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Abstract

Modern seawater has a uniform 6°’Cl value (0.0%,), with an exception in the upper current of the Bosphorus (0.4%,)-
Marine halite ranging in age from Cambrian to Miocene has 6°’Cl values of 0.0 + 0.9%,, with most of the data in the range
0.0 & 0.5%,. Mean 5°’Cl values differ measurably between basins, with no evident relationship to basin size or to age. Smal-
ler evaporite bodies have the largest °’Cl ranges. Potash facies halite has mean 6°’Cl values lower than those of halite
facies salt in the East Siberia and Zechstein basins. The bulk 6°’Cl of bedded halite preserving sedimentary textures cannot
be shifted measurably after deposition under plausible natural conditions. During the Phanerozoic, a detectable change in
the 0*7Cl values of the oceans is unlikely as a result of Cl fluxes to and from the mantle and evaporites. In halite, the values
of 8*7Cl that cannot be explained by fractionation occurring on crystallization are best explained by the addition of non-

marine Cl with 6*’Cl # 0.0%, to evaporite brine.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Certain aspects of the composition of seawater
have varied through the Phanerozoic. The concen-
trations of K and Mg (Hardie, 1996), 6'3C (Veizer
and Hoefs, 1976; Holser et al., 1988), 5**S and
580 of SOf{(Claypool et al., 1980; Holser et al.,
1988) and ¥’Sr/®’Sr (Peterman et al., 1970) all show
cyclic variations driven by tectonics and, in the case
of the C and S systems, by global-scale oxidation—
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reduction chemistry. In marine evaporites, the vari-
ations are reflected in the isotope composition of Ca
sulfate minerals, in the mineralogy of potash facies
salts, in the varied composition of primary fluid
inclusions in primary-bedded halite (Kovalevich
et al., 1998), and in the Br content of basal halites
from unaltered marine evaporites (Siemann, 2003).
The advent of high-precision measurements of
5°’Cl (Long et al., 1993) and the discovery of mea-
surable Cl isotope fractionation between halite and
its aqueous solution (Eggenkamp et al., 1995) sug-
gest the possibility of looking for secular variation
of 5°’Cl in marine evaporites.

At the outset, there is good reason to doubt the
existence of large 6°’Cl variations in Phanerozoic
seawater Cl~. Chloride does not participate in
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oxidation-reduction chemistry in the oceans. All
published 6°’Cl data (reviewed below) for marine
evaporites fall within a narrow range, 0.0 4+ 0.5%,,
implying that fluxes between ocean and evaporite
reservoirs should generate only small changes in
0% Cl of the oceans. Mantle-to-crust fluxes are
small relative to crustal reservoirs (Ito et al.,
1983), suggesting minimal possibility for isotopic
change from that source. Nonetheless, values of
0%7ClI outside the predicted range for halite formed
from 0.0%, marine CI~ have been reported (Eastoe
and Peryt, 1999).

In this paper, the authors present new 6°'Cl data
for marine evaporites, and combine them with pub-
lished data in a first attempt at constructing a mar-
ine Cl isotope record for the Phanerozoic. Data on
the homogeneity of 5°’Cl in seawater are also
reviewed. The potential causes of isotope fraction-
ation in seawater and evaporites are discussed,
and the following questions are addressed: (1) Are
the data consistent with measured fractionation fac-
tors, in particular in the ranges of 0°’Cl in halite,
and the relationship between potash and halite
facies salts? (2) Is there evidence for the secular var-
iation of 5°’Cl of the oceans? (3) Is there general or
sporadic evidence for non-marine CI™ input in puta-
tive marine evaporites? and (4) Is secondary (dia-
piric or open-space filling) salt fractionated with
respect to primary (bedded) salt?

2. Previous work

Chlorine isotope data for marine evaporites have
been published for the following examples: Zech-
stein basin, Netherlands, potash facies (Eggenkamp
et al., 1995); Badenian basins of Poland, Slovakia
and Ukraine, halite facies (Eastoe and Peryt,
1999); Palo Duro basin, Texas, halite facies (Eastoe
et al., 1999) and Gulf of Mexico basin, halite and
potash facies and diapiric halite (Eastoe et al.,
2001). Eggenkamp et al. (1995) presented experi-
mental data for Cl isotope fractionation between
halite, sylvite and bischofite and their solutions at
22 °C. Eastoe et al. (1999) showed that 5°’Cl values
of salts crystallized progressively from 0.09,, scawa-
ter in the laboratory were consistent with the data of
Eggenkamp et al. (1995). The existing *’Cl data for
bedded halite and potash facies salts are consistent
with the experimental data and a 0.09,, ocean,
except in the case of the Badenian basins, where
Eastoe and Peryt (1999) detected episodic CI
inputs with distinctive non-zero 4°’Cl values.

3. New study areas

New data are available from the following areas.
Sample locations are given in Table 1.

