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ABSTRACT

Eighty years of chlorine atomic weight measurements

revealed no variation of the stable isotope ratio, 37C1/ 35C1

(with precision up to 1.0%.) in natural materials. This

result is not surprising because chlorine occurs in rela-

tively few compounds, has a strong affinity for the liquid

phase, occurs mostly in the -1 oxidation state and organisms

don't discriminate between chlorine isotopes. Chlorine

isotopes have been found to fractionate in the laboratory

during kinetic reactions, equilibrium between phases and

diffusion.

This dissertation examined chlorine isotope composi-

tion of chloride from sea water halite, hydrothermal water

samples and ground-water samples where chloride was likely

moving by diffusion. The measurement method was mass spec-

trometry of methyl chloride gas prepared by quantitative

precipitation of AgC1 from solution, and reaction of the

AgC1 with methyl iodide. The precision of the technique is

0.24%,.

Results from sea water indicate that isotope ratios

in sea water do not vary beyond measured uncertainty, thus

sea water became the designated standard called SMOC (Stan-

dard mean ocean chloride).
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Many of the samples measured in this study vary

significantly, though most are within 1.0%, of SMOC. All

halite and hydrothermal samples are heavier than SMOC. Ha-

lite results may indicate isotope effects durina precipita-

tion or time dependent variations of sea water. Hydro-

thermal samples may indicate source differences and/or frac-

tionation mechanisms.

Milk River aquifer samples indicate that chloride in

the same aquifer may vary due to dual filtration or dif-

ferina sources. Samples from a Canadian glacial clay show a

total chloride variation of 2.4%,, linearly distributed with

depth. chloride in the clay is known to be diffusing

against ground-water movement. The isotope distribution can

be approximated with a counter-current column equation.

Samples from Texas and Louisiana contain an isotope

range of about 1.8%, linearly distributed with depths from

6,000 to 14,000 feet. The distribution can be approximated

with a simple diffusion equation.

As a tracing tool, chlorine isotope measurements

showed that halite AO kilometers from the ocean in south

Africa probably did not precipitate from sea water mist, and

that oil field brines adiacent to the Weeks Island salt dome

(Louisiana) probably did not receive substantial quantities

dome chloride.



CHAPTER 1

INTRODUCTION

1.1 General Approach

Chlorine is an ubiquitous geochemical enigma. Chlo-

rine was one of the first elements to be identified and

studied by early chemists. Few modern chemical analyses are

complete without the inclusion of chlorine. Despite the

vast statistical body of information available, surprisingly

little is known about many of the basic geochemical relation-

ships of this element. Geochemists have estimated the quan-

tity of chlorine in the major reservoirs of the crust;

however the interactions between the reservoirs are known

only speculatively. For example, volcanic gases commonly

contain large quantities of chlorine, but the source of the

chlorine - whether sea water entrained at tectonic plate

boundaries, or deep sedimentary beds, or the mantle - is

still a matter for discussion.

The need to distinguish chlorine of various sources

and processes is especially important in understanding the

origins and movement of ground water. Chemically, chlorine

is very stable in dilute solutions and could be used as

a tracer for resolving ground-water pollution and supply

problems.	 For example, the scientific community and fed-



eral bureaucracy are currently faced with the great

technical challenge of finding safe locations for disposal

of radioactive wastes in deep, underground repositories.

One major difficulty in the disposal process is deter-

mining the direction of movement and transport rate of

ground water and solutes near proposed repositories. In

the evaluations of proposed repositories, chlorine could

be an effective tracer of ground water and solutes if

chlorine sources and transport processes imprinted a

distinctive "mark" on chlorine as it moved.

Chlorine has only two stable isotopes, and radioa-

ctive isotopes of chlorine are rarely found in substantial

quantities; thus the ratio of the stable isotopes could be

used to examine chlorine geochemistry and ground-water

transport directly. Unfortunately, past studies of the

isotope ratios in natural materials record almost no

variations beyond a measurement precision of 1.0 per mil.

For the present study, I have looked at stable isotopes of

chlorine with improved precision and found variations,

most smaller than 1.0 per mil. This dissertation presents

the results of chlorine isotope measurements and discusses

the implications of these results.

1.2 Specific Approach

The principle of Uniformitarianism works in reverse

for scientific research; the key to the present disserta-

2
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tion research is found in past research. Eighty years of

measuring atomic weights have shown that the isotopic compo-

sition of chlorine (consisting primarily of 35C1 and 37C1)

in natural materials is remarkably constant. In the most

comprehensive of the past studies, Hoering and Parker (1961)

measured the isotopic composition of chlorine in more than

80 natural materials. They found no significant variations

beyond 1.0 per mil; however they did report two samples,

both from deep well field brines, as possibly fractionated.

In several laboratory studies, chlorine isotopes have been

found to fractionate during diffusion, salt precipitation,

and thermal processes. In an assessment of chlorine isotope

research, Rankama (1963) remarked that more "accurate mea-

surements" of "carefully selected samples" are necessary in

order to find natural variation in the distribution of

chlorine isotopes.

For the present research I adopted Rankama's philos-

ophy; I looked at ground-water chlorine because it appeared

to vary in a previous study and utilized a measurement

technique with precision better than 1.0 per mil. Samples

in this study represent environments where chlorine is dif-

fusing (as in oil field brines), has precipitated (as in

salts), and has been involved in thermal processes (as in

hot spring samples). The proceding chapters describe, re-

spectively, previous work (covering chlorine chemistry,

geochemistry and isotope geochemistry); analytic techniques
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and sample selection during the present work; results of

isotopic measurements of samples; discussion of results with

respect to isotope geochemistry and ground water (The dis-

cussion is divided into two chapters; one dealing with

fractionation during diffusion, the second with the isotope

distributions of ground-water chloride sources and the use

of 37C1/ 35C1 ratio as a tracer.); and a summary of chlorine

isotope research (Past, present and future).



CHAPTER 2

CHLORINE CHEMISTRY, GEOCHEMISTRY AND ISOTOPE CHEMISTRY

The distribution of chlorine isotopes in ground

water strongly reflects the influences of chlorine chemistry

and geochemistry. The distribution depends in part on the

interaction of the sources of chlorine and the processes

that fractionate the isotopes. In turn, interactions of

sources depend on geochemistry, and fractionation processes

on the types of chemical interactions. This chapter discus-

ses pertinent aspects of chlorine chemistry, the chlorine

cycle of the crust, chlorine distribution in ground water,

and processes that fractionate chlorine.

2.1 Chlorine Chemistry

Chlorine was discovered by Scheele in 1774 and iso-

lated by Davy in 1810 (Muir and Morley, 1889). Its atomic

number is 17, atomic weight is 35.453, ionic radius is 1.81

angstroms (for Cl - ion), and it has a covalent tetrahedral

radius of 0.99 angstroms. Only two isotopes of chlorine,

35C1 and 37C 1 , are stable. Four other isotopes, 34C 1 , 36Cl,

38C1 and 39C1 are produced in the atmosphere by cosmic ray

bombardment (Wedepohl et al., 1969).

Chlorine is a member of the halogen element group

which includes fluorine, bromine and iodine. Halogens
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characteristically possess an S2 P5 electronic outer shell

configuration, one electron short of the inert gas

configuration, and generally form monovalent ions or

single ionic or covalent bonds (Cotton and Wilkinson,

1962). Though highly reactive in an elemental state,

halogens as monovalent ions or in single bond compounds

are very stable.

Chlorine occurs in the oxidation states -1, +1, +3,

+5, +7 but is almost exclusively found in the -I state. As

is shown in Figure 1, under standard temperature and pres-

sure, chlorine is most likely to occur as the chloride ion

(C1 -) in the range of typical Eh's and pH's (Stumm and

Morgan, 1981). The most common molecular form of chlorine

found in Nature is MC!, where 'M' is a monovalent cation

bonded to chlorine; however C12 , HC1 and chlorine bonded

to other cations or radicals occasionally occur.

Chemical stability of chlorine is reflected in solu-

tion chemistry and in the way chlorine reacts during

evaporation of solutions. In solutions, chlorine as the

chloride ion is very stable. When Na l- is present with Cl -

in pure water, saturation is reached at about 6.14 moles

NaC1/1000 g H20 or about 210 g/1 (grams/litre) chloride

concentration (Lerman and Shatky, 1968). Even in a solution

of NaCl in water with an ionic strength of 3 moles/kg, the

activity coefficient is still about 0.5. (Garrels and

Christ 1968).
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Figure 1. Stability of chlorine at standard pressure and
25 °C (after Stumm and Morgan, 1981).
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During brine formation by evaporation of sea water,

chloride is concentrated in the liquid phase rather than the

solid phase until about 86% of the water is removed

(Schreiber, 1982). In developing models of lake brines

produced by evaporation of various initial compositions,

Hardie and Eugster (1970), and Lerman (1967, 1970) found

that though the final cationic composition in the brines may

vary, chloride was inevitably left in solution. Chlorine-

rich halite, carnallite, and sylvite were among the last

minerals to precipitate from such brines. They demonstrated

the viability of their models by showing that chemical

compositions of brine lakes in Kenya, Israel and other

countries could be derived by evaporation.

Chlorine affinity for the liquid phase is also

apparent in silica melts. Kilinc and Burnham (1972) have

shown in laboratory experiments that chlorine remains almost

entirely in the liquid phase when in contact with a silica

melt at high temperature and pressure. Unni and Schilling

(1978) pointed out that HC1 solubility in basalt melts is

14,536 ppm (for one atmosphere pressure and 1,200 °C), but
the HC1 content of volcanic basalts in Iceland is only 232

ppm. Not all halogens have such an affinity for the liquid

phase: Correns (1956) observed that in igneous rocks fluo-

rine concentration was generally higher than chlorine.
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2.2 Chlorine Geochemistry

2.2.1 The Chlorine Cycle

Geochemically, chlorine is a volatile found through-

out the crust of the earth. It's most concentrated in ocean

water, sedimentary rocks, volcanic emissions, and some ig-

neous and metamorphic rocks and minerals. Table 1 shows a

partial list of chlorine concentration in natural materials.

Chlorine minerals are most commonly associated with volcanic

activity, evaporite deposits and secondary mineralization in

metal ore deposits (Mason and Berry, 1968). Table 2 presents

some chlorine minerals.

The chlorine cycle of the crust refers to the dis-

tribution and movement of chlorine within the crust as well

as the exchange of material between the crust and mantle.

The cycle can be viewed in terms of interacting chlorine

reservoirs. Ocean water, sedimentary and igneous rocks are

the main chlorine reservoirs in the crust containing, re-

spectively, 1.4 X 10 21 kilograms, 1.08 X 10 22kilograms, and

2 X 10 21 kilograms. The atmosphere contains only 5.1 X 10 18

kilograms (Schilling, Unni and Bender, 1978).

Transfer of reservoir chlorine is mostly between

igneous rocks and the oceans, and sedimentary rocks and the

oceans; transfer between igneous and sedimentary rocks is

probably not substantial when compared to the quantities of

chlorine exchanged between the rocks and the oceans.



Table 1. Chlorine concentration in crustal materials.

Material 
	

Concentration
	 Source 

Ocean Water	 18,980mg/1
	

Mason (1966)

Sedimentary Rocks
Sandstone	 20 - 14,900ppm	 Iwasaki et al. (1966)
Siltstone	 80 - 4,100ppm	 Iwasaki et al. (1966)
Shale	 100 - 13,000ppm	 Tourtelot (1962)
Limestone	 50 - 240ppm	 Behne (1953)
Dolomite	 610 -.880ppm	 Behne (1953)
Marine coal	 256 - 1,995ppm	 Gulyayeva and Itkina(1962)

Igneous and Metamorphic Rocks and Minerals
Sodalite	 5.56 - 7.18%	 Deer et al. (1963)
Obsidian	 80 - 7900ppm	 Johns and Huang (1966)
Phonolite	 20 - 2000ppm	 and Kuroda and Sandell
Syenite	 90 - 2000ppm	 (1953)
Dunite	 2,400ppm
Apatite	 530 - 9,600ppm	 Correns (1956)

Volcanic Gas
Augustine Volcano	 525 X 10 9grams *	 Johnston (1980)

Kilauea, Hawaii
	

3 X lOngrams/year Correns (1956)

Single eruption on the Alaskian coast in 1976.

10



Table 2. Chlorine minerals, a partial list.

Mineral 	Formula

Volcanic
Sodalite
	

Na8(A1SiO4)6C12

Evaporites
Halite	 NaC1 .

Hydrohalite	 NaC1 2H20

Sylvite	 KC1

Bischofite	 MgC12 6H 2 0

Carnolite	 KMgC13 6H20

Boracite	 Mg6B14°26C12

Chlorocalcite	 KCaC13

Metal ores
Pyromorphite	 P - As	 Pb5(PO4)3C1

Mimetite	 series	 Pb5(As04)3C1

Vanadinite	 Pb5(VO4)3C1

Atacamite	 Cu(OH)3C1

Cerargyrite	 AgC1

11
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Metamorphic rocks can be considered part of either sedimen-

tary or igneous rock reservoirs, and again the exchange

between the metamorphic rocks and other rocks is not as

large as between the rocks and the oceans.

Transport mechanisms among the reservoirs include:

1) Riverflow (continental rocks to oceans).
2) Volcanic activity (igneous rocks to oceans).
3) Sea water entrainment at tectonic plate boun-

daries (oceans to igneous rocks).	 .
4) Sedimentation (oceans to sedimentary rocks).
5) Ground-water flow (continental rocks to oceans).
6) Aerosol-rainfall (oceans to continents).

Much of the chlorine in rivers is ocean chlorine

recirculated by way of marine aerosols and rainfall

(Eriksson, 1960). Exchange of chlorine between the crust and

mantle, as suggested by Schilling, Unni and Bender (1978),

would be mediated by volcanic activity and sea water en-

trainment at crustal boundaries.

The chlorine cycle is understood to the extent that

we can estimate the quantity of chlorine in crustal reser-

voirs and identify the probable mechanisms of mass exchange.

Unfortunately, we can only speculate on the rate at which

the mass exchange mechanisms operate. This uncertainty is

apparent when considering whether the oceans are in steady

state with respect to chlorine content. Wedepohl et al.

(1969) note the weighted average world river concentration

of chloride as 7.8mg/1, or a total yearly contribution of

chloride to the oceans of about 2.6 X 10 14 grams (Mason and

Moore, 1982). Wedepohl suggested that almost all of this
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chloride is marine in origin although some new chlorine is

contributed by weathering of igneous rocks. But is weather-

ring of igneous rocks the ultimate source of chlorine to

oceans? Goldschmidt (1938) estimated the amount of chlorine

weathered off of the continents and transported to the

oceans throughout the earth's history and concluded that

weathering has not been the main source of ocean chlorine.

Since Goldschmidt published his calculations, explanations

of the origin of ocean chlorine are usually associated with

one of two theories:

1) The steady-state theory. Ocean chlorine was derived
from the outgassing of the crust during the earth's
initial stages of development (Vinogradov, 1967).

2) The nonsteady-state theory.Much of the ocean chlorine
has been contributed throughout earth's history by
volcanic emanations (Kuroda and Sandell, 1953;
Rubey, 1955; Correns, 1956).

