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PREFACE
The study of ground water is a relatively young science. Until
recently, most attention was devoted to the application of fluid
mechanics, mathematics, and chemistry to the understanding of the basic
physical and chemical processes in ground water. However, the field
has now matured to the point where it can begin to contribute to other
areas of science. This dissertation treats one such interdisciplinary
application; the derivation of climatic information from ground water.
The climatic information is obtained from the temperature dependence of
noble-gas solutility.
An examination of the chemical and physical characteristics of
the noble gas-ground water system is prerequisite to climatic analysis.
The second chapter therefore contains a derivation of the chemical
principles which are used, and discusses the underlying assumptions.
The physical setting of the noble gas-water equilibrium is catagorized
in the following chapter. Readers more interested in the methods of
interpreting the data, and the results obtained, may wish to skip
these chapters.
Although the inclusion of this detailed theoretical and physical
treatment may risk loosing the reader in the first pages, the approach
was intentional. Several excellent papers on the application of noble
gases to ancient climates have appeared in the literature but up to this
point, the fundamental chemical assumptions have never been (publicly)
examined, nor has the range of effects created by different physical
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configurations of interaction been catagorized. Although the major
purpose of this dissertation is to present some new developments in the
analysis of noble-gas concentrations in ground water, and their interpretation, it is also intended that the work will serve as a comprehensive reference for scientists interested in all aspects of the
application of noble gases in ground water to climate. Finally, the
author dares to hope that this dissertation will communicate some of
his enthusiasm for this fascinating method of extracting a few atoms
of information about the fall of seas and the rise of glaciers from a
cupful of ordinary well water.
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ABSTRACT
The solubility of the noble gases is temperature dependent.

Other factors influencing solubility are the system pressure, the
solute content of the water, and gravitational potentials. Most of
the noble gases dissolved in ground water are from chemical equilibrium

with the atmosphere. This equilibrium takes place in the recharge zone
of the aquifer, typically in the soil. The final noble-gas concentrations are determined by the temperature, the elevation, the alteration
of soil-gas composition by organisms, and soil-temperature gradients

(which are in part a result of water-table depth and recharge rates).
If the effects of temperature can be separated from the other
influences, and if the noble-gas concentrations are not altered after
recharge water enters the saturated zone, variations in recharge

temperature with time may be determined by measuring the noble gases in
dated ground-water samples. However, analysis of available data indicates that noble-gas concentrations frequently change after recharge.
This change is usually the result of reequilibration with a biogenic-

gas phase produced within the aquifer, or from contact with air.
In order to extend the calculation of recharge history to

samples with complex histories of gas equilibrium a general equation for
two stage equilibrium was derived. The variables in this equation are
the initial temperature and pressure of equilibrium, the final tempera-

ture and pressure of equilibrium, and the molar water-to-gas ratio at
xiv
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the second equilibration. An equation of this type is constructed for
each of the gases: neon, argon, krypton and xenon. These equations
are solved simultaneously for four of the variables listed above while
the value of one is assumed. Graphical techniques for determining which
assumptions to use are presented.
Ground-water samples were collected in glass tubes and analyzed
by gas chromatograph-mass spectrometer, using double isotope dilution
standardization. The analytical method is still developmental. Field
sampling was undertaken in two locations, the Milk River aquifer of
southern Alberta, Canada, and the Carrizo sand aquifer in southern
Texas, in order to test the method. The preliminary data obtained may
show correlation with known Holocene-Pleistocene climatic fluctuations,
encouraging further development of the analytical technique and field
research.
Finally, a method for interpreting the climatic implications of
oxygen and hydrogen isotope information from ground water in conjunction
with noble-gas data is given.

CHAPTER 1

INTRODUCTION

Chemical equilibrium is temperature dependent. Geochemists
have frequently utilized this property by measuring the products
of chemical reactions which took place in the past, or in inaccessible environments, and calculating the temperature of equilibrium.

When applied to ancient environments this technique is known as
"paleothermometry." This dissertation will discuss the use of the
dissolved noble gases, neon, argon, krypton, and xenon, as paleothermometers.
In the normal ambient temperature range the solubility of the
noble gases in water decreases with increasing temperature. The most
notable property of the noble gases is, of course, their chemical

inertness. Taken together, these two facts suggest that if the noble
gases dissolved in water which recharged an aquifer were in equilibrium
with the atmosphere, and if the water in the aquifer is isolated from
the atmosphere, the gas concentrations might be used as paleother-

mometers.
The first application of this idea was over twenty years ago.
In 1961 Ryuichi Sugisaki reported that he had determined the flow

velocity of a shallow aquifer in Japan, using the principles of noble
gas solubility. Variations in argon concentrations delineated zones
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of the aquifer occupied by warmer summer and colder winter recharge.

By tracing these variations back to the recharge area he was able to
determine the age of the water in the aquifer, and thus the flow
velocity.
Noble gases in ground water were next used to assess the origin
of geothermal water. For many years geologists had debated whether
the thermal springs in certain volcanic regions contained "juvenile"

water which was ascending to the surface of the earth for the first
time, or meteoric water recirculated from the atmosphere.