1. East Siberia. The salt deposits of Late Neoprote-
rozoic to early Cambrian age in East Siberia cover
an extensive area (ca. 2 million km?) located to the
NW of Lake Baikal. The thickness of the Ven-
dian-Lower Cambrian succession is 2.0-2.5 km
in the southern, western and central parts of the
basin, and 1.3-1.5km in the northeastern part.
Paleogeographic data as well as a great total vol-
ume of Upper Vendian—-Lower Cambrian evapor-
ites of East Siberia are regarded as indications of a
marine origin for the Siberian salt giant. It is char-
acterized by the occurrence of 14 regional marker
carbonate units and 15 salt units (Zharkov, 1984).
Five major phases of salt deposition can be distin-
guished, in the Late Vendian (Danilovo) and
Early Cambrian (Usolye, Belsk, Angara, and Lit-
vintsevo) basins. The sample set represents halite
facies, halite facies approaching sylvite saturation
(recognized from fluid inclusion compositions —
Petrychenko et al., 2005), and halite with potash
salts from the Angara, Belsk and Usolye Series.
The area of the Usolye salt basin reached 2 mil-
lion km?, and the average thickness of deposited
salt is 200 m. Four major phases of halite precip-
itation occurred, and, episodically, K salts (car-
nallite and sylvite) were deposited in the upper
part of stratigraphic section. The area of the Belsk
salt basin was 1.3 million km?, and the average
thickness of salt deposits is 100 m. The Angara
salt basin occupies 1.2 million km? and the salt
thickness is 15-450 m (about 100 m on average;
Zharkov, 1981). Potassium-bearing deposits occur
in different stratigraphic levels; the total thickness
of the potash salt complex (composed of carnallite
and/or sylvinite) in the Nepa deposit attains 150 m
(Mashovich et al., 1991).

2. Holbrook Basin, Arizona. Lower Permian salt
occurs in the Supai formation in five depositional
cycles separated by carbonate beds. Salt underlies
about 9000 km” in the basin, with a maximum
thickness of 180 m. Halite is muddy in general,
indicating formation under sabkha conditions.
Potash salts occur only in the upper 10-20 m of
the fifth cycle (Rauzi, 2000).

3. Zechstein Basin, Poland and Germany. The
Upper Permian (258-251 Ma) Zechstein Series
consists of shale, carbonate, salt and anhydrite
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Table 1
Data
No. Formation Locality Borehole Depth, m Notes
East Siberia

1 Angara E Siberia Nepa 3 463.5 Above sylvite

2 Angara E Siberia Nepa 3 469.0 Above sylvite

3 Angara E Siberia Nepa 3 488.0 Above sylvite

4 Angara E Siberia Nepa 3 503.6 Above sylvite

5 Angara E Siberia Nepa 3 512.5 Above sylvite

6 Angara E Siberia Nepa 3 542.8 Above sylvite

7 Angara E Siberia Nepa 3 549.7 Above sylvite

8 Angara E Siberia Nepa 3 561.3 Above sylvite

9 Angara E Siberia Nepa 3 578.1 Above sylvite

10 Angara E Siberia Nepa 3 593.0 With sylvite

11 Angara E Siberia Nepa 3 620.1 With sylvite

12 Angara E Siberia Nepa 3 675.8 With sylvite

13 Angara E Siberia Bratsk 46 476.7 Tr. diagen.

K minerals

14 Angara E Siberia Bratsk 46 542.0

15 Angara E Siberia Bratsk 46 850.0 Close to KClI sat.
16 Angara E Siberia Bratsk 3s 1606.7 Tr. diagen.

K minerals

17 Angara E Siberia Bratsk 3s 1815.6 Close to KCl sat.
18 Angara E Siberia Bratsk 47K 804.5 Close to KCl sat.
19 Angara E Siberia Bratsk 86 643.5
20 Angara E Siberia Bratsk 86 776.5
21 Angara E Siberia Bratsk 86 1119.3
22 Angara E Siberia Bratsk 28 873.2 Close to KCl sat.
23 Angara E Siberia Bratsk 57 400.0 Close to KClI sat.
24 Angara E Siberia Bratsk 59K 723.0
25 Angara E Siberia Bratsk 59K 918.0
26 Angara E Siberia Bratsk 59K 928.0 Close to KCl sat.
27 Usolye E Siberia Peledui 750 1431.4 Close to KClI sat.
28 Usolye E Siberia Taseyevo 54 873.4 Trace K minerals
29 Usolye E Siberia Shaman 20 1413.0 Close to KClI sat.
30 Usolye E Siberia Shaman 12 1394.0
31 Usolye E Siberia Pokrovsk 141 1966.0
32 Usolye E Siberia Zayarsk 1 2209.5 With sylvite
33 Usolye E Siberia Zayarsk 1 2496.0 With sylvite
34 Usolye E Siberia Zayarsk 1 2517.0
35 Belsk E Siberia Taseyevo 57 723.8
36 Belsk E Siberia Taseyevo 57 905.5 With sylvite
37 Belsk E Siberia Taseyevo 57 1403.0 With carnallite
38 Belsk E Siberia Taseyevo 46 1023.0
39 Angara E Siberia Mirnyi 51D 478.0 With carnallite
40 Angara E Siberia Mirnyi 51D 534.0 With carnallite
41 Angara E Siberia Mirnyi 51D 536.0 With carnallite
42 Angara E Siberia Mirnyi 51D 581.0 With carnallite
43 Angara E Siberia Mirnyi 51D 813.0
45 Belsk E Siberia Mirnyi 51D 1100.0 With sylvite
46 Belsk E Siberia Mirnyi 51D 1154.0
47 Belsk E Siberia Mirnyi 51D 1176.0
Holbrook Basin
HBS-1 Supai Arizona AZPOT 11 363.6 Potash facies?
HBS-2 Supai Arizona AZPOT 11 367.3 Potash facies?
HBS-3 Supai Arizona AZPOT 11 379.4
HBS-4 Supai Arizona AZPOT 11 385.5
HBS-5 Supai Arizona AZPOT 11 397.6
HBS-6 Supai Arizona HPPS55 214.8 With sylvite
HBS-7 Supai Arizona HPPS5 274.6

(continued on next page)
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No. Formation Locality Borehole Depth, m 57C1 Y, o¥C1 Y, Notes

