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Abstract 

The effect of salinity on the temperature-depth relations of a brine of constant com­
position, enclosed in a vein system, but freely connected to the surface, and everywhere 
at the boiling point for the hydrostatic head, was calculated by using a mathematical 
model. The Na-Ca-K-CI brines which are found in thermal springs and in fluid inclu­
sions in ore minerals were approximated by the available data for vapor-saturated NaCI­
H20 solutions. In general, the results are similar to those calculated by D. E. 'White in 
1968 for H20, except that the gradients are steeper because of the increase in density and 
the decrease in vapor pressure caused by the dissolved salt. As a practical rule, the depth 
to an isotherm in a 5, 10, 15,20, and 25 wt percent NaCI brine system is, respectively, 9~, 
84, 77, 70, and 63 percent (± 2 percent) of the depth to the same isotherm in an H20 
system. From the data presented, the minimum depth to the growth site of crystals con­
taining fluid inclusions which indicate boiling of the brine can be estimated. Among 
other applications, these results are useful toward the understanding of the behavior of 
brines in geothermal areas which mayor may not contain compositional stratification. 

Introduction 

CONSIDER a geologic environment where a high' heat 
flux is supported by means of mass movemel1t·· of 
thermal water. "'hite (1968) and White and others 
(1968) have observed at Steamboat Springs, Was­
hoe County, Nevada, and at Yellowstone National 
Park, 'Vyoming, that the temperaure of a brine at 
a given depth is often close to the boiling tempera­
ture for the corresponding hydrostatic pressure. T.he 
maximum thermal gradient in a mechanically open 
system is the gradient of a column of liquid of uni­
form composition which is at the boiling tempera­
ture for the corresponding hydrostatic pressure. 
If minerals were deposited in such an environment, 
they probably contain fluid inclusions which indi­
cate the coexistence of volatile-rich gas phase alt.:1 a 
salt-rich aqueous phase. 'When examining fluid in­
clusions in minerals from ore deposits, Roedc1er 
(1963, 1967, 1970), Kelley and Turneaure (1970), 
and Nash (1970) noted evidence for boiling of the 
mineralizing brines. Although boiling coul~l be 
caused by effervescence of volatiles, in at least one 
occurrence the volatile content of the brine was small. 

In the studies cited, and in others not discussed 
here, it would be lIseful to have available the depth­
temperature relations for a column of liquid of given 
composition which is everywhere at the boiling point 
for the hydrostatic head developed hy the oycrIying 
solution. In this paper, such profiles are supplied. 
The calculations were possible hecause the telllpera-

1 Publication authorized hy the Dil'l'ctor, U. S. Geolog-iral 
Survey. 

ture of the fluid is known from the restriction that 
the vapor pressure is equal to the hydrostatic pres­
sure. The data for vapor-saturated N aCl.HzO 
liquids were used as an approximation for the Na­
Ca-K-Cl brines which are found in thermal areas and 
in fluid inclusions. 

In making the calculations and in all subsequent 
discussions it was assumed that the liquid is open to 
the surface and contains no suspended vapor bubbles. 
"Open" specifies that the channels are continuous and 
without restrictions or throttling points such as 
would be generated by deposition of minerals in the 
channels. Such constrictions impede the flow and 
induce abnormal gradients in pressure and tempera­
ture, leading to pressures in the channel which ap­
proach lithostatic pressure and to temperature gradi­
ents above those predicted by the assumption that 
the hydrostatic pressure equals the vapor pressure. 

A gas phase coexisting with the liquid in the 
channel is consistent with all arguments presented 
here provided the gas is contained in pockets and not 
suspe/lded in the liquid of the channel. The gas 
trapped in pockets on the irregular walls of thc 
channel is passive and does not alter the density of 
the column, but slIspe/lded gas bubblcs decrease the 
averagc density of the column. 'Where slIspended 
bubbles are present. the volume of gas is need cd 
before depth-temperature relations can be predicted. 
The depth is proportional to the r('ciprocal of the 
density; therefore. use of the all-liquid data presented 
here wouleT lead to the observation of stcep('r t(,l11-
perature gradit'llts (han wOl1ld lw prf'rlictl'd, 
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Source Data and Calculations 

In a column of fluid of constant' composition, the 
change in depth, All, between the pressure limits Po 
and P is given by equation 1 where p is an expres­
sion for the density in terms of pressure, p, and.c is 
a dimensional constant relating the unit of depth to 
the units of pressure and density. 