Developments in plate tectonic theory have broadened

the questions concerning ocean steady state. Since

Dickinson and Luth (1971) suggested that sea water is en-

trained by subducting plates at plate boundaries, there has

been speculation on the role of tectonics in chlorine tran-

sport. A recent chlorine balance calculation for the oceans

(Ito, Harris and Anderson, 1983) that accounts for plate

tectonics, indicates that 8.5 (with uncertainty of +13.5 and

-6.8) X 10 12grams/year of chlorine are released by volcanism

(includes both continental and oceanic ridge activities),

2.8 (+ or - 1.5) X 10 13 grams/year of chlorine is subducted
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at plate boundaries and 3.2 (+ or - 1.0) X 10 12grams/year of

chlorine leaves the oceans through sedimentation. The

authors suggested that these figures indicate that the

oceans are in steady state with respect to chlorine to

within 50%. That conclusion assumes a balanced exchange

between the mantle and the crust. The importance of the

mantle in the crustal chlorine cycle is disputed: Shilling,

Unni and Bender (1978) suggested that the mantle is an

important source of chlorine to the crust; however Smith et

al. (1981) found chlorine concentrations in mantle rocks to

be very low.

Figure 2 summarizes the available quantitative in-

formation on the chlorine cycle. Notice that loss of marine

chlorine as aerosols	 accounts for about half of the chlo-

rine contributed to oceans by rivers and ground water.

Also the exchange of chlorine between crust and mantle is

entirely unknown. The values presented in Figure 2 show a

net yearly increase of chloride in the oceans of about 1.323

X 10 14 grams per year; however the uncertainty of the esti-

mates are large enough that steady-state oceanic chloride

concentration is possible. With all that has been written

about the origin of chlorine in the oceans, the possibility

of chlorine steady state and closure of the crust to chlo-

rine, the only thing that is certain is that the questions

remain unanswered (Mason and Moore, 1982).
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Figure 2. The chlorine cycle of the crust. The reservoir
sizes are expressed in kilograms, the transported
quantities are expressed in grams/year. The
transport mechanisms are sea water entrainment at
plate boundaries (E), volcanic activity (V),
aerosol transport (A), river flow (R), ground-
water flow (G) and sedimentation (S).
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2.2.2 Chlorine In Ground Water

The chlorine cycle is the basis for understanding

sources of chloride in ground water. Chloride is measurable

in all ground water (Hem 1970). It is a major component in

deep ground water as well as in clay-bearing aquitards and

aquifers, and some hydrothermal and volcanic springs (White,

Hem and Waring, 1963; White and Waring, 1963). Chloride

concentration in ground water generally increases with depth

reaching ten times sea-water concentrations in some oil

field brines. The dominant anion in ground water varies with

depth; sulfate dominates near the surface, carbonate at

intermediate depths, and from about 2,300 feet downward

chloride is the main anion (White, 1965).

As with the rest of the crust, chlorine movement in

ground water is poorly understood; however potential sources

and concentration mechanisms can be identified. Potential

sources of chloride to any aquifer are listed below (modi-

fied after Kaufmann et al., 1983):

1) Recharge water chloride; containing atmospheric chlo-
ride (marine origin) and soluble soil chloride.

2) Sea water; either buried during sedimentation or in-
truded.

3) Chloride salts in aquifers.
4) Chloride released by diagenetic processes.
5) Chloride introduced by volcanic activity.
6) Chlorine leached from micropores in igneous and

metamorphic rocks.
7)	 Chlorine diffusing into fractures of igneous and meta-

morphic rocks.

Chloride in unusual concentration in ground water

has often been explained by the following mechanisms (modi-



fled after Kaufmann et al., 1983):

1) Introduction of high concentration igneous solutions.
2) Presence or alteration of trapped sea water.
3) Dissolution of aquifer material.
4) Cross formational solute movement.
5)	 Alteration of recharge water.

Chilingarian and Rieke (1969) list the following

four categories of processes which could alter the composi-

tion of sea water or recharge water:

1) Physical compaction (of aquifers).
2) Chemical reactions with minerals and organic matter.
3) Physicochemical processes (filtration).
4) Biological activity.

Of the five concentration explanations listed above,

the first three could be cited for a specific aquifer if

certain conditions existed; there had been nearby igneous

activity, the overall composition of the aquifer water sug-

gested sea water as the source, or the aquifer contained

soluble material. Of Chilingarian and Rieke's four concen-

tration processes, chlorine does not participate extensively

in chemical and biological reactions. Thus, unless some

other mechanism is suspected, chloride concentration in

ground water is most often influenced by cross formational

solute movement, alteration during compaction, and altera-

tion due to filtration. These three processes may be in-

distinguishable with respect to chloride without chlorine

stable isotope data.

17
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2.2.3 Ion Filtration

In the Chlorine Isotope Chemistry section we will

see that ion filtration figures prominently in discussions

of isotope distribution in ground water, so it is discussed

here at some length.

Ion filtration is similar to reverse osmosis.

During simple osmosis experiments as performed in a labora-

tory, two water reservoirs are separated by a - semipermeable

membrane. One reservoir contains fresh water, the other

saline water and the membrane is impermeable to charged but

not to neutral particles. During the experiment the reser-

voirs are allowed to interact through the membrane. To

balance the chemical potential difference between the reser-

voirs, water flows through the membrane from the fresh to

the saline water side (see Figure 3a) and dilutes the saline

concentration. For reverse osmosis, the same experimental

set up is used; however in this experiment pressure is

applied to the saline water reservoir. Thus water is forced

through the membrane to the fresh water side resulting in an

increase in salinity on the saline side of the membrane (see

Figure 3b).

Application of the reverse osmosis concept to

ground-water chemistry was developed in response to ques-

tions about deep saline brine formation. For most of this

century researchers have assumed a marine origin for aquifer

brines because chloride is the dominant anion of most brines
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A
Osmosis R ev erse

Osmosis

kti

Figure 3. Osmosis and reverse osmosis experiments.
In the osmosis experiment (a), fresh (F) and
saline (S)reservoirs are allowed to interact
through a semipermeable membrane (M) which
allows only uncharged particles to pass
through. Fresh water moves to the saline side,
diluting the concentration to balance the
chemical potential. In the reverse osmosis
experiment (b), with a similar experimental
setup, an external force (P) is applied to the
saline reservoir and water is forced through
the membrane to the fresh water reservoir.
Concentration in the saline reservoir in-
creases.



20

(Chave, 1960). Russell (1933) recognized the importance of

osmotic effects on brine formation and first expressed the

view that many ground-water brines were the product of

altered subsurface water. He applied the then recently

expounded concept (Freundlich, 1926) of osmotic properties of

clay minerals and hypothesized that osmotic effects might

increase the salinity of sea water in marine clay beds.

According to Russell, during diagenesis of sea water bearing

clay beds, interstitial solutions are expelled and, because

of osmotic effects, a ground-water brine is produced (al-

teration of sea water by compaction). The theory of osmoti-

cally produced brines did not gain acceptance because it

could not account for the mass of dissolved solids in some

large ground-water reservoirs nor could it help explain the

origin of shallow brines. However, as van Engelhardt and

Gaida (1963) wrote, osmotic pore water concentration is

probably an explanation "for the origin of some saltrich

pore solutions in sedimentary rocks."

In 1947, de Sitter first suggested that ion filtra-

tion may alter ground-water composition within the aquifer

rather than receiving the brine from adjacent marine clays.

After considering the chemistry of a number of oil field

brines, he concluded that "a semipermeable property of the

(confining layer of) shale during the later stages of

compaction" produced the aquifer brines.



After de Sitter's paper appeared, several studies

showed that the electrical properties of clays (Teorell-

Meyer-Sievers theory) and the influence of these properties

on micellur solution chemistry (Guoy-Chapman-Stern diffuse

double layer theory) applied to laboratory experiments in-

volving ion movement in clays and shales (Meyer and

Sievers, 1936; Willie, 1948; Marshall, 1948; Lutz and

Kemper, 1959). A number of researchers (McKélvey and

Milne, 1960; Dresner and Kraus, 1962; Milne et al., 1963;

Kemper and Maasland, 1964; Mokady and Low, 1966; Hanshaw

and Coplen, 1973) simulated ion filtration in laboratory

experiments by forcing saline solutions through compacted

clay and shale discs. Typically, researchers found that

clays retarded ion movement relative to water movement.

In reviewing possible brine formation mechanisms,

White (1965) postulated that various ion species would be

retarded at different rates during ion filtration. He

viewed the ion selective property of clays as being related

to charge and size, thus some ions would more efficiently

penetrate the charged clay surfaces than others (Figure 4).

Kharaka and Berry (1973) confirmed White's hypothesis in

laboratory experiments.	 They identified the changes in

the composition of solutions that were forced through com-

pacted clay discs. The following qualitative hierarchy of

retardation of ions emerged from their experiments:

21
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Figure 4. Ion exclusion by semipermeable clay layers
(after White 1965). The negative charges on the
clay mineral boundaries (CL) prevent Cl - from
crossing the membrane and sorb Na+. If the
hydrologic pressure is greater on the saline
side of the membrane than on the fresh water
side, ions on the saline side will increase in
concentration.
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Least Retarded	 Most Retarded

Cations:	 Li+ ,Na+ ,NH3 4- ,e,Rb + ,Cs 24-Mg 2+ ,Ca 24- ,Sr2+ ,Ba 21-

Anions:	 HCO3 r I - ,B , 	2- Cl - Br -

For chlorine the filtration efficiency (ratio of

initial solution concentration to solution concentration

exiting the membrane) in Kharaka and Berry's experiments was

as large as 2.4 for bentonite compacted at 8,000 psi. Rate

of passage for various ion species through clay membranes

are determined by the following factors (modified after

Berry, 1969; and van Everdingen, 1968):

1) Availability of species in solution,
2) relative dissociation of species,
3) nonionic adsorption
4) relative sorption of divalent versus monovalent ions,
5) influence of mass upon transport rates,
6) Ionic radius, and
7)	 coordination number of solvation spheres.

In other words, rate of transport through clay depends upon

the type and number of ions in solution, charge sorption

characteristics, relative rates of diffusion and size.

Isotope fractionation of oxygen and hydrogen iso-

topes has also been noted during ion filtration experiments

with clays. Coplen and Hanshaw (1973) measured oxygen and

hydrogen isotope variation of solutions which had passed

through clay discs. The emerging solution was 2.5	 lighter

than the initial solution in the hydrogen isotope ratio and

0.8%o in the oxygen ratio. Though they had no direct evi-

dence, Coplen and Hanshaw suggested adsorption onto clay



24

Recharge
	

Basin
	

Recharge

Figure 5. Water movement in a basin (after Bredehoeft et
al., 1963). If the clay minerals of the confi-
ning layer form a semipermeable boundary, so-
lute concentration of the aquifer will increase
toward the center of the basin - this process
of solute concentration is called ion filtration.
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minerals as the fractionation mechanism.

Bredehoeft et al. (1963) have mathematically des-

cribed brine formation in the Illinois basin using ion

filtration. They envisioned a basin ringed by mountains,

the sedimentary rock layers of the basin recharged along the

flanks of the mountains and ground water in confined aqui-

fers moving downward toward the center of the basin. Within

the basin, the hydrostatic pressure in the aquifers is much

greater than at the land surface because of the mountain

recharge. At some point the pressure is so great that water

starts to move vertically upward. In a sandstone aquifer

with clay or shale confining bed, the upward moving water

would be able to leave the aquifer freely but the charged

ions would be retarded in their movements because of ion

filtration. Thus as the water within the aquifer moved

closer to the center of the basin, the ion concentration of

the aquifer would increase, eventually producing a brine

(Figure 5.). For a gross approximation of the change in

concentration affected by ion filtration on the aquifer

water, Bredehoeft used the following equation:

r 3(1-a)
C(w) = Ci 	

<w2 (3r-2w)> (1-a)

where	 w is the distance of interest, measured from the
recharge zone,
r is the distance from the center of the basin to the
recharge zone,
C(w) is the solute concentration at point w,
Ci is the initial concentration at the recharge zone,
a is the efficiency of the membrane.

(1)
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The above equation assumes steady state conditions with

homogeneous and isotropic aquifer and confining layer pro-

perties.

Ion filtration has been suggested as the brine pro-

ducing mechanism in the following aquifers by the authors

shown in parenthesis:

1) Kettleman North Dome, California (Kharaka, Berry and
Friedman, 1973).

2) Salton Sea, California (Berry, 1967).
3) Western Canadian aquifers (Hitchon and Friedman, 1969;

Hitchon et al., 1971).
4) Illinois Basin (Bredehoeft et al., 1963; Graf et al.,

1966; Clayton et al., 1966).
5) Arbuckle limestone, Kansas (de Sitter, 1947).
6) Oklahoma Paleozoicum (de Sitter, 1947).
7) Woodbine sandstone, Texas (de Sitter, 1947).
8) Milk River aquifer, Alberta (Billings, Hitchon and

Shaw, 1969; Hitchon, Billings and Klovan, 1971;
Bentley, Phillips and Davis, 1983).

The criteria for specifying ion filtration as the

concentration mechanism for these aquifers are the lack of

indications for high concentration chloride sources nearby,

ground-water chemical composition seemed far removed from

sea water, the dominance of chlorine over other anions, and

14C and 36Cl distribution did not indicate mixing. Two

studies used differing rates of species filtration as sug-

gested by White (1965) to distinguish ion filtration from

cross formational solute movement. Theoretically, with dif-

ferential filtration occurring, graphs of the ratio of the

ions versus total concentration should produce linear plots.

Billings, Hitchon and Shaw (1969) used this criterion in

determining brine origin in Western Canada. In their paper
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they presented five biaxial plots of ion ratios versus total

concentration which they said showed correlations. Unfor-

tunately, scatter on the graphs (perhaps because of the

heterogeniety of the filtration process) is sufficient to

make most of the correlations statistically insignificant.

Graf et al. (1966) used the same method to try to demon-

strate that ion filtration is affecting brines in the

Illinois basin. They presented one plot of calcium/sodium

ratios versus concentration. Though this plot showed a

linear trend with much less scatter than the Billings

plots, Graf and his group point out that the single graph

may indicate other chemical processes such as dolomitiza-

tion or calcium-sodium exchange on clay minerals. Appen-

dix I contains a detailed evaluation of the chemical data

from aquifers in the Illinois basin. That evaluation

suggests that concentrations within some aquifers can

become so large that the most important chemical composi-

tion alteration mechanisms may be equilibrium-dependent,

making indications of differential filtration inconclusive.

2.3 Chlorine Isotope Chemistry

2.3.1 Historical Perspective

If reservoirs and transport processes distinctively

imprinted the stable isotope ratio of chlorine, questions

concerning chlorine transport in the crust and in ground

water could be addressed. In the past eighty years



Table 3. Summary of chlorine isotope studies.
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Aston(1921)

Curie(1921)

Harkins and
Stone(1925)

Aston(1931)

Comments 

Converted chlorine from NaC1 to AgC1, mea-
sured Cl atomic weight with Troemner balance.
Result: at. wt. = 35.470 - 35.473.

Used mass spectrum lines to demonstrate that
Cl was not one particle but rather two particles
of masses 35 and 37.

Compared the masses of chlorine from diffe-
rent materials.Prepared identical solutions
of AgN01 and added sample chlorine to one,
standard chlorine to the other. Precipitated
AgC1 was collected, dried and weighed on a
Curie balance. Results: at. wt. of Soda-
lite(Canada) = 35.46, Apatite(Norway) =
35.46, weathered granite (Africa) = 35.60.

Used Curie technique (1921) to recheck ear-
lier results.

Compared densities of saturated NaC1 solution
of sample with standard. Results: Apa-
tite(Norway) differ from standard by 0.05mg
with precision of 0.1mg.

Used method of Richard and Wells(1905). Results:
at. wt. of Wenerite = 35.457, Apatite =
35.457, Sodalite = 35.458, Meteorite = 35.458,
Salt = 35.457 with precision of 0.007.

