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ABSTRACT 

If the duality of the solvent and solute portions 

of brines is recognized, it may be possible to develop a 

model with which to define the origin of a brine. Mineral 

equilibrium, evaporative concentration, and ion filtration 

are the principal processes which modify brine composition 

The evaluation of these processes within a careful hydro-

geological study of the brine reservoir in combination 

with the use of appropriate diagnostic techniques may 

suggest a specific origin for a brine. 
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CHAPTER I 

INTRODUCTION 

Purpose 

The purpose of this study is to review and define 

the mechanisms which affect the formation of brines. If 

the duality of the solvent and solute portions of brines 

are recognized, it may be possible to develop a model 

with which to define the origin of a brine. Mineral equi

librium, evaporative concentration, and ion filtration are 

the principal processes which must be evaluated for this 

model. 

Definition and Classification of Brines 

There is pronounced ambiguity surrounding the term 

"brine." The term was coined to indicate an extremely 

concentrated saline subsurface water. However, "concen

trated" can refer to waters containing from 5000 to 350, 

000 parts per million ionic solutes. In addition, "sub

surface" water need not originate entirely beneath the 

surface, as is the case in some evaporative waters. More 

importantly, a "brine" has often been assumed to be a 

single entity and should be considered as a whole. How

ever, work by Bentor (1968) and Graf et al. (1965) demon

strated that the ionic solutes and the solution (H^O) that 

\ 1 



comprise "brines" need not be derived from the same geo

logic source or time. Graf et al. (1965) demonstrated 

that in their area of study the water, or solvent portion 

of the brines, was Pleistocene in age while the solutes 

were probably much older (Silurian to Cretaceous). There

fore, the formation of "brines" is in reality much more 

complex than is generally recognized. 

Different types of brine depend upon the interac

tions of many factors which control their concentration 

and modification. The importance of the operation of 

these factors, and the classification of the brines into 

different "types," is largely dependent upon the particu

lar geologic area being considered and upon the scientist 

who is considering it. Although myriad classification 

"schemes" have been developed they all interrelate to some 

degree. 

Sulin, a Russian geologist from the early 1900's, 

stated that there were four major types of subsurface 

waters. The two less concentrated or "fresher" brines 

were predominantly sodium-sulfate (Na-SO^) or sodium 

bicarbonate (Na-HCO ). These brines were believed to be 

formed close to the surface or a source of recharge. The 

magnesium-chloride (Mg-Cl) brine was thought to be derived 

from evaporitic type conditions. The more concentrated 

calcium and sodium chloride (Ca, Na-Cl) brine was hypo

thesized to be from deep within the earth, where little or 

no recharge took place. 



Kramer (1968) subjected approximately 2500 analy

ses of brines (which were classified as to rock type) to 

a factor analysis. This analysis was an attempt to deter

mine the possible types of mineral equilibria controlling 

brines. The chemical trends Kramer observed were: (1) 

generally, CI, SO^, Na, Ca, Mg, HCO^, and Sr-Ba were the 

elements comprising most of the dissolved solutes in 

brines, (2) most waters show SO, to be an independent 

variable with a positive correlation to Mg, and (3) Ca 

and Mg show a strong inverse relationship to HCO where 

dolomite is present. A conclusion Kramer (1968) reached 

was that brines evolve to Na-Ca-Mg chlorides with excess 

Ca and HCO , relative to seawater. 

Dingman et al. (1968) evaluated 1881 chemical analy 

ses of brines from Kansas, concluding that an increase in 

salinity was paralleled by an increase in Ca, Na, and CI. 

Dickey (1966) noted in subsurface waters with little or 

no recharge, that Na was the dominant cation, CI the domi

nant anion, and SO, and HCO^ were notably absent. Dickey 

(1966) further stated that subsurface waters with access 

to some form of recharge tended to have a more variable 

composition, with SO, and HCO- comprising 3 to 85 percent 

of the anionic solutes. 

One of the most precise brine classifications was 

developed by Zherebtsova and Volkova (1966) in their ex

perimental study of trace element behavior in the process 



of solar evaporation. The authors defined six types of 

brine which were differentiated on the basis of their 

total salinities and their specific gravities. Table 1, 

modified from the report of Zherebtsova and Volkova (1966), 

illustrates the increase in the specific gravity and sa

linity content of the brines as evaporation proceeds. 

The evaporative salts which precipitate from the brines 

at various stages of concentration are indicated. In 

addition the contents of the major and some of the minor 

ionic constituents at various stages of brine concentra

tion are also listed. Although this classification is 

largely based upon salinities and specific gravities, 

the percentages of the various ions present at each 

stage are very important because the content of these ions 

determines the beginning of precipitation of the various 

evaporative salts. 

In summary, most authors classify brines on the 

basis of the major anions and cations which they contain. 

Sodium tended to dominate the cationic fraction as the 

dilute brines became more concentrated due to loss of 

water and little or no recharge. Ca and Mg were present 

to a larger extent in "fresher" brines. The anionic 

character was largely dependent upon the hydrodynamics 

of the area under consideration. If there was recharge, 

SO, and HCO^ dominated, if not, CI was the dominant anion. 
4 3 

These classifications have no genetic implications but 
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simply reflect the major ions present in a particular 

brine. To understand the origin of brines it is neces 

sary to consider the mechanisms of their formation in 

addition to describing their solute concentration or 

ratios. 

The presence, and percentage of major ions ob

served within a particular brine is a result of the inter

action of many factors and several chemical mechanisms. 

Mineral equilibrium is a significant mechanism and ulti

mately determines which ions will be taken into solution, 

remain in solution, or be left behind in the form of pre

cipitates. Accumulations of saline precipitates from sea-

water result in the extensive evaporite sequences that can 

be re-dissolved resulting in brine formation. Ion filtra

tion must also be considered in the evaluation of the ori

gin of brines. Many individuals (Von Engelhardt and Gaida, 

1963; Hanshaw and Coplen, 1973; and Kharaka and Smalley, 

1976) believe that ion distributions in subsurface saline 

waters are modified by the ion filtration properties of 

the clays present in the area of interest. 



CHAPTER II 

MINERAL EQUILIBRIUM 

The factors which affect the mineral solution and 

precipitation are of primary importance in determining 

the evolution of any subsurface water. Truesdell and 

Jones (1974) stated that the examination of the departure 

of solutes from equilibrium with a solid phase may suggest 

the origin of the dissolved constituents. Equilibrium of 

solutes with the solid phases is calculated from a know

ledge of the thermodynamic activity of the solutes in 

solution, and the stabilities of the minerals present in 

the system. The major constituents comprising most 

aqueous geochemical systems are calcium, magnesium, so

dium, potassium, silica, sulfate, bicarbonate, and chlo

ride. In addition, pH, temperature, pressure, ionic com

plexing, and ion pairs must be taken into account. The 

Gibbs free energy of the various minerals contained within 

the aqueous environment under consideration must also be 

known. The chemical relationship between solutes in the 

aqueous phase and those present in the solid mineral 

phase is conveniently expressed in terms of an equili

brium constant. 



Theory 
8 

Equilibrium Constant 

The "Law of Mass Action" is expressed as: 

aA + bB — cC + adD, 

where "a" moles of substance "A" plus "b" moles of sub

stance "B" are in equilibrium with "c" moles of substance 

"C" plus "d" moles of substance "D." The two arrows in

dicate the reaction is reversible. The mass action equa

tion when written as a ratio of products to reactants yields 

the equilibrium constant (Keq) for the reaction: 

Keq . [C]^ [D] 

[A]^ [B] 
b * 

This equation makes use of superscripts to denote the num

ber of moles while the brackets indicate the thermodynamic 

activity, or effective concentration of the substance within 

them. The equilibrium constants are determined empirically 

for a specific temperature and pressure, generally 25*'C or 

298.15°K, 1 Bar (10 pascals) pressure and one molar acti

vity. These reactions are generally written as disasso-

ciation or "solid to ions" reactions. A large negative 

value of the equilibrium constant indicates the reaction 

is displaced in the direction of the reactants and the 

substance is, therefore, not very soluble. 

The equilibrium constant is related to the change 

in standard free energy (AG°) of a given reaction. For 
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the above reaction the change in free energy of the forma

tion would be equal to the standard free energy (G^) of 

formation of the products minus the standard free energy 

of formation of the reactants, and would be expressed as: 

AG^ = [ (cG° C) + (dG° D)] - [(aG° A) + (bG°B)]. 

The free energy of reaction is related to the equilibrium 

constant by the following equation: 

AG° = -2.303 RT log Keq, 

where 

-3 - 1 - 1 

R is the gas constant (1.99 x 10 Kcal mole deg ) , 

T the absolute temperature in degrees Kelvin 

(= °C + 273.15), 

and 

"log" refers to a logarithm of the base 10. 

A negative value for the change in free energy (AG°) in

dicates that the reaction favors the products and the 

reaction will proceed spontaneously. A source of equili

brium constants for many of the common minerals is con

tained within the WATEQ computer program (Truesdell and 

Jones, 1974). 

Ion Activities 

Thermodynamic activities of ions in solution must 

be determined in order to be utilized in equilibrium cal

culations. The activity of a single ion is defined by 
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ai = Yim., 

where ai is activity, yi is the activity coefficient, and 

m^ is the molality of ion "i." In order to calculate the 

activity coefficient factors such as the ionic change, 

ionic size, and total number of ions present must be con

sidered. The models used for these calculations depend 

upon the ionic strength of the solution which is expressed 

I = ^Em,z. , 

where 

I is the ionic strength, 

m the molality, 

and 

z the valence of the ion. 

The molality is used in determining activities and ionic 

strength rather than molarity as it is expressed on a 

weight per unit weight basis rather than weight per unit 

volume and is, therefore, temperature independent. In 

dilute solutions the difference between the two is unim

portant for geologic considerations. However, the dif

ference becomes pronounced when dealing with brines. 

If the solution under consideration has an ionic 

strength (I) of less than .1, or approximately 7000mg/l, 

then the Debye-Hiickle equation is appropriate to calcu

late the activity coefficient. This theory considers the 

effect of electrical interactions with other ions upon the 
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free energy of a single ion, and, therefore, is valid for 

only dilute solutions (Truesdell and Jones, 1974). The 

equation takes the form: 

logy = -AZ^/I 

i+aB/T 

where 

Y is the activity coefficient, 

I the ionic strength, 

Z the valence of ion, 

a is a rough measure of radius of hydrated ion, 

A & B are temperature dependent constants. 

and 

log is to the base 10. 

With increasing ionic concentration the theory deviates 

from experimental results. The extended form of the Debye-

Huckle equation adds an adjustable parameter, b, which 

allows for the effect of the decrease in concentration 

of the solvent in concentrated solutions (Helgelson, 1970). 