Mazor and

Wasserburg in 1965, and Mazor and Fournier in 1972, demonstrated that
the gases and hot waters released in Lassen and Yellowstone National

Parks contained noble gases with concentration patterns expected from
atmospheric equilibrium, strongly supporting the meteoric origin
hypothesis.
The first use of the noble gases in ground water as a

paleother-

mometer was by Mazor in 1972, studying springs in the Jordan Rift
Valley in Israel. He found that the noble gas concentrations of

Pleistocene water (dated by 14 C) indicated equilibrium temperatures
about

4°C lower than present temperatures.
A source of uncertainty in

Mazor's calculations was the value

of the atmospheric-equilibrium noble-gas concentration. Although the

solubility of all the gases had been measured at various temperatures
by different investigators, the measurements did not always agree.
This uncertainty was removed in

1976 when Benson and Krause published

their equations for the temperature dependence of noble gas solubility.
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Based on highly accurate measurements, these equations have been used
by subsequent researchers and confirmed by the compendium of noble gas
solubilities published by Clever (1979a and 1979b).
The best recent treatments of noble gas techniques are by

Mazor (1977) and Herzberg and Mazor (1979). Much of this work has
been concentrated on geothermal applications of the noble gases. The
most interesting recent paleoclimatic application has been by Andrews
and Lee (1979). By analyzing a large number of water samples taken

from a profile parallel to the direction of flow in an aquifer in
England, they were able to reconstruct the temperature history of the
recharge area.

However, in spite of the valuable results which have been
obtained, examination of the published data reveals that all of the
factors influencing noble-gas concentrations have not been accounted
for. One indication of this is the wide variation in paleotempera-

tures calculated from different gases in the same water sample.
These have differed by as much as 10°C, or even more. When the noblegas concentration patterns of many of the water samples are analyzed,
it is evident that they do not reflect simple air equilibrium at the
prevailing atmospheric pressure.
Several explanations for these deviations have been proposed,
including air contamination during sampling, boiling in geothermal
systems, and injection of air during recharge or during flow through
karstic aquifers. Although these explanations may be valid in the
local situations for which they were devised, no comprehensive

4
examination of the physical principles, assumptions, and system has
been attempted.
The goal of this dissertation is to investigate all of the

physical processes and the aspects of the hydrologic system which may
affect the concentration of noble gases in ground water, to formulate
quantitative descriptions of these processes, and thus to calculate
original temperatures of equilibrium. The proposed methods of data

interpretation are intended to extend, not replace, the work of the
investigators mentioned above. The methods already published reliably
identify samples in which the noble-gas concentration is determined only
by a single atmospheric equilibrium and calculate the temperature of
equilibrium. In this work the principles used by the other investigators are mathematically treated so as to enable the interpretation
of samples with a more complex history.
The basic physical processes and assumptions pertinent to
noble gas paleothermometry are treated in the second chapter. These

processes include noble-gas behavior in the gaseous and dissolved
states, and gas-water equilibrium. Chapter 3 examines the system in
which the noble gases are measured. The origin and history of the
noble gases, processes in the recharge zone, in the aquifer, and

during sampling are covered. In Chapter 4 a quantitative formulation
is made. The theoretical developments are applied to field examples
in Chapter 5. In Chapter 6 the use of noble-gas-derived temperatures
in conjunction with other paleoclimatic indicators is discussed.

5
The study of noble gases in ground water uses concepts from
such diverse fields as physical chemistry, hydrology, isotope geochemistry, and physics. One unavoidable result of this melange of

disciplines is conflict of terminology and notation. Insofar as is
possible, the notation familiar in each field has been retained. However, double significance of symbols has been avoided. Any questions

about notation may be referred to Appendix A, which contains a complete
listing of symbols used in the dissertation.
One area of particular confusion is the designation of
dissolved-gas concentrations. Mole fraction concentration is the
thermodynamically most natural method of expressing gas concentration

and will be used throughout the dissertation. However, a great variety
of other methods are used in the literature, and to aid in comparison,
a list of definitions and conversion factors is included in Appendix B.

CHAPTER 2
PROPERTIES OF NOBLE GASES
Noble gases are partitioned into the atmosphere (compared to
the lithosphere) to a much greater extent than the other elements.
Thus it is reasonable to expect that most of the noble gases dissolved
in ground water are derived from atmospheric contact. Helium and radon,
created in the subsurface by alpha particle decay and as uranium
daughter products, respectively, are the only major exceptions. These
gases will therefore not be treated as paleothermometers. When considering the basic physical characteristics of noble gases which explain
their occurence in ground water, it is logical to begin with their
gas-phase properties.