Mass spectrography used to determine at. wt.
of chlorine and masses of C1-35 and C1-37.
Results: mass 35 = 34.978amu, mass 37 =
36.975amu, abundance ratio 35/37 = 3.0 -
3.1

Measured mass ratios with mass spectrography.
Results: 37/35 = 0.3083, 35/37 = 3.24.

Measured mass ratios with mass spectrography.
Results: 37/35 = 3.07, 35/37 = o.326, preci-
sion = .03

Study

Richards and
Wells(1905)

Gleditsch and
Sandahl(1922)

Dorenfeldt
(1922)

Kallman and
Lasareff(1932)

Nier and
Hanson(1936)

Graham et al. Measured ratios on 180 degree focusing mass
(1951)	 spectrometer with prepared germanium

tetrachloride. Results: 35/37 = 3.00, 37/35 =
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Table 3 continued

0.333. Differs from 35/37 = 3.07 by 237-
precision = 1.0%..

Colins et al. Measured masses with double focusing mass
(1951)	 spectrometer on HC1 gas. Results: mass-35 =

34.97993, mass-37 = 36.97754, precision =
.00007.

Owen and	 Measured ratios with mass spectrometer on
Schaeffer	 Ch3 Cl gas. Tested Nepheline-Sodalite
(1954)	 Syenites, Hornblend, Phonolite, Obsidian,

Scapolite, Hackmenite, Ocean water and Halite.
They found no variation to a precision of 2.0%..

Nier(1955)	 Describes his new mass spectrometer with
double ion collectors which allows simulta-
neous measurement of ratios and improves
precision.

Hoering and
Parker(1961)

Morton and
Catanzaro
(1964)

Oda and
Kawakami
(1970)

Measured ratios on over 80 natural materials
with mass spectrometer on HC1 gas. Results:
With precision of 1.0%,, they report only two
samples as being possibly different from their
standard, these both from a deep aquifer
brine, isotopically light by about 0.8%, .

Measured ratios on five Precambrian apatites
with mass spectrometry of NH4C1 gas, preci-
sion= 1.0%., found no significant variation.

Measured ratios in volcanic spring water by
irradiating NaC1 from the water to produce Cl
mass 38 from mass 37, then measured the
radiation with a 400 channel analyser. Re-
sults: No variation between sea water stan-
dard and spring samples.
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many researchers have measured the chlorine isotope ratio

and the atomic weight of chlorine but almost no variation

has been found. Table 3 summarizes a number of these stu-

dies.

The earliest studies of chlorine isotopes, from 1905

- 1930, mainly sought to establish the atomic weight and

cosmic abundance of chlorine. Some studies, such as Curie

(1921), looked for variations in the atomic weight of chlo-

rine in samples of natural materials. During this period

most measurements were done by gravimetry with delicate

balances, however Aston (1921) determined from mass spectro-

graphy that common chlorine was almost entirely composed of

two isotopes, masses 35 and 37.

After 1930, chlorine isotope research used mass

spectrography, and later mass spectrometry. Spectroscopic

studies improved the estimate of each mass (Aston, 1931;

Collins, Nier and Johnson, 1951), and the ratio of the two

stable masses was established (Nier and Hanson, 1936). With

a slight modification of these early results, the currently

accepted atomic weight of chlorine is 35.453 and the ratio

of 35 C1/ 37C1 is 3.08, or inverting, 0.3245 (Boyd et al.,

1955).

In 1947, Urey suggested that chlorine would frac-

tionate in geologic environments. After calculating the

theoretical results of equilibrium exchange between several

compounds and species of chlorine (Table 4 shows some of



Table 4. Chlorine isotope equilibrium calculations. Iso-
tope differences at equilibrium due to exchange
between chlorine compounds at 273°K (after Urey,
1947).

C1 3704

c1 3 5 o4

C13703

c1 3 5o3

C13702

c 1 35 o2

C137

c1 3 5

HC137

Hc135

C1 37 04 
1.0 1.040 1.059 1.088 1.092

Cl 3504

C1 37 03
1.0 1.018 1.046 1.092

Cl 3503

Cl 37 02 
1.0 1.027 1.031

Cl 3502

C137
1.0 1.004

C135

31
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the values he calculated; note that the largest calculated

fractionation, 927„, should occur when perchlorate and

hydrochloric acid are in equilibrium), Urey wrote, "Varia-

tions in relative abundances of isotopes...should be ob-

servable in the case of chlorine." Perhaps because of

issues raised about chlorine geochemistry at the time,

Urey's statement stirred some interest in finding natural

variation in chlorine isotope ratios. Rankama (1954) in

assessing chlorine isotope work until then, summarized the

future of the work as follows: "The general geochemical

behavior of chlorine shows that there exist in Nature

several mechanisms, both physical and chemical, that could

well be active in bringing about fractionation of the

chlorine isotopes."

Despite improvements in the mass spectrometer (Nier

1954), major studies of chlorine isotope distribution by

Owen and Schaeffer (1955), and Hoering and Parker (1961)

found no large scale natural chlorine isotope fractionation.

Shields et al. (1962) stated that the results of these

studies indicated no isotope variation larger than 1.07„.

Rankama (1963) revised his assessment of chlorine isotope

research when he wrote,"(Past work) suggests that additional

accurate measurements of the isotopic constitution of chlo-

rine in carefully selected samples are required to investi-

gate the possible natural fractionation of chlorine iso-

topes."
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In retrospect, several reasons for the delay in

discovery of measurable fractionation of chlorine in Nature

are manifest. Hoeffs (1980) indicates that detectable frac-

tionation will be found in elements with relatively large

isotopic mass differences (up to about atomic weight 40), in

elements stable in various chemical and physical phases and

oxidation states, and /or in elements whose isotopes are

kinetically disciminated during reactions catalyzed by bio-

logical organisms. Chlorine does not really satisfy any of

Hoeffs criteria for developing large variations in isotope

distributions: Specifically, chlorine is close to mass 40

and the relative isotope mass difference is only 0.055;

chlorine has only one preferred oxidation state; chlorine is

rarely in equilibrium between chemical or physical phases;

and organisms do not discriminate between chlorine isotopes.

2.3.2 Fractionation of Chlorine Isotopes

Fractionation of chlorine isotopes has been reported

in studies of natural material and laboratory experiments.

Curie (1921), Graham et al. (1951) and Hoering and Parker

(1961) have all demonstrated that chlorine isotope frac-

tionation does occur. Variations noted by Curie and

Hoering and Parker are probably natural; Graham and his

group may have fractionated their samples during prepara-

tion. Fractionation of chlorine isotopes in laboratory

experiments has been reported in a number of papers. From
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the laboratory experiments, three mechanisms emerge for

fractionating chlorine: Fractionation among phases, frac-

tionation during thermal diffusion, fractionation during

counter-current diffusion.

2.3.2.1 Fractionation Among Phases. This mechanism

may operate either as an equilibrium or a kinetic effect,

depending on the experiment. Work by Bartholomew, Brown and

Lounsbury (1954) indicates that the rates of reaction of

35C 1 and 37C1 are not the same; Howàld (1960) performing a

different experiment demonstrated that during reactions

between chlorine compounds, the isotope composition of reac-

tants and products at equilibrium are different from initial

isotopic composition.

Bartholemew's group looked at chlorine that was

precipitated as silver chloride (AgC1) from a solution con-

taining silver nitrate and tert-butyl chloride. The isotope

composition of chlorine from the last 7.53% of the tert-

butyl chloride solution was determined by mass spectrometry

of Cl 2 gas. From the measured isotope variations, they

calculated the following ratio of the rates of reaction:

=	 1.008+ 0 . 002
-0.001

(2)

Though the authors say this ratio indicates that 35C1 bonds

more readily than 37C1 during AgC1 formation,

decomposition of tert-butyl chloride is the rate

controlling reaction.

k 35

k 37
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In another experiment Howald (1960) noted fractiona-

tion of isotopes between various species of chlorine.

Howald used a counter-current column packed with glass beads

with a chloride solution flowing downward and HC1 gas

flowing upward. The experiment involved the following re-

versible reaction at equilibrium:

	

HC1 35 + MC1 37 = HC137 + MC1 35 	(3)
g	 1	 g	 1

During experimental runs M was A +, A30+, Hg 2+, Li + ,

or Sr 2+. The exchange reaction took place during the passage

of gas and liquid in the column. The experiment tested

variations in 37C1/ 35C1 ratio of AC1, measured by mass

spectrometry of methyl chloride (CH 3C1) gas. The experimen-

tal results (summarized in Table 5) indicate that between

liquid and gas phases, 37C1 tends to be enriched in the gas

phase.

Of the two experiments described above, the first

may have the greatest importance to chlorine distribution in

ground water. Chlorine-rich solutions and gases in equili-

brium are unknown in ground water, but there is a source of

chloride that may be isotopically changed by kinetic ef-

fects. Found extensively in salt deposits and salt domes

throughout the world, halite is considered a major source of

chloride to ground water. If halite were incompletely pre-

cipitated its isotopic composition might become fraction-

ated. Howald's experiments with equilibrium fractionation

could apply to chloride of volcanic activity.
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Table 5. Results of clilprine equilibrium experiment.	 En-
richment of J 'cl in gas phase during equilibration
of HC1 gas with various chlorine liquids
(Howald,	 1960).

Liquid Gas 37C1/ 35Cl énrichment in
Phase Phase gas after equilibration*

HC1 HC1 20.0

H30C1 HC1 6.5

HgC1 2 HC1 14.5

Lid 1 HC1 0.8

SrC1 HC1 2.3

*All measurements reported in per mil with precision of 2.0%,.
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2.3.2.2 Fractionation During Thermal  Diffusion. 

Rutherford (1973, 1981) describes a method for separating

chlorine isotopes which combines the tendency of isotopes to

separate in the presence of a thermal gradient with a "coun-

tercurrent thermogravitational effect". Figure 6 illus-

trates the fundamental principle of isotope separation. In

a thin tube (3 - 15 mm diameter) two streams of CH 3C1 gas

move past each other, the wall of the stream moving upward

is heated until it and the wall by the downward stream

differ in temperature by 400 - 800 °C. Under these circum-

stances, the chlorine isotopes will tend to diffuse prefer-

entially into one stream or the other. 37C1 will tend

toward the hotter wall while 35C1 will tend toward the

cooler one. Rutherford (1981) demonstrated that this pro-

cess can separate isotopes commercially in a series of 15

countercurrent thermogravitational stages. In ground

water, the basic concept of thermal diffusion could apply to

processes affecting chlorine isotope distribution of hydro-

thermal water samples.

2.3.2.3 Fractionation During Diffusion. In 1921,

during a discussion about isotopes at the Royal Society of

London, Lindeman suggested that isotopes of ions in solution

might differ in their diffusion migration velocities.

Kendall (1928) applied this principle to chlorine isotope

separation. He tried to attain a detectable separation of

chlorine isotopes by moving a chloride agar gel along a tube



IINPUT
RESERVOIR

CELL„

37C1 Hot

Wall

Not I-Cold 35CI

Wall

'

COLLECTION'
RESERVOIR

Figure 6. Counter-current thermogravitational effect (after
Rutherford, 1981). CH3C1 gas leaks into the cell
from an input reservoir. Counter-current
thermogravitational effect separates the isotopes
in cell, 37C1 tending toward the hot wall. A
portion of the enriched flow is leaked to the
collection reservoir.
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under an electrostatic potential. Kendall could find no

isotope variation in the agar above his measurement preci-

sion of 1.0% (10L, ).

The separation of chlorine isotopes during diffusion

requires a more complex experiment than Kendall used. In

1947 Madorsky and Straus announced that they had separated

chlorine isotopes during diffusion using a method called

"counter-current electromigration". Their experiment adop-

ted a method of isotope separation previously used to sepa-

rate 39K from 41K (Brewer, Madorsky and Westhaver, 1946).

For chlorine, an electrolyte solution of NaC1 and water is

introduced into a sandpacked tube with anode and cathode

ends. If not otherwise disturbed, Cl - in the tube will

diffuse toward the cathode end, and small, transient iso-

tope separation will develop. To enhance and maintain the

separation, Madorsky and Straus had the electrolyte solu-

tion flow at a rate sufficient to reduce the net transport

of chloride ions to zero. Under these circumstances 35C1

concentrates toward the cathode end, while 37C1 concen-

trates toward the anode end (see Figure 7). During their

experiments, Madorsky and Straus found that the ratio

37 C1/ 35 C1 in parts of the tube reached a minimum of 0.2392

from an initial value throughout the tube of 0.3205 - a

change of 253 .

Konstantinov and Bakulin (1965) showed how in a

counter-current situation the chlorine isotope composition
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Anode
	

Net chloride
	

Cathode
(-)
	

movement = 0
	

(+)

CI-37	 CI-35
enriched	 enriched

Figure 7. Counter-current electromigration experiment (af-
ter Madorsky and Straus, 1947) Cl - diffuses in a
sand-packed column in an electrostatic field and
against the convective movement of the solvent.
Chlorine mass 35 diffuses more effectively toward
the cathode end and accumulates at that end of
the tube. Chlorine mass 37 is carried toward the
anode end by the movement of the solvent.
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within the counter-current tube is related to the ionic

mobilities of isotopes as follows:

	

C - Co	 LFN
uT =  	 (4)X 	

	

Co (1-Co )	 It

where u is the ionic mobility and T is the transport number.

C is the mean content of 37 C1 in the solution and C o is the

mean 37C1 content in the initial solution. F is Faraday's

constant, t is time of the experiment, L is the length of

the tube, N is the normality of the chloride bearing solu-

tion, and I is the potential between anode and cathode ends

of the tube.

Counter-current diffusion experiments with chlorine

have opened the door to speculation on natural analog situa-

tions in which chlorine isotopes might fractionate by this

mechanism. The counter-current experiment appears to be

related to the geology of ground water: The sandpacked tube

is like so many granular aquifers: The electrostatic poten-

tial is present on the surfaces of clay minerals which make

up much of the aquitards of the subsurface, and is induced

by forced convective flow; hydrologic and concentration

gradients provide the convective force.

The counter-current fractionation mechanism may

operate in ground-water systems in two ways, producing

either a boundary effect or a column effect. Phillips and

Bentley (1984), who see the counter current experiments as

an analog to what happens during ion filtration in ground
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water, describe the boundary effect. They visualize a

sandstone aquifer confined by clay or shale aquitards. At

depth, large hydrostatic heads in the aquifer cause water to

flow out of the aquifer and into the aquitard. The con-

fining clay beds act as semipermeable membranes, retarding

the movement of ions in an exclusionary process that cause

some of the chloride to diffuse away from the membrane.

Inasmuch as 35C1 diffuses more efficiently than 37C1, the

solution at the boundary will become enriched in the heavier

isotope. This enriched solution eventually diffuses through

the clay layer. Thus, the effluent from the aquifer is

enriched in 37C1 while the aquifer becomes enriched in 35C1

(see Figure 8).