Zechstein 1

1 Werra Germany 1935.23 —0.1

2 Werra Germany 1936.44 0.2

3 Werra Germany 1936.99 0.2

4 Werra Germany 1937.78 0.0

5 Werra Germany 1938.68 -0.4

6 Werra Germany 1939.5 0.1

Zechstein 1

3A Werra N Poland Zdrada 1G3 804.3 0.2

7 Werra N Poland Zdrada 1G3 784.0 0.0 0.0

3 Werra N Poland Zdrada 1G6 941.6 -0.1

12 Werra N Poland Zdrada 1G6 904.3 0.2

1 Werra N Poland Zdrada IG8 981.1 0.0

4 Werra N Poland Zdrada 1G8 947.7 0.2 0.4

8 Werra N Poland Zdrada IG8 916.7 0.4

12A Werra N Poland Zdrada 1G8 806.2 0.0

16 Werra N Poland Zdrada 1G8 846.6 0.2

20 Werra N Poland Zdrada 1G8 784.7 0.1

Zechstein 2-3

GW-1 Stassfurt W Poland Gorzéw Wlkp. IG1 3022.9 0.0

GW-2 Stassfurt W Poland Gorzéw Wlkp. IG1 3013.8 —-0.3

GW-3 Stassfurt W Poland Gorzéw Wikp. 1G1 3009.8 0.2

GW-4 Stassfurt W Poland Gorzéw Wikp. IG1 2999.8 -0.5

GW-5 Stassfurt W Poland Gorzéw Wlkp. IG1 2973.0 -0.2

GW-6 Stassfurt W Poland Gorzéw Wikp. IG1 2955.6 0.2

GW-7 Stassfurt W Poland Gorzéw Wlkp. IG1 2946.5 0.0

GW-8 Stassfurt W Poland Gorzéw Wikp. IG1 2934.5 —0.1

GW-9 Stassfurt W Poland Gorzéw Wikp. 1G1 2828.2 0.3

GW-10 Stassfurt W Poland Gorzéw Wikp. IG1 2923.0 0.2

GWI-11 Leine W Poland Gorzéw Wlkp. IG1 2853.6 0.3

GWI1-12 Leine W Poland Gorzéw Wikp. IG1 2840.1 0.0 0.2

GW1-13 Leine W Poland Gorzéw Wikp. IG1 2828.0 0.2

GW1-14 Leine W Poland Gorzéw Wlkp. IG1 2823.9 0.1

GWI-15 Leine W Poland Gorzéw Wikp. IG1 2811.4 0.1

GWI1-16 Leine W Poland Gorzéw Wikp. IG1 2789.5 —-0.3 -0.3

GW1-17 Leine W Poland Gorzéw Wikp. IG1 2773.4 0.0

GWI1-18 Leine W Poland Gorzéw Wilkp. IG1 2761.9 0.1 0.3

GWI1-19 Leine W Poland Gorzéw Wikp. 1G1 2750.4 0.3

GW1-20 Leine W Poland Gorzéw Wlkp. IG1 2743.4 0.0

Paris Basin

Ml Muschelkalk Lorraine Faulequemont 112.95 0.8 0.9 Bedded, dark
M2 Muschelkalk Lorraine Faulequemont 112.80 —-0.3 Bedded, light
M3 Muschelkalk Lorraine Faulequemont 111.40 —0.5 —0.8 Displacive halite
M4 Muschelkalk Lorraine Faulequemont 111.10 0.1 Bedded

K1 Keuper Lorraine Gellenoncourt 291.25 -0.7 —0.6 Bedded, base of N
K2 Keuper Lorraine Gellenoncourt 289.95 0.2 Bedded

K3 Keuper Lorraine Gellenoncourt 289.38 —0.2 Bedded

K4 Keuper Lorraine Gellenoncourt 286.37 —0.1 Fissure filling
K5 Keuper Lorraine Gellenoncourt 286.13 0.1 Bedded

K6 Keuper Lorraine Gellenoncourt 285.75 0.0 Displacive halite
K7 Keuper Lorraine Gellenoncourt 282.12 0.2 Bedded, light
K8 Keuper Lorraine Gellenoncourt 274.05 0.0 Displacive halite
K9 Keuper Lorraine Gellenoncourt 274.00 —0.1 —0.2 Fibrous salt
K10 Keuper Lorraine Gellenoncourt 271.56 -0.4 Disrupted zone
K11 Keuper Lorraine Gellenoncourt 268.68 -0.3 Bedded, top of N
K12 Keuper Lorraine Gellenoncourt 267.90 —0.2 Displacive halite
K13 Keuper Lorraine Gellenoncourt 256.90 —0.5 Bedded, top of O
K14 Keuper Lorraine Gellenoncourt 245.42 -0.3 Bedded
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No. Formation Locality Borehole Depth, m o¥’Cl Y, o¥7C1 Y, Notes

K15 Keuper Lorraine Gellenoncourt 236.88 0.0 With polyhalite
K16 Keuper Lorraine Gellenoncourt 220.40 —0.1 With gl

K17 Keuper Lorraine Gellenoncourt 218.45 0.1 Fissure filling with gl
K18 Keuper Lorraine Gellenoncourt 217.20 0.0 Bedded with gl
K19 Keuper Lorraine -0.3 Fibrous salt
K20 Keuper Lorraine 0.0 Cavity filling
Khorat Plateau