The extended form is: 

-AZ^/T . , T 
logY = + bl , 

1+aB/l 

Values of "b" may be found in SOLMINEQ (Kharaka and Barns, 

1973). An alternative method for calculating the activity 

coefficient in a solution with an ionic strength ranging 

from 0.1 to 1.0 is the Maclnnes mean salt method. The 
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Maclnnes Method assumes two forms which are dependent upon 

the valence of the ion. The general form is: 

The various activity coefficients have been experimentally 

determined and can be found in Robinson and Stokes volume 

on electrolyte solutions (1959). If the activity coeffi

cient for one ion can be calculated, many others can be 

derived from it. The assumption Maclnnes (1939) makes is 

that the single-ion activity coefficients of K + and Cl

are equal to each other and, therefore, KCl is the stan

dard. This assumption will hold true unless the ionic 

strength is greater than 1.0 or the ions are highly as

sociated. For an ionic strength greater than 1.0, such 

as those commonly observed in brines, Harned's Rule is 

utilized. The equation, found in Berner's text (1971), 

takes the form: 

logY^i = logY±i(o) + o-i^z^a , 

where 

Y^, is the mean activity coefficient of elec
trolyte 1 in the presence of another elec
trolyte, 2, 

Y W n ^ the mean activity coefficient in a solution 
~ of pure electrolyte with an ionic strength, 

(I + I ) of the electrolyte, 

I the ionic strength contributed by the elec
trolyte 2 , 
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and 

^1,2 ^^ Harned's rule coefficient which refers 
to the effect of salt 2 upon salt 1. 

Ion Complexing 

The activity (Yi) may be obtained once the activity 

coefficient (Yi) and molality (m.) have been determined. 

However, the activity must be further corrected in order 

to account for the complexing and pairing of various ions. 

This complexing results from a decreased distance between 

ions as a result of a concentration increase and is re

lated to the valence state of an ion. Trivalent and diva

lent ions complex more readily and at a lower concentration 

than monovalent ions. If a "sheath" of water molecules 

separates the anion and cation in an ion complex the com

bination is called an "ion pair." If one or more anions 

replace water molecules in the "hydration sheet" of the 

cation, the combination is termed a "coordination complex" 

or "complex" ion. Several rules (Truesdell and Jones, 1974) 

have been delineated for ion complexing, they are: (1) 

large ions such as SO,, HCO , and CO cannot replace H-O, 

but only form ion pairs; (2) Cl~, 0H~, F", and other 

smaller ions form ion complexes; (3) a higher valence 

results in a stronger complex; (4) higher concentration 

results in a higher degree of complexing; (5) no appre

ciable ion association is formed between Cl and alkaline 

earth cations; (6) trivalent and higher ions are invariably 
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associated with hydroxyl at neutral pH's; and, (7) neutral 

organic molecules often form strong complexes with transi

tion metal ions. To determine the uncomplexed activity 

of a particular ion present, the molality of the "free 

ion" must be calculated. The molality is defined by the 

equation: 

Molality free ion = molality , - E complexes. 
total *̂  

These values are utilized while making use of the equation 

(Truesdell and Jones, 1974) with which to obtain the molal

ity for an uncomplexed ion: 

cation "c" total 
"̂ "cation c" rr-~^ KLHCO-J KLCO -2J KLSO -2j • 

-L + T c .̂̂ M̂ .-oH- ̂  Y"C"HCO- Y"C"CO^^ Y"C"SO^-^ 

Equations of this type are written for all complexed 

species and are solved simultaneously or by successive 

iterations. This free molality is then used to calculate 

a revised activity coefficient which is in turn used to 

calculate a revised free molality. This iterative pro-
\ 

cess is continued until there is no significant difference 

between values in successive iterations. 

Temperature and 
Pressure Effects 

The equilibrium constant must be adjusted if the 

temperature of the system deviates significantly from 

25°C or the pressure deviates from 10 pascals. The 



15 
Van't Hoff equation relates the equilibrium constant to a 

change in temperature in the following manner: 

A iî  Keq = AH , 
dT ^ 2 

RT 

which can be rewritten after integration, assuming AH remains 

constant. The integrated equation takes the form: 

log K = - II + C, 

where 

-3 -1 -1 
R is the gas constant (1.99x10 Kcal mole deg ) , 

T the absolute temperature in degrees Kelvin 
( = *'C + 273.15), 

K the equilibrium constant, 

AH the change in enthalpy for the reaction, 
and 

C the constant of integration. 

Experimental values of AH for many species of interest have 

been determined and can be found in Krauskopf's (1979) text. 

If the pressure of the system is not that of a stan

dard state (10 pascals) the activities of the ions present 

will be altered. The rate of change of the activity of a 

pure substance with a change of pressure may be written: 

fP2 .9iln[x]. ^ f X 
J '̂  9p ^ J RT > 

Pi 

which can be integrated and converted to: 

1 f̂ 2 
log [x] P2 - log [x] p^ = 2.303 RT J ^ ^^' 

P 

I 
P 



where 

and 

P1&P2 

16 

[x] is the product of reaction. 

the pressure at time 1 and 2 (time 1 gen
erally refers to initial pressure and is 
assumed to be 10^ pascals), 

the absolute T in degrees Kelvin 
(=°C + 273.15), 

the molar volume. 

R the gas constant 

(1.99x10""^ Kcal mole""^ deg""*") . 

Ellis and McFadden (1972) have observed that pressure ef

fects are not large and do not significantly affect results 

of calculation for pressure less than 5x10 pascals. 

To determine the solubility of each mineral phase 

with the brine it resides in, a ratio of ion activity 

product (Kiap) of the solutes, to the equilibrium constant 

(Keq) of the minerals present is calculated. (Kiap is the 

product of the calculated activities of the dissolved ions 

present.) If Kiap/Keq is greater than 1, then the reac

tants are thermodynamically saturated with respect to the 

solution, and their precipitation from solution is possible, 

If the ratio of Kiap/Keq is less than 1, the mineral phase 

is under saturated with respect to the solution, and disso

lution of the solid phase, if present, is possible. If the 

ratio of Kiap/Keq is equal to 1, then the solid phase and 

the ions in solution are in equilibrium with each other. 

It must be stressed that in order to obtain an accurate 

Kiap/Keq ratio only activities which have been corrected 
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for temperature, pressure, and ionic complexing should 

be used with an equilibrium constant that has been ad

justed to the temperature and pressure of the sampled 

system, 

The Eh value for a given geologic environment 

can be very important in determining areas of stability 

of ions that exhibit more than one oxidation state in 

nature. Eh is a measure of the potential to remove or 

add electrons in a solution and is defined by the Nernst 

equation: 

Tio . 2. 303RT T ^ „ 
Eh = E° 4- -^ log Keq, 

nr 

and 

AG° 
o _ r 

E" = nF ' 

where 

AG* 
r 

n 

Keq 

F 

R 

is the voltage of a reaction with all sub
stances at unit activity, 

the free energy of reactions, 

the number of electrons transferred in the 
reaction, 

-1 -1 

the equilibrium constant, 

the Faraday (23.06 Kcal volt"" equiv ^ ) , 

- 3 - 1 J - 1 \ 

the gas constant (1.99x10 Kcal mole deg ), 

and 

the absolute T in degrees Kelvin 
( = °C + 273.15) . 
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The sulfur ion (S) contained within the sulfate radical 

-2 
(SO^ ) is the only ion of importance within brine that 

exhibits a multiple oxidation stage. 

Mineral equilibrium closely controls which minerals 

will dissolve into or precipitate from brine, and also at 

what stage in brine evolution these minerals will begin 

to crystallize. Therefore, a thorough understanding of 

mineral equilibrium is a prerequisite for the accurate 

prediction of evaporite deposition and the possible later 

dissolution of those deposits. 

Formation of Brine Due to Mineral 
Precipitation in Response to Evaporation 

One of the earliest explanations for the concentra

tion of subsurface waters was simply evaporation of sea-

water. Usiglio (1849) and Ochsenius (1877) noted that ex

tremely concentrated waters were the result of late stages 

4 

of evaporation of an isolated body of marine water. Six 

major components of seawater, Na , Mg , Ca , K , Cl , 

SO, , and several minor components such as HCO^ , Br , F , 
4 J 

B, and Sr are important in the evaluation of the origins 

of brine (See Table 2). These ions, though of different 

geologic origins had probably reached a stage of equili

brium within the oceans by early Precambrian (Rubey, 1951) 

The ionic ratio of seawater cannot be assumed as constant 

through geologic past; however, the changes have probably 

been rather limited (Holland, 1972). 
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Ion 

Cl-

Na"*" 

Mg++ 

Ca++ 

K+ 

HCO^-

Br-

H3BO3 

Sr++ 

F-

TABLE 2 

PRINCIPLE DISSOLVED IONS IN SEAWATER* 

Parts 
per 

million 

18,980 

10,556 

2,649 

1,272 

400 

380 

140 

65 

26 

8 

3 

Percent 
of total 

ionic fraction 

55.05 

30.61 

7.68 

3.69 

1.16 

1.10 

0.41 

0.19 

0.07 

0.03 

0.01 

*Data modified from Krauskopf (1979). 
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The formation of brine due to the increased ionic 

concentration resulting from seawater evaporation is ac

companied by precipitation of various minerals, predomi

nantly salts. Table 3 lists the major salts resulting 

from seawater evaporation and is a compilation of all 

the major salts observed by numerous investigators of 

marine evaporites (Braitsch, 1962; Stewart, 1963; Bor-

chert and Muir, 1964). 

The expected salt sequence from the evaporation 

of seawater would be the early precipitation of the least 

soluble salts followed by the precipitation of increas

ingly soluble salts. The composition and percentages of 

these salts at various stages of evaporation must be 

known in order to determine the salt content of the as

sociated brines at each stage of salt deposition (See 

Table 4). The initial precipitation of salt will occur 

only after the ion activity product of the solutes com

posing a salt has increased in the brine such that it is 

greater than the equilibrium constant of the salt. The 

preliminary stage of salt deposition involves the preci

pitation of carbonates and gypsum (CaSO^•2H2O). This 

stage amounts to approximately 5 percent of the total 

salt deposit from a typical marine water. As evaporation 

increases the salinity of the brine to 15 times the salin

ity of seawater, halite (NaCl) begins to precipitate. 