Phillips and Bentley derived an equation to describe

the fractionation that would be observed during ion filtra-

tion (see Appendix II for details of the derivation). They

adopted a form of the Rayleigh distillation equation

(Rayleigh, 1896), and used the ratio of the fluxes of the two

isotopes across the boundary to derive the fractionation

coefficient:

A37C1 = 6 37C1 r - 637C10

= 10 3 {(M) <a> - 1)	 (5)

where A 37C1 is the per mil decrease of the ratio 37C1/ 35C1

in the residual aquifer water (r) from the initial isotopic

composition (o), M is the ratio of chlorine concentration at

any place in the aquifer to the initial concentration
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Figure 8. Counter-current boundary theory - isotope
distribution in an aquifer. As chloride
diffuses toward the negatively charged of the
aquitard boundary, chlorine mass 35 is more
efficiently repelled, thus chlorine mass 37
builds up at the boundary. It is this solution
enriched in the heavier isotope that eventually
crosses the boundary.
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(m/m o), and <a> is the fractionation coefficient equal to

the ratio of the difference in the mobilities of the two

isotopes to the mobility of the lighter isotope ((u 37 -

u 35)/u 35). The value of <a>, empirically determined by

Konstantinov and Bakulin (1965), is -0.0017. Figure 9 is a

graph of A 37C1 to M. Phillips and Bentley suggest that

equation (5) can be used to model chlorine isotope variation

in aquifers where solute concentration is produced by ion

filtration during aquifer flow or compaction.

When Senftle and Bracken (1955) derived an equation

for isotope fractionation during simple diffusion, they also

laid the ground work for the column approach to counter-

current diffusion. They used a solution to Fick's Second

Law of diffusion to estimate isotope variation due to simple

diffusion. The solution to Fick's Second Law is given in

equation (6):

Cx = Co (1 - erf(n))
	

( 6 )

where Cx is the concentration of a solution at a distance x

from a concentration interface, Co is the concentration at

the interface, erf is the error function, n is a function of

x, diffusion coefficient (d), and time (t):

2w.a. )
	 (7)

To derive the isotopic variation from this equation, Senftle

and Bracken used the ratio of the concentration of the heavy
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Figure 9. Isotope variation and concentration ratio
- according to counter-current boundary theory
(after Phillips and Bentley, 1984).
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and light isotopes in another ratio between an initial point

and the distance diffused from that point. The isotopic

variation (S) between those two points is expressed as

follows:

C 3 5C370

C 37C35o

1 - erf(n 35 )

1 - erf(n 37 )

n is defined in terms of the isotopes through the diffusion

coefficients (d) and ionic mobilities (u).

d 35	 u37
k =	 =	 1.0017	 (9)

d 37 u 35

n37 =

n35 =          

2(vkd 37 t ) 

(10)

2 (IT3-5-E )  

The isotopic variation in chlorine from an initial point in

an aquifer along a one dimensional line of diffusion (a37c1)

expressed in per mil is given as follows:

37c1 = 6 37Clx - 6 37C10

= (S - 1)10 3 	(11)

(8)
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Figure 10. Isotope variation and length of diffusion path -
simple diffusion theory.
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-10With a typical value of d 35 of 5 X 10	 m2/s;

(Freeze and Cherry, 1979), Figure 10 shows the isotope dis-

tribution of chlorine that has diffused 5,000 meters. The

graph presents distributions at three time steps, 50 X 10 6 ,

100 X 10 6 and 150 X 10 6 years. Equation (11) predicts that

the isotope ratio of the chloride becomes more positive

along the diffusion path, but that with increase in time

span the isotope differences decrease.

A relationship that approximates counter-current

diffusion fractionation in a column can be developed from

the theories of counter-current diffusion and simple diffu-

sion. Rather than using electrostatic and convective forces

(as in the boundary equation), the column equation works

with diffusion due to chemical potentials and convective

flow of the solution. The theoretical circumstance of the

counter-current column model is analogous to chloride dif-

fusing through a shale bed against the convective movement

of ground water.

Equation (6) gives the concentration of chloride at

some distance from an initial point. The concentration along

a diffusion path in a counter-current system will be less

than is predicted by the simple diffusion equation. Equa-

tion (6) can be modified as follows:

Cx = C0 {(1 - erf(n)) - Vl	 (12)

Equation (7) defines (n), and (V) is the effect of the

convective movement of the solution. Diffusion is effec-
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tively stopped when on is greater than of equal to (1 -
erf(n)). Similarly:

C35x = C 350 {(1 - erf(n35 )) - V3 5 )
	

(13)

C37x = C370 {(1 - erf(n 37 )) - V3 7 )	 (14)

The value of (V) in equation (12) is determined by

subtracting the measured concentration change in a counter-

current column from the concentration change 'calculated from

the equation of simple diffusion (6). V 35 and V37 are not

as easily determined because the influence of the convective

movement is different for each isotope. However, since the

effect on each isotope is not much different from the effect

of the convective force on the solution as a whole, (V) from

equation (12) may be used to approximate (V 35) and (V37 ).

by combining equations (13) and (14) the isotope variation

with diffusion distance (S) becomes:

=  C3
5xC370 	1(1 - erfn 35 ) - V]

S (15)
C37xC350 •	 1(1 - erfn 37 ) - V/

and	
6,37c1 = 6 37 c1 x - 6 37c10

( s - 1)10
	

(16)

Figure 11 shows a graph of 37 C1 with distance for t

= 100 X 10 6 years and d = 5 X 10-1° m 2/s. The distributions

of (V) equal to .25(1-erf(n)), .5(1-erf(n)) and .75(1-

erf(n)) are presented on the graph. Column diffusion
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Figure 11. Isotope variation and length of diffusion path -
counter-current column theory.
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theory predicts isotope variations that are similar to,

but larger than those predicted by simple diffusion. Both

simple diffusion and counter-current column theories pre-

dict enrichment of the heavier isotope in residual aquifer

chloride; opposite to what counter-current boundary theory

predicts.

2.4 Summary

Chlorine isotope distribution in ground water is

dependent on isotope fractionation processes and sources of

ground-water chloride. In turn, fractionation processes and

sources are dependent on chlorine chemistry and geochem-

istry. Chlorine occurs mostly in the monovalent ion form,

or bonded to monovalent cations.	 Chlorine is most

stable in the -1 oxidation state. As a result of these two

chemical characteristics, chlorine is found mostly in the

Cl- state and is a major component of relatively few common

minerals. In both aqueous and silcate solutions, chlorine

has a strong affinity for the liquid rather than solid

phase.

Chlorine is most concentrated in salts, sea water,

and in some hydrothermal water and volcanic emissions. The

major crustal reservoirs of chlorine are the oceans, igneous

rocks and sedimentary rocks. The reservoirs interact

through riverflow, ground-water flow, precipitation of aero-

sols, plate subduction, volcanic activity, and sedimenta-



52

tion. Little data exist on the net transfer of chlorine

between crust and mantle, as well as between ocean and

crustal reservoirs.

Sea water and sediments provide the main sources of

chloride to ground water, though igneous activity may con-

tribute some chloride to volcanic and hydrothermal water.

Chloride in ground water increases with depth, in places

reaching ten times sea water concentration. The mechanisms

responsible for the relationship of concentration with depth

are not well understood. Ion filtration, alteration during

compaction and cross formational solute transport are usual-

ly cited as causing concentration increases in specific

aquifers. The three processes are not easily distinguish-

able without chlorine isotope information.

Ion filtration, which may modify chlorine isotope

distribution, may explain the chlorine concentrations of

many deep ground-water brines. One important method of

identifying ion filtration is through the use of concentra-

tion plots to show differential filtration of ions. A

drawback to this method is that using it assumes all the

ions remain in solution. In reality many of the brines are

saturated with respect to common minerals, such as calcite

and pyrite, and, therefore, some ions may be lost from the

solution by precipitation.

Previous isotope studies of natural materials find

no variation of the stable isotope ratio of chlorine,
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37C1/ 35C1, exceeding the measurement precision of 1.0%,. In

a comprehensive study that investigated samples of sea

water, terrestrial rocks, meteorites and ground water,

Hoering and Parker (1961) could report only two samples,

both deep ground-water brines, as possibly fractionated.

Laboratory studies have revealed that chlorine iso-

topes are fractionated during incomplete precipitation of

AgC1, between gas and liquid phases, during thermal diffu-

sion, and as Cl - during counter-current diffusion. The

chemical character of chlorine limits probable fractionation

mechanisms during ground-water transport to diffusion pro-

cesses. Theoretically, chlorine isotope distribution may be

modified during simple diffusion over long distances, coun-

ter-current diffusion at clay aquitard-aquifer interfaces

(boundary theory), and counter-current diffusion in clay or

shale columns (column theory). Counter-current boundary

theory predicts enrichment of the light isotope in residual

aquifer chloride. Simple diffusion and counter-current

column theory predict enrichment of the heavier isotope in

the aquifer. Equilibrium exchange and thermal diffusion may

affect ground-water chloride associated with igneous ac-

tivity. Kinetic fractionation may influence isotope distri-

bution of salt deposits.



CHAPTER 3

SAMPLE SELECTION AND ANALYTICAL TECHNIQUES

Chapter 2 indicates that chlorine is an important

part of a number of geochemical systems and that being able

to distinguish chlorine of different sources and processes

by isotope composition would be useful. Most of the pre-

vious studies that looked for isotopic variation of chlorine

found no significant variation with a measurement precision

of 1.0 . Rankama (1963) established the philosophy of my

dissertation research when he wrote that past field investi-

gations indicate that a more precise measurement technique

must be used on specially selected samples to find isotope

variation of chlorine. This chapter discusses criteria of

sample selection and the measurement technique used for this

dissertation research.

3.1 Sample Selection 

Samples for my research were taken from ground wa-

ter, not only because of my interest in ground water, but

also for the following reasons:

1) Ground-water samples were almost the only samples
to show natural variation (Hoering and Parker,1961).

2) Ground-water environments are diverse and many
locations may have fractionated chlorine.

3) Chlorine can be quantitatively removed from water
samples.

54
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As discussed in section 2.3, fractionated chloride

is likely to occur where chloride has moved by ion diffu-

sion, been incompletely precipitated from solution, or par-

ticipated in high temperature partitioning processes. Deep

ground water where ion filtration might have influenced

chlorine chemical composition, and shales where chlorine

probably moved by diffusion were good candidates for chlo-

ride ion diffusion. Hot springs and volcanic water were

considered likely to contain chloride that had been involved

in volatile segregation. Halite from deposits which supply

chloride to ground water could contain chloride fractionated

during halite precipitation.

The deep aquifer samples in this study came from

Texas and Louisiana at depths between 3,000 and 14,000 feet.

Samples from the Milk River aquifer in Alberta, Canada were

selected because other researchers (Bentley, Phillips and

Davis 1983) indicate that ion filtration may be operating in

the aquifer. Desaulniers, Cherry and Fritz (1981) found

that chloride movement in glacial clay beds in Ontario may

be directly analogous to counter-current column theory,

and so my study looked at a series of samples from

those beds. Possible effects of volatile segregation on

chlorine isotope distribution were investigated with water

samples from hydrothermal springs in Long Valley, California

and New Zealand, and a sample of crater water from the

volcano El Chichon. Halites examined during this disserta-
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tion research came from the Salina formation in Ohio and

Canada, and the Weeks Island salt dome in Louisiana.

3.2 Selection of Analytic Techniques 

A number of measurement techniques are available for

determining chlorine isotope ratios. The six major techni-

ques are as follows:

1) Mass determination from weight (Richards and Wells,
1905).

2) Mass Spectrography (Aston, 1921).
3) Positive ion mass spectrometry (Nier, 1955).
4) Negative ion mass spectrometry (Taylor and Grimsrud,

1969).
5) Thermal bombardment (Hoffmann and Heumann, 1978).
6) Ion decay (Oda and Kawakami, 1970).

Of those listed above, techniques 3,4 and 5 offer comparable

precision to within 0.2L (Hoffmann and Heumann, 1978). At

the University of Arizona Laboratory of Isotope Geochem-

istry, we are best equipped to measure by positive ion mass

spectrometry, and thus I used this technique.

The four chlorine gases that have been used for mass

spectrometry in previous studies are as follows:

1) HC1 (Hoering and Parker, 1961).
2) Cl, (Boyd, Brown and Lounsbury, 1955).
3) COC19 (Owen and Schaeffer, 1955).
4) CH 3CI (Taylor and Grimsrud, 1969).

Researchers (Owen and Schaeffer, 1955; Boyd, Brown and

Lounsbury, 1955) have noted that of these, HC1, C1 2 and COC1 2

produce strong memory effects during mass spectrometry.

Methyl chloride (CH 3C1), the most appropriate of the gases

can be produced in two ways, either by reaction of amonium
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chloride with dimethyl sulfate:

(CH3)2SO4 + 2NH 4C1 = 2CH 3C1 + (NH 4 ) 2 SO4 	(17)

or by reaction of silver chloride with methyl iodide:

AgC1 + CH 3 I = AgI + CH 3 C1	 (18)

In this dissertation, CH3C1 was prepared by the second

method (equation 18) for two reasons. First, the yields on

the AgC1 method as described by Taylor and Grimsrud (1969)

are between 84% and 99%, while those on the NH 4C1 method are

around 30%. Owen and Schaeffer (1955), who used the first

method, commented that without quantitative conversion of

chlorine to CH 3C1, mass spectrometric analysis of the gas is

imprecise. Second, precipitation of AgC1 removes chloride

more easily and quantitatively from aqueous solution then

the reaction in equation (17).

3.3 Methyl Chloride Gas Preparation 

Taylor and Grimsrud (1969) developed this high yield

methyl chloride gas preparation technique. The steps of

this preparation technique as they performed it are as

follows:

1) Precipitate chloride from solution as silver chloride;
Heat to near boiling a solution of the sample made up
to 0.4M KNO1 at pH 6, while stirring the solution
add 0.1M AgNO 3 until all the chloride has precipi-
tated as AgCl.

2) Filter precipitate, wash with a weak nitric acid
solution and dry the precipitate in an oven at 100 0C.

3)	 React AgC1 with CH3I to create CH3C1; Freeze 4.0
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mmoles of CHI onto 0.57 mmoles of AgC1 in a break
seal, evacuafe and seal the break seal, place break
seal in an oven for two days at 120 °C.

4) Separate CH I C' from excess CH 3 I with a gas
chromatograpI; Open the break seal on a vacuum line
equipped with a gas chromatograph, sweep the gas
into the chromatograph with helium, separate the two
gases and collect the C11 3C1 in a tube suitable for
use on a mass spectrometer.

5) Measure the chlorine isotope ratio of the sample by
negative ion mass spectrometry.

Taylor and Grimsrud used this method to produce

CH 3C1 gas with yields between 84% and 99%. Yields were

independent of temperature between 110 ° and 140 °C, and pH
between 2 and 6. The major factor influencing yield was the

molar strength of the solution. At 0.2M KNO 3 the yield was

only 45% while at 0.4M or higher the yields approached 100%.

The reason for the difference in yields is unknown. Possib-

ly the small crystals produced in the high ionic strength

solution react more thoroughly than the larger crystals of

the weaker solution.

Taylor and Grimsrud also compared positive with

negative ion mass spectrometry. They found that for a

series of samples of known isotopic composition, the stan-

dard deviation of the results from negative ion mass spec-

trometry was 0.22L while for positive ion mass spectrometry

it was 0.35%.. They used the standard deviation of the

measurements as the precision of the technique.
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Figure 12. Reaction vessel. AgC1 (A) is placed in the
bottom of the reaction vessel, the two ground-
glass interfaces (B,C) are greased with Apiezon
H (high temperature grease) and the vessel is
assembled. The vacuum bulb (D) and the body of
the vessel (E) are evacuated. With the stopcock
closed, CH-A I liquid is introduced with a syringe
at the neck (F) and the vessel is attached to
the vacuum line. The lower body is immersed in
liquid nitrogen and the stopcock is opened to
allow CH3 I to freeze 

on the sample. The line
and vessel are evacuated and the stopcock is
closed. The vessel is placed in an oven at 70 0

- 100 °C for 48 hours.
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For my research, I modified Taylor and Grimsrud

method as follows:

1) AgC1 precipitation was performed at pH2 to remove
sulfide which might interfere with the reaction
(Bentley 1983, personal communication).