KP1 Maha Sarakham Thailand 0.9 0.9

KP2 Maha Sarakham Thailand 0.0

KP3 Maha Sarakham Thailand -0.2

KP4 Maha Sarakham Thailand 0.1

KP5 Maha Sarakham Thailand -0.2

KP6 Maha Sarakham Thailand -0.9 -1.0

KP7 Maha Sarakham Thailand -0.2

KP8 Maha Sarakham Thailand —0.1

KP9 Maha Sarakham Thailand —0.1

KP10 Maha Sarakham Thailand —0.1

KPI11 Maha Sarakham Thailand 0.0

KPI12 Maha Sarakham Thailand 0.9 0.9

KP13 Maha Sarakham Thailand 0.0

KP14 Maha Sarakham Thailand 0.0

KPI15 Maha Sarakham Thailand -0.3

KP16 Maha Sarakham Thailand -0.2

KP17 Maha Sarakham Thailand 0.1 —0.1

KP18 Maha Sarakham Thailand —0.1

KPI19 Maha Sarakham Thailand -0.3

KP20 Maha Sarakham Thailand -0.7

KP21 Maha Sarakham Thailand 0.2

KP22 Maha Sarakham Thailand 0.2

Explanation: Second column of Cl isotope data gives repeat analyses. tr. diagen. = trace diagenetic, sat. = saturation, gl = glauberite.

beds. The primary thickness of the Zechstein ser-
ies in the basinal areas is 1500-2000 m and the
Zechstein  salts cover an area of about
700,000 km? (Zharkov, 1984). Traditionally, four
evaporitic cycles have been distinguished, and the
youngest cycle can be further subdivided into five
subcyclothems. Marine evaporites occur in the
first three evaporitic cycles, and in the fourth
cycle they are partly marine and partly continen-
tal in origin (Wagner and Peryt, 1997). For this
study, the authors analyzed the samples of halite
from the second (Stassfurt) and third (Leine)
evaporitic cycles in a borehole (Gorzéw Wielko-
polski IG1) having a basin center location in west
Poland, and from the first cycle (Werra) in 3
boreholes located in the peripheral evaporite
platform and basin system in north Poland
(Zdrada 1G3, 1G6 and IG8 — see Peryt et al.,
1998, for a detailed geological setting).

. Paris Basin, France. Thin evaporite beds about
235 Ma old, comprising 5 units with a maximum
combined thickness of 25 m, occur within the

Middle Triassic Muschelkalk stage (Hilly and
Marchal, 1999). Sulfate and halite facies are pres-
ent. Samples were obtained from a drill core at
Faulquemont, Lorraine. The Muschelkalk is
overlain by the Keuper stage, which contains
thicker evaporite beds about 225 Ma old. Of
eight separate salt units, three, termed N, O
and P in ascending stratigraphic order, are thick
enough to be of economic importance (Hilly and
Marchal, 1999; Marchal, 1986). Each unit con-
sists of multiple depositional sub-units up to a
few meters thick of halite separated by thin argil-
laceous beds. The salt appears to have been
deposited in a shallow basin of about
30,000 km?, subject to frequent cycles of flooding
and drying (Hilly et al., 1998). Samples for this
study are from drill core from Gellenoncourt,
Lorraine.

. Khorat Plateau, Thailand. The Maha Sarakham

evaporites of Late Cretaceous age, averaging
250 m thick, occur in a basin of about
160,000 km?. Three cycles, comprising thick units



580 C.J. Eastoe et al. | Applied Geochemistry 22 (2007) 575-588

of anhydrite, halite and potash minerals, are
present (El Tabakh et al., 1999; Hite and Japaka-
setr, 1979). The samples for this study represent
the halite facies only.

4. Methods

Salt samples, in almost all cases 1-3 cm across,
were dissolved in de-ionized water, and the Cl™
was precipitated as AgCl. CH3;Cl was prepared
and measured according to the method of Long
et al. (1993) on a modified VG602C mass spectrom-
eter. Repeated measurements of the laboratory sea-
water standard indicated an analytical precision of
0.075%, (1o). Measurements are reported relative
to the authors’ laboratory standard, relative to
which ISL354 is +0.05%,, and NBS 975 is +0.43%,
(Xiao et al.,, 2002). A day’s measurements were
accepted only after a satisfactory measurement on
the laboratory standard. Laboratory intercompari-
sons between Arizona and Utrecht (unpublished)
and Xining (Xiao et al., 2002) indicate satisfactory
agreement.

5. Results
5.1. Seawater

Available evidence indicates that the present
oceans are well-mixed with respect to Cl isotopes.

Kaufmann (1984) and Eggenkamp et al. (1995)
found no measurable variation in 6°’Cl in seawater.
However, Xiao et al. (2002) reported an unex-
plained cluster of high §°’Cl values (0.6 to 0.9%,)
near a mid-ocean ridge in the Indian Ocean. In
Fig. 1, further data are presented for seawater sam-
ples from around the world, relative to the results
for the authors’ laboratory standard, a seawater
sample from San Diego, CA. All samples but one
are consistent with the 0.0%, value adopted for the
laboratory standard. The exceptional sample, for
which 0*7Cl =0.4%,, was taken from the surface
current of the Bosphorus, about half way between
the center of Istanbul and the Black Sea. The sur-
face current consists of water from the upper, low-
salinity layer of the Black Sea. Istanbul effluent is
confined to the lower, denser current of Mediterra-
nean seawater (0.09,, on the indication of the sam-
ple from the Ionian Sea) entering the Black Sea
through the Bosphorus.

5.2. Evaporites

The new data are listed with information on ori-
gin and mineralogy in Table 1. In Fig. 2, the data
are presented as a series of histograms with classifi-
cation. The authors have distinguished primary
halite (including bedded and displaced halite) with
no bittern salts, secondary halite (including open-
space fillings and diapiric halite), and halite coexis-
ting with potash and diagenetic sulfate minerals.