Halite constitutes 78 percent of the salts dissolved in 

seawater and, therefore, generates the maximum volume of 



TABLE 3 

SALTS DERIVED FROM SEAWATER EVAPORATION 
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Chlorides 

Halite 

Sylvite 

Bischofite 

Carnallite 

Chloride-Sulfate 

Kainite 

Sulfates containing Ca 

Anhydrite 

Gypsum 

Glauberite 

Polyhalite 

Sulfates of Na and K 

Thenardite 

Glaserite 

Simple Sulfates of Mg 

Kieserite 

Hexahydrite 

Epsomite 

Sulfates of Mg and Na 

Bloedite 

Loeweite 

Vanthoffite 

Sulfates of Mg and K 

Lanbeinite 

Leonite 

Picromerite 

NaCl 

KCl 

MgCl2-6H20 

KMgCl^-6H20 

KMgClSO,•3H^0 
4 2 

CaSO, 
4 

CaSO,•2H^0 
4 2 

Na2Ca(S0^)2 

K2MgCa2(S0^)^-2H20 

Na2S0^ 

MgS0^-H20 

MgS0^-6H20 

MgS0^-7H20 

Na2Mg(S0^)2-4H20 

Na^2^g7(S0^)^^-15H20 

Na^Mg(SO^)^ 

K2Mg2(S0^)3 

K2Mg(S0^)2-4H20 

K2Mg(S0^)2-6H20 

AG 

-91.8 

-97.5 

-505.3 

-604.3 

-555.7 

-316.5 

-430.1 

-620.5 

•1352.1 

-303.7 

•1252.2 

-343.4 

-628.8 

-685.8 

-819.5 

-831.6 

-945.4 

*Date modified from Krauskopf (1979). 
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precipitate. Only 70 percent of the halite precipitates 

at this stage, what remains precipitates in the later 

stages (Zherebysova and Volkova, 1966). The brine from 

which this halite precipitates contains twice the amount 

of ionic solutes as was present when gypsum began to pre

cipitate, or 15 times the amount found in seawater. Chlo

ride and sodium comprise almost 80 percent of the solutes 

with the sulfate, magnesium, and potassium contents in

creasing slightly. The calcium ion has been largely re

moved by the precipitation of the carbonates. As evapora

tion increases and NaCl precipitates, the content of mag

nesium sulfate and potassium in the brine continues to 

increase. If evaporation continues,the precipitation of 

the magnesium sulfate as epsomite (MgSO •7H 0 ) , later as 

hexahydrite (MgS0,*6H 0 ) , and finally as kieserite 

(MgSO,'HO) will occur. After these salts are removed 

from the solution the brine remaining is composed of chlo

ride (55 percent), magnesium (18 percent), and potassium 

(6 percent) ions. Residual sulfate and sodium is not un

common. In these final stages of evaporation the preci

pitation of the very soluble magnesium chloride salts, 

bischofite (MgCl2'6H2O) and carnallite (KMgCl^•6H2O) is 

observed. 

Many aspects of mineral equilibrium need adjustment 

when applied to evaporite precipitation and the correspon

ding formation of concentrated evaporite brines. However, 

there are some "rules" of physical chemistry which remain 
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valid (Krauskopf, 1969). For example: (1) when two salts 

are present in solution, precipitation is dependent upon 

both concentration and solubility, (2) if two salts share 

a common ion, their respective solubilities are less than 

they would be in pure water, (3) if no common ion is shared 

the solubilities of both salts are higher than in pure 

water, and (4) solubility is markedly affected by tempera

ture. These rules are also useful when studying the for

mation of brine due to mineral dissolution. 

Formation of Brine Due to Mineral Solution 

Two major sources of brine formed by mineral disso

lution are those brines which are derived from the disso

lution of marine evaporite sequences and those originating 

from the dissolution of continentally-derived saline de

posits. The composition of a brine formed by the dissolu

tion of a marine evaporative sequence can be determined 

with the utilization of a salt diagram that graphically 

represents the assemblages of salts and associated brines 

possible given the ions present in the system. 

Use of Two and Three Com
ponent Systems to Model 
Path of Dissolution 

Salt diagrams were developed by Van't Hoff (1905) 

in an attempt to predict the behavior of salt sequences as 

a function of temperature, pressure, and concentration. A 

system involving a pair of salts, NaCl and KCl, is indicated 



by Figure 1. Pure solvent is represented by the origin 

of the X and Y axes. Concentrations, expressed in moles, 

increase outward. Points A and B represent saturated solu

tions, at 25''C, of pure NaCl and KCl, respectively. All 

points between line ACB and the origin represent under-

saturated solutions of salts, all points beyond line ACB 

represent heterogeneous mixtures of salt with its satura

ted solutions. This diagram is used to predict the path 

of dissolution, and consequently the chemical composition 

of a brine formed from a solution of salt deposits. For 

example, take a mixture of the sylvite and halite salts 

at point P. As a solvent is added to the mixture, or as 

the evaporative deposit is dissolved, the composition of 

the brine formed is equal in composition to that observed 

at point C. As more solvent is added the KCl and NaCl 

will dissolve and the composition will remain at point C. 

When the last of the KCl dissolves some of the NaCl re-

25 

m ains in solid form due to the NaCl-rich position of salt 

P at point C. As more water is added the NaCl dissolves 

and the solution moves from C to D. Further, addition of 

water merely dilutes the solution causing it to move from 

D towards the origin. 

A system such as the one represented in Figure 2 

is complicated by the fact that KCl-MgCl2 can produce a 

double salt, KCl-MgCl2-6H20 (Carnallite). At point A a 

solution is composed only of MgCl2*6H20, at point B a 

solution is only composed of KCl. The line from the 
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Figure 1. Dissolution path of the NaCl-KCl system at 
25°C. Modified from Braitsch, 1962, page 
36. 
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Bischofite is in equilibrium 

Carnallite is in equilibrium 

Ratio K2Cl2/MgCl2 

in carnallite 

Sylvite is in equilibrium 

30 

Moles KCl/1,000 moles H O 

Figure 2. Dissolution path of the KCl-MgCl- system 
at 25°C. Modified from Braitsch, 
1962, page 38. 
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origin to E shows the ratio of KCl to MgCl necessary to 

produce carnallite. 

If pure carnallite were dissolved the first solution 

in equilibrium with the carnallite would have a brine compo

sition that would be located at point D. This location is a 

result of incongruent dissolution which causes the formation 

of carnallite from some of the previously precipitated syl

vite. When all MgCl2 ^ ^ ° ^ ^^® carnallite has dissolved 

there is still some solid KCl remaining. Only when KCl be

gins to dissolve does the solution move from composition 

point D to composition point E. At composition point E the 

last of the solid KCl is gone and further addition of water 

will dilute the brine solution toward the origin. 

Figure 2 illustrates regions of equilibrium of 

various salts. At point D a solution of bischofite and 

carnallite is in equilibrium. The composition correspon

ding to point D can only be reached from the DB side while 

the composition corresponding to point C can be reached 

from either AC or CD. 

It must be noted that incongruent dissolution of 

salts is a common complicating factor in most evaporite 

deposits. Carnallite commonly dissolves as solid sylvite 

and an MgCl--rich solution. 

The concentration of calcium (Ca ) is significant 

in seawater; calcium is one of the first ions to precipi

tate. Calcium precipitates with carbonate as a calcium 

carbonate such as calcite (CaCO^) or with sulfate as gyp

sum (CaSO,•2H„0). However, the contribution of calcium 

4 2. 



29 
is not included in the above analysis because most of it 

has been removed before precipitation and later dissolu

tion of the above minerals is initiated. 

If the observed brine is formed by the dissolution 

of continentally-derived saline deposits,the composition 

is largely a function of the solute supply of the area 

of interest. This solute supply is dependent upon the 

mineral equilibrium of the area and the physical factors 

influencing transport within the area. Generally these 

saline deposits have been enriched in sulfate from meteo

ric waters, and the brines formed from their re-solution 

reflect this enrichment. The composition of these brines 

is also highly dependent upon the interaction of the 

fluids within the enclosing rocks (Carpenter, 1978). 

Selective mineral precipitation is also important 

in determining the composition of many of these brines. 

Jones (1966) noted that saline waters of the Great Basin 

area derived their solute compositions from three major 

chemical reactions: (1) silicate hydrolysis, (2) uptake 

of CO from the atmosphere or uptake of SO^ from oxidation 

of sulfides, and (3) precipitation of alkaline earth com

pounds. Jones (1966) further stated that the silicate 

hydrolysis reactions typically occur in tandem with 

aqueous CO^ uptake. Sulfate reduction and CO2 release 

also modified the composition of the Great Basin waters 

which Jones (1966) observed. 
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Secondary Changes 

The composition of the salts and their associated 

brines can be further complicated by changes that occur 

after evaporation. These include temperature increase 

upon burial, influx of groundwater, influx of fresh'water 

or seawater during evaporation, and reaction of the resi

dual bitterns with the early-formed salts. Evidence of 

replacement is abundant as is large-scale dolomitization 

at the base of many evaporite sequences (Stewart, 1963). 

Jacka (et al., in prep.) has documented a regional six-

stage replacement sequence in the San Andres formation 

of New Mexico which reflects cyclic fluctuations in sea 

level, climate and sedimentation. Stewart (1963) cate

gorized five basic "penecontemporaneous changes" deter

mined from evaporite studies which also affect the compo

sition of associated brines. They are: (1) reaction of 

minerals with the brines into which they sink, (2) reac

tion of early formed minerals with residual liquid, (3) 

reaction of minerals with early interstitial liquids, 

and (4) changes due to an influx of seawater or terres

trial water. 

Ionic filtration and isotopic fractionation can 

also greatly modify the brines formed by evaporative 

concentration or mineral solution. Many investigators 

(DeSitter, 1947; Berry, 1959; Bredehoeft, 1963; White, 

1965; Hanshaw, 1972) have proposed ion filtration as an 
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important step in the complex process of brine formation. 

Closely associated with ion filtration and mineral solution-

dissolution is the process of isotopic fractionation. 

Isotopic Fractionation 

Fractionation, or the separation of lighter from 

heavier isotopes contained within a molecule, is a conse

quence of differences in the vibrational components of the 

isotopes. (Translational and rotational components are of 

a much lesser importance in the particular isotopes consi

dered.) These vibrational components are inversely propor

tional to the mass of the isotope. A bond formed by a 

lighter isotope is more easily broken by virtue of its 

higher vibrational component, therefore, that isotope is 

more reactive (Faure, 1977). That is, isotope fractiona

tion measurements taken during irreversible chemical re

actions show a preferential enrichment of the lighter iso

tope in the products of the reaction (Hoefs, 1973). Iso

tope fractionation can occur as the result of many chemical 

and physical processes. Among the most common physical pro

cesses of geologic importance are; evaporation and condensa

tion, melting and crystallization, adsorption and desorption, 

and diffusion of ions due to concentration, pressure, or 

temperature. Hoefs (1973) noted that all of these physical 

processes are common in the natural water cycle from which 

brines are largely derived. The group of isotopes most 
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susceptible to fractionation; hydrogen, oxygen, carbon, 

nitrogen and sulfur, are also some of the most abundant 

elements in brines (Faure, 1977). 

Deuterium and oxygen isotopic concentrations are 

the most widely used in the study of natural waters. 