2) Instead of a break seal, a tube with ground glass
joints and glass stopcock was used as a reaction
vessel (see figure 12). This tube was used be-
cause I do not have access to a vacuum line with
a gas chromatograph attached.

3) A communal laboratory oven was used that had
temperatures between 70 0 and 100 °C.

4) Positive ion mass spectrometry was used. The
measurements were made on a V.G. Micromass 602C
isotope ratio mass spectrometer. This instru-
ment compares sample CH 3C1 to a commercially
produced reference gas.

3.4 Precision and Standardization 

Care in solution preparation and gas handling during

each phase of the CH 3C1 gas preparation and measurement

process insured that the measurements were precise and re-

producible. Chloride-free water was used to make up all

laboratory solutions for precipitation of AgC1 samples.

Sample solutions were tested with additional AgNO 3 before

filtering AgC1 precipitate to insure quantitative removal of

chloride. High vacuum equipment during gas handling insured

that no gas would be lost and no contamination could occur.

The gas chromatograph equipped with a five foot column

containing Poropak Q and heated to 90 °C separated excess
CH3I from CH 3C1. Five minutes separated the two gas peaks

at a flow rate of 100m1/minute. Based upon yield measure
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Table 6.	 Fragmentation pattern of CH 3C1+ in mass
spectrometer.	 American Petroleum Institute of
Research,	 Project 44.

Mass-charge	 Relative Intensities
Ratio(m/e)	 (volts)

2 0.58
12 3.07
13 5.89
14 7.78
15 83.00
16 0.92
17 0.02
18 0.11'
24 1.55
35 5.56
36 1.46
37 1.80
47 7.79
48 3.51
49 10.00
50 100.00
51 3.38
52 31.50
53 0.34
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ments of reaction products 80 to 100% of the AgC1 was

converted to CH3C1.

The fragmentation pattern of CH3C1 gas on our mass

spectrometer has the same major peaks as those produced in

previous methyl chloride studies (Table 6). During sample

measurements, the mass spectrometer collector slit width

masks all but the m/e = 52 peak for the minor beam and m/e =

50+51 for the major beam.

The precision of the calculation of mass ratio dif-

ferences from the mass spectrometer was found to be about

0.03%.. The use of the 52/(50+51) ratio was contrasted with

the 52/50 ratio. The 52/51 ratio can be calculated from the

mass spectrometer data by measuring the 51/(49+50) ratio as

well as the 52/(50+51) ratio and utilizing the following

equation (Long 1983, personal communication):

(R52150 ) x (R52150+51)x " R51/49+50 ) x + 1 }
X (19)

(R521 50 ) 0 (R52/50+51) 0 " R51/49+50 ) 0 4-	 1)

R is the ratio of the atoms of the subscripted masses, and

subscripts (o) and (x) stand for the reference gas ratio and

the sample gas ratio, respectively. On a series of measure-

ments performed over a 5 month period, measurements rarely

differed by more than 0.1%, due to variation in R5 1/49+50.

The precision of the method was established by re-

peated gas preparation and measurement on three samples.

Table 7 shows the results of these measurements. During the



Table 7. Isotope measurements on halite from the Salina
formation of Ohio.

Pate 	Ratio pifference *

9/1/82	 3.24
9/1/82	 3.53 -
9/3/82	 3.40
9/3/82	 3.33
9/3/82	 3.49
9/3/82	 3.37
9/11/82	 3.77
9/11/82	 3.07
9/11/82	 3.27
9/11/82	 3.83
9/28/82	 3.30
10/18/82	 3.19
10/18/82	 3.08
12/6/82	 3.15
12/6/82	 3.58
1/8/83	 3.22
1/8/83	 2.90
6/13/83	 3.10
6/13/83	 3.60
1/7/84	 3.38
1/7/84	 3.39

	mean	 3.316

	standard deviation	 0.24

All measurements with respect to reference gas
expressed as per mil.
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first 14 months of research, samples prepared from salt of

the Salina formation of Ohio were measured. The results of

those measurements shown in the table indicate that the

range of variation is about 0.8%, and the standard deviation

on twenty measurements is 0.24%,. The standard deviation

compares favorably with that obtained by Taylor and Grimsrud

who reported 0.35 for positive ion mass spectrometry.

The standard deviations obtained from repeated

measurement of sea water and halite from the Weeks Island

salt dome are even smaller, 0.05% and 0.03%., respectively

(Table 8). The difference between the Salina halite stan-

dard deviation and the others may be time; the measurements

on the Salina samples were performed over a longer period of

time and, therefore, reflect time variations in the prepara-

tion technique. The apparent improvement in precision since

Taylor and Grimsrud published their paper may reflect im-

provements in vacuum line technology and mass spectrometry.

Following Taylor and Grimsrud's example, the largest of the

standard deviations, 0.24%, is taken as the precision of

measurements in our laboratory.

The measurements on sea water revealed that over a

wide range of depths, locations and in two different water

bodies, ocean chloride is isotopically invariant. Because

of this consistency and because the oceans are probably the

source of most ground-water chloride, the mean value of our

measurements of ocean water chloride was selected as a
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Table 8. Isotope measurements of sea water and salt dome
samples. Ratios are per mil difference with re-
spect to reference gas. Depth expressed as
meters.	 Sample locations are provided in Appendix
III.

SEA WATER

Sample	 Depth (m)	 Date	 Ratio

San Diego	 0	 1/8/83 2.76
Corpus Christi 0 7/4/83 2.88
103	 200 1/8/83 2.80

1/15/83 2.67
43	 300 6/27/83 2.82

8/19/83 2.82
PGG7	 347 7/4/83 2.78

8/19/83 2.83
87	 202 7/4/83 2.86
72	 600 7/4/83 2.86
90	 150 7/4/83 2.87

10/22/83 2.93

mean 2.82
standard deviation 0.06

SALT DOME AND SALT DOME BRINES
(Assumes brines are saturated with dome salt)

Sample 	Date	 Ratio

Weeks Island Halite	 9/10/82	 3.05
9/20/82	 3.03
9/20/82	 3.00
1/8/83	 2.92

Weeks Island Brines
IGE	 10/18/82
MP	 1/8/83

Avery Island Brines
2A	 1/8/83
7706	 1/8/83

2.95
3.13

2.94
3.15

	mean	 3.02
	standard deviation	 0.08
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standard for reporting measurement results, and called SMOC

(Standard Mean Ocean Chloride). Another advantage of having

sea water chloride for a standard is that it is easy to

obtain and can be a standard for other laboratories.



CHAPTER 4

DISTRIBUTION OF CHLORINE ISOTOPES IN GROUND WATER

The preceding chapter has presented the rational for

choosing the samples for this study and described the method

for measuring stable isotope ratios of dissolved and soluble

chlorine. Chapter 4 presents the results of the isotope

measurements and discusses the statistical significance of

these data.

Table 9 presents the means of measurements of chlo-

rine isotope ratios. Replicate analyses were performed for

most samples. Sufficient AgC1 was precipitated during pre-

paration of each sample to allow for repeated analyses.

Thus each replicate analysis usually used gas prepared from

aliquots of the same sample AgCl. Fractionation during

sample preparation, when it did occur, seemed to be asso-

ciated with the reaction that produced CH 3C1 and the sub-

sequent gas handling. The results were reproducible to

within the maximum precision of 0.24L, frequently to within

0.1%, of the initial measurement.

The Desaulnier samples were obtained from nested

sampling tubes in a shale bed in Ontario Canada.

Desaulnier, Cherry and Fritz (1980) have suggested that

chloride in the shale is diffusing upward along a concentra-
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Table 9. Chlorine isotope measurements with respect to
SMOC. Sample locations are provided in Appendix

Halite 
Salina formation, Ohio	 +0.50
Salina formation, Canada	 +0.70
Weeks Island salt dome, Louisiana	 +0.20
West Africa	 +0.40

Hydrothermal Samples 
Morgan Hot Springs, Long Valley	 +0.40
Growler Hot Springs, Long Valley	 +0.30
Crater Lake, New Zealand	 +0.45
El Chichon crater water, Mexico	 +0.40

Milk River Aquifer, Canada
#1	 -0.34
#17	 +0.80
#11	 +0.70
#43	 +0.60

Louisiana Well Field 
PC-3	 -0.20
PC-8	 -0.04
W122	 0.00
W141	 -0.16
W155	 -0.36
W245	 -0.14

Wilcox formation, Texas 
Lynn 12	 +0.05
Lynn 14	 -0.73
Kruse 1	 -0.50
Rhode Ranch	 -0.60
Richter 1	 +0.14

Frio formation, Texas 
1082	 +0.53
1085	 -0.63
1040	 +0.18
1064	 -0.07

	

090	 -0.95

	

093	 -0.76

	

762	 -0.64

	

763	 -0.18
1124	 -1.30
1134	 -0.90
1179	 -0.05

	

759	 +0.18
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Table 9 continued

Desaulniers samples. Canada
LGS-20	 -0.35
LGS-40	 +0.44
LGS-85	 +0.31
LGS-140	 +1.09
SA-25	 -0.70
Sa-100	 +0.45
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tion gradient while the hydrologic movement is downward,

against the diffusive movement; a classic counter-current

flow situation.

The Milk River samples come from the Milk River

aquifer in Alberta Canada, an enigmatic aquifer that is the

center of a disagreement concerning subsurface solute con-

centration mechanisms. Ion filtration is one interpreta-

tion of chemical data from that aquifer, however cross

formational flow and solute diffusion are others. Swanick

(1983) collected the samples as part of a project to help

resolve the disagreement.

The Texas and Louisiana samples are deep oil well

samples from the Frio and Wilcox formations and near The

Weeks Island salt dome. Some of the depths of these samples

are uncertain, and some of the wells maybe damaged and

leaking (G. Thyne, ARCO Oil and Gas Co. 1983, personal

communication).

The hydrothermal samples are from Long Valley in

California, the crater of El Chichon in Mexico and a lake

fed by hydrothermal springs in New Zealand. The Long Valley

samples are from a volcanic area with many springs though

only these two are especially saline.

The Morton Salt Company, who supplied the NaC1 rea-

gent used in our laboratory, obtained the halite from the

bedded salt deposit of the Saline formation of Ohio. I

determined the precision of the chlorine isotope measurement



Table 10. Statistical Significance of isotope measurements
from SMOC.	 The significance is measured with a
Student-t test, which tested the probability that
the ratio was different from SMOC (Davis 1973;
Rohlf and Sokal 1969).

Sample Ratio Significance

Halite
Bedded salt,	 Ohio +0.50 >0.99
Weeks Island dome salt +0.20 0.98

Hydrothermal Samples
Morgan Hot Springs +0.40 0.92
Crater Lake,	 New Zealand +0.45 0.98
El Chichon,	 Mexico +0.40 0.95

Shallow Ground Water (<150 meters)
Milk River aquifer #17 +0.80 0.98
Milk River aquifer #1 -0.34 0.96

Deep Ground Water (>2000 meters)
W-155,	 Louisiana -0.36 0.85
1085,	 Texas -0.63 >0.99
090,	 Texas -0.95 0.95
1082,	 Texas +0.53 >0.99
1124,	 Texas -1.30 >0.99
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with this salt.

The data in Table 9 show that chlorine isotope

ratios do vary somewhat in ground water, though the dif-

ferences at first glance may appear small. The statistical

significance of the differences of some of these values is

apparent from the results of the "student-t" test (Davis,

1973; Rohlf and Sokal, 1969). These results, shown in Table

10, indicate that isotope ratios of chloride in ground water

do differ significantly from SMOC.

The results of these measurements are of interest in

an historical sense. Previous work on chlorine isotopes

have shown the chlorine isotope distribution in natural

environments do not range more than about 1.0%,. The mea-

surements in Table 9 tend to support this earlier conclusion

by showing variation is real, but mostly within about 1.0%, of

SMOC (total range +1.09 to -1.3 per mil).

Finally, the Desaulniers samples and the Texas-

Louisiana samples do not appear to have arbitrary chlorine

isotope distributions. As will be seen in Chapter 5, chlo-

rine isotope distribution correlates possitively with depth.

The general trends of the measurements made during

this study are summarized as follows:

1) Ocean chloride isotope distribution is remarkably
constant.

2) Halite and lidrothermal water chloride appear to be
enriched in	 Cl with respect to sea water.
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3) Ch1q4ide in ground water may be enriched or depleted
in J 'Cl with respect to sea water.

4) In samples of a counter-current diffusion system in
Ontario and deep well samples from Texas 4110
Louisiana it appears that enrichment of 3 /C1 occurs
with depth.



CHAPTER 5

CHLORINE ISOTOPE VARIATION BY
DIFFUSION IN GROUND WATER

This chapter discusses some of the data developed

during this study; specifically, the theoretical relation-

ships between data from the Desaulniers site,.'Milk River

aquifer and the Texas - Louisiana oil field brines , and

diffusion. In writing this and the proceding chapter, I am

mindful of an unflattering comment by Mark Twain in Life on

the Mississippi concerning geology: "One gets such whole-

sale returns of conjecture out of such trifling investment

of fact." The measurements on chlorine isotope ratios made

for this study raise many more questions than they answer,

to limit conjecture the discussions of each site are ar-

ranged as follows; description of the site, discussion of

how the isotope data may fit in with what is known about the

site geology, and identification of future experiments to

prove or disprove theories based upon chlorine isotope mea-

surements. Site discussions provide a rational framework

in which the chlorine data and other data can coexist,

nothing more.

5.1 Theoretical Chlorine Distributions

Before discussing specific data, it will be useful
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to look at how simple diffusion, boundary and column models

of isotope variation might apply to ground water. As dis-

cussed in section 2.3.2.3, chloride in ground water will not

fractionate by diffusing short distances; mobility dif-

ferences are only apparent over long diffusion paths, or

where dynamic forces are in opposition. In ground water,

three potentials provide the forces for opposition: Chemi-

cal potential, hydrologic potential and electrostatic poten-

tial.

Forces in opposition could occur in three ground-

water situations. In the first, chloride moves out of an

aquifer along concentration and/or hydrologic gradients in

opposition to the negatively charged clay mineral surfaces

in a confining layer (counter-current boundary theory). In

the second, chloride diffuses through a clay layer along a

concentration gradient against a small hydrologic gradient

(counter-current column theory). In the third, lithostatic

compaction squeezes chloride of buried sea water through

clay or shale beds. Both the first and third situations

involve alteration of water chemical composition by ion

filtration and have similar force distributions, nonethe-

less, the isotope distributions are not the same.

Equation (20) describes the boundary theory isotope

distribution (see Appendix II):

A 37C1 = 10 3 f(M) <a> -11	 (20)

Where M is the ratio of concentration change of chlorine,
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and <a> is the fractionation coefficient which is dependent

on the differences in ionic mobilities of the isotopes. The

equation applies to a situation where chloride meets re-

sistance while diffusing across an electrostatic boundary

and the isotope ratio is fractionated during back diffusion.

The equation predicts that chlorine that does not cross the

boundary will become isotopically lighter with time. In

terms of ground water, (M) would correlate with flow

distance.

In the compaction situation, the boundary model

applies. Unlike the first situaiton, ion filtration does

not influence chemical composition as the water flows

through the aquifer. Instead, filtration occurs only during

compaction. Rather than becoming isotopically lighter with

distance along the flow path, the chloride of compacted

aquifers is isotopically homogeneous.