5%Cl, %o

0.2 0.4

! Hawaii

_l}

3.5

. lonian Sea

: Massachusetts
: Nova Scotia

. Tasmania

: North Sea

! san Diego
} 3.55 +0.073 L 6

Bosphorus

Enrichment relative to tank gas,%.

Fig. 1. New 6°’Cl data for seawater, shown as a frequency histogram relative to data for many repeated analyses of the authors’laboratory

standard, seawater from San Diego.
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Fig. 2. Histograms of 6°'Cl of evaporite salt. Secondary salt is diapiric salt in the Gulf of Mexico Basin, and open-space filling salt in the
Keuper. Gb = glauberite; ph = polyhalite. Data sources: Zechstein data include a set from Eggenkamp et al. (1995); San Andres: Eastoe
et al. (1999); Gulf of Mexico: Eastoe et al. (2001); Carpathians: Eastoe and Peryt (1999); other data from this study.

In the case of the Cambrian evaporites of Siberia, a
further distinction of halite approaching sylvite sat-
uration is possible from fluid inclusion compositions
(Petrychenko et al., 2005).

The 6°’Cl values of bedded halite span a range of
—0.9 to +0.9%,, with most of the values falling
between —0.5 and +0.5%,. Note that most of the
more extreme measurements have been duplicated,
and that such values are encountered in several of
the sample sets. Bedded halite without bittern salts
(indicated as halite facies in the figure) clearly differs
isotopically between the sample sets. Fig. 3 shows
the mean 6°’Cl values of bedded halite as a function
of age for the larger data clusters which seem to
form single populations. Outliers are omitted in

the calculations. In the Carpathian Mts. data set,
two populations can be justified on the basis of stra-
tigraphy (Eastoe and Peryt, 1999). In the Siberia
data set, most of the data are from a single forma-
tion (the Angara), and there is no apparent justifica-
tion for distinguishing different populations. The
mean of the Keuper data set takes into account
the data for secondary halite, which is indistinguish-
able from the primary halite (see below).

Potash facies salt (mean 6°’Cl —0.30 + 0.049%,) is
isotopically lighter than halite facies salt (mean
+0.06 + 0.049,,) in the Zechstein data set. In the
Siberia data set, potash facies salt (mean
—0.32 +0.069,) is lighter than the halite facies
salt (mean +0.06 +0.05%,). Data from a single
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Fig. 3. Plot of mean 5°’Cl of halite facies salt as a function of
age. Means (diamonds) are shown with error limits correspond-
ing to two standard errors (squares). Dashed lines: limits of 6*’Cl
of bulk halite formed from 0.0%, brine. Rectangles along the time
axis indicate times of low (dots) and high (stripes) Br content in
basal marine halite, as calculated by Siemann (2003).

stratigraphic section in the Angara formation at
Nepa illustrate the change in 6°’Cl between potash
facies salt and overlying halite facies (Fig. 4). In this
case, the overlying halite must represent a new cycle
of evaporation; note that no values greater than
0.1%, were measured. A halite of similar age in the
Bratsk region yielded two clusters of °’Cl values,
one being greater than 0.19,.

5.3. Secondary effects

In the Gulf of Mexico Basin, diapiric halite has
5°’Cl values higher than those of bedded salt, for

Nepa 897C1, %
08 06 -04 -02 0 02 04
400 1 1 3
—*
)
E 5001 Havie 4
._E' 3
[«
%600-.. : EEEEREEEN
POTASH
700
Bratsk 2
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Fig. 4. Depth variation in 6°’Cl of salt in bedded salt from the
Angara formation, Nepa, Eastern Siberia, compared with 5°’Cl
values of salt from the Angara formation in the Bratsk region
(shown as a frequency histogram; see Fig. 2 for legend).

which few samples were available. Eastoe et al.
(2001) suggested that solution during halokinesis
might generate the high &°’Cl values, which are
too high to have formed from marine CI~ with
0%’C1 = 0%,. In the Paris Basin Keuper evaporites,
on the other hand, secondary halite (open-space fill-
ings with mean 6°’Cl=-0.11 +0.05) is indistin-
guishable from bedded halite (-0.13 +0.119%,).
There is no evidence in this case of Cl isotope
fractionation associated with dissolution and re-
deposition of halite. There is also no indication
of fractionation associated with the formation of
the diagenetic sulfate minerals glauberite and
polyhalite.

6. Relationship between 6°'Cl values in halite and
brine

6.1. Rayleigh distillation during halite formation

There are clear differences in the mean °’Cl val-
ues of bedded halite without bittern salts in the var-
ious sample sets used here. The means span a range
of 0.6%,. Assuming that each sample set is represen-
tative of its salt body, and that post-depositional
change is insignificant, it can be inferred that the
mean °'Cl values of brines differed from basin to
basin by the following argument.

The evolution of 6°’Cl in brine and halite in a
salt-forming system can be modeled by Rayleigh
distillation. Fig. 5a was constructed using the sim-
plified form of the Rayleigh distillation equation,
viz.