Isotopic concentrations are generally reported relative 

to the standard mean ocean water, SMOW (Craig, 1961a), in 

parts per thousand (0/00). In accordance with the follow-

ing formulas, positive values of 0 and H indicate en

richment in the heavy isotope: 

1^0(0/00) = (^^/^^)sample - (^^0/^^)SMOW ^ ̂ ^^^ 

(•̂ 0̂/-̂ 0̂)SMOW 

2 2 
2^(0/00) = ( "/H)sample - ( »/H)SMOW ^ ̂ ^^^^ 

( ^/H)SMOW 

Clayton et al. (1966) studied the isotopic composi

tions of various brines in the Michigan Basin. He deter

mined the "expected" isotopic distribution of the present 

day meteoric water of the region then compared this value 

to what was observed in the brine. Clayton et al. (1966) 

then concluded that fractionation due to evaporation and 

dissolution did not greatly alter the deuterium content in 

these brines. However, chemical exchange between the brine 

18 
and the surrounding formation tended to shift the 0 ratio 

18 
toward the 0 ratio observed within the formation. Gen-

18 
erally this shift causes an enrichment of 0. 
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Any isotopic data obtained must be corrected for 

"noise" due to: (1) possible difference in isotope 

ratios of waters in the past, (2) mixing with non-meteoric 

water such as juvenile water or seawater, and (3) inter

action or isotopic exchange with the surrounding geologic 

formation (Gat, 1971). Graf et al. (1965) has determined 

that the isotopic distribution of Pre-Pleistocene subsur

face waters differs from that of modern waters due to 

differences in climate, elevation, and the areal extent 

(amount of isotopic mixing) of the paleoocean. Gat (1971) 

observed, in a regional groundwater investigation, that 

18 
with age deuterium and 0 became depleted, and as a 

general rule meteoric waters of more continental areas 

tend to be lighter than those of the oceanic environment. 

34 
The fractionation of sulfur ( S) as well as that 

of hydrogen and oxygen is of importance in the study of 

brines. Rees (1970) attributed the loss of sulfate from 

ocean water to either evaporite formation or sulfide for

mation which involves fractionation. Thode (1961) noted 

that exchange reactions between brines and associated for

mations containing sulfur altered the isotopic composition 

of the sulfur so that it approached that of the formation. 

Other isotopic distributions such as that of strontium 

could prove very useful in the study of brine formation. 

However, it must be kept in mind that the isotopic distri

bution of a given element depends primarily on such 
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variable factors as present temperature, mineralogic char

acter of surrounding formations, the paleo-history of the 

particular region, physical factors such as evaporation, 

dissolution, and diffusion, and the extent of equilibrium 

between subsurface waters and the minerals from surround

ing formations. These multiple factors are difficult to 

document and illustrate the difficulty of determining the 

specific origin of the isotopic distribution within a 

region. 



CHAPTER III 

ION FILTRATION 

Theory 

Shales and compacted clay minerals which act as 

semipermeable membranes may severely restrict the move

ment of charged ionic species and consequently may be a 

major mechanism for the concentration of ionic solutes in 

aquifer systems. Although the ion exclusion properties of 

membranes have long been documented, the application of 

this phenomenon to the geologic system has been relatively 

recent. DeSitter (1947) was the first to suggest the im

portance of membrane filtration. The process of ion fil

tration has been well-documented theoretically (Helfferich, 

1962; Lakshminarayanaiah, 1969). However, information con

cerning the factors affecting membrane efficiency is 

largely empirical. 

Origin of Membrane Effects 
in Clay Minerals 

Membrane properties of clay minerals are due pri

marily to the charge imbalance or deficiency resulting 

from four factors. These are: (1) isomorphic replace

ment of a high valence cation with a cation of lower va

lence, this replacement can take place in the tetrahedral 

layer (commonly Al for SI ) or in the ocahedral layer 

(Mg"*"̂  for Al"*""̂ ); (2) broken bonds along the edges of the 

clay platelets; (3) removal of hydrogen from an exposed 

hydroxyl group; and, (4) transfer of exchange cations 

35 
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with structural cations other than hydrogen under cer

tain conditions such as low pH (Grim, 1953; Helfferich, 

1962; Kharaka and Berry, 1973). 

Kerogen, which may comprise as much as two per

cent by weight of the organic matter found in shales, 

can also interact with the exchange sites (Helfferich, 

1962). The Kerogen carries amino acids which are signi

ficant in giving the organic matter a charge deficiency. 

Ion exchange membranes in contact with electro

lyte solutions behave differently than non-ion exchange 

membranes. This difference is due to the electrical pro

perties derived from the four previously mentioned factors. 

Clay platelets attract cations to their edges and outer 

surfaces due to their charge deficiences. The anions 

which balance the cations and maintain the electrical 

neutrality of the system move to the pore spaces between 

the platelets. When a clay platelet is surrounded by an 

electrolyte solution, diffusion of cations into the solu

tion and anions into the clay framework takes place due 

to concentration gradients. An equilibrium is established 

when the force attracting the cations to the framework is 

balanced by the concentration gradient that causes them to 

diffuse into the bulk solution surrounding the framework (See 

Figure 3). Anions are repelled by the negatively charged 

surface of the clay, but diffusion tends to carry them 

from areas of higher concentration toward the clay plate

let. This results in a diffuse layer between the clay 
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platelets and the solution such that the cations are more 

concentrated in the diffuse layer than within the bulk 

solution. The first ions which diffuse in the solution 

build up an electric potential difference known as the 

"Donnan potential." This potential pulls the diffusing 

cations back into the negatively-charged ion exchanger 

and anions into the positively-charged solution. There

fore, the electrolyte is at least partially excluded by 

the ion exchanger as a result of the Donnan potential 

(Helfferich, 1962). Additionally, a "double - layer" 

results from the interaction of the diffuse layer and 

the charged surface of the clay platelet. 

As these platey clay particles are forced closer 

together during compaction the charged fields overlap, 

resulting in a reduced anionic concentration within the 

remaining pore space. The net effect of the compaction is 

a positively-charged electrostatic field throughout the 

pore space. When electrolyte solutions approach the mem

brane this charge will cause the anions to be attracted 

while the cations are repelled. In order to retain elec

trical neutrality the membrane retards all charged species 

while allowing uncharged species such as H.S^O^ and H2O to 

pass through. This results in a "residue" of charged ions 

on the input side of the membrane. This phenomenon is 

known by several equivalent expressions including shale 

membrane effect, ion filtration, ion sieving, reverse 

osmosis, salt filtration, and hyperfiltrat ion. The term 
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ion sieving is a misnomer to some degree. An "ion sieve" 

membrane is a membrane with narrow pores that is semiper

meable and to some degree permselective. However, the 

term more correctly refers to a case in which the membrane 

is neutral or uncharged. In that instance the pores 

actually "block" certain species (Lakshnimarayanaiah, 

1969) . 

An "ideal" artificial membrane would be one in 

which the membrane was completely inactive when used to 

separate two solutions or phases (Lakshminarayanaiah, 

1969). This membrane would also be homogeneous in struc

ture and composition. The efficiency of this membrane 

would depend only upon the ionic concentration of the solu

tion flowing through it, and upon the velocity of that flow. 

Flow of Electrolyte Solu
tion Through an Ideal 
Membrane 

An electrical potential referred to as "streaming 

potential" is caused by the flux of charged solutes through 

a semipermeable membrane and results in the effluent side 

of the membrane becoming positively charged. This stream

ing potential (A^) is related to the pressure difference 

(AP) between the two sides of the membrane. The relation

ship between the streaming potential and the pressure 

difference is illustrated by the following equation devel

oped by Lakshminarayanaiah (1969): 



AH' = (̂ ^̂ 1) AP, 
40 

P K 
o 

where 

X is the exchange capacity of the ions which 
comprise the clay, 

F the current (1 Faraday =23.1 Kcal volt"-*- equiv"""-) , 

PQ the proportionality factor related to specific 
nature of each membrane. 

K 

W 

the electrical conductance of the membrane, 

the sign +/- of the exchange capacity. 

and 
P the pressure difference. 

The total flux on ions through a membrane is a func

tion of their bulk transport by flowing water and their in

teraction with the streaming potential. The flow of water 

carrying charged ions through the streaming potential causes 

a flow of ions relative to the water and sets up a "streaming 

current," (I). The equation defining streaming current is 

very similar to that for the streaming potential. In this 

case the permeability (d) is of more importance than the 

electrical conductance (K) of the membrane in determining 

the streaming current. That is, the streaming current re

lates more to the mechanics of flow through the membrane 

than to the electrical interaction of the ions in solution 

with the membrane. The equation for the streaming current 

is given by Lakshminarayanaiah (1969) as: 

lAH' = | - ^ AP. 
o 



Both the streaming potential and the streaming current, 

which affect the flow of electrolyte solutions through 

a membrane, are very much dependent upon the pressure 

differential between the two sides of the clay membrane. 

Factors Influencing 
Natural Membrane 
Efficiency 

In the geologic environment the "natural" membrane 

observed is never homogeneous in structure, composition, 

or thickness. Consequently, the efficiencies of these 

natural membranes are dependent upon a number of factors 

that were not important in the evaluation of an artifi

cial membrane. However, it can be shown by the following 

equation that membrane efficiency is not related to the 

thickness of the membrane. If the pressure and concen

tration of the solutes found in the electrolyte solution, 

as well as the distribution of ions between the membrane 

and the aqueous solution are taken into consideration, 

the following equation is independent of thickness 

(Lakshminarayanaiah, 1969): 

41 

R = 1 + 
Ds K R T C"w 

Dw Cw Vm (AP-AY) 

where 

R is the exclusion of ions, 

Dw the diffusion of water through the membrane, 

Ds the diffusion of ionic solutes through the 
membrane (generally negligible), 
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Cw the activity of water in the membrane, 

AP the change in pressure across membrane, 

Vm the partial molar volume of water in the 
membrane, 

A^ the osmotic pressure, 

K is a constant related to electrolyte con
duction , 

R is gas constant (1.99xl0"^ Kcal mole""^ deg"""-) , 

T the absolute temperature in degrees Kelvin 
(=°C + 273.15), 

and 

C"w the solvent portion of electrolyte solution 
(water) on low pressure side of membrane. 

Studies of Kharaka and Berry (1973) upon the effi

ciency of the clay membrane provided direct evidence that 

the efficiencies of a given membrane increases with de

creased ionic concentration of the input solution and an 

increase in compaction pressures. Graf et al. (1965) noted 

that the optimum efficiency was found experimentally at 

pressure of 13-34x10 pascals. Hanshaw and Coplen (1973) 

noted that the ion exclusion properties of the membrane 

are directly responsive to pressure. They observed that 

compaction pressure affects the porosity and density of 

the clays and, therefore, the concentration of negative 

sites per unit volume. Kharaka and Berry (1973) deter

mined experimentally that the efficiency of a given mem

brane is slightly lower at higher temperatures for a given 

concentration. The increase in ionic association which 

takes place at higher temperatures was given as a possible 
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contributing factor of decreased membrane efficiency. A 

temperature increase will also cause a decay of the or

ganic groups responsible for the exchange properties of 

kerogen. In addition, a temperature increase causes a 

progressive reduction in the exchange capacity of the 

clays by their degradation to more stable mineral forms 

(Berry, 1968). 