The column model produces a chlorine isotope dis-

tribution based upon this equation:

1 - erf(n 3 5) - V
37c1 	

1 - erf(n 37 ) - V

Where (1 - erf(n)) is the change in concentration of 35C1

and 37C1 due to diffusion, and (V) is the effect of the

opposing convective force on composition. The equation ap-

plies to a situation in which chloride diffuses through a

( 2 1)
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Figure 13. Resultant chlorine isotope distributions as a
function of aquifer depth. Shown are simple
diffusion (SD), counter-current boundary model
(CCB), counter-current column model (CCC), and
compaction (C).
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column against the slow movement of ground water. Unlike the

boundary model, the column model predicts isotopic variation

all along the diffusion path. Chloride becomes isotopically

lighter as it diffuses farther from the aquifer, and chlo-

ride in the aquifer becomes isotopically heavier with

distance in the aquifer.

Figure 13 compares the isotope distributions resul-

ting from simple diffusion, compaction and the counter-

current boundary and column theories. The figure shows that

both simple diffusion and column models produce chloride at

depth that is heavier than the initial value, and that the

column model produces greater isotopic variation. The slope

of the boundary model is opposite in sign of the column and

simple diffusion models and compaction produces a consistent

isotopic composition, though different from the initial

composition.

5.2 Desaulniers Samples 

The Desaulniers samples represent two sites in

Ontario, Canada. One group of samples is from the area of

Sarnia (SA) while the other samples are from the Lambton

Generating Station(LGS). Clayey Quaternary deposits occur

throughout southwestern Ontario. In the two areas covered

by the Desaulniers samples, the deposits are more than 40

meters thick and consist of a near surface layer of

weathered silt and clay, underlain by several tens of meters



79

of silt and clay. Bedrock, composed of older, very dense

till underlies the clay. The clayey deposits are glacio-

lacustrine in origin and thought to have been deposited some

10,000 to 14,000 years ago.

14C data on ground water from the clayey layer

suggest that most of the water has been in the clays since

deposition. Hydrologic and ground-water chemical char-

acteristics are very similar at both sites. Direction of

ground-water movement at both sites is downward. At the

Sarnia site the ground-water velocities vary from 0.04 to

0.46 cm/yr. Chloride concentration at Sarnia varies from

2.0 near the surface to about 8 moles/m 3 at depth 29 meters

and, at Lambton, from 2 to 26 moles/m 3 over a 34 meter

depth. Reviews of both sites (Sarnia: Desaulniers, Cherry

and Fritz, 1981; Lambton: Desaulniers, Kaufmann and Bentley,

1984) indicate that chloride is diffusing upward and that

diffusion is an important mode of solute transport against

the flow of ground water.

Researchers determined the rate of movement of

ground water and solutes at both sites from chemical

analysis of water samples obtained at different depths

throughout the clay deposits, and hydrologic tests. I per-

formed chlorine isotope analyses on several of the samples

from Sarnia and Lambton. Figure 14 shows the results of the

analyses plotted against depth, and a strong correlation is

apparent between chlorine isotope ratio and depth. The
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sites are suspected counter-current systems (i.e. chlorine

is diffusing upward against an hydrologic gradient) and the

variation of chlorine with depth does agree with the theore-

tical distribution for the column model of counter-current

variation. Results of calculations of the isotope varia-

tions expected at these sites using equation (21) are close

to the observed values. With a diffusion coefficient of 5 X

10 -10 m 2/s (Desaulnier, Cherry and Fritz, 1981), time of

14,000 years, diffusion length at Sarnia of 20 meters and V

of 0.2303 the calculated variation is 3.74%., and the ob-

served value is 1.15%.. For Lambton, the diffusion length

is 34 meters and V is 0.03507, the calculated value is

4.09%, and the observed value is 1.44%,.

Measurements of the Desaulniers samples indicate

that isotopes fractionate during counter-current diffusion

in natural systems. Comparison of measured and calculated

variations for the samples indicate that despite general

agreement, modification of equation (21) may be necessary to

more closely represent real situations. Laboratory studies

of counter-current diffusion may improve understanding of

counter-current column fractionation of chlorine isotopes,

particularly in evaluating the influence of convective move-

ment on diffusion (V).

5.3 Milk River Aquifer Samples

Controversy surrounds the nature of solute concen-
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tration in the Milk River aquifer. This sandstone aquifer

in Alberta Canada outcrops near the U.S. border, dips to a

depth of about 1000 feet, then pinches out 60 miles north of

its outcrop. Glacial clay and sand overly the aquifer and

1350 feet of shale separate it from the next deepest aqui-

fer, the Bow Island sandstone. Chloride concentration in

the Milk River aquifer varies from near zero at the outcrop

to 1295 mg/1 at depth. All major ions increase in concen-

tration from the outcrop to where the Milk River pinches

out. Figure 15 is a site location map with contours of

chloride distribution in the ground water shown (Swanick

1982). High ion concentrations are also found in the Bow

Island, with chloride concentration reaching 14,000 mg/1

(Schwartz, Muelenbachs and Chorley'1981).

The unresolved question of the Milk River aquifer is

which mechanism has caused the increases of salinity in the

aquifer. Hitchon et al. (1971) examined the ion chemistry

of the aquifer, and several other western Canadian aquifers,

and concluded that ion filtration controlled the chemical

composition. Schwartz and Muelenbachs (1979) looked at the

oxygen and hydrogen isotope distribution in the aquifer as

well as the ion composition and concluded that the observed

concentration variations were the result of mixing of fresh

recharge water and saline conate water. Phillips (1980)

reviewed the oxygen and hydrogen data of the Milk River and

pointed out that the isotope distributions agree with what
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Figure 15. Milk River aquifer site map. Map shows
isochlors (mg/1), and locations of wells (1, 11,
17, 43) where samples were obtained for chlorine
isotope analysis.
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had been observed by Coplen and Hanshaw (1973) during their

ion filtration laboratory experiments. Swanick (1982) eva-

luated ion chemistry and the 14C distribution in the aquifer

and concluded that the carbon data are more consistent with

ion filtration than conate water mixing. Bentley, Phillips

and Davis (1983) determined the 36C1 distribution and also

concluded that ion filtration was the important concentra-

tion mechanism.

Chloride isotope data may be able to make a signifi-

cant contribution to the Milk River aquifer controversy. A

fundamental difficulty in reviewing the site is that none of

the ions or isotopes studied is unequivically associated

with one process or another. Only chlorine source and

diffusion processes influence chlorine isotope distribution,

because of chlorine chemistry. Since ion filtration is also

associated with diffusion processes, chlorine isotope ratios

may help determine the concentration mechanism(s) in the

Milk River.

Before discussing chlorine stable isotope data of

the Milk River, the question of possible concentration mech-

anisms should be examined in more detail. For this discus-

sion, Swanick's chemical data were manipulated to obtain

additional information about the relationships of the ions

and a greater understanding of the aquifer. I drew a number

of parameter versus parameter plots, and the WATEQF computer

program (Plummer, Jones and Truesdell, 1976) was run with
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Swanick's data to identify equilibrium relationships.

Appendix I indicates that to identify the influence

of ion filtration by concentration plots, the parameters

used must not be involved in mineral precipitation. The

WATEQF program determined the degree of saturation with

respect to calcite and dolomite of samples from various

depths in the Milk River aquifer. All of the aquifer water,

whether from the recharge zone or distall portions of the

aquifer, are saturated with respect to calcite and dolomite.

As a result, plots involving calcium, magnesium and car-

bonate will not indicate whether ion filtration is in-

fluencing chemical composition because of the equilibrium

effects.

At this site, ion filtration cannot be detected with

calcium, magnesium and carbonate, but what about chloride,

sodium and potassium? Chloride and sodium both increase in

concentration by about 40 moles/litre throughout the site

while potassium increases only by about 0.7 moles/litre.

Kharaka and Berry (1973) indicated that in all their experi-

ments potassium concentrates to a much greater extent than

chloride and sodium during ion filtration. Thus these three

parameters may indicate that ion filtration is not occur-

ring. However, potassium does participate in reactions with

clay minerals which WATEQF cannot consider because no silica

data are available for the site. As a result, ion filtra-
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tion may produce the observed sodium and chloride distribu-

tions, while potassium reflects, like calcium and magnesium,

the influences of equilibrium.

Chloride and sodium can distinguish ion filtration

from addition of these ions by other sources. Ion filtra-

tion may effect the plot of molar concentrations of sodium

and chloride (Figure 16). Assuming that equilibrium plays

no role in concentration of these ions, and that chloride

and sodium would increase in concentration at the same rate

if they are added from another source, the plot may indicate

the influence of ion filtration. This figure shows the

"halite line", the line where the rates of increase for both

parameters are equal. The figure indicates that most of the

samples do fall on the line but that some samples do not.

Chlorine stable isotope data from this site is

sparse yet possibly revealing. Table 11 shows the isotope

and chloride concentration data from wells 1, 17, 43 and 11.

Figure 15 shows the locations of these wells. Well #1 is

located in the northwest corner of the site, while well #17

is 60 miles east of 1 in the northeast corner. Well #11 is

midway between #1 and #17, and #43 is about 20 miles di-

rectly south of #11. #1 and #17 contain the highest concen-

trations of chloride recorded at the site (627 mg/1 and

1,295mg/l,respectively). 17, 11 and 43 are very similar in

chlorine isotope composition (around +0.7L) while 1 is very

different (-0.357. 0 ) from the others.
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Table 11. Results from the Milk River aquifer.

Sample	 Concentration(mgil) 	Ratio

1 627 -0.35
17 1095 +0.80
11 356 +0.70
43 420 +0.60

Based upon present knowledge about chlorine isotope

fractionation mechanisms, two explanations are possible for

these isotope data; either the samples represent two sources

of chloride, or chloride undergoes fractionation while en-

tering or leaving the aquifer. Chloride must enter the

aquifer by diffusion because water moves out of the Milk

River. The Bow Island is the only major source of chloride

at the site with sufficient chloride concentration to cause

diffusion into the Milk River. The velocity of diffusion

due to concentration differences can be calculated from the

solution of Fick's law:

Cx = C (1 - erf(n))o

(22)

n=
2(,)UT )

With C /Co set to 0.000022, d to 5 X 10-1° m 2/s (Freeze andx 

Cherry, 1979), and x to the thickness of the shale bed sepa-

rating the aquifers at any point (1400 feet at #1 and 1350

feet at #17), the rate of diffusion at well #1 is about 1.5
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X 10 -11 m/s and at #17 about 1.6 X 10 -11m/s. Velocity of

water movement out of the aquifer is calculated from the

-10Darcy equation, with a hydraulic conductivity of 10	 m/s,

and head difference at #1 of 500 feet and at #17 of 250

feet. The water velocity at #1 is about 1.0 X 10 -11 m/s and

at #17 about 0.5 X 10 -11 m/s.

Calculations of velocity of diffusion into the Milk

River from the Bow Island and velocity of water movement out

of the Milk River suggest that the rate of diffusion is

comparable to the ground-water velocity. In the vicinity of

#1 the rate of diffusion is very similar to the water velo-

city. These calculations suggest that chloride may be

entering the aquifer in much of the site but near well #1

the water velocity may be sufficient to prevent chloride

from entering.

The chlorine isotope data and the site hydrologic

data are consistent with the boundary model of chlorine

fractionation during diffusion. As chloride is pushed out

of the aquifer across an electrostatic boundary (shale

layer) some chloride is repelled from the boundary and less

mobile 37C1 builds up at the boundary and eventually dif-

fuses through the shale. The chloride remaining behind

increases in concentration and becomes enriched in the

lighter isotope due to the action of the boundary. This is

what may have produced the observed concentration and iso-
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and become isotopically heavy.
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tope distribution in the Milk River aquifer at well #1.

Through much of the rest of the site, chloride maybe

leaving the Bow Island aquifer by a similar counter-current

process with the heavier isotope diffusing through the shale

layer and entering the Milk River aquifer, producing the

observed chloride concentrations and isotope distribution at

wells 17, 11 and 43. This dual filtration process interpre-

tation, as shown schematically in figure 17, assumes the

initial isotopic composition of the site chloride equals sea

water (0.00%,). Dual filtration is supported to some extent

by the plot in figure 16; as wells receiving chloride from

another aquifer #27, #11 and #43 all fall on the halite

line, #1 is to the right of the line.

The results of the chlorine isotope analysis of the

Milk River aquifer are by no means conclusive. A more

complete set of samples should be analyzed from this area to

determine whether the dual filtration process or varying

chlorine sources has produced the isotope distribution.

Such a complete set of samples should include a series from

the Bow Island aquifer to see if indeed it is the source of

chlorine to much of the Milk River aquifer, and several low

chloride concentrate samples from the recharge area to est-

ablish the isotopic signature of the recharge water.

5.4 Texas-Louisiana Samples 

The divergent interpretations of the origin of so-
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lutes in deep subsurface brines brings special significance

to the samples from Texas and Louisiana presented in this

study. Samples evaluated for this study came from the

Wilcox Formation, Frio Formation and a Cretaceous sand and

clay deposit in a Louisiana salt dome field. Figure 18

shows the relationship between chloride concentration and

depth. Though the graph indicates some correlation within

each sample group, no general relationship is expressed in

this figure. Questions concerning the nature of this rela-

tionship between concentration and depth have been raised

since the beginning of this century and are of great inte-

rest with respect to samples in this study.

Samples from the Wilcox Formation are all from rela-

tively shallow depth (1,1981 - 3,200 meters and in general

have the lowest chloride concentrations (14,000 - 19,400

mg/1) of the three sample sets (see Table 12). In contrast,

the Frio Formation samples range in depth from 2,016 to

4,267 meters and concentrations reach 59,300 mg/l. Samples

from the Weeks Island oil field differ from the other two

sample sets, coming from a broad range of depths, 945 to

3,535 meters but narrow in representative concentrations

(70,000 to 89,562 mg/1).

The total range of isotope values here is about

1.83L. Figure 19 shows the plot of isotope variation with

depth. A correlation of variation with depth may exist

though there is scatter; specifically samples 1082, 090,
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Table 12. Isotope measurements, chloride concentrations and
depth of sample collection - Texas-Louisiana
samples. Ratio is the per mil difference from
SMOC. Depth is in meters and concentration in
milligrams per litre

Sample	 Concentration

(mg/1).

Depth Ratio

Wilcox formation
Lynn 12 18,600 2850 +0.05
Lynn 14 14,000 3200 -0.73
Kruse 1 14,800 1981 -0.53
Rhode Ranch 19,400 2228 -0.60
Richter 1 2408 +0.14

Frio formation
1082 41,500 2834 +0.53
1085 10,800 2331 -0.63
1040 46,300 3749 +0.18
1064 36,700 3292 -0.07
090 4,130 2905 -0.95
093 4,000 2016 -0.76
762 33,150 2697 -0.64
763 37,000 2591 -0.18

1124 14,000 3825 -1.30
1134 25,600 3185 -0.90
1179 59,300 2286 -0.05
759 56,300 4267 +0.18

L111 field brines, Louisiana
PC-3	 89,562 3535 -0.20
PC-8 3444 -0.04
W122 82,836 2103 0.00
W141 70,800 945 -0.16
W155 78,588 2682 -0.36
W245 81,420 2011 -0.14
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1124, 1134 and 1179 (all from the Frio) do not fall on the

linear trend set by most of the other samples. The resul-

tant Pearson product moment correlation coefficient is

0.0216, an insignificant correlation. From previous work on

oil field brines, depth and concentration of chloride would

be expected to correlate within deep aquifers.	 In Figure

18, the samples from the Frio do increase linearly with

depth except for six samples, five of which are 1082, 090,

1124, 1134 and 1179. The distributions of these five

samples with respect to the other Frio samples are similar

in Figures 18 and 19. The excursions of these five samples

from the linear trends in the plots may indicate errors in

depth information or the influence of damaged wells and

vertical heterogeneities (Morton et al., 1983). If the

depth informationis inaccurate, one would expect there to be

a correlation between chloride isotope distribution and

concentration among the Frio samples with no sample

excursions. In Figure 20, which shows that relationship,

there does appear to be a correlation.