5 — 3y = eln(f), (1)

where Jy is the initial °’Cl value of the brine reser-
voir (given the value 0.0%, in the figure), and ¢ is the
0*7Cl value of the brine corresponding to a residual
Cl™ fraction f in the brine. ¢ is 6°'Cl (halite)-6°"Cl
(brine), given a value of 0.26%, (Eggenkamp et al.,
1995). The 6*’Cl value of the accumulated halite
formed up to a given value of f'is

Oshar = 0+ eln(f)/(1 — 1), (2)

with values between 0.26 (f approaching 1) and
0.13%, (f=0.3, at the onset of bittern salt forma-
tion). If g is invariant, variation in f can therefore
generate values of dsp, with a maximum range of
0.13%,. Little halite can form for values of f near
1, so that the range in practice is narrower, near
0.1%,. Clearly, variation in f at constant J, cannot
explain the 0.6%, range of mean °'Cl in halite;
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Fig. 5. (a) Rayleigh distillation of brine with initial §*’Cl = 0.0%,
as a function of f, residual fraction of Cl~ in the brine. Curves
labeled “halite” and “brine” give coexisting 6°'Cl values at a
particular value of f. The curve labeled “bulk halite” gives the
bulk 6*’Cl value of halite accumulated up to a particular value of
f. (b) Curve labeled ¢ = —0.26: evolution in 6°'Cl of salt in a
diapir as a function of f, the residual fraction of salt remaining
after incongruent dissolution. Curves labeled & =0.13, 0.22:
evolution of 3°’Cl of the oceans as a function of £, the residual
fraction of salt remaining after extraction of halite. Initial
5¥7C1 = 0.0%,.

either variations in dy or post-depositional shifts in
0*7Cl of halite are required. For 8, = 0.0%,, bulk ha-
lite facies salt cannot have a negative value of 8°'Cl.

6.2. Post-depositional effects

Congruent dissolution of halite accompanied by
rapid removal of the solution, the situation most
likely to occur around the edges of a halite body,
leads to no shift in 0°’Cl of the residual halite.
Incongruent dissolution — effectively dissolution
with isotopic equilibration between salt and brine
inside the halite body — leads to gradual increase
in 6°’Cl of the residual halite if the brine is contin-
uously expelled from the salt body (Eastoe et al.,
2001). The curve labeled ¢ = —0.26 in Fig. 5b mod-
els such a increase using the Rayleigh equation.
Measurable changes in 6°’Cl (0.15%,) are possible
only after removal of about half of the halite. Such

large losses are most unlikely under static condi-
tions, particularly where primary textures are pre-
served, but may be possible as a result of
halokinesis if the salt movement is accompanied
by dissolution into pore fluid that is gradually
cycled through the salt. Post-depositional effects
cannot therefore explain the range of the 5°'Cl data
in bedded halite.

The highest 5°’Cl values in diapiric salt from the
Gulf of Mexico Basin are +0.5%,, higher than likely
average 6°'Cl values for bedded halite in this basin
by 0.3 to 0.5%,. Such a shift requires the removal
of 60-90% of original halite (Fig. 5b), which may
be reasonable. Davison et al. (1996) noted that dia-
pir volumes in the North Sea basin are on the order
of one-tenth of the volume of the likely source of
bedded halite. Warren (1999) interpreted this dis-
crepancy as the evidence of the loss of halite by dis-
solution. Buchanan et al. (1996) on the other hand
saw no evidence of halite loss by dissolution in bal-
anced sections including diapiric halite. Diapiric
movement of single salt masses may continue for
hundreds of millions of years (e.g. Burliga, 1996),
giving ample opportunity for slow cycling of pore
fluid through the salt.

7. Mechanisms of change of 4°'Cl in brine
7.1. Non-marine chloride sources

Evaporite formation commonly occurs in basins
with highly restricted connections to the open seas,
and are likely to receive, at least episodically, water
and solute of non-marine derivation (Hardie, 1984).
The sample from the Bosphorus is instructive
because it indicates the possibility of non-zero val-
ues of 3*’Cl in isolated basins subject to the episodic
input of seawater. The Miocene basins in which
evaporites formed in front of the advancing Carpa-
thian thrust belt were tectonically analogous to the
Black Sea. The Miocene evaporites have §°'Cl val-
ues indicating the addition of high- §*’Cl non-mar-
ine Cl™ to any 0.0 9, marine Cl~ (Eastoe and Peryt,
1999).

Whether non-marine Cl~ can constitute a detect-
able fraction of CI™ in a marine evaporite basin may
depend on the basin geometry. Warren (1999) dis-
tinguished three environments in which marine
evaporites form: (1) extensive subaerial mudflats
to which seawater is supplied by storm surges; (2)
salterns, shallow coastal basins subject to desicca-
tion and fed by seawater seepage through the bars
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that separate them from the open sea; and (3) basins
in which evaporite minerals are deposited in rela-
tively deep standing brine that is replenished by
the seepage of seawater. All seem equally likely to
receive a mixture of marine and non-marine CI™.
Smaller basins are more prone to shifts of §°’Cl
away from the 6°’Cl value of seawater as a result
of non-marine inputs. Very large salt deposits
should reflect 6°’Cl of seawater more closely
because only a very large source of Cl™ (the ocean)
is capable of sufficient supply. In the case of mudfl-
ats, the diffusion of CI™ across concentration gradi-
ents in the subsurface might affect the isotopic
composition of displacive halite.