Gas-Phase Properties
Equations of State
The relationship between the fundamental thermodynamic variables
of pressure, volume, and temperature is given by an equation of state.
If interactions between gas molecules (other than transfer of momentum)
and effects of container walls can be neglected, the state of the gas
can be described by the ideal gas law:

(2-1)

PV = nRT

where P = pressure, V = volume, n = number of moles of gas, R = the
universal gas constant (8.314 J mole
and T = temperature in °K.
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-1 K-1 or 0.8206 L atm mole -1 K-1 ),
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When the interactions cannot be neglected the most commonly
used equation of state is van der Walls equation:
n 2 a,

(P +

V2

(V - nb) = nRT

(2-2)

b are constants which account for wall effects and inter-

Here a

molecular attraction. These constants are listed for the gases neon
and xenon on Table 1.
Typically the constants, and the non-ideality of the gas,
increase with molecular or atomic wéight and polarity of the gas
molecules. Thus the constants are larger for xenon, which is much
more massive than neon. Normally the ideality of the gas increases
with increasing temperature and decreases with increasing pressure.
The application of the correct equation of state for the noble
gases under atmospheric conditions is of critical importance in the
calculation of equilibrium temperatures. The ideality of the noble
gases may easily be evaluated by considering the pressure of a standard
volume of real gas under standard temperature. The standard volume of
one mole of gas is that calculated from the ideal gas law under standard
temperature (273.15°K) and pressure (1 atmosphere), abbreviated STP.
The standard volume is 22.414 L. Equation (2-2) may be solved for
pressure:
2

p

nRT
V-nb

n av
V2

(2-3)

8

Table 1. Van der Waals Constants for Neon and Xenon.

a
Gas

(L

2

v

atm mole

-2

)

(L mole -1 )

Neon

0.2107

0.01709

Argon

1.345

0.03219

Krypton

2.318

0.03978

Xenon

4.194

0.05105

9
When the constants for neon and xenon are inserted in the equation,
with the standard volume and temperature, the following results are
obtained:
Neon

P = 1.0003437 atm (101.360 kPa)

Xenon

P = 0.9939351 atm (100.710 kPa)

Neon and xenon are, respectively, the lightest and heaviest
of the noble gases treated in this dissertation. Although the pressure of xenon deviates more from the standard atmosphere than does the
pressure of neon, the difference of either of them from ideality is
only a fraction of a percent. The ideal gas law will therefore be
used as the equation of state for the noble gases in the gas phase.
Mass Transport Properties

Advective Transport. As do all fluids, gases flow from areas
of higher total energy to areas of lower total energy. Due to the
low viscosity of gases at atmospheric pressure, they move relatively
rapidly in response to variations in energy. As a result, the atmosphere is very well mixed, concentrations of stable gases in the atmosphere are constant, and the total atmospheric pressure at any point on
the earth's surface varies by only a few percent over time. Mass
transport properties of noble gases in the open atmosphere need not be
treated further.
However, movement of gases through porous media, such as soils,
does not follow the same principles. If the flow rate is slow the
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kinetic energy of the gas flow will be absorbed by the medium and the
flow rate will be proportional to the head gradient:

q = -K
=g

vh

(2-4)

where q = specific volumetric flux, and -K g

= air or gas conductivity,

and:
(2-5)

h = z +I where z = elevation and y

=

specific weight of the gas.

Transport. Advection describes a type of mass

Diffusive

transport in which the entire fluid moves at the same velocity, due to
some kind of body force applied equally to all particles in the fluid.
Diffusion refers to mass transport of different types of particles at
different rates. Gradients of concentration, temperature, pressure,
and electrical potential can all cause diffusion. Bird, Stewart,
and Lightfoot (1960) provide a general equation for binary diffusion:

2
=

(

MA p B X A
,
+
kr
-F
)
-A -B
pRT

)MAMBDAB E(9D

1 n XA T,n VXA
11

M X

)

N

u
A A ,.41- - 1, VP

f,

RT

MA

P

+ kTV ln T]

where f = mass flux relative to mass average velocity, pri
molar concentration,

p =

(2 6)
-

=

total

mass concentration (density), M = molecular

(or atomic) weight, D AB = binary diffusivity, a = chemical activity,

X = mole fraction concentration, F = total body force per unit mass of
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component,

V

= partial molar volume, and k T = thermal diffusion ratio.

Although the atmosphere certainly is not a binary gas mixture, it is
composed of two major components and a large number of very minor ones.
Binary diffusion is thus a good approximation of the diffusion of one
of the major components versus the other, or of the diffusion of one of
the minor components versus nitrogen plus oxygen (which have fairly

similiar diffusion characteristics).
Diffusion is not important in the bulk open atmosphere, where
turbulent mixing is dominant. Gaseous diffusion could have a signifi-

cant effect on noble-gas concentrations mainly in the unsaturated
zones of aquifer recharge areas. Equation (2-6) may therefore be

simplified by consideration of the conditions in these areas.
The term

(F—A

- F ) refers to the driving force of forced
—B

diffusion, typically electrical fields operating on ions. Soil gases
are usually not ionized, nor are soils under electrical fields, there-

fore the term may be neglected. Pressure diffusion is proportional to
the pressure gradient, VP. Pressure gradients in soils are usually

very small, and thus the pressure diffusion term falls out. Thermal
diffusion occurs in response to the temperature gradient, V in T. This

term cannot be assumed to be negligible, as temperature differences of
considerably more than 10°K can exist between the soil surface and the
water table. The concentration diffusion term certainly cannot be
ignored, for soil atmosphere composition is known to vary greatly from
that of the bulk atmosphere. The term can, however, be simplified,
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because in gases the activity is equal to the mole fraction concentration. Equation (2-6) then becomes:

2
/A =

( 11()1 ) MAMBDAB [VX A + k T V In T]

-14%

(2-7)

The relative magnitude of the two types of diffusion may be
estimated by assuming steady state:

VX

A

= - k V ln T
T

(2-8)

The one dimensional form of equation (2-8) may be integrated between
two locations, 1 and 2, with temperatures T 1 and T 2 , if the ranges
of T and X are small enough that the dependence of k T on them may
be ignored. Some of the concentration dependence of k T can be
corrected by the use of the thermal diffusion factor, w, where

w = k T /X A X B . The integrated form of Equation (2-8) is then:
X Al - X

A2 = - WX A X B

2
T1

ln —

(2-9)

According to Table VA of Grew and Ibbs (1952), w for N 2 -Ar
at 293°K is 0.071, and for 0 2 -Ar at 283°K is 0.05. In order to
obtain approximate estimate of the maximum thermal diffusion in the
unsaturated zone, we will calculate AX Ar using w = 0.071 (i.e.,
assuming a binary N 2 -Ar system) and AT = 15°K. Under these assumptions

X lAr - X 2Ar = -3.3637 x 10 -5 . This is only 0.36% of the normal

atmospheric argon concentration. We may therefore safely neglect
thermal diffusion effects under normal thermal ranges in the unsaturated zone. Equation (2-7) then becomes:
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A

4 =
-

-

4
= -

( pm)

(2-10)

M A M B D AB VX A

In terms of the molar flux relative to the molar average

velocity,

J,

Equation

(2-10)

is:

J = - pm DABVXA

(2-11)

—A

This is a more familiar form of Fick's first law.

Gas-Water Interaction
The noble gas concentrations which result from the equilibrium
of a mixture of gases with water are the crux of noble gas

mometry.

paleother-

Noble gas concentrations, like all equilibrium phenomena,

depend on the fundamental thermodynamic state variables of temperature,
pressure, and system composition. The

existance

of chemical equilibrium

between the phases presupposes physical equilibrium between them, i.e.,
that the temperature and the pressure of the entire system are everywhere equal. Inasmuch as gas-water equilibrium is basic to the

paleo-

climatic use of noble gases in ground water, examination of the derivations and assumptions of the equations which describe the equilibrium
is essential. This section will examine first the effects of pressure,
then temperature, then activity of the water, and finally gravitational
field effects.
Effects of Pressure
By definition, a system is at equilibrium when the free energy
of the system is everywhere equal. The Gibbs free energy is given by:

14
G

where G

= U + PV - TS

(2-12)

= Gibbs free energy, U = internal energy, S = entropy, and

the other symbols are as previously defined. When the system is at
equilibrium there will be no change in the temperature, the pressure,
or the distribution of the components of the system, and thus no
change in the free energy:

(2-13)

dG = VdP + SdT + E p.dn.
i
where p i

l

l

= the chemical potential energy of component i and n i =

the moles of component

i.

We wish to use the definition of the free energy in order
to determine the effect of a change in pressure on the distribution
of the components of the system. This may be accomplished by setting
the partial derivative by pressure, of the change in G with the change
in component

i equal to the partial derivative by component i, of the

change in G with change in pressure:

DGD

DP ( Dn )
i

where

(2-14)

n' = the moles of all components except i. We may evaluate

the terms

of

T,n.

[ ( 9G \
Dn. 'BP I T,n.] P,T,n'

( 91.1

by taking the total differential
and ( BP
T,n.
i P,T,n'

G:
dP +
dG = ( 2DP)
T,n i

9T

dn. (2-15)
dT + EOBnG )
1
i i T,P,n'
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By comparison with Equation (2-13) it is evident that:
=V

OrG,)
dV

(2-16)

T,n.

and:

)

(2-17)

=

n i T,P,n'
Therefore, Equation (2-14) can be written:

41 4

( 3V

)

(2-18)

Bn i P,T,n'
but, by definition:
( 3D V

)

(2-19)

= V

n i P,T,n'
and thus:

911 i
= V
(-51-5—) T,n'

(2-20)

We can now separate the variables and integrate over the
pressure, at a fixed composition and temperature:

P i final - P i initial

fpP final

V.dP

(2-21)

.

initial
and for a mixture of gases:
Pi final

P i final - P i initial

Pi• initial

V.dp.

