to determine both the diffusion coefficient
and fractionation. A minor problem is that in most natural
observations the temperature is not known with much pre-
cision, although a general approximation can normally be
made. On the other hand, in each of the observations, con-
sidering the duration of the processes, it is just possible that
the temperature may have varied substantially, and the ob-
served data will reflect this as an average effect. However,
since the influence of temperature on the isotope fraction-
ation is quite limited, in natural systems this influence will
normally fall within the modeling errors.

The diffusion effects in these observations were not al-
ways determined directly, but based upon earlier measure-
ments (Desaulniers et al., 1986) or theoretical constraints
(Eggenkamp et al., 1994). In all cases, they were based
ultimately upon data from Li and Gregory (1974), applied
to the local environment. Because of the complex geology,
it often was not possible to measure the diffusion constant
directly (e.g. because of advective groundwater move-
ment). Based upon the higher temperature in the environ-
ment they studied Eggenkamp et al. (1994) determined a
much higher diffusion coefficient than Desaulniers et al.
(1986) or Beekman et al. (1992). Groen et al. (2000) also
had samples from a tropical environment, but determined
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Table 3

Diffusion coefficient and isotope fractionation of earlier observations. Dsscy /Dy is the ratio of the diffusion coefficients of *3Cl and *’Cl.
Temperatures of diffusion were estimated from sample locations. Statistical errors are not mentioned in these papers.

Reference and country Estimated (average) temperature

Diffusion coefficient Isotope fractionation

(°0) (10" m>s ™) (Dssci/Dsicr)
Desaulniers et al. (1986), Canada 5 0.60 1.0012
Beekman et al. (1992), 10 0.84 1.0023
Netherlands
Eggenkamp et al. (1994), 25 1.31 1.0023
Indonesia
Groen et al. (2000), Suriname 25 0.70 1.0027

the diffusion coefficient directly and as a fairly low value.
In spite of this, the diffusion coefficients as determined in
our experiments agree well (within a factor of 2) with the
naturally obtained data, which indicates that natural and
theoretical diffusion of chloride are in good agreement
and that the theoretical calculations describe natural diffu-
sion very well.

We find that most natural observations (with the excep-
tion of Desaulniers et al., 1986) show isotopic fractiona-
tions larger than those we measured, and also larger than
others determined experimentally (Madorsky and Strauss,
1948; Konstantinov and Bakulin, 1965; Richter et al.,
2006). Most experimental determinations give fractionation
factors of, on average, 1.0015, with values from 1.0009 to
1.0019 (only the most extreme measurement in Madorsky
and Strauss (1948) gave a higher value of 1.0021). Since
most experimental data agree with each other, the anoma-
lously higher measurements in natural systems need to be
explained. The reason may be that the scatter of measure-
ments is so large that the error is very large. Beekman
et al. (1992) show that both Cl concentration and isotope
composition can be modeled very well in a complex system.
Groen et al. (2000) on the other hand, show data for which
the isotope profile generally does not follow the modeled
isotope data. Systems described by Beekman et al. (1992)
and Groen et al. (2000) both show a very complex history,
with (potentially) changes in chloride concentrations in the
water. In these systems, often the chloride concentration
was modeled first, and the isotopic modeling was done
afterwards. This may have resulted in the larger than ex-
pected isotope fractionation uncertainties relative to exper-
imental data, which do not show such complex behavior. It
is therefore always recommended to model the CI (or Br)
concentration in the same run that models the isotope com-
position as done by Beekman et al. (1992).

It is also possible to explain fractionation factors which
are too high if the lower concentration end-member has
been given an estimated 6°’Cl (or 6°'Br) value which is
too high. In this case the isotope fractionation is assigned
a value which is too high to explain the large isotope vari-
ation in a series of observations. The estimate for a too high
lower end-member concentration can occur when, for
example, some chloride has mixed with it after diffusion
has started, obscuring the original low chloride concentra-
tion. This certainly is something to take into account
when observing the low concentration end-member in a

system where the chloride isotope fractionation is to be
determined.

5. CONCLUSIONS

We have determined the isotope fractionation for chlo-
ride and bromide during diffusion in a system that ap-
proaches natural diffusion closely. We attempted to
determine different controls on diffusion, of which concen-
tration and time were the most important. It was found that
the isotope fractionation lacks sensitivity to almost all vari-
ables, except (perhaps) temperature. This makes it relatively
easy to apply to geological systems where temperature and
its history of variation can be determined. Isotopic fraction-
ation for chlorine (defined as Dssq/Ds¢y) is between 1.00128
and 1.00192. Using the same assumptions as for Cl, the iso-
topic fractionation of Br due to diffusion (defined as D,/
Dsiy,) is between 1.00064 and 1.00098. Our measurements
of chloride isotope fraction are in good agreement with vir-
tually all earlier experimental determinations; however,
they do not conform with most natural observations inter-
preted as fractionation due to diffusion. Except for Desaul-
niers et al. (1986), Dssq/Dse inferred from natural
observations, ranged from 1.0023 to 1.0027. Fractionation
factors determined in these environments are probably
too high because the isotope composition could not be
modeled properly, or because the estimated chloride com-
position of the lower concentration end-member was too
high, resulting in a high fractionation factor needed to ex-
plain the large variation in Cl isotope composition.
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