7.2. Evolution of &’ Cl in seawater: Cl fluxes to and
from the mantle

Table 2 is a summary of data on the geochemical
cycle of CL Ito et al. (1983) considered fluxes from
the mantle to the ocean + crust (at hot spot and
mid-ocean ridge volcanoes) to be balanced, within
the error of their estimates, by the return subduction
flux minus recycled CI™ emergent in island arc vol-

Table 2
The geochemical cycle of chlorine

canoes. The 6°’Cl of ocean Cl~ might change with
time if a flux of juvenile Cl of distinctive 5°’Cl is
constantly supplied. From Table 2, the ratio of the
surface Cl reservoirs (crust + ocean) to the annual
mantle-derived Cl flux through mid-ocean ridges
and hot spots is about 10'°. Suppose that the man-
tle-derived flux is constant over t years and has
5°’Cl = M. The 8°’Cl value, 9, of the surface reser-
voirs t years ago is given by the following mass bal-
ance equation:

(1 —10")+Mx10"% =0x1
+ flux

(3)

initial = final
For t=5x10%a, 6 =—0.053M. For M = —1%,,
(considered a likely value by Sharp et al. (2005);
and consistent with carbonatite 9°’Cl data of
Eggenkamp and Koster van Groos (1997)),
0 = 0.053, indistinguishable from the present value.
For M=59%, (Magenheim et al., 1995),
0 =—0.26%,, just detectable with available preci-
sion. If the mantle 8°’Cl is indeed —19%,, changes in
0*’Cl in surface reservoirs would be detectable only
for time scales on the order of 10° a. Likewise, the
return flux, which must remove Cl of 8*’Cl close

A. Principal reservoirs (kg Cl)

Reservoir Schilling et al. (1978) Smith (1981)
Sediments 1.84 x 10 1.8x 10"
Ocean 2.71 x 10" (equiv. to 2.0 x 107 km®) 2.7x 10"
Earth 1.5% 10% 2.7%10%

B. Annual fluxes to and from surface reservoirs (kg Cl)

Type Schilling et al. (1978) Anderson (1974) Ito et al. (1983)
Mid-ocean ridges 1.92x 10° 4.2x10° 2.7%x10° (+2.7/-1.3)
Hotspots 1.29 % 10° 1.3%10° (+1.3/-1.2)
Island Arcs 3% 10° 4.5%10° (+9.5/-4.3)
Alteration of ocean crust (=2.9 £ 1.5)x 10°
Subduction of sediments (=32 +1.0)x 10°
Total without subduction of sediments 5.6x 10° (+15.0/—8.3)
Total with subduction of sediments 2.4x10% (+16.0/-9.3)
C. Volume of halite in certain evaporites, 10° km’

Example Volume % of ocean salt Example Volume % of ocean salt
Cambrian, Siberia 5.9 3 Permian, US midcontinent 0.63 0.3

Cambrian, Iran and Pakistan 5.9 3 Permian, Holbrook 0.004 0.002
Devonian, Siberia 0.14 0.07 Jurassic, Gulf of Mexico 16 8

Devonian, Eastern Europe 0.69 0.5 Cretaceous, Khorat 0.2 0.1

Devonian, Western Canada 0.62 0.3

Permian, Eastern Europe 10.2 5

Permian, Zechstein 1.5 0.8

Sources: Paleozoic: minimum estimates, Zharkov (1981, 1984); Gulf of Mexico: Salvador (1991); Khorat: from basin area of Hite and
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to 0.0%,, is unlikely to change 5°’Cl of the oceans
detectably during the Phanerozoic.

7.3. Evolution of 5’ Cl of seawater: Cl fluxes to and
from evaporites

The formation of evaporites leads to episodic
large fluxes of Cl from the ocean to the evaporite
reservoir (Zharkov, 1981; Floegel et al.,, 2005),
countered by the erosion of evaporites and the
return of CI™ to seawater. In the long term, the iso-
tope effects of the fluxes should cancel each other if
seawater 6°'Cl remains constant. The distribution of
0°’Cl in Phanerozoic evaporites sampled to date
appears to have a mean 6°'Cl near 0.0%, (Fig. 2),
suggesting a long-term return flux &°’Cl near
0.0%,. Temporary changes in the 6°’Cl of marine
Cl™ might occur at times of giant evaporite forma-
tion, out of balance with the return flux. The pre-
eminent time of salt extraction from the oceans
was during the Jurassic and Cretaceous when halite
was deposited in the rifts that were to become the
Gulf of Mexico and the Atlantic Ocean. Halite still
present in the Gulf of Mexico alone surpasses all
other examples in Table 2 in volume. Floegel et al.
(2005) suggested that salt extraction from the
oceans has caused a decrease in salinity from about
50%, in the early Paleozoic to the present value of
about 34.79,,, with the most rapid change occurring
during the Mesozoic.

Evaporites seldom form by total desiccation of a
batch of brine to yield the complete the classic
sequence of carbonate, gypsum, halite and bittern
salts; the process may be interrupted at any point
by dilution or by the removal of residual brine,
or may be sustained in a single facies if seawater
input is appropriately balanced by evaporative
water loss. If evaporite formation always proceeded
to a complete desiccation, there could be no conse-
quent change in 6°’Cl of the oceans. Long-term
change would require the separation of halite
(sequestered in the crust) from bittern brine (recy-
cled rapidly to the oceans). In fact, large volumes
of halite appear to form without corresponding
volumes of bittern salts (e.g. in the Gulf of Mexico
basin; Salvador, 1991), so that the deposition of
halite could potentially cause changes in 6°’Cl of
the oceans.