Ak = It - Ito = C (P! dp. (1) .. . Jpo p 

In the simplest case, where the top of the column of 
liquid is at sea level and open to the atmosphere, Po 
is 1.013 bars (1 atm), ho is 0 meters, and P is the 
hydrostatic pressure at some depth lz below the water-

table. 
Equation 1 was integrated graphically for a col-

umn of H
2
0 by White (1968) using available data. 

In this exercise, the parametric relation of density 
and pressure to absolute temperatilre, T, was used, 
and solution of the general case, where the brine 
was of uniform composition, X' molal, was obtained. 
The results of the integration for specific concen­
trations are supplied using the data for NaCl-H 20 
solutions to approximate the properties of Na-Ca-K­
CI brines which are commonly found in fluid inclu­
sions and in the active Salton Sea geothermal system. 
The effect of Ca2+ and K+ are discussed. 

The integrand of equation 1 was multiplied by 
dT /dT

J 
that is, by 1, and the results were rearranged 

to obtain equation 2. 

f
T 1 dp 

!:l.h=lt-ho=c -dT dT . 
To P . 

(2) 

The limits Po and P were replaced by To and T, 

respectively. 
Algebraic equations for the density and yapor 

pressure of vapor-saturated NaCl-H20 liquids as 
functions of absolute temperature were developed by 
fitting semi-theoretical expressions to the available 
data. Detailed disct1ssion of the procedures used are 
being presented elsewhere (Haas, 1970a, b). The 
resulting expressions are given below. 

The density of vapor-saturated NaCl-H20 liquids 
up to saturation in halite or 7.3 molal, whichever is 
lower, and within the temperature range, 75° to 325

0 

C, can be calculated from equations 2 through 4 with 
a precision of 0.002 g/cm3

• 

1,000 + .Mx (/ 3) P = g cm' 
1,000Jlo + tjJ,'C 

(3) 

where "~f is the molecular weight of NaCI, T'o is 
the specific volullle (CC/~111) of H"O liquid at tCI11-
perature, tjJ is the apparent 11101al volume of N ael in 
aqueous NaCI (clll:l/mole NaC!) , and .r is the con­
ccntration ()f N:tCl in lll()lal units (mole/I.OOLi g 

W 
0: P 
:::> 
(/) 
(/) 
W 
0: 
a. 

To 

TEMPERATURE 

Tx 

FIG. 1. Schematic representation of the relation between 
l' x and T.. T x is the temperature of a brine, x molal, and 
T. is the temperature of H 20 liquid, 0 molal, at the same 
pressure P. The relation betwcenT, and To is givcn mathe­
matically by equations 6 through 9. The vapor pressure of 
the brine is equal to the vapor pressure of H20 liquid at To 
and is calculated from equation 10. 

H
2
0). The specific volume of H 20 liquid is cal­

culated from equation 4 (modified fr9m Smith and 
Keyes, 1934). The precision of equation 4 is 0.013 
percent. . 

Fe + alO l + a20 + a304 (4) Vo = (cm3/g H 20) 
1 + a40! + a60 

where T", = temperature of the brine, kelvins. 

o = 647.27 - Tx 

Fe = 3.1975 

al = - 0.3151548 

a2 = - 1.203374 X 10-3 

a3 = 7.48908 X 10-13 

a4 = 0.1342489 

an = -3.946263 X 10-3 

The apparent molal volume, tjJ, is calculated from 
equation 5 (Haas, 1970a). 

tjJ = bo + bl 1'o + b2 T'02 

+ xl(ba + b4 T'o) (T'c ~ VoY 

(cm3/mole Nnel) (5) 

where Vo and Vc are the same as in equation 4 and 
the remaining constants are as follows: 

bo = - 167.219 ba 

bl = 488.55 b4 

liz = - 261.07 

- 13.644 

13.97 

,.~ ! 
I 

I 
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TABLE 1a. Thermal Profile for H 0 Liq uid 
2 