(2-22)
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The dependence of

V i on p can be obtained through the ideal gas law:

V.1 = (" )

i P,T,n'

[ Bn

Substituting back into Equation

P i final - P i initial

= RT

n.RT
= RT
( 1p.)]
P•
T,P,n'
i
1

(2 23)
-

(2-22) and solving:
Pi final

dp

RT

ln Pr,

Pi initial Pi

i final (2-24)

vi initial

In order to standardize the result, the initial chemical potential
is specified to be that at one atmosphere:

P i initial = P i ° =

Il

at D
'initial

= 1

atmosphere

ln p i
P i final = p i ° + RT

(2 25)
-

(2-26)

The chemical potential of an ideal solution is expressed analogously:

p. = p.*
where p i *

RT ln X 1(2-27)

= chemical potential of the pure solute. At equilibrium

the chemical

potential of the phases is equal:

',g

= 1,k

(2-28)

where g is for gas and k for liquid. Substituting Equations

(2-26) and (2-27):
p. °

1

+ RT ln p. = p.* + RT ln Xi.

(2 29)
-
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and rearranging:

Equation

P.

-

ln p.

- ln X. -

p./X.

= constant = K

RT

J io

= constant

(2-30)
(2-31)

Hi

(2-31) is Henry's law and K H the Henry's law constant.

The assumptions used in this derivation limit the applicability of Henry's law. The major assumptions are:
1.

The system is at or very close to equilibrium.

2.

The ideal gas law is valid or very close to valid.

3. The solution is ideal or nearly ideal. This implies that
there is little reaction between the gas and the solvent
(i.e., a small

enthalpy of solution), and that the activity

of the gas in solution is very nearly equal to the concentration.

The validity of the first assumption depends on individual
circumstances. The second assumption has already been demonstrated.
The third assumption is also true, but the

enthalpy of solution is so

small that it is easier to demonstrate the validity of the assumption
using solubility data than to predict the accuracy of the law using

enthalpy data. Figure 1 is a plot of krypton partial pressure against
concentration in water, over five orders of magnitude pressure. Over
this range of pressure there is no measurable deviation from Henry's
law. As pressure increases there is significant deviation from Henry's
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Figure 1. Variation in Mole Fraction Krypton Concentration in Water
with Krypton Partial Pressure. Data at one atmosphere
from Clever (1979b) and data below one atmosphere from
Anderson, Keeler, and Klach (1962).
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law by atmospheric gases, but at atmospheric pressures Henry's law
is valid. The exception to this statement is CO 2 , which, due to its
high degree of interaction with water, does show small differences
from the law.

Effects of Temperature
Equation (2-30) may be rearranged to read:

p.*

-

1

p.°
1

=

x.
RT ln —1(2-32)
P.1

By definition, p i * is the standard partial molar free energy of the
dissolved gas and p i

°

is the standard partial molar free energy of

the free gas:

1

1

Gi

A.°

1

(2-33)

where AG. 0 = standard free energy of reaction. By Equation (2-31):
1

1 ° = - RT in 1/K H

AG.

(2-34)

From this relation we may obtain the temperature dependence of K H :

(3_
DT

ln

K H) P,n.
1

AG .°
(D 1 )
'DT RT P,n.
1

(2-35)

(2-36)

where YET.

1

If

AR.°
1

°

= standard enthalpy of reaction, a measurable quantity.

is accurately known, Equation (2-36) may be integrated to

20
give the temperature dependence of K H . Unfortunately, as previously
mentioned, A H i ° is so small for dilute gas solutions that it is very
--

difficult to measure. The temperature dependence of the gas solubility is easier to measure than Aii° or At ° (the standard partial molar
-

heat capacity at constant pressure for the reactions, which must also
be known if K

H is to be calculated over a wide range of temperature)

and therefore these thermodynamic parameters are best calculated
from the solubility data.
The necessary solubility data have been provided by the
precise analytical work of Benson and Krause (1976). After thorough
consideration of the mutual properties of the gas solutions (see also

Klots and Benson, 1963) Benson and Krause produced the following
equation for the variation of the Henry's law constant with temperature:

T
K H (T) = exp [A 3 (1 -- A 2 (1 -

2

1

]

(2-37)

Each of the parameters has thermodynamic significance. T 1 is the
absolute temperature at which K H would hypothetically equal unity.
A

2 = 36.855 and is a dimensionless constant equal to the hypothetical

value at T

1 of the difference in At ° for the gas and liquid phases
divided by 2R. It is universal to all the noble gases. A 3 is equal
-

to the hypothetical value of the partial molar entropy of solution at

T 1 divided by R. The variation in K H with temperature, according to
Equation (2-37), is illustrated in Figure 2.
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Figure 2. Variation in the Henry's Law Constants for the Noble Gases
According to Benson and Krause (1976).
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From this equation the thermodynamic parameters may be
calculated:

ATI° = RT 2

9
T K H = R [2A 2 T 1 (1 -

- A3T 1 ]
T,
2
AG° = -RT ln 1/K H = -RT[A 3 ( T1 - 1) + A 2 (- 1) ]
° =

AC

(4 ° )

(2-38)
(2-39)

2
= 2RA 2
p

(2-40)
T2

The numerical values for Benson and Krause's constants are
listed in Table

2. They estimated the precision of the solubilities

calculated from their equation at

0.1% to 0.2% for neon, krypton,

and xenon, and considerably less than
temperature measurement was

0.1% for argon. The range of

273°K to 323°K, and the precision estimates

apply within this range. Within this temperature range, and within
the pressure limits of Henry's law, Equation
law (Equation

(2-37) and Henry's

2-31) may be combined to give an equation of state for

the noble gas-water system:

2

1 - A 2 (1 - 7T-)
1 ]
p = X exp [A 3 (1 - 7T-)

(2-41)

The relationship between the temperature and the mole fraction
solubility, at one atmosphere partial pressure, for neon, argon,
krypton, and xenon, according to Equation
Figure

(2-41), is shown in

3.
Although within the specified temperature range the formula

of Benson and Krause is the most accurate available, it cannot be
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Table 2.