Let us suppose that there is a value of f (see Eq.
(1)) characteristic of halite formation in general.
The evolution of seawater 6°>'Cl as a consequence
of halite deposition can then be modeled as a Ray-

leigh distillation using an effective fractionation &’
equal to the dsp,, value corresponding to the charac-
teristic value of f (Eq. (2), Fig. 5a). Two cases are
shown in Fig. 5b. It is necessary to remove at least
70% of the salt in the oceans to generate a decrease
of 0.3%, in 6*’Cl in the oceans. There is no evidence
that such an amount of salt has ever been deposited,
at short or long time scale. At present, evaporites
may contain an amount of salt equal to 30% of
the present oceanic salt inventory (Holland, 1984,
p. 464), or 43% (equivalent to 30% of the early
Paleozoic inventory) if the salinity changes sug-
gested by Floegel et al. (2005) are correct. This esti-
mate is broadly consonant with the sizes of
evaporites in individual basins, which do not appear
to exceed 8% of the present oceanic inventory
(Table 2). A rapid formation of giant halite evapor-
ites such as the Louann Salt is therefore incapable
of fractionating the residual Cl~ in the oceans mea-
surably, even if the original size of the evaporite was
twice that of the existing body.

7.4. Implications for & Cl of evaporites

The value of 6°’Cl of the oceans is unlikely to
have changed measurably during the Phanerozoic
as a result of additions from the mantle, or of
fluxes related to the evaporite cycle. Additions of
non-marine, non-0.0%, C1™ are the best explanation
of the observed variation in mean 0°’Cl of the lar-
ger data sets. This interpretation is supported by
several other lines of reasoning. First, the values
of 8*’Cl vary over short time intervals, as in Mio-
cene salt at Wieliczka, where the data require influ-
xes of high-0°"Cl and low-6°"Cl non-marine brines
(Eastoe and Peryt, 1999). The contrast between
Cambrian salt sections of similar age in the Nepa
and Bratsk areas (Fig. 4) is a second example. Sec-
ond, the extreme °'Cl values (near +1 or —1%,)
have been encountered in halite in five of the basins
studied here. Such values are clearly not rare, and
reflect the localized dominance of fractionated
Cl™ sources. Third, it is smaller salt bodies, viz.
Carpathians, Khorat, Muschelkalk, Holbrook and
San Andres, that show the most extreme variations
in 6°’Cl. Fourth, variations in the data set appear
to be random in time. A change in §°’Cl of the
oceans would be unidirectional, if related to grad-
ual removal of Cl from the mantle, or cyclic on a
scale of 100-200 Ma if related to mid-ocean ridge
processes, as appears to be the case for variations
in seawater chemistry (Hardie, 1996). The possibility
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of tectonic influence on §°’Cl in brine merits more
detailed discussion.

8. Tectonic influences
8.1. Ocean-scale variations

Siemann’s (2003) data for Br in basal, unaltered
marine halite make a strong independent case for
the relationship between ocean major-ion chemistry
and the rate of generation of ocean crust (Hardie,
1996). In Fig. 3, there is no apparent relationship
between bulk 6°’Cl and basal Br content. The par-
tition coefficient for Br~ between brine and halite
depends on ion activities that are strongly influ-
enced by the relative amounts of other ions such
as SO;", K* and Mg®*. Whether similar controls
exist in relation to the partitioning of Cl isotopes
remains untested in the laboratory. The lack of
relationship between Br and &°’Cl suggests that
any such effect is not a primary influence on the
isotope data.

8.2. Tectonic environment of basins

R. Sarg (pers. comm.) has observed that the
basins studied here could be grouped as syn- to
post-orogenic (Carpathians, Zechstein, San Andres)
as opposed to syn- to post-rift (Gulf of Mexico,
Paris Basin). Bulk bedded halite in the former set
of basins has higher bulk 6°’Cl values than in the
latter set (Fig. 3). To the former set can be added
the Black Sea. It could be argued that the latter
set belongs to a broader set of non-orogenic basins,
in which case the Khorat, Holbrook and East Sibe-
ria basins, all with low bulk 5°’Cl values, can be
added. In the Khorat and East Siberia basins, stable
shelf sedimentation succeeded rifting that had
occurred tens of millions of years earlier (El Tabakh
et al., 1999; Ulmishek, 2001). The Holbrook basin
forms part of a continental shelf succession little
affected by orogeny (Dickinson, 1989). The salt in
the Paris, Khorat, Holbrook and East Siberia basins
did not fill rifts per se, but it was clearly not depos-
ited in a compressional or post-compressional tec-
tonic setting. Note, however, the negative 5’Cl
values of one episode of salt formation at Wieliczka
(Eastoe and Peryt, 1999), in a setting that is clearly
compressional, and a bracket of high 0*’Cl values at
Bratsk, Eastern Siberia (Fig. 4). The evaluation of
an association of higher bulk 0*’Cl values with com-
pressional tectonics must wait for future research.

9. Conclusions

1. Detectable variations in 6°’Cl of seawater are
improbable during the Phanerozoic, on the
basis of current knowledge of the geochemical
cycle of Cl and the &°’Cl values of major
reservoirs.

2. The values of 8°’Cl of putative marine halite lie
in the range 0.0 + 0.99,, with most data in the
range 0.0 4+ 0.5%,.

3. Bulk 6°’Cl data for halite facies salt ranges more
widely than can be explained by the formation
from seawater C1~ with 6°’Cl = 0.0%,. The data
are best explained by the addition of CI™ of
non-0.0%, 6°’Cl to evaporite brine. This effect
appears to be common.

4. Potash facies salt is in general (but not in detail in
all cases) of lower 6°’Cl than halite facies salt,
consistent with laboratory experiments.

5. Available data indicate that modern seawater has
a uniform 6°’Cl value of 0.0%,, except for Black
Sea surface water, which has 0°’Cl = 0.4%,,.

6. Halokinesis leads to increases in 6°’Cl of salt in
diapirs in the Gulf of Mexico basin, but syn-sed-
imentary formation of secondary salt in the Keu-
per formation has not given rise to changes in
0¥7Cl of salt.
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