With Corresponding Vapor Pressure and Density 

Temp. Depth Pressure Density 
~ {meters 2 (bars) (g/cm3) 

T = b 100.0°C 

T 0.0 1.0 0.958 
118 4.5 1.4 0.951 
120 10.4 2.0 0.943 
130 18.2 2.7 0.935 
140 28.2 3.6 0.926 
150 40.9 4.8 0.917 
160 56.8 6.2 0.907 
170 76.4 7.9 0.897 
180 100.5 10.0 0.887 
190 129.7 12.6 0.876 

200 164.9 15.6 0.865 
210 206.8 19.1 0.853 
220 256.4 23.2 0.840 
230 314;9 28.0 0.827 
240 383.3 33.5 0.814 
250 462.9 39.8 0.799 
260 555.2 46.9 0.784 
270 661.8 55.1 0.768 
280 784.6 64.2 0.751 
290 925.6 74.4 0.732 

300 1088. 85.9 0.712 
310 1273. 98.7 0.691 
320 1487. 112.9 0.q67 
330 1732. 128.6 0.640 
340 2017. 146.1 0.609 
350 2350. 165.4 0.573 
360 2746. 186.7 0.525 
370 3243. 210.5 0.446 

The vapor pressure of vapor-saturated N aCI-H20 
solutions up to halite saturation and fr0111 0 to 300° C 
can be calculated from equations 6 through 10 below, 
with a precision of 0.1 percent (Haas, 1970b); it 
can be extrapolated to 350 0 C without a loss in 
precision. 

I T In Tz (k I . ) n 0 = -- -e VlIl • (6) 
a 

TiC is the temperature of the brine and Tn is the 
temperature of pure H"O liquid at the same pressure 
as that of the brine. See Figure 1 for a graphical 
representation of the relation between T.r and To. 
The denominator, ('(, is calculated from the following 
relations: 

a = do + dlTz (7) 

do = 1.0 + do,x + d02X2 + do3x3 •• (B) 

d l = 0.0 + d"x + d l2X 2 + cl 1J:.;3 

+ d\lo1,;4 + d I5:.;5. (9) 

The values of the constants, do. and d1!. are as fol­
lows: 

dOl = - 4.76465 X 10-5 d ll = 1.22999 X 10-6 

d02 = - 2.11353 X 10-5 d l2 = 1.08716 X 10-7 

d 03 ;=: 8.03207 X 1O-s d l3 = - 1.81761 X 10-8 

d 14 = - 8.39530 X 10-10 

d l5 = 6.38341 X 10-11 

The vapor pressure of the brine at T", is then cal­
culated with equation 10 from the equilibrium vapor 
pressure of H 20 liquid at the corresponding temper­
ature, To (modified from Bain, 1964). The pre- . 
cision varies from 0.1 percent at 100 0 C to 0.4 per­
cent 350 0 C. 

In p = eo + ~ + e2W (10eaw2 - 1) 
z z 

where 

w = Z2 - es 

y = 647.27 - To 

z = To + 0.01 

eo = 12.50849 

e2 = 3.1936 X 10-4 

e3 = 1.1965 X 10-11 

e4 = - 1.0137 X 10-2 

es = - 5.7148 X 10-3 

el = - 4.6169 X 103 es = 2.9370 X 10+5 

The differential of pressure with respect to tem­
perature, dP j dT JJ, was determined analytically from 
equations 6 through 10. The expressions for both p 
and dp jdTrc were then substituted into equation 2 
and the integration was performed numerically by 
computer. A detailed statement of the mathematical 
treatment and a listing of the FORTRAN IV pro­
gram are available from the author. 

Results 

The thermal gradients for representative composi­
tions in weight percent concentration units were cal­
culated by the foregoing procedure and are given in 
Tables 1a and 10 and presented graphically on Fig­
ure 2. Also supplied 011 Table 1 a and 1 b are the 
vapor pressures (equivalent to the hydrostatic pres­
sures) and the densities of the NaCI-H20 solutions. 
I n calculating the results, temperature was treated 
as an independent variable; The uncertainty in the 
results for depth, pressure, and density are as 
follows: 

Depth ± 0.7 percent of the calculated depth. 

Pressure ± 0.2 percent at toOO C to ± O.S percent 
at 325° C. 