Ion filtration versus compaction pressure plots 

(See Figure 4) were found by Kharaka and Berry (1973) to 

be an effective way in which to indicate the relative re

tardation of the various ionic species. ("Retarded" in

dicates that a specific species within the electrolyte 

solution is more concentrated on the "input" rather than 

the "output" side of the membrane.) Studies by Kharaka 

and Berry (1973) indicate that retardation of various 

species is due to factors which affect selective adsorp

tion and velocity of various ionic species. Adsorption 

of cations on the clay platelets is attributable to their 

ionic charge and their hydrated radii. Divalent cations 

are in general more readily sorbed than monovalent ions 

and form a stronger bond with the clay surfaces of the 

membrane. Truesdell and Pommer (1963) believe this pre

ference is due to the spacing of the cationic exchange 

sites in the clays that commonly comprise the shale mem

brane. Ions with smaller hydrated radii are commonly 

preferred on ion-exchange sites to larger hydrated radii 
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10 r 

3 0 
vltmticn ratio 

Figure 4. Compaction pressure versus filtration 
ratio for cations in a solution flow
ing through bentonite. Modified from 
Kharaka and Berry, 1973, page 2588. 
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of the same charge. The degree of association and complex 

formation of ions is also important in determining the se

lective adsorption. White (1965), an early proponent of 

ion filtration mechanisms for the concentration of brines, 

suggested that ion association phenomenon were probably 

the most important factors in determining species passage 

rates. 

The mobility of ions through a membrane is a func

tion of their selective adsorption on the clay platelets 

which comprise the ionic membrane and one of the four 

factors mentioned previously which affect the flow of an 

electrolyte solution through a membrane (Kharaka and Berry, 

1973). The retardation sequence developed by Kharaka and 

Berry (1973) for monovalent cations, in illite and disag

gregated shale, independent of temperature is: 

Li < Na < K < NH < Rb < Cs. 

That is, Li passes through the membrane with the smallest 

amount of retardation. The sequence for divalent cations 

under the same conditions is: 

Mg < Ca < Sr < Ba. 

These sequences were determined with a temperature range 

3 

from 20 to 70°C and compaction pressures to 6.3x10 pas

cals . 

The sequence for anions at room temperature was 

found to variable, but at 70°C, the sequence observed was: 
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HC0_ < I < B < SO, < Cl < Br. 
•i 4 

Kharaka and Berry (1973) also determined the differences 

in the retardation sequence among divalent cations were 

smaller than those between monovalent cations. The se

quences are also subject to some interchanging of posi

tion depending upon different structural and chemical 

properties of the clays and the percentage of organic 

matter contained within the clays. 

Types of Membrane Phenomenon 

Ion filtration denotes a process which results 

in the change in concentration of charged species within 

an electrolyte solution as that solution passes through 

a semipermeable membrane. That is, the effluent will 

contain fewer solutes than the original solution due to 

the ion exclusion properties of the membrane it has passed 

through. When a liquid travels through a membrane it is 

doing so in response to some type of gradient. Gradients 

result from various combinations of forces which act in 

the absence of or in tandem with external forces such as 

gravitation and magnetism. The primary forces responsi

ble for gradients are: (1) difference in chemical acti

vity, (2) difference in pressure, (3) difference in tem

perature, and (4) difference in electrical potential. 

Any one of these forces can result in potential differen

tials across a membrane which initiate some form of solute 
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movement. Consider, for example, an electrolyte solution 

in water that is separated by a semipermeable membrane. 

As a result of this concentration difference, the activity 

of the water is less in the solution than on the more con

centrated side of the membrane. This difference in acti

vity will cause movement of water from the more dilute to 

the more concentrated side of the membrane. As a result 

of the net flux of water to the more concentrated solution, 

a hydrostatic pressure difference develops between the two 

solutions. This pressure difference is known as osmotic 

pressure. The following equation illustrates the relation

ship between osmotic pressure and the activity of water: 

RT , ^«2°' 
TT = In ,, .II ' 

V Y H 0 
^ H20 ^ " 2 ' ' 

where 

IT is the osmotic pressure. 

R the gas constant, 
-3 -1 -1 

(1.99x10 Kcal mole deg ) , 

and 

T the absolute temperature in degrees Kelvin 
(=°C + 273.15) , 

H«0° the mean molar volume H2O, 

& II the activities of H2O in solutions I and II 
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A difference in the fluid pressure of an electrolyte 

across a membrane results in the net transfer of solvent in 

the direction of decreasing gradient. The membrane retains 

ions on the high-pressure side in a process known as me

chanical osmosis. 

When a temperature gradient is established across 

a semipermeable membrane immersed in an electrolyte, the 

net flux of water will be in the direction of decreasing 

thermal gradient. This movement, known as the "Soret ef

fect" (Ballentyne, 1970; Bennett', 1974), is due to the 

increased vibrational movement of the water molecules re

sulting from increased temperature. The solutes cannot 

move across the membrane. This results in a solute build

up on the high-temperature side of the membrane. 

All of the membrane phenomenon common to the geo

logic environment; chemical, mechanical, and thermal 

osmosis, result in the concentration of solutes which 

can be instrumental in the formation or further concen

tration of subsurface brines. 

Passage of water through a clay membrane is believed 

to be the primary cause of the isotopic fractionation ob

served by Clayton (1966) and Graf (et al., 1965) in their 

studies of brines from the Michigan and Illinois Basins. 

Ion filtration by the clay membrane encourages mass separa

tion effects, with the lighter isotopes passing preferen

tially through the membrane (Graf et al., 1965). Coplen 

and Hanshaw (1973) suggest that oxygen and hydrogen 
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fractionation of groundwater due to the effects of com

pacted clay membranes may be a common occurrence. This 

statement is based upon their interpretations of data 

obtained from the Illinois and Alberta Basins. Coplen 

and Hanshaw (1973) and Graf et al. (1965) observed small 

variations in the oxygen and hydrogen isotopic composi

tions of the brines existed on either side of shale or 

clay membranes found in the field. 

The study of isotopic composition of "brines" was 

undertaken by investigators such as Coplen and Hanshaw 

(1973), Clayton (1966), and Graf et al. (1965) in order 

to describe the histories and, therefore, the origin of 

these solutes and waters. Although extensive chemical 

alterations are known to take place within the brines 

after formation, it has been shown that isotope evalua

tion can aid in delineating the various physical and chem

ical mechanisms which have affected the composition and 

concentration of brines. 



CHAPTER IV 

CONCLUSIONS 

Recognition of Specific Origins: 
Solvents and Solutes 

Recognition of the specific origins of the solutes 

and solvents which comprise "brine" will never be a simple 

task. The very mechanisms responsible for the concentra

tion of brines tend to obliterate previous histories of 

the brines. However, the task of recognition can be greatly 

simplified if a model is developed which encompasses most 

of the possibilities of brine modification. 

The importance of mineral equilibrium, concentration 

by evaporation, increased concentration from dissolution, 

ion filtration, and diagenetic effects upon the composition 

of a particular brine can be more accurately evaluated if 

the brine is considered a product of the combined histor

ies of its solvent and solute. Considering both the solute 

and solvent, twelve general cases for brine formation can 

be developed (See Table 5). 

The origins of the solutes and solvents can be dif

ferentiated by the use of several diagnostic techniques 

which include: evaluation of mineral equilibrium, ionic 

composition, ionic ratios, trace elements, isotopic ratios, 

and radioactive age-dating. Table 6 lists the minimum 

number of techniques necessary to determine a specific 

brine history. 

50 
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TABLE 5 

POSSIBLE BRINE ORIGINS 

Solvent 

Seawater (marine origin) 

Freshwater (meteoric origin) 

Combination of solvents from 
marine and meteoric sources 

Solute 

(1) ionic fraction of 
seawater 

(2) solutes derived 
from a marine eva
porite sequence 

(3) bitterns (solutes 
from residue of an 
extremely concen
trated seawater) 

(4) solutes derived 
from a continental 
evaporite sequence 

(5) ionic fraction of 
seawater 

(6) marine evaporite 
sequence 

(7) bitterns 

(8) continental 
evaporite sequence 

(9) ionic fraction of 
seawater 

(10) marine evaporite 
sequence 

(11) bitterns 

(12) continental 
evaporite sequence 
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TABLE 6 

TECHNIQUES USED TO IDENTIFY BRINE HISTORY 
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The only technique available to differentiate 

marine,meteoric, and marine-meteoric origins for the sol

vent portion of a brine is that of the isotopic ratios 

of oxygen and hydrogen. Isotopic ratios which indicate 

a marine origin can be distinguished from those which in

dicate a meteoric origin. Although isotopic ratios are 

extremely variable, Dansgaard (1964) found that the "'"̂ O/'̂ '̂ O 

ratio for marine water was always positive, +.690/00 to 

18 16 
+.150/00. The 0/ 0 ratio for continentally-derived 

(meteoric) water was always negative, -1.60/00 to -4.50/00, 

even in continental areas within close proximity to the 

2 
ocean. Clayton et al. (1966) states that the H/H ratio 

18 16 
should be used in conjunction with the 0/ 0 ratio when 

determining the origin of the solvent portion of the brine. 

Deuterium-hydrogen ratios are less sensitive to kinetic 

effects and, therefore, display less random variation 

(Dansgaard, 1964). 

These isotopic ratios are subject to deviation re

sulting from many physical and chemical processes which 

are involved in the formation of brines including; evapora

tion, mineral solution-dissolution, and ion filtration. 

The importance of each of these processes must be evalua

ted with respect to the reservoir of interest. 

Evaporation causes a deviation of 0/ 0 and H/H 

values such that the solvent remaining shows a positive 

^H and •'"̂0 value (Hoefs, 1973). However, hydrogen 
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isotopes are fractionated in proportion to the oxygen 

isotopes, due to the differences in vapor pressure be-

2 
tween H2O and HHO. This fractionation was expressed 

by Craig (1961a) with the following equation: 

6D = 86"'"̂ 0 + 10. 

That is, it is possible that continentally-derived water 

18 2 
may increase in 0 and H values such that they would 

approximate those values observed in marine water. How

ever, a marine solvent which experienced continual eva

poration would become even more positive. 

Chemical reactions, such as mineral solution and 

dissolution, result in a preferential enrichment of the 

lighter isotope in the products of reaction (Hoefs, 1973). 

The deuterium and oxygen-18 content in the solvent can be 

decreased if the water is involved in the formation of hy

droxide, hydration weathering, or other similar reactions. 

Graf et al. (1965) observed that brines passing 

through membranes will result in the lighter isotopes 

passing preferentially through the clay membranes. Kharaka 

an 
d Berry (1973) determined that this passage was dependent 

upon the exchange capacity of the clays comprising the mem

brane, the concentration of the solvent of interest, and 

the temperature and pressure present in the reservoir of 

interest. Passage of specific ions contained within the 

solvent was also dependent upon the size of their hydrated 

radii, and their degree of association and complexing. 
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If the chemical and physical processes of a given 

reservoir are taken into consideration, isotopic ratios 

can be utilized as a technique for determining the origin 

of a solvent. Clayton et al. (1966) used isotopic ratios 

to determine that the brines of the Illinois and Michigan 

Basins contained a meteoric solvent. They then used the 

A^^r-t ^i--t r^^ ^f *-u^ l^n/l^n î atio to delineate the extensive deviation or the 0/ 0 

oxygen exchange taking place between the solvent portion 

of the brine and the surrounding formation. (Chemical 

exchange between the brine and the surrounding formation 

18 16 
is common, and tends to shift the 0/ 0 ratio of the 

brine toward that observed in the skeletal framework of 

the surrounding formation.) Craig (1963), in his study 

of a brine from the Salton Sea area of California, deter-

m ined that the solvent was meteoric in origin. The anomo-

18 lously high 0 values were hypothesized to be a result 

of their equilibration with the surrounding formation. 