Constants for

Henry's law
(Equation 2-37).

(1976).

Gas

T1

Expression of

Benson

and Krause

A2

A3

(°K)

Ne

131.42

36.855

41.824

Ar

168.87

36.855

40.404

Kr

179.21

36.855

39.781

Xe

188.78

36.855

39.273
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extrapolated without limit. Up to

373°K it is probably still accurate

within one percent. However, above this temperature it is less
satisfactory. In particular, the value of

K H fails to approach zero

as the temperature approaches the critical temperature of water

(647.25°K). Therefore, for the temperature range 100°C to 374°C the
Clynne (1978) is recommended. Potter and Clynne

data of Potter and

have fitted their data to a purely empirical equation, valid from

298°K to 647°K:
al

10000 = a°

T

a5
a4
(2-42)
T
+
+ a 2 T + a 3 log
2
log p

(log p)

where p is the density of water and the a's are empirical regression
coefficients, listed in Table

3. No calculations will be performed

in this dissertation on geothermal systems with temperatures above

100 ° C, therefore the formulation of Benson and Krause (1976) will be
used throughout.

Effects of Solution Concentration
The total composition of a system is one of the system's
state variables. Up to this point we have assumed a binary gas-water
system. Furthermore, implicit in the ideal solution assumption used
in the derivation of Equation

(2-31) is the assumption that the

equilibrium of the system does not depend on the concentration of the
observed under
solution. For the very dilute gas concentrations
valid. Howambient temperatures and pressures, this approximation is
ever, most natural water systems are not composed of water diluted only
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Table 3. Constants for Henry's Law Expression of
(1978).
(Equation 2-42).

Coefficient

a

Ne

Ar

Potter

and Clynne

Kr

Xr

1421.175

3145.791

1098.849

1074.854

al

55338.362

-87149.49

-32333.73

-34604.31

Œ2

0.185867

0.991494

0.359205

0.279095

0

a3
(1 4

O5

-516.808

-1270.795

-442.515

-420.535

-20.0201

-468.632

-230.154

-113.399

27.2899

615.388

310.802

147.401
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by minute amounts of electrically neutral gases. Most natural waters
contain appreciable amounts of ionic solutes. The influence of these
components on the equilibrium of the system is not negligible.
The chemical activity coefficient, y, is used to account for
the effect of all components on the chemical potential of a non-ideal
system. The activity coefficient is defined (for the type of system
we are discussing) as the ratio of the partial pressure with which
the observed system would be in equilibrium were it ideal, with the
observed partial pressure. When polar solutes are added to water
the activity coefficient of neutral gases usually increases and the
concentration thus decreases, referred to as "salting-out." For a
single observed partial pressure, using the principle of equating
chemical potentials at equilibrium, in a pure gas-water system, we
may write:

1.1 g

°RT

ln p = p z * + RT ln yo + RT ln

(2-43)

and for a system with other dissolved components:

°
9

+ RT ln p =

* + RT ln y + RT ln X

(2-44)

Therefore:

+ RT ln X
p k * + RT ln y o + RT ln X 0 = p * + RT ln y

(2-45)

gas-water system is one,
The activity coefficient for the
as discussed above, and thus:
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Xo
in

T=

in y
-

(2-46)

The change in the activity coefficient can be related to a decrease
in the activity of the water as other solutes are added. As each
increment of solute is added the amount of water available to interact
with the gas is decreased. The change in the activity coefficient of
the gas is therefore proportional to the activity coefficient:

LIY____ _ 1,
'sY
dx
s
where X

s

(2-47)

is the concentration of the other solute and k s a propor-

tionality constant. The equation may be integrated from y i = 0 at

X si = 0 to y f = y at X sf = X s to yield:
ln y s = k s X s(2-48)
Equation (2-48) may be substituted into Equation (2-46) to give

Setschenow's relation:
X
o
-)in (— = k X
s s

(2-49)