Densi ty ± 0.002 g/clll:J. 
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FIG. 2. Boiling-point curves for lLO liquid (0 wt percent) and for brine of constant composition given in wt perccnt 
NaC!. Insert expands the relations betwcen 100° and 150°C. Thc temperaturc at 0 metcrs of each curvc is thc builing point 
for the liquid at 1.013 bars (1.0 atm) load Pl-cssurc which is equivalent to thc atmospheric pressurc at sea level. The un­
certainty is contained within the width of thc lincs. 

As indicated in the table, the clept-h to the 300 0 C 
isotherm, where the liquid is boiling II 20, is 1,087 
meters, whereas the same isotherm is G74 meters 
below the \Yater table if the liquid is uniformly 25 
weight percent NaC!. Conversely. the telllperatllfe 
at 1 kilometer belo\\' the water tahle is 29r C for 

boiling H~O and 328 0 C for boiling brine composed­
of 25 weight percent N aCI. 

Applications 

These results will be 1Ilost useful to estimate the 
depth beIo\v the \vater table for the gro\\'th of a 
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crystal which shows the evidence for development in 
a boiling liquid. The results are not applicable where 
dynamic two-phase equilibrium is established within 
the boiling column. For a discussion of such sys­
tems, refer to White and others (1971). Given the 
premise that a vein system is open to the surface, 
that the fluid pressure in the open system is con­
trolled by the hydrostatic pressure developed by 
the column of liquid below the water table, and that 
the liquid is of constant molal composition, then 
neglecting the effect of dissolved or ex solved vola­
tiles, the greatest depth at w.hich boiling can occur 
is to be found where the liquid is everywhere virtu­
ally at the boiling point. This is so because this is 
also the condition of the lowest density in the column. 
Any other condition that lowers the temperature be­
low the boiling point in part of the column of liquid 
will also increase the density of the liquid in the af­
fected part and therefore decrease the depth to the 
position of the growing crystal. 

If the composition of the liquid in the vein system 
is not constant, then making the assumption that it 
is constant (and equivalent to that found in the 
fluid inclusions of the mineral specimen) would lead 
to a prediction of too shallow a depth for a column 
containing a zone of more dilute brine and to a pre­
diction of too great depth for a column containing a 
zone of more concentrated brine. The first error will 
be more likely, as near-surface water is generally 
rather dilute. . 

Concerning the effect of CaCl2 and KCI, prelimi­
nary information indicates that the error clue to the 
effect of these solutes on density and vapo! pressure 
and hence on the temperature-depth profiles can be 
minimized. In fluid inclusion work, the salinity, 
given as equivalent NaCl, is estimated from the freez­
ing-point depression observed in a cooling stage un­
der a microscope. Except for the uncertainty of the 
data, there is no difference in the boiling curves for 
a 1 molal CaCl2 or a 1 molal KCI solution and the 
NaCI solution which has the same freezing-point de­
pression. This is amply demonstrated on Table 2. 
The estimation was made fr0111 the available data for 
the density of CaCl2 and KCI solutions (Rodnyanskii 
and others, 1962), a reliable technique for the esti­
mation of vapor pressure of solutions (Stoughton 
and Lietzke, 1965, 1966; Lindsay and Liu, 1968), 
and the cited data for NaCI solutions. It is fairly 
safe to assume, therefore, that there is also no dif­
ference between the profiles of a typical Na-Ca-K-CI 
brine and a NaCI solution which have the same 
freezing-point depression. 

The results of these calculations could also be use­
fttl in disclIssing the behavior at the interface in a 
compositionally and thermally layered system; for 
example, at the interface between an upwelling ther­
mal brine and meteoric water. Thermal brines at 

TABLE 2 

EFFECT OF OTHER CHLORIDES 

I 
DEPTH TO 300°C ISOTHERM 

CONCENTRATION FREEZING CALCULATED PREDICTED 
TEMP (NaCl Data) 

(molal) (OC) 

CaCl: 1.00 -5.85 
2 

KCl: 1.00 -3.25 

I 

(meters) 

932 (±2.5%) 922 (±0.7%) 

98l' (±2.5%) 989 (±0.7%) 

or near' the surface have been observed in the vi­
cinity of the Salton Sea in southern California 