The magnitude of this shift increased with temperature 

and residence time of the brine in a given reservoir. 

Graf et al. (1965) used isotopic data from the Illinois 

and Alberta Basins to determine that increased isotopic 

fractionation due to passage of the brines through a shale 

membrane was significant. Coplen and Hanshaw (1973) deter

mined experimentally that given a constant temperature, 

pressure, and concentration, ultrafiltrates forced through 

a montmorillonite disc were consistently fractionated. 

That is, the ultrafiltrates were depleted in H by 2.50/00 



and in ^^0 by 0.90/00, relative to the residual solution. ^^ 

Graf et al. (1965) had previously hypothesized that the 

regularity observed between ^H and -"-̂O in the solvent 

portion of brines from the Illinois, Michigan, Alberta 

Basins, and the Gulf Coast was due to the passage of 

these brines through a shale membrane. Additionally, 

Hitchon et al. (1971), in their study of brines from the 

Western Canadian Basin, determined with the use of iso

topic ratios that the ultimate origin of the solvent 

portion of their brine was marine. 

If the solvent has a mixed marine-meteoric origin, 

the isotopic ratios will display marine and meteoric 

values, and also values intermediate between the two. 

These values must be carefully evaluated to avoid an 

18 16 
error in interpretation. The 0/ 0 ratios which result 

from the exchange between a brine and the surrounding re

servoir rocks can parallel those obtained for a solvent 

of mixed origin. This is why the deuterium-hydrogen 

ratios, which are relatively unaffected by such exchange, 

are critical to the evaluation (Clayton et al.,1966). 

Essentially, there are two origins for the solutes 

within a brine. The solutes can be marine or continentally 

derived. If the solutes are marine in origin they can have 

the ionic composition and ratios of seawater, a marine eva

porite sequence, or bitterns. Continentally-derived solu

tes are highly dependent upon the mineralogic controls 
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which dominate in the specific area from which they are 

derived. Consequently, these solutes do not have the 

continuity of ionic composition and ionic ratios as do 

the three types of marine solutes. Marine evaporite se

quences and bitterns (the extremely concentrated residue 

observed before total evaporation of seawater) are pro

ducts of the modification of initial seawater. Most of 

the ions observed in initial seawater (See Table 2) will 

be found in evaporite sequences and bitterns. However, 

the percentages and the ratios of ions to one another 

will be altered due to the evaporative process and as

sociated secondary reactions which accompany this pro

cess. 

In order to determine the ionic composition of 

the solute derived from a marine evaporite sequence it 

is necessary to know the general mineralogy of such a 

sequence. Extensive study of these sequences, most no

tably those of the Zechstein salt beds in central Europe, 

was begun by Ochsenius (1877) and continues to the present 

time. Magnesium is deficient in many evaporite sequences, 

from what is expected to result from seawater evaporation. 

In addition, the brine derived from the dissolution of a 

marine evaporite sequence generally shows a pronounced 

discrepancy between the amount of calcium and sulfate 

observed and that expected from seawater (See Table 7). 

The values shown in Table 7 for marine evaporites and 



TABLE 7 

IONIC CONTENTS RESULTING FROM DISSOLUTION OF 
MODIFIED MARINE SOLUTES WITH SEAWATER* 
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Ion 

Cl" 

Na"̂  

SO = 
4 

Mg"^ 

C a ^ 

K^ 

HCO3" 

Br" 

Sr" 

Seawater 
parts per 
million 

18,980 

10,556 

2,649 

1,272 

400 

380 

140 

65 

8 

Soli 

percent of total 
ionic fraction 

55.05 

30.61 

7.68 

3.69 

1.16 

1.10 

.41 

.19 

.07 

jte 

Typical Marine 
Evaporite Sequence 

percent 
PPM ionic fract. 

19,154 

10,714 

2,205 

941 

21 

551 

310 

241 

276 

55.60 

31.1 

6.4 

2.73 

.06 

1.6 

.9 

.7 

.8 

Bitterns 

PPM 

22,393 

2,136 

1,206 

5,030 

_24 

2687 

148 

413 

276 

percent 
ionic fract 

65.0 

6.2 

3.5 

14.6 

.07 

7.8 

.43 

1.2 

.8 

*Values calculated from data obtained from brine studies 
[Stewart (1963), Borchert and Muir (1964), and Zherebtsova and 
Volkova (1966)]. 
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bitterns are normalized on the total ionic content of 

seawater. The values for a marine evaporite sequence 

are obtained by calculating the ionic content based upon 

the generalized mineralogy of a typical evaporite sequence 

taken from Stewart (1963) and Borchert and Muir (1964). 

The values for bitterns were calculated with data derived 

from Zherebtsova and Volkova (1966). The solute portion 

of a brine derived from bitterns will show a large amount 

of magnesium and chloride since the "bittern stage" is the 

last stage of seawater evaporation. The brine is composed 

of approximately 65 percent chloride and 15 percent magne

sium at this stage. 

The specific stage of evaporation which the mineral 

solutes had reached can be determined by the use of mineral 

equilibria studies, assuming that the kinetics of mineral 

precipation are faster than the residence time of the 

brines. Mineral equilibria will indicate which solid min

eral phases (salts) are in equilibrium with the brine. 

This formation will allow the determination of an expected 

ionic composition and ratio. Zherebtsova and Volkova (1966) 

utilized this approach in their study of the Black Sea and 

Sasyk-Sivash brines. They determined expected ionic com

positions and ratios for their brines by observing the 

chemical composition of the last ionic species to reach 

disequilibrium with the brine and to precipitate as a salt. 

Jones (1966) made use of mineral equilibria to determine 
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that weathering of the surrounding formation, selective 

mineral precipitation, and evaporative concentration 

controlled the ionic composition and ratios of the saline 

waters in the Western Great Basin. Hitchon et al. (1971) 

in their study of brines derived from the Western Canadian 

Basin determined the marine origin of their solvent with 

isotopic data. They then determined recharge and ionic 

concentration due to ion filtration was altering the com

position of the solute portion of their brine. The signi

ficance of ion filtration and recharge in their reservoir 

was determined with the use of what Hitchon et al. (1971) 

termed "chemical analyses." These analyses were the 

study of the deviation of the mineral equilibria of the 

brines from that expected for seawater, which was what 

they proposed as the origin of the solute portion of their 

brines. Carpenter (1978) utilized the study of mineral 

equilibria to determine that the brines of Central Missi

ssippi derived their solute composition partially from 

interaction with minerals within the enclosing sedimentary 

rocks. 

In addition to diagnostic ionic compositions and 

ratios, the various conservative or "trace" elements have 

been used to determine the stage of evaporation of a marine 

solute. These trace elements; lithium, boron, iodine, bro

mine, strontium, and rubidium accumulate in the brine and 

only pass into the solid phase with the crystallization 



of the salts, carnallite and bischofite. Since these 

magnesium and potassium salts are among the very last 

salts to precipitate, the maximum content of the trace 

elements (See Table 8) will be observed in these bit

terns and in the brine derived from these bitterns. 

Sloss (1969) observed that the bromine content at vari

ous locations in a given basin was "symmetrically 

distributed." Sloss (1969) then stated that bittern 

accumulation, and in fact evaporite sequences, must be 

deposited from density-layered waters rather than accor

ding to the accepted model (that being a model which pre

dicted alternating periods of normal seawater circulation 

followed by periods of basinal restriction). Whittemore 

and Pollock (1978) used ratios of lithium, bromine, and 

iodine to chloride to determine the specific sources and 

amounts of saline waters which were deteriorating the 

freshwater resources in Kansas. They stated that these 

trace elements were the elements least adsorbed by clays 

and least affected by chemical reactions and, therefore, 

the most reliable. A suite of trace elements, rather 

than just one or two, eliminates the error obtained if a 

specific trace element reacts with elements from the sur

rounding skeletal framework. The use of radioactive age-

dating is used if the solvent and solute both have the 

same origin, but different ages. For example, a Gulf 

Coast brine will exhibit the ionic composition, ionic 

percentages, and isotopic ratios of a marine solvent and 

61 
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TABLE 8 

MAXIMUM CONTENT OF TRACE ELEMENTS 
IN BRINE OR SALTS 

DERIVED FROM BRINE* 

Salt Containing Maximum Content of Trace 
Trace Element Amount of Trace Element Element (g/kg) 

Lithium Bischofite 14.7 

Boron Bischofite 0.412 

Iodine Bischofite 0.0041 

Bromine Bischofite 4.6 

Strontium Carnallite 6.33 

Rubidium Carnallite 0.02 

*Data from Study of Natural Solar Evaporation of Black Sea 
Water and Sasyk-Sivash Brine (Zherebtsova and Volkova, 1966) 
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solute. Radioactive age-dating would be the only method 

to determine if this brine was truly an example of con

nate water or if the brine was open to seawater influx. 

Kronfield and Adams (1974) and Osmond et al. (1968) 

made use of the variations in the ratios of isotopic acti

vity and concentration of uranium (U-234/U-288) . To eval

uate mixing of various groundwaters and to estimate the 

ages of these waters, Kronfeld and Adams (1974) state that 

a decrease of the activity ratio is a function of time 

alone. Since the ocean has a 15 percent excess of U-234 

(Kronfeld and Adams, 1974; Osmond et al., 1968) the U-234/ 

U-238 ratio can be used to determine for what length of 

time the solutes of marine origin have been out of equili

brium with the ocean. (The maximum time period for age-

dating utilizing U-234/U-238 activity ratios is 4x10 years 

(Kronfeld and Adams, 1974; Osmond et al., 1968). 

Carbon-14 data is another possible method of age-

dating. However, C dating is prone to error due to the 

many sources of dissolved carbonate species in the ground

water system. Pearson and Hanshaw (1970) have developed 

a method to get true ages from C measurements using the 

"'•"̂C/''"̂C ratio to calculate the contribution from other 

carbonate sources. They have successfully used this 

method to distinguish and accurately date the many sources 

of water comprising the Floridian aquifer. 

In conclusion, the recognition of the specific ori

gins of the solvent and solute portions of a brine can be 
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accomplished with the use of several appropriate diagnos

tic techniques. However, a thorough knowledge of the 

structure, lithology, mineralogic controls, and hydrology 

of the reservoir of interest must be known. For example, 

if the reservoir of interest had been subject to recharge 

or discharge, this would affect the composition of the 

brine. If clay and shale were present in moderate amounts, 

ion filtration would need to be considered. If the sur

rounding formation were calcium-rich, then U-234/U-238 

might be a more appropriate age-dating technique than 

Carbon-14. Therefore, to effectively use this model all 

the factors affecting significant reactions occurring 

within the reservoir must be considered. It is impossible 

to simply analyze a brine sample and state categorically 

that it has a specific origin for its solvent and solu

tes. However, with careful hydrogeological evaluation 

of source in combination with techniques outlined above, 

it may be possible to suggest a specific origin. 