If incorrect depth information is assumed and the

five samples are not considered in the calculation, the

correlation coefficient of the data for chloride isotope

distribution and depth (Figure 19) is 0.61 which is signi-

ficant to the 95% confidnce level. The correlation is not

found between isotope variation and concentration of the

three aquifer (as a group) as seen in Figure 19. Here, the
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concentration ranges of each group of samples differ, while

the isotope variations are within the same range. Thus the

variation appear to be dependent upon depth but not

concentration.

As a group, samples from the Texas - Louisiana set

differ from the Milk River aquifer samples and the

Desaulniers samples in some intriguing ways. Both the Milk

River and Desaulniers study areas possess the hydrologic and

potential characteristics that suggest the possibility of

counter-current diffusion (column theory) playing a role in

creating the observed chloride isotope distributions. Also,

in the Desaulniers data, identifiable correlations existed

between depth, chloride concentration and isotope distribu-

tion. At the study sites in Texas and Louisiana, the

geology and hydrology do not suggest the presence of forces

in opposition and, although depth correlates with chlorine

isotope distribution, no strong shared relationship between

concentration and either depth or isotope distribution

exists. Concentration is independent of depth when the sam-

ples are considered as a single group but depth is not

independent of isotope distribution. Finally, though the

graphs of depth versus chlorine isotope variation have the

same sign of slope in both the Desaulniers and Texas -

Louisiana samples, the slope of the graph for the

Desaulniers samples is much steeper - the rate of the pro-

cess producing isotope variation would seem to be greater
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for the Desaulniers site.

The simple diffusion equation (23) can describe the

chlorine isotope distribution of the Texas - Louisiana

samples.

1 - erf(n 35 )	
(23)

1 - erf(n 37 )

where S is the ratio of the isotope ratios at two points

along a diffusion path, and (1 - erf(n)) is the distribution

of the isotopes due to diffusion. Equation (24) gives the

maximum change in isotope composition:

(24)

If we consider the general case of a sedimentary

aquifer dipping into a basin, we know the pressure head in

the aquifer will be greater than the heads of the overlying

sediment layers and thus water will move up through the

overlying layers. We also know that for deep sedimentary

aquifers a generally salinity increases with depth, so the

concentration gradient will cause the solutes of the aquifer

also to move upward. Assuming this is the situation for the

Texas - Louisiana samples, and using equation (24) with t

set to 1.0 X 10 8 years, x to 2,500 meters, d to 5 X 10 -1°

m 2/s, and k to 1.0017	 (the ratio of the mobilities of 35C1

divided by 37C1), the total variation predicted over 2,500

meters is about -2.2%, approximately the observed dif-

ference (-1.83%.).
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If a diffusion model can explain the isotope varia-

tion of the Texas - Louisiana samples, our overall view of

concentration processes in the deep subsurface would change

somewhat. Salinities would be independent of isotope varia-

tion and thus the processes that affect both need not be the

same. Nonetheless, migration of chloride between aquifers

must occur for the isotope variation to be observed. Per-

haps the concentrations observed in each aquifer are rem-

nants of initial concentrations in the aquifers modified by

slow migration of ions upward through the sediment column -

an immense diffusion column. Such an approach to solute

movement in the deep subsurface would explain the variation

in concentration from aquifer to aquifer regardless of

depth. The salt dome field samples may be as concentrated

as they are because the source of the chloride is not re-

charging water or buried sea water but salt deposits at

depths below the wells. More sampling and analysis is

needed to confirm these speculations, but as Mark Twain

wrote, "Geology never had such a chance, nor such exact

data."



CHAPTER 6

CHLORINE STABLE ISOTOPE COMPOSITION AS A TRACER

Chemically, chlorine is a nearly ideal tracer of

ground-water movement. In the Cl - form chlorine is stable

over a broad range of hydrologic and chemical conditions, it

has an affinity for the liquid phase, and participates

minimally in exchange and sorption reactions. In addition,

soluble chlorine is not generally found in the skeletal

material of aquifers, excepting evaporite deposits and

marine shales. Ground-water chloride found in any specific

location is often interpreted to derive from several dif-

ferent sources because chlorine is ubiquitous and has many

sources. Chloride ubiquity is the major drawback to using it

as a tracer of ground-water and solute movement.

Stable isotopes of chlorine can distinguish chlorine

sources and so, in conjunction with chloride concentration,

is an effective tracing tool. In using the chlorine isotope

distribution as an indicator of source, one must know the

isotopic signature of the source(s) and the processes that

may modify the signature(s) during transport. The dominance

of the Cl - form of the element and the relative chemical

stability of Cl - in saline as well as dilute solutions, limits

the isotope fractionation processes during movement of C1

101



to diffusion mechanisms. As described in Chapter 5, diffu-

sion processes may only operate at depths exceeding several

thousand feet, or in locations where counter-current diffu-

sion occurs. Chapter 6 discusses the major sources of

chloride to ground water, the processes that produce im-

prints on the isotope distribution of the sources and sev-

eral sites at which sources of ground-water chloride were

identified with chlorine isotopes.

6.1 Ground-Water Chloride Sources 

Three sources contribute most of the chlorine to

ground water: Sea water, halite deposits, and igneous acti-

vity. Sea water chloride infiltrates with rainfall, halite

contributes chloride by dissolution of soil halite, salt

beds and salt domes, and igneous activity provides chlorine

to volcanic emissions and saline hydrothermal springs.

A complete inventory of ocean chloride isotope com-

position is not currently available, nonetheless, as Table 9

and Appendix III indicate, the isotope ratio of sea water

chloride from a wide range of locations and depths from the

Pacific Ocean shows no detectable variation. Also the iso-

tope ratio of chloride from a sample of water collected in

the Gulf of Mexico is the same as chloride from the Pacific

Ocean. These results suggest that on a global scale, chlo-

rine isotope composition of the oceans may be homogeneous.
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Halite samples evaluated during this study vary

somewhat in chlorine isotope composition from SMOC. Chlo-

rine from the Salina formation in Ohio and Canada (Silurian

age) is about 0.67„ heavier than SMOC, while chlorine from

the Weeks Island salt dome in Louisiana (probably deposited

during the Mesozoic era) is 0.27„ heavier than SMOC. Assu-

ming the salts were precipitated from sea water and that no

dissolution and redeposition of the salts occurred, two

explanations for the salts varying from SMOC are possible:

Either the chloride fractionated during precipitation, or

the salts indicate time variations of the isotopic composi-

tion of sea water chloride. Thode and Monster (1965) have

shown that at equilibrium, gypsum precipitated from solution

is about 1.0% heavier than the initial solution. It is

possible that 37C1 accumulates more rapidly in NaC1 during

precipitation than 35C1 just as 34 S accumulates more rapidly

in the solid phase than 32 S during gypsum precipitation.

Aside from possible equilibrium isotope effects,

Bartholemew, Brown and Lounsbury (1954) have observed kine-

tic fractionation of chlorine during precipitation of AgC1

(see section 2.3.2.1). Boiser and Kaplan (1966) observed

geologic time variations of sulfur isotopes in marine gypsum

deposits.

To test the possibility of isotope fractionation

from kinetic effects during halite precipitation, I boiled

90% of the water from a concentrated NaC1 solution. After
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about 5% of the halite precipitated, I decanted and sampled

the solution. I repeated the process of decanting and

sampling ten times. Isotope analysis of the solution and

crystals from the tenth step revealed no measurable frac-

tionation of isotopes by this process. Because precipita-

tion involves so many variables (time, size of the brine,

presence of other ions and temperature) the results of this

experiment are not conclusive. The best way to investigate

possible kinetic fractionation in halite may be to analyze

natural halite forming today.

Characterization of chloride derived from igneous

processes is more complex than characterization of sea water

and halite chloride. Chloride from hydrothermal springs at

Long Valley, and in the crater of a volcano in Mexico (El

Chichon) and New Zealand (Crater Lake) are about 0.5L

heavier than SMOC. Explanations for these differences are

difficult to present because the source of chloride is

unknown. The possible sources of hydrothermal chloride are

sea water, deep halite deposits, the mantle or deep ground

water. Entrained sea water at plate boundaries, as des-

cribed in section 2.2.1 is a favored explanation in the

plate tectonic literature. At El Chichon, however, deep

evaporite deposits are the suspected source of sulfur and

possibly chloride (Rampino and Self 1984). In addition, the

role of the mantle in chloride circulation is unknown and
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conceivably could be contributing chloride to magmas which

eventually produce volcanoes. Finally, deep ground water,

whose chloride became isotopically heavy during diffusion

might contribute to magmas before hydrothermal chloride

discharges at the surface. In addition to the four possible

chlorine sources, the extent to which thermal diffusion or

equilibrium between gas and liquid phases(see section 2.3.2)

influence isotope composition is unknown. Any of the four

chlorine sources mentioned above could have contributed

chlorine that was modified by thermal diffusion. The only

thing the isotope results of hydrothermal water tell us is

that the chloride is not recirculated sea water that has

passed through the system unchanged.

As with halite, more laboratory and field work is

necessary in order to establish the sources and fractiona-

tion mechanisms of chlorine in hydrothermal water. Labora-

tory experiments should include evaluation of isotope dis-

tribution in silicate melts in contact with chlorine solu-

tions, similar to Kilinc and Burnham's (1972) experiment.

Isotope distribution of chlorine in the phases of volcanoes

also should be evaluated.

6.2 Chlorine Isotope Tracer Studies 

The first study site is located on the west coast of

South Africa 40 kilometers inland from Walvis Bay. Halite

is found on the land surface here and a heavy mist blows off
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of the ocean on to the land in this area. The halite has

two possible sources: Either the salt precipitates from

saline dew left by the ocean mist, or from near surface

ground water. I analyzed chloride from the halite to deter-

mine if it is similar to modern marine sea water chloride.

The analysis revealed that the isotopic composition of the

halite was 0.40%, heavier than SMOC, which suggests that

either chlorine fractionates in the mist or sea water is not

the immediate source of the chloride.

At a second site, determination of chlorine isotopes

established chloride source in the vicinity of the Weeks

Island Salt Dome in Louisiana. The Weeks Island dome is in

a field of salt domes and lies about 50 feet below the

surface. Like many other domes it consists of a halite body

capped with evaporites and surrounded along its flanks by

shale (Fabryka-Martin, personal communication 1983). The

dome intruded into sand and clay layers of Tertiary age.

Outside the dome, ground water is typically saline, reaching

almost 90,000 ppm of chloride.

The problem investigated with chlorine isotopes is

whether dissolution of the dome produced these brines out-

side the dome. Table 13 shows the results of chlorine

isotope measurements of six well samples taken at depths

from 3,000 to 12,000 feet of depth outside the dome, four

salt solutions from within the dome, and a salt sample from

the dome. The results in the table suggest that the solu



Table 13. Chlorine distribution in and around the Weeks
Island and nearby Avery Island salt domes.
Ratios are expressed as per mil difference from
SMOC.

Sample	Ratio

Weeks Island salt	 +0.20
Weeks Island dome brines

MP	 +0.15
IGE	 +0.13

Avery Island dome brines
2A	 +0.12
7706	 +0.33

Oil field brines
W141	 -0.16
W245	 -0.14
W122	 0.00
W155	 -0.36
PC-8	 -0.04
PC-3	 -0.20
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tions within the dome contain chloride from dissolution of

the dome, because dome brine analyses, like the salt, indi-

cate the isotope compositions are about 0.2%., heavier than

SMOC . Outside the dome, the samples contain chloride that

is typically lighter than dome chloride, ranging from 0.0 to

0.58% ‘ lighter than SMOC. These data indicate that chloride

in the rock layers around the dome did not necessarily come

from the dome. In fact these well samples appear in Figure

19 that shows a correlation between depth and isotope com-

position.	 It is likely that the chloride of the samples

diffused upward from a lower depth. These are not the first

results to show that solutes in ground water surrounding

salt domes may not have come from the salt domes. Pushkar

(1983) looked at 87 Sr/ 86Sr in ground water surrounding salt

domes in Louisiana and concluded that the strontium in the

wells did not originate from the salt domes.



CHAPTER 7

CHLORINE ISOTOPE RESEARCH: PAST, PRESENT AND FUTURE

More questions are raised then answered by this

dissertation and more research must be done to answer those

questions. This chapter summarizes what is known about the

stable isotopes of chlorine in ground water, and identifies

some of the research questions yet to be examined.

7.1 The Past 

Investigations prior to the current dissertation

research have shown that the stable isotopes of chlorine,

35C1 and 37C1, do not vary in distribution in natural en-

vironments to a precision of 1.0 • The methods used to

measure the isotope distribution include mass determination

on delicate balances, mass spectrography, mass spectrometry,

and activation and emissions counting. The gases tried for

mass spectrometry are C12, AC1, COC1 2 and CH 3C1. Of these

four, only CH 3C1 did not produce strong memory effects

during mass spectrometry. CH 3C1 produced by reaction of

NH 4C1 with (CH 3 ) 2 SO4 , has a yield of about 30%. Researchers

noted that CH 3C1 would be the most promising of the gases

used in mass spectrometry if the yield were increased to

ameliorate measurement precision. The conclusion from all
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these investigations was that chlorine isotope distribution

did not vary identifiably in natural environments.

Chlorine chemistry is such that large variations in

the ratio of the stable isotopes are not expected. Other

elements under atomic mass 40, such as oxygen, hydrogen,

carbon and sulfur, have stable isotopes whose ratios vary

significantly in Nature. Fractionation of these other ele-

ment isotopes occurs during equilibrium reactions, between

chemical and physical phases, and during kinetic reactions,

particularly those mediated by biological organisms. The

characteristics of oxygen, hydrogen, carbon and sulfur that

make them likely to show large variations in isotope ratio

include occurrence in a range of compounds, physical phases

and oxidation states as well as discriminant utilization by

biological organisms. Chlorine occurs in nature mostly in

the Cl - oxidation state, is rarely found in more than one

physical state in one location, and is not used discrimi-

nantly by biological organisms.	 Because of its chemical

characteristics, chlorine does not commonly participate in

equilibrium or kinetic reactions. However chlorine isotopes

fractionate in laboratory experiments. These experiments

involved counter-current diffusion of chloride, precipita-

tion of AgC1 from solution, equilibrium exchange reactions,

and thermal diffusion.

Despite resistance to isotope fractionation, chlo-

rine isotope distribution, if it did vary in natural en-
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vironments, could answer a number of geochemical questions;

in particular how chlorine moves within the crust. A survey

of crustal materials reveals that chlorine, though found in

all materials, is most concentrated in sea water, certain

sedimentary rocks - particularly evaporite and rocks de-

posited in marine environments - and certain igneous rocks.

In the hydrosphere, chlorine occurs in substantial concen-

trations in the oceans, some lakes, in the emissions of many

volcanoes and hydrothermal springs and at depth in ground

water. Investigations of the distribution of chlorine in

the crust have suggested that most chlorine in the hydros-

phere originated in the oceans but the nature of the chlo-

rine cycle of the oceans remains uncertain. Also uncertain

is the role that the mantle plays or contributing chlorine

to the oceans and the crust. Equally mysterious is how

chlorine comes to be so highly concentrated in ground water

at depth that chloride not only becomes the major anion, but

approaches saturation (200,000ppm) in solution.