. (White, 1955; White and others, 1963, Helgeson, 
1968), near Gerlach. Nevada (White, 1955), and in 
deeps in the Red Sea (Degens and Ross, 1969). 
Boiling in the overlying dilute water can occur if 
the heat supplied by the thermal brine is sufficient 
to raise the vapor pressure of the dilute \vater above 
the hydrostatic pressure. "Whether boiling will ex­
tend to the surface is controlled by the rate of dif­
fusion of heat out of the boiling region into the cooler 
wall rock and to the surface, by the amount of heat 
expended in adiabatic expansion, but more strongly 
by the rate of convection of cooler denser near-sur­
face water into the region of boiling, thus quenching 
the vapor phase that develops. If none of the above 
mechanisms are sufficient to quench the developing 
vapor phase, boiling will extend from the interface 
to the surface, and thermal springs will be observed. 

Convection and mass transfer across the interface 
in the stratified system will not occur on a large 
scale because the den~ity of the brine wiII be greater 
than that of the overlying ground water. One ex­
ception is the case where the vapor pressure of the 
brine exceeds the hyci'Ostatic pressure. Mass trans­
fer of liquid across the interface is then caused by the 
physical agitation produced by the rising gas bubbles. 

A disparity in temperature at the concentration 
interface with its associated disparity in heat content 
will cause the overlying more dilute water to be 
heated and to boil by the aquisition of heat from the 
brine. The heat loss in the brine will cool the top 
of the underlying brine and canse a further increase 
in the density contrast. With a density contrast and 
the absence of boiling in the underlying brine. Illass 
exchange across the interface will only he possible 
through chemical diffusion, a slow process. Because 
of the cooling which occurs in the lower layer and 
heating which occurs ill the upper layer, con\'ection 
cells wiII increase the rate at which heat is trans­
ferred from the heat source to the surface, which is 
the ultimate heat sink ill the natural system. 

Here, the temperature-depth relations were cal­
culated for a liquid in an open vein system at con­
stant composition. This is admittedly artificial anel 

, 
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is a limiting case. Salinity gradients should be ex­
pected. They can be caused by the boiling process 
which transfers water and volatiles upward, by re­
action with the wall rock and by mixing with water 
of different composition. The maximum theoretical 
gradients of such an environment can be determined 
now if these changes in composition are describable 
in terms of the concentration of NaG solution as 
some function of either temperature, pressure, or 
density. The approach in this situation is to sub­
stitute for the concentration term, x, in the foregoing 
equations, the algebraic expression which describes 
concentration as a function of temperature, pressure, 
or density and proceed with the necessary algebra. 
But, except for the mixing of solutions of two con­
centrations, the opportunity is small for recasting 
changes in composition into terms adequately de­
scribed by the properties of a NaCl solution. 

Summary 

The temperature-depth relations were calculated 
for an open vein system where the liquid is every­
where virtually at the boiling point for the confining 
hydrostatic pressure. The pressure at the top ofthe 
open system is taken as 1.013 bars (1 atm), which is 
the pressure at sea level. The available data for 
NaCl-H20 solution were used as approximation for 
the Na-Ca-K-CI brine which is found in natural 
systems and in fluid inclusions in ore minerals. The 
precision on the calculations using the NaCl-H20 
model is 0.7 percent; this precision is better than the 
certainty that the NaCI-H20 model will be equivalent 
to the more complex brines. As a practical rule, the 
depth to an isotherm in a brine-filled vein system as 
a percentage of the depth to the same isotherm in 
a "pure-water" -filled vein system is as follows: 

Wt percent NaCl: 
Depth to isotherm as per­
cent to the same isotherm 
in a salt-free system: 

o 5 10 15 20 25 

100 92 84 77 70 63 
(± 2 percent) 

From the data presented, it is possible to estimate 
the maximum depth below the water table at which 
a crystal grew if thr inclu.sions ir{ihe· crystal indi-

. cated there was boiling at the time of growth. Among 
other uses, the temperature-depth-composition-pres­
sure-density data are also helpful to get an under­
standing of the physical processes which occur in 
such geothermal areas as Salton Sea or Yellowstone. 
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