LIST OF REFERENCES 

1. Anderson, R. J., Graf, D. L., Jones, B. F., 1966, 
Calcium and bromide contents of natural waters: 
Science, v. 153, p. 1637-1638. 

2. Back, William, and Cherry, J. A., 1976, Chemical as
pects of present and future hydrogeologic prob
lems: In Advances in Groundwater Hydrology Sym
posium, American Water Resources Assoc, p. 153-172. 

3. Back, William, 1966. Hydrochemical facies and ground
water flow patterns in northern part of Atlantic 
Coastal plain: U. S. Geol. Survey Prof. Paper 
498-A, 42 p. 

4. Back, William, and Hanshaw, B. B., 1965, Chemical 
geohydrology: In Advances in Hydroscience, v. 
2, p. 49-109. 

5. Ballentyne, D. W. G., and Lovett, D. R., 1958, A 
dictionary of named effects and laws in Chemis
try, Physics, and Mathematics: London, Chapman 
and Hall Ltd. , 335 p. 

6. Barrer, R. M., 1951, Diffusion in and through solids: 
Cambridge University Press, 464 p. 

7. Bennett, H., 1974, Concise chemical and technical 
dictionary (3rd ed): New York, Chemical Pub
lishing Co., Inc., 1146 p. 

8. Bentor, Y. K., 1968, On the evolution of subsurface 
brines in Israel: In ChemicalGeol., v. 4, p.83-104 

9. Bentor, Y. K., 1961, Some geochemical ^^P^^^^ °^, J^^ 
Dead Sea and the question of its age: Geochim, 
et Cosmochim. Acta, v. 25, p. 239-260. 

10. Berner, R. A., 1971, Principles of chemical sedi-
mentology: New York, McGraw-Hill Co., 240 p. 

11. Be 

12. 

rrv F A F., 1968, Relative factors influencing 
^'';embrt;e filtration effects in S-logic environ

ments: In Chemical Geology, v. 4, p. 295-301. 

Borchert H., and Muir, R. 0., 1964, Salt deposits; 
The'ori^in, metamorphism and deformation of 

orites: London, D. Van Nostrand Co., 338 p. 
evap 

65 



13. 

14. 

66 
Borchert, H., and Muir, R. 0., 1971, Salt deposits 

their origin and composition: New York, Springer-
Verlag, 297 p. 

Braitsch, 0., 1962, Entstehung und Stoffbestand der 
Salzlagerstatten: in Mineralogie und Petro-
graphie in Einzeldarstellungen, v. 3, (editors 
Von Engelhardt and Zemann), Berlin, Springer-
Verlag, 232 p. 

15. Bredehoeft, J. D., Blyth, C. R., White, W. A., and 
Maxey, G. B., 1963, Possible mechanism for con
centration of brines in subsurface formations: 
Am. Assoc. Petroleum Geologists Bull., v. 47, 
no. 2, p. 257-269. 

16. 

17. 

Carpenter, A. B., 1978, Origin and chemical evolution 
of brines in sedimentary basins: Oklahoma Geol. 
Survey Circular 79, p. 60-77. 

Carpenter, A. B., and Miller, J. C , 1968, Geochem
istry of saline subsurface water. Saline County 
(Missouri): In Chemical Geology, v. 4, p. 135-
166. 

18. Chave, K. E., 1960, Evidence on history of sea water 
from chemistry of deeper subsurface waters of 
ancient basins: Am. Assoc. Petroleum Geolo
gists Bull., V. 44, no. 3, p. 357-370. 

19. 

20. 

21. 

22. 

23. 

Chilingarian, G. V., and Rieke, H. H., Ill, 1968, 
Some chemical alterations of subsurface waters 
during diagenesis: In Chemical Geology, v. 4, 
p. 235-253. 

Clarke, F. W., 1924, The data of geochemistry (5th 
ed): U. S. Geol. Survey Bull. 770, 841 p. 

Clayton, R. N., Friedman, I., Graf, D. L., Mayeda, 
T. K., Meents, W. F., and Shimp, N. F., 1966, 
The origin of saline formation waters: Geo
physical Research, v. 71, no. 16, p. 3869-3882. 

Clayton, R. N., 1959, Oxygen isotope fractionation 
in the system calcium cabonate-water: Jour. 
Chem. Physics, v. 30, no. 5, p. 1246-1250. 

Conway, B. E., and Barradas, R. G., ed., 1965, Chemi
cal physics of ionic solutions: New York, Wiley 
and Sons, 622 p. 



24 Coplen, T. B., and Hanshaw, B. B., 1973, Ultrafil
tration by a compacted clay membrane - I 
Oxygen and hydrogen isotopic fractionation: 
Geochim. et Cosmochim. Acta, v. 37, p. 2295-
M ^ ^ V/ • 

67 

25 

26 

Craig, Harmon, 1961 a, Isotopic variations in me
teoric waters: Science, v. 133, p. 1702-1703. 

Craig, Harmon, 1961, Standard for reporting concen
trations of deuterium and oxygen-18 in natural 
waters: Science, v. 133, p. 1833-1834. 

27 Dansgaard, W. , 1964, Stable isotopes in precipi
tation: In Geochemistry of Water, v. 16 
p. 160-191. 

28. 

29 

Degens, E. T., and Chilingar, G. V., 1967, Diagene
sis of subsurface waters: In Diagenesis in 
Sediments, New York, Elsevier Publ. Co., p. 477-502 

Degens, E. T., and Eostein, Samuel, 1962, Relation
ship between 0^®/0^^ ratios in coexisting car
bonates, cherts and diatomites: Am. Assoc. 
Petroleum Geologists Bull., v. 46, no. 4, p. 
534-542. 

30 

31. 

De Sitter, L. U., 1947, Diagenesis of oil field 
brines: 
V. 4, p 

Am. Assoc. Petroleum Geologists Bull., 
361-370. 

Dickey, P. A., 1969, Increasing concentration of sub
surface brines with depth: In Chemical Geology, 
V. 4, p. 361-370. 

32. Dickey, P. A., 1966, Patterns of chemical evolution 
in deep subsurface waters: Am Assoc. Petro
leum Geologists Bull., v. 50, no. 11, p. 2472-
2478. 

33. Dingman, R. J., and Angino, E. E., 1968, Chemical 
composition of selected Kansas brines as an 
aid to interpreting change in water chemistry 
with depth: In Chemical Geology, v. 4, p. 325 
339. 

34 

35 

Eardly, A. J., Gvodetsky, V., and Marsell, R. E., 
1957, Hydrology of Lake Bonneville and sedi
ments and soils of its basin: Geol. Soc. 
America Bull., v. 68, no. 9, p. 1141-1201. 

Else nman, G., 1962, Cation selective glass electrodes 
and their mode of operation: Biophysics Jour., 
V. 2, no. 2, p. 259-323. 



68 

36. Ellis, A. J., and McFadden, I. M., 1972, Partial 
molal volumes of ions in hydrothermal solu
tions: Geochim. et Cosmochim. Acta, v. 36, 

37. Eugster, H. P., and Jones, B. F., 1979, Behavior 
of major solutes during closed-basin brine 
evolution: Am. Jour, of Science, v. 279 
p. 609-631. 

38. Faure, Gunter, 1977, Principles of isotope geology: 
New York, John Wiley, 464 p. 

39. Feely, H. W., and Kulp, J. L., 1957, Origin of Gulf 
Coast saltdome sulphur deposits: Am. Assoc. 
Petroleum Geologists Bull., v. 41, no. 8, 
p. 1802-1853. ' 

40. Friedman, I., 1953, Deuterium content of natural 
waters and other substances: Geochim. et 
Cosmochim. Acta, v. 4, p. 89-103. 

41. Garrels, R. M., and Mackenzie, F. T., 1966, Origin of 
the chemical composition of some springs and 
lakes: In Equilibrium Concepts in Natural Water 
Systems, p. 222-242. 

42. Garrels, R. M., and Christ, C. L., 1965, Solutions, 
minerals, and equilibria: New York, Harper & 
Row, 400 p. 

43. Gat, J. R., 1971, Comments on the stable isotope 
method in regional groundwater investigations: 
Water Resources Research, v. 7, no. 4, p. 980-
993. 

44. Goldman, M. I., 1952, Deformation, metamorphism, and 
mineralization in gypsum-anhydrite cap rock 
Sulphur Salt Dome, Louisiana: Geol. Soc. 
America Memoir 50, 169 p. 

45. Graf, D. L., Friedman, I., and Meents, W. F., 1965, 
The origin of saline formation waters - II. 
Isotopic fractionation by shale micropore sys
tems: Illinois State Geo. Survey, Circular 393, 
p. 1-32. 

46. Grim, R. E., 1962, Clay mineralogy: New York, Mc-Graw-
Hill Book Co., 384 p. 



47 Halbouty, M. T., and Hardin, G. C , Jr., 1956, 
Genesis of salt domes of Gulf coastal plain: 
Am. Assoc. Petroleum Geologists Bull., v. 40, 
no. 4, p. 737-746. 

69 

48. 

49. 

50. 

51 

52 

Hanshaw, B. B., and Back, William, 1974, Low tempera
ture geochemistry: In Encyc].opedia Britanica 
(15th ed) p. 1028-1035. 

Hanshaw, B. B., and Coplen, T. B., 1973, Ultrafiltra
tion by a compacted clay membrane -II. Sodium ion 
exclusion at various ionic strengths: Geochim. 
et Cosmochim. Acta, v. 37, p. 2311-2327. 

Hanshaw, B. B., 1972, Natural-membrane phenomena and 
subsurface waste emplacement: Am. Assoc. Petro
leum Geologists Memoir 18, p. 308-317. 

Hanshaw, B. B., and Hill, G. A., 1968, Geochemistry 
and hydrodynamics of the Paradox Region, Utah, 
Colorado, and New Mexico: In Chemical Geology, 
V. 4, p. 263-294. 

Harvie, C. E., and Weare, J. H., 1980, Evaporation 
of seawater: Calculated mineral sequences: 
Science, v. 208, p. 498-500. 

53 

54 

55 

56 

57. 

Heck, E. 
Am. 
no. 

T., 1940, Barium in Appalachian salt brines 
Assoc. Petroleum Geologists Bull., v. 24, 
3, p. 486-493. 

Helgelson, H. C , Brown, T. H., Nigrini, Andrew, and 
Jones, T. A., 1970, Calculation of mass transfer 
in geochemical processes involving aqueous solu
tions: Geochim. et Cosmochim. Acta, v. 34, p. 
569-592. 

Helfferich. Friedrich, 162, Ion exchange 
McGraw-Hill Book Co., 624 p. 

New York, 

Hern, J. D., 1970, Study and interpretation of the 
chemical characteristics of natural water: 
U. S. Geol. Survey Water-Supply Paper 1473, 
358 p. 