Data on values of k s are listed in Table 4. These data
illustrate several difficulties with the use of Setschenow's relation
to predict gas concentrations in natural waters. The constant depends
on both the anion and the cation in solution. Most natural waters
contain several anions and cations in solution, and the constant
cannot be predicted by simple linear proportions. The constant is
also temperature dependent.
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Due to these difficulties, many attempts have been made to
predict salting-out constants from fundamental principles. Long and
McDevit (1952) utilized a thermodynamic approach based on "compression"
of the water by the salt. Shoor and Gubbins (1969) developed a scaled
particle theory. Masterton and Lee (1975) attempted to use scaled
particle theory to predict the temperature dependence of the constant.
The best review of the subject is by Conway and Novak (1975), who
discussed all of the above theories, as well as Born polarization energy
treatments, electrostatic distribution theories, and statistical mechanics approaches. Although many interesting theoretical developments
have come out of these attempts, none has succeeded in producing a
comprehensive, practical method of calculating salting-out constants.
An important consideration is the difference in salting-out
effects between different gases. If the salting-out effect is relatively similar for different gases the temperature of equilibration might
still be calculated through comparison of the concentrations (Benson,
1973). Figure 4 compares the amount of salting-out of neon and xenon
(the two gases with the most dissimilar behavior) in NaCl solution.
There exists a difference of about 10% in the salting-out effect at 1.25
moles NaC1 kg

-1 H 2 0. However, this is a very concentrated solution,

more than double that of seawater. Figure 5 is an enlargement of the
left-hand side of Figure 4, the concentration range of most groundwater recharge. From this figure it is apparent that even an unusually
high recharge water concentration of 6000 mg L

-1 would cause a

difference in the salting-out effect of less than 2%. Thus for
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typically dilute natural water comparison of noble-gas concentrations
appears to be a more promising approach than Setschenow's
relation.
Effects of Gravitational Fields
Most chemical derivations neglect gravitational effects,
as
have those in this dissertation. This is because most chemical reactions are studied over intervals of elevation so small that the
gravitational field varies little. If the equilibration of water with
noble gases takes place in a container of small size in relation to
the earth's gravitational field, even though the gravitational field
may indirectly affect the noble gas concentration through influence on
the gas pressure, it will not govern the concentration distribution.
However, in many natural situations gravitational potential does
become important. Two examples are the ocans and water standing in
a deep well bore.
Many authors have exhibited confusion about the effects of
the gravitational field (for example, see Fenn, 1972). MacDonald and
Wong (1975) and Klotz (1963) contain theoretical treatments of the
subject similar to the one here. Eckert (1973) takes a somewhat
different approach. Thus it is worthwhile to consider the subject
from a basic level, the chemical potential equation with a gravitational term included:

p = U + PV - TS - M Z
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The total differential may be taken with temperature and all components
except the gas held constant:

dP +dz
dp = ( 1P-)
z P,x +
z,x

x z,P dx

(2 51)
-

By standard thermodynamic identity:

(

1

)

= v

(2-52)

z,x
and by simple differentiation:

(11)=
z P,x

-

M

The last term of Equation

(2-51) may be evaluated by remembering:
(2-53)

p = p* + RT ln X
and thus:

(2-54)

(J
'x' z,P
)

The terms in Equations
in Equation

(2-52) through (2-55) may now be substituted

(2-51), with the added condition that at equilibrium the

chemical potential is everywhere equal:

dp = VdP - M dz

RT dx = 0(2-55)

Water is relatively incompressible and thus:

dP = pg dz

(2-56)
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Substituting and rearranging:

RT

Xo

dx
_

X

g(M - Vp) f

z=0

dz

(2-57)

and integrating:

RT in= (M - Vp) gz

(2- 5 8)

The resultant change of solubility at depth depends on the relative
magnitudes of Mgz, a gravitational potential energy term, and pgz,
a pressure or "buoyancy" correction. For example, 0 2 has a molecular
weight of 32 gm mole -1 and a partial molar volume of 32 cm 3 mole -1
and thus shows no change in concentration with depth. Helium, on
the other hand, has an atomic weight of 4 gm mole -1 and a partial molar
volume of 29.7 cm

3

mole

-1

, causing a significant decrease in concentra-

tion with depth.
The partial molar volume of Ar is 32.8 cm

3

mole

-1 (MacDonald

and Wong, 1975). Equation (2-58) indicates that the bottom of a
water column 1,000 m deep would have an equilibrium argon concentration (at 273.15K) 1.03 times that of the top. Partial molar volume
data for the other noble gases are difficult to obtain, but inasmuch
as the variation of the partial molar volume with gas type is small
the amount of concentration change may be estimated. The atomic
weight of neon is less than its partial molar volume (which should be
between those of helium and argon) times the water density, and thus
it will rise toward the top of the column. The concentration at the

36
bottom should be about 95 percent that at the top. Krypton and zenon
are much heavier and will sink, having bottom concentrations, respectively about 120 percent and 140 percent of the top.
Nearly all ground water is by some path in contact with the
atmosphere. This treatment of gravitational and pressure effects
demonstrates that even ground water which maintains its original
equilibrium temperature and concentration is not in equilibrium at
depth. Most ground water is able to sustain this non-equilibrium condition only because the flow velocity is much faster than the dif-

fusional processes which restore equilibrium.
Combined Solubility Expression
All of the equations developed in this section may be combined
to give an equation which will express the noble gas concentration at
any point within an isothermal body of water of constant composition,
as a function of the partial pressure of the gas at the surface, the
temperature, the ionic concentration of the water, and the depth from
the surface.
The effect of pressure on the concentration is obtained by a
rearrangement of Equation (2-31):