7.2 The Present 

Research undertaken for this dissertation examined

chlorine isotope distribution in ground water for a number

of reasons, including; other researchers have observed chlo-

rine isotope fractionation, and the mechanisms by which

chlorine isotopes fractionate in the laboratory could

operate in ground water. Measurements of the isotope ratios
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were achieved with a method from the chemical literature and

has a precision of 0.3%. or better. This method involved

quantitative precipitation of chloride from solution as

AgC1, and reaction of the AgC1 with Ch3 I to produce CH 3 C1.

Yields of CH 3C1 produced from this reaction are between 80

to 100%. Mass spectrometry of CH 3C1 gas the chlorine iso-

tope ratio. Repeated measurement of a laboratory halite

standard established the precision. As with 'previous

studies this precision was the standard deviation of those

repeated measurements, which is 0.24%,.

Samples chosen for this study came from ground water

where measurable isotope variations were likely, and from

chloride sources to ground water. Aquifers chosen for ex-

amination are the Milk River aquifer in Alberta Canada,

glacial deposits in Ontario Canada, and deep aquifers in

Texas and Louisiana. The study also examined hydrothermal

samples from Long Valley in California, El Chichon in Mexico

and Crater Lake in New Zealand. Sources of chloride exa-

mined are sea water, and halite from the Salina formation in

Ohio and Canada, and the Weeks Island salt dome. General

observations from the measurements on these samples are as

follows:

1) Chlorine isotope distribution does vary in natural
environments though most of this variation is within
1.07„ of sea water.

2) The isotopic composition of chloride in modern sea
water may be constant on a global scale.



3) Halite and hydrothermal water contain chloride that
is isotopically heavier than sea water.

4) Ground-water chloride can be either isotopically
heavier or lighter than sea water.

5) In the deep aquifers in Texas and Louisiana and in
the glacial deposits in Canada the isotope ratio
becomes heavier with increasing depth.

Isotope measurements from the aquifers indicate that

chlorine isotopes may fractionate during diffusion in na-

tural environments. The chlorine isotope distribution in

the Milk River aquifer may have resulted from a boundary

counter-current diffusion effect - where chloride diffuses

out of an aquifer across a clay or shale bed boundary and

the negative charge of the clay minerals causes some diffu-

sion away from the boundary, in the process fractionating

the isotopes at the boundary. The chloride isotope distri-

bution of the glacial deposits in Canada may have resulted

from a column counter-current diffusion effect - where chlo-

ride diffuses through a clay layer along a concentration

gradient against slow convective movement of ground water,

fractionation occurring as the chloride diffused against the

convective force. A simple diffusion equation can model the

chlorine isotope distribution in the deep aquifers of Texas

and Louisiana - the variation occurring because of differ-

ences in the ionic mobilities of the two isotopes.

This dissertation also examined the potential use of

chlorine isotope ratio as a tracer of ground-water movement.
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Chlorine isotope analysis evaluated the possible chloride

sources at two sites where the chlorine source of materials

was either unknown or uncertain. At the first site, halite

was near the surface on the east coast of Africa. The

halite could have been from evaporation of ground water, or

transported from the ocean in ocean mist. Analysis of the

chlorine composition revealed that the halite was 0.47-

heavier than SMOC and therefore the halite probably did not

come from the ocean. At the second site, chlorine isotope

measurements were used to determine if the brines sur-

rounding the Weeks Island salt dome in Louisiana received

chloride from the dome. The brine chloride was isotopically

lighter than the dome chloride suggesting that the dome was

not dissolving into the local ground water. The results of

these evaluations indicate that stable chlorine isotope

analysis is effective in tracing the movement of ground

water and solutes.

7.3 The Future 

This dissertation has raised many more questions

than it has answered. Because measurable variation in the

ratio of stable chlorine isotopes in natural environments

exists, more research on chloride sources and chloride frac-

tionation mechanisms is necessary. Potential areas of in-

vestigation fall into two large categories: Fractionation

processes, and geochemical distribution.
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The three known fractionation processes are diffu-

sion, equilibrium and kinetic fractionation during

precepitation. Research to date indicates that simple dif-

fusion, counter-current models can describe ground-water

isotope variation. Laboratory and Field investigations are

necessary to establish the validity of these models. Coun-

ter-current experiments have been performed in the labora-

tory that indicate chlorine does fractionate 'during this

process; however more experiments that simulate ground-water

forces and examine the characteristics of natural materials

that could influence chlorine isotope distribution would be

enlightening. Determining the isotope distribution of

ground water in relatively shallow aquifers influenced by

ion filtration may provide additional insight into the coun-

ter-current process in nature. Simple diffusion is more

difficult to simulate in the laboratory than counter-current

diffusion because of the size of the apparatus and the

length of time for the experiments. Nonetheless, the use of

natural diffusion columns such as deep aquifers may provide

for the development of a detailed theory of chlorine isotope

fractionation during diffusion.

One approach to fractionation during precipitation of

chloride in halite, may be to perform precipitation experi-

ments in the laboratory with chloride brines. During such

experiments researchers can examine the possible influences

of temperature, presence of other solutes and kinetic reac-
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tions. Sampling halite and solution in areas where halite

is currently being produced allows examination of fractiona-

tion during precipitation in Nature.

Of the three fractionation mechanisms, thermal dif-

fusion is the most difficult to examine. The best way to

evaluate this mechanism in the laboratory may be to recreate

the silica melt experiment of Kilinc and Burnham (1972) and

measure the isotopic composition of the liquid and solid

phases of chlorine. As with the other two fractionation

mechanisms, thermal diffusion should also be examined with

field samples from volcanoes, hydrothermal water and

springs.

Chlorine isotope measurements may help answer a

number of the geochemical questions raised in Chapter 2.

The first step in dealing with any geochemical problems,

though, is to inventory the isotopic compositions of all

types of rocks, water and gases of the crust. A survey of

halites through time might conceivably reveal a time depen-

dence of chloride isotope composition of the oceans. Such a

discovery would tend to support an open system view of the

oceans. Measurements of the chlorine in rocks of mantle

origin would aid in determining the role of the mantle in

the chlorine cycle of the crust. Chlorine may be a useful

natural tracer in many geochemical systems. One thing that

is clear from this dissertation project, work on stable

isotopes of chlorine in geology has barely begun.



APPENDIX I

SOLUTE CONCENTRATION AND EQUILIBRIUM

As described in section 2.2, discussion continues

among geologists on the possibility of ion filtration af-

fecting ground-water chemical composition particularly with

respect to deep ground-water brines. The brines are ex-

plained by cross formational solute transport from a deeper

more saline body, alteration of conate water during compac-

tion, as well as alteration of recharge water by ion filtra-

tion. The one characteristic that might distinguish ion

filtration from the other mechanisms is differential filtra-

tion. White sugested differential filtration in 1965 and

Kharaka and Berry observed it in 1973. The term refers to

the differences in the transport rates of different types of

ions through membranes.

Billings, Hitchon and Shaw (1969) applied the prin-

ciple to brines in west Canada, as did Graf et al. (1966) to

the Illinois basin. Both groups plotted ion ratios against

total concentration or concentration of another ion. Theo-

retically, if ion filtration was an important influence on

chemistry (and if the rate of filtration was homogeneous),

ion ratio plots should be linear because of differing fil-

tration rates on each type of ion. Despite scattering on
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the plots, Billings found linear patterns in the plots from

his study. Graf and his group present one plot of Ca/Na to

concentration and, though the points do fall along a line, a

single plot is not conclusive since other processes may

produce such a relationship.

Another assumption necessary in evaluating solute

concentration plots is that solutes are not removed from

solution. If a solution becomes saturated with respect to a

mineral, solution concentration would depend partly upon

equilibrium as well as solute availability. Solutes which

are precipitating because of equilibrium would not be suit-

able indicators of ion filtration on solute plots.

As an example, this appendix examines the equili-

brium relationships in the Devonian-Silurian aquifer of the

Illinois basin. Bredehoeft et al. (1963) suggested that the

total dissolved solids of this aquifer may reflect the

influence of ion filtration. The major ion data available

for this aquifer (Meents et al., 1952) are calcium, magne-

sium, sodium, chloride, sulfate and carbonate and the data

comes from six samples representing varying depths. 	 The

equilibrium program, WATEQF (Plummer, Jones and Truesdell,

1974) to calculated equilibrium relationships. Table 1.1

presents solute data from the six samples.

The WATEQF program calculates activities of ions and

species, as well as solution equilibria with respect to a

number of minerals. Carbonates and salts are well repre



Table 1.1.

Sample:

Log of molalities, depth and pH for Illinois
Basin samples.

6	 8	 19	 10
Parameter

Ca -1.12 -1.2 -2.01 -2.23
Mg -1.34 -1.4 -2.14 -2.36
Na -0.08 -1.10 -0.75 -0.95
Cl 0.03 0.00 -0.68 -0.89
SOA -2.52 -3.29 -3.02
HCO -3.69 -3.82 -3.08 -2.26
SiO3 -4.42 -3.43 -3.94
Fe -3.58 -4.08 -3.85
Depth (feet) 2320 1895 2950 1340
pH 5.2 6.4 8.0 6.9

29 43

Ca -3.32 -2.94
Mg -3.36 -3.08
Na -3.69 -1.19
Cl -1.82 -6.19
SO4 -3.01
HCO3 -2.22 -2.46
SiO -3.94 -3.97
Fe -3.91 • -3.96
Depth 800 480
pH 7.8 8.4
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Table 1.2. Log of saturation index of minerals. Computed
by WATEQF, when the index equals 0.0, the sample
is saturated with respect to that mineral. When
the index is positive, the sample is
supersaturated with respect to the mineral.

Sample 6 8 10 19
Mineral
Aragonite -2.72 -1.68 -0.27 0.26
Calcite -2.43 -1.40 -0.01 0.57
Dolomite -4.89 -2.80 -0.01 1.15
Magnesite -2.69 -1.65 -0.25 0.37
Quartz -0.50 0.10 0.23
Talc -11.94 -4.32 6.82
Gypsum -0.97 -1.78 -1.63
Halite -2.06 -2.09 -3.69 -3.36

29 43

Aragonite -0.17 -0.44
Calcite 0.08 -0.17
Dolomite 0.23 0.01
Magnesite -0.15 0.09
Quartz 0.07 -0.07
Talc -1.27 -1.38
Gypsum -2.22 -3.10
Halite -5.23 -4.94
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sented in this program, unfortunately the program does not

take into account clay cation exchange. Table 1.2 shows the

calculated degree of saturation of the ground waters with

respect to calcium, dolomite and some other common minerals.

Four of the six samples are saturated with respect to car-

bonates, and three with quartz, magnesite and talc. Thus

calcium, magnesium and carbonate concentrations in solution

are related to equilibrium and variations may not be suit-

able indicators of ion filtration. The waters were undersa-

turated with respect to halite, however sodium may be invol-

ved in other reactions such as cation exchange.

From the results of the WATEQF program, it appears

that the solute plots are of limited use with the Devonian-

Silurian aquifer of the Illinois basin. Where ground water

reaches mineral saturation in other brines, effectiveness of

solute plots are also limited.



APPENDIX II

BOUNDARY EQUATION DERIVATION

The counter-current boundary equation of chlorine

isotope fractionation applies to chloride in solution that

is concentrated by ion filtration when crossing a negatively

charged boundary. This appendix summarizes the derivation

of the equation found in Phillips and Bentley (1984). The

equation takes the general form of a Rayleigh equation:

	37C1 = ( 41-a _ 1)1000
	

(1)

Where a is the fractionation coefficient which is defined as the

ratio of the isotopes ( 37C1/ 35C1) that passes through a clay

(charged) membrane divided by the ratio that enters the

membrane:

Rth 
a	 (2)

The difference in the two ratios is a result of the differ-

ence in fluxes (j) of isotope transport through the mem-

brane:

j35 = M 5 ( q	 u350
	

(3)

j37 = M37 ( q	 u 370
	

(4)
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j = M(q - up)	 (5)

M is the concentration in the entering solution, ionic

mobility is u, q is the water velocity, and p is the elec-

trical potential opposing migration. The subscripts 35 and

37 indicate the light and heavy isotopes. Equation (5),

without subscripts is the total flux. The total flux is

related to the reflection coefficient (s):

j/q up

	

s = 1 - --- = --	 (6)
M 	q

Rth is the ratio of fluxes of the light and heavy isotopes:

M37 (q - u37p)	 M37{1 - (u37/u)s}
=

M 35 (q - u35p)	 M35{1 - (u35/u)s}

Rin is simply the ratio of input concentrations:

R n =
	 M37	

(8)
M 35

Thus a is:

1 - (u 37/u)sa	 (9)
1 - (u35/u)s

Following Coplen and Hanshaw (1973) in their approach to

applying the Rayleigh equation:

dN	 dM
-- = a--	 (10)
N	 M

Where N is number of atoms. After integrating equation

(10), and rearranging it:

Rth (7)
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	637C1 r = 6 r - d o = 1000{(Mr/Mo) 1-a _ 1 } 	(11)

Where subscripts r and o indicate residual and initial

fractions. Unless M r or Mo is very small,

u37 - u 35
	1 - a -  

u35

so equation (11) becomes:

0 7C1 = 1000{M r/Mo (exp a' 
- u35
 )	 1 } 	(13)
u35

(12)



APPENDIX III

SAMPLE LOCATIONS

This appendix contains the names of persons or

organizations from whom the samples were obtained and the

sample locations not presented in the text. -

Sample Sources:

Sea water - Scripts Oceanographic Institute

Louisiana samples - June Fabryka-Martin

Salina salt, Ohio - Morton Salt Co.

Salina salt, Canada - Donald Desaulniers

West African salt - Janet Schaller

Long Valley springs - Alfred Truesdell

Crater Lake - HydroGeoChem

El Chichon - Tom Casadevall

Milk River aquifer - Gerry Swanick

Wilcox samples - ARCO Oil and Gas Co.

Frio Formation - Texas Bureau of Economic Geology

Desaulniers samples - Donald Desaulniers
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Sample Locations:

Sea Water
San Diego	 27 050'N, 97 °3'W
Corpus Christi	 32045'N, 117 °21'W
103	 60°41'S, 38 010'W
43	 55°43'N, 64°45'E
FGG7	 200N, 158 °W
87	 50s, 15 o29 , w

72	 54°16'N, 163 °34'E
90	 600291S,43°8'W

Halite. West Africa 	22°54'S, 14°56'E
Weeks Island Salt Dome 	29°49'N, 91 °50'W
Avery Island Salt Dome 	29°55'N, 91 °54'W
Louisiana Oil Field Brines 

W122	 T11S, R12E, S13

W141	 T11S, R12E, Si

W155

W245

PC - 3,8 -- Near Weeks Island salt dome

Texas (Field/County)

Frio (See Morton et al., 1983)
1082	 Maude Traylor/Calhoun

1085
	

TV

1040
	

Alta Loma/Galveston

1064

090	 LaBlanca/Hildalgo

093
	

ft
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762	 South May/Kleberg

763

1124	 Corpus Christi/Nueces

1134

1179	 Rita/Kenedy

759	Santa E./Kenedy

Wilcox -- 60 miles west of Corpus Christi

Jong Valley. California
	

40025'N, 121°33'W

Sarnia. Ontario Canada	 43°N, 82 045'W
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