Hitchon, Brian, Billings, G. K., and Klovan, J. E., 
1971, Geochemistry and origin of formation waters 
in the western Canada sedimentary basin - III. 
Factors controlling chemical composition: Geo
chim. et Cosmochim. Acta, v. 35, p. 567-598. 



70 

58. Hitchon, Brian, and Friedman, Irving, 1969, Geo
chemistry and origin of formation waters in 
western Canada sedimentary basin - I. Stable 
isotopes of hydrogen and oxygen: Geochim.et 
Cosmochin. Acta, v. 33, p. 1321-1349. 

59. Hoefs, J., 1973, Stable isotope geochemistry: New 
York, Springer-Verlag, 140 p. 

60. Holland, H. D., 1972, The geological history of 
seawater--an attempt to solve the problem: 
Geochim. et Cosmochim. Acta, v. 36, p. 637-
651. 

61. Jacka, A. D., Barone, W. E., Muir, N. J., Foley, 
D. C , Tully, T., Worthen, J. A., (in prep.), 
Hydrologic and diagenetic cycles in the San 
Andres Formation: Geologic Implications: 
Texas Tech University Masters Thesis. 

62. Johnson, K. S., and Gonzales, S., 1978, Salt de
posits in the United States and regional geo
logic characteristics important for storage 
of radioactive waste: U. W. Dept. of Energy, 
Athens, GA. , Earth Resource Associates, Inc., 
187 p. 

63. Jones, B. F., Vanderburgh, A. S., Truesdell, A. H., 
and Rettig, S. L., 1968, Interstitial brines 
in sediments: In Chemical Geology, v. 4, p. 
253-262. 

64. Jones, B. F., 1966, Geochemical evolution of closed 
basin water in the Western Great Basin: 
Northern Ohio Geol. Soc. Symposium on Salt, 
V. 2, p. 181-200. 

65. Jones, B. F., 1961, Zoning of saline minerals at 
Deep Springs Lake, California: U. S. Geol. 
Survey Prof. Paper 424-B,Art. 83, p. B199-B202. 

66. Kharaka, Y. K., and Smalley, W. C , 1976, Flow of 
water and solutes through compacted clays: 
Am. Assoc. Petroleum Geologists Bull., v. 60, 
no. 6, p. 973-980. 

67. Kharaka, Y. K., and Berry, F. A. F., 1974, The influ
ence of geological membranes on the geochemistry 
of subsurface waters from Miocene sediments at 
Kettleman North Dome in California: Water Re
sources Research, v. 10, no. 2, p. 313-JZ/. 



71 

68 

69 

70 

71 

Kharaka, Y. K., and Barnes, I., 1973, SOLMNEQ: 
Solution-mineral equilibrium computations: 
Comput. Contrib. NTIS P82-15899, U. S. Geol. 
Survey, Washington, D.C., 81 p. 

Kharaka, Y. K., Berry, F. A. F., and Friedman, I., 
1973, Isotopic composition of oil-field brines 
from Kettleman North Dome, California, and 
their geologic implications: Geochim. et 
Cosmochim. Acta, v. 37, p. 2577-2603. 

Kharaka, Y. K., and Berry, F. A. F., 1973, Simultan
eous flow of water and solutes through geologi
cal membranes - I. Experimental investigation: 
Geochim. et Cosmochim. Acta, v.37, p. 2577-2603. 

Kinsman, D. J. J., 1969, Modes of formation, sedi
mentary associations, and diagnostic features 
of shallow-water supratidal environments: Am. 
Assoc. Petroleum Geologists Bull., v. 53, no. 
4, p. 830-840. 

72 

73 

74 

75 

76 

77 

78 

79 

Kobatake, Y. J., 1958, Irreversible electrochemical 
processes of membranes: Jour. Chem. Physics, 
V. 28, no. 1, p. 146-153. 

Kramer, J. R., 1968, Subsurface brines and mineral 
equilibria: In Chemical Geology, v.4, p. 37-50. 

Kramer, J. R., 1966, Equilibrium models and composi
tion of the Great Lakes: In Equilibrium Con
cepts in Natural Water Systems, p. 243-254. 

Krauskopf, K. B., 1979, Introduction to geochemistry 
(2nd ed): New York, McGraw-Hill, 617 p. 

Krauskopf, K. B., 1967, Introduction to geochemistry 
New York, McGraw-Hill, 721 p. 

Kronfeld, Joel, and Adams, J. A. S., 1974, Hydrolo
gic investigations of the groundwaters of 
Central Texas using U-234/U-238 disequilibrium: 
Jour, of Hydrology, v. 22, p. 77-88. 

Lakshminarayanaiah, N., 1969, Transport phenomenon 
in membranes: New York, Academic Press, 517 p. 

MacDonald, G. J. F., 1953, Anhydrite - Gypsum equili 
brium relations: Am. Jour. Science, v. 251, p. 
884-898. 



72 

80 

81 

Maclnnes, D. A., 1939, The principles of electro
chemistry: New York, Reinhold, 478 p. 

Magara, Kinji, 1968, Compaction and migration of 
fluids in Miocene mudstone, Nagaoka Plain, 
Japan: Am. Assoc. Petroleum Geologists Bull., 
V. 52, no. 12, p. 2466-2501. 

82. Mangelsdorf, P. C , Manheim, F. T., and Gieskes, 
J. M. T. M., 1970, Role of gravity, temperature 
gradients, and ion-exchange media in formation 
of fossil brine: Am. Assoc. Petroleum Geolo
gists Bull., V. 54, no. 4, p. 617-626. 

83. Matsuo, Sadao, Friedman, I., and Smith, G. I., 1971, 
Studies of Quaternary saline lakes - I. Hydro
gen isotope fractionation in saline minerals: 
Geochim. et Cosmochim. Acta, v. 36, p. 427-435. 

84. Milne, I. H., McKelvey, J. G., and Trump, R. P., 
1964, Semipermeability of bentonite membranes 
to brines: Am. Assoc. Petroleum Geologists 
Bull., V. 48, no. 1, p. 103-105. 

85. Norris, S. E., 1978, Occurrence, composition, and 
origin of natural brines--a review: U. S. 
Geol. Survey Open File Report 78, 88 p. 

86. Osmond, J. K., Rydell, H. S., and Kaufman, M. I., 
1968, Uranium disequilibrium in groundwater: 
An isotope dilution approach in hydrologic 
investigations: Science, v. 162, p. 997-998. 

87. Pearson, F. J., Jr., and Hanshaw, B. B., 1970, 
Sources of dissolved carbonate species in . 
groundwater and their effects on carbon - 14 
dating: In Isotope Hydrology, Proc. of Inter
national Atomic Energy Agency, Vienna. 

88. Rees, C. E., 1970, The sulphur isotope balance of 
the ocean: an improved model: Earth Planet 
Sci. Letters, v. 7, p. 366-370. 

89. Richardson, G. B., 1917, Note on Appalachian oil
field brines: Econ. Geology, v. 12, p. 39-41. 

90. Rittenhouse, Gordon, 1967, Bromine in oil-field 
waters and its use in determining possibilities 
of origin of these waters: Am. Assoc. Petroleum 
Geologists Bull., v. 51, no. 12, p. 2430-2440. 



91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

73 
Robinson, R. A., and Stokes, R. H., 1959, Elec

trolyte solutions (2nd ed): London, Butter-
worths Scientific Publications, 559 p. 

Rubey, W. W. , 1951, Geologic history of seawater: 
Geol. Soc. America Bull., v. 62, p. 1111-1148. 

Russell, W. L., 1933, Subsurface concentration of 
chloride brines: Am. Assoc. Petroleum Geolo
gists Bull., V. 17, no. 10, p. 1213-1228. 

Schamlz, R. F., 1969, Deep-water evaporite deposi
tion: A genetic model: Am Assoc. Petroleum 
Geologists Bull., v. 53, no. 4, p. 798-823. 

Sloss, L. L., 1969, Evaporite deposition from layered 
solutions: Am. Assoc. Petroleum Geologists Bull., 
V. 53, no. 4, p. 776-789. 

Smith, B. D., 1978, Geophysical characterization of 
brine deposits: U. S. Geol. Survey Prof. Paper 
1100, p. 42. 

Smith, G. I., 1979, Subsurface stratigraphy and geo
chemistry of Late Quaternary evaporites, Sear-
les Lake, California: U. S. Geol. Survey Prof. 
Paper 1043, 129 p. 

Stewart, F. H., 1963, Marine evaporites: Data of 
geochemistry (6th ed): U. S. Geol. Survey 
Prof. Paper 440-Y, 52 p. 

Sverdrup, H. U., Johnson, M. W., and Fleming, R. H., 
1942, The oceans: New York, Prentice-Hall, 
1087 p. 

Thode, H. G., Monster, J., and Dunford, H. B., 1961, 
Sulphur isotope geochemistry: Geochim. et 
Cosmochim. Acta, v. 25, p. 150-174. 

Truesdell, A. H., and Jones, B. F., 1974, WATEQ, A 
computer program for calculating chemical equi
libria of natural waters: Comput. Contrib. 
NTIS PB-220-464, U. S. Geol. Survey, Washington, 
D.C., 73 p. 

Truesdell, A. H., and Jones, B. F., 1968, Ion associ
ation in natural brines: In Chemical Geology, 

V. 4, p. 51-62 . 

Truesdell, A. H., and Pommer, A. M., 1963, Phosphate 
glass electrode with good selectivity for Alka
line earth cations: Science, v. 142, p. 1292-
1294. 



74 

104. Turk, L. T., 1970, Evaporation of brine: A field 
study on the Bonneville Salt Flats, Utah: Water 
Resources Research, v. 6, no. 4, p. 1209-1215. 

105. Twenhofel, W. H., 1950 Principals of sedimentation 
(2nd ed): New York, McGraw-Hill, 673 p. 

106. Von Engelhardt, W., and Gaida, K. H., 1963, Concen
tration changes of pore solutions during the 
compaction of clay sediments: Jour. Sediment. 
Petrol., V. 33, p. 919-930. 

107. White, D. E., Hem, J. D., and Waring, G. A., 1963, 
Chemical composition of subsurface waters: 
Data of Geochemistry, U. S. Geol. Survey Prof. 
Paper 440-F, 67 p. 

108. White, D. E., 1957, Magmatic, connate, and metamor-
phic waters: Geol. Soc. America Bull., v. 68, 
no. 10, p. 1959-1682. 

109. Whittemore, D. 0., and Pollock, L. M., 1978, Deter
mination of salinity sources in water resources 
of Kansas by minor alkali metal and helide 
chemistry: Kansas Water Resources Research 
Institute 208, 28 p. 

110. Wood, W. W., 1976, A hypothesis of ion filtration 
in a potable-water aquifer system: Ground 
Water, v. 14, no. 4, p. 233-244. 

111. Zherebtsova, I. K., and Volkova, N. N., 1966, Ex
perimental study of behavior of trace elements 
in the process of natural solar evaporation of 
Black Sea water and Sasyk-Sivash: Geochemistry 
International, v. 3, no. 4, p. 656-670. 