(2-59)

Substitution of the expression for K

H

in Equation (2-37) yields the

dependence of the concentration on temperature:

2
X =

p exp - [A 3 (1 - 1

- A 2 (1 - T )

(2-60)
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A correction for the presence of dissolved ions,
derived from Equation

(2-49),

is made:

T, 2
X = p exp - f[A 3 (1 - Ti) - A 2 (1 - TI) ] - k s x s

(2- 61 )

Finally, the equation is completed by the incorporation of gravitational
field effects from Equation

X

{ 01-p(i)qz
p exp

RT

(2-58):
[A 3 (1 -

Dissolved
Equation

(2-62)

Tl

2
- A (1 - T1 ) ] - k x
2
ss

(2-62)

Phase Properties

is a general equation of state for a gas-water

system, under the conditions specified at the beginning of the section,
and the assumptions developed throughout the chapter. However, the gas
concentration which is calculated by this equation applies only to
gas-phase liquid-water phase equilibrium, not to gas dissolved in water
but isolated from a free gas phase. If water has achieved equilibrium
with a gas and is then removed from contact with the gas phase the
original gas concentration will be maintained, barring adsorption or
chemical reaction of the gas, even if the conditions are changed so
that the water is no longer in equilibrium with the gas phase. This
is simply because the gas phase and water have been separated into
individual systems and equilibrium does not exist between isolated
systems.
The only method of changing the concentration of the gas in
the isolated dissolved gas-water system is to alter the conditions in
such a way that the total pressure applied to the water is less than
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the partial pressure of the gas phase with which the dissolved gas
would be in equilibrium, according to Henry's law. In this case
gas
bubbles would form and the gas would diffuse out of the water and into
the bubbles until the partial pressure of the gas in solution was equal
to the total pressure applied to the system.
So far we have considered only binary gas-water systems. If
the system is multicomponent (for example, air-water) a free gas phase
will exist if the sum of the partial pressures of the gases exceeds the
applied pressure. We have also assumed that the gases are conserved.
However, if gases are created in the water by chemical reaction, they
will remain dissolved only so long as their pressures remain less than
the total pressure.

Hydromechanical Transport
Advective

Transport. Gases which are dissolved in water and

then cut off from the free gas phase may move with the velocity of the
water in which they are dissolved, so long as the imposed conditions do
not permit formation of a free gas phase from the dissolved gas. Such
motion of the entire system is called advective transport.
Advective transport occurs when the system flows from one point
to another in response to total energy gradients. The total energy may
be separated into gravitational (elevation), pressure, and kinetic
energy components. This dissertation treats the topic of noble gases
in ground water. Typically, flow rates of ground water are so slow that
the kinetic energy component may be neglected. In this case total
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energy is equal to potential energy, which is directly proportional to
hydraulic head:

h = z + —
Y

(2-63)

The specific flux of the ground water may then be described by Darcy's
law:

= KVh

(2-64)

where K = hydraulic conductivity.
Hydrodynamic Dispersion. One of the assumptions of Darcy's
law is that the driving force on the fluid is counteracted by the
viscous resistance force. This is true because the water is everywhere
forced to dissipate its kinetic energy flowing around the grains of the
porous medium. The actual path taken by the flowing water consists of
many individual filaments, joining and diverging. These flow paths may
differ in length and in the velocity of the water moving along them.
If a concentration "front" is moving through the porous medium, flow
paths of different lengths or velocities may mix water with different
concentrations, tending to smooth the front. A similar process may
occur on a larger scale if the porous medium is not homogenous in its
hydraulic properties, through mixing of areas of faster and slower flow.
These processes are termed hydrodynamic dispersion.

Chemical Transport and Effects
Diffusion. Diffusion is a type of mass transport in response
to concentration, pressure, temperature, or electrical field gradients.
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It acts, not only on the system as a whole, but on individual components
in different fashions, causing transport of one component in relation
to another. Equation (2-6) describes diffusion in aqueous as well as
gaseous systems. A consideration of the magnitude of the driving forces
which are present in ground-water systems and their effect on noble
gases and other solutes in ground water will arrive at the same conclusion as the discussion of gas diffusion in soils: that the effects
of concentration diffusion are so much larger than other types of
diffusion that diffusive transport is adequately described by Fick's
Law (Equation 2-11).
Chemical Interactions. Two major classes of chemical interactions occur in ground water: chemical bonding and adsorption.
Chemical bonding occurs when atoms attempt to lower their electronic
energy by sharing, or closely associating with, the electrons of another
atom. The noble gases are distinguished from the other elements by
possession of "filled" electronic energy levels. Therefore only under
extreme conditions, not encountered in ground water, do they bond with
other elements.
Adsorption interactions are distinguished by the retention of
atoms or molecules on a surface, typically in response to an electrical
field. Many of the surfaces of grains which form the matrix of aquifers
possess a net negative charge. Cations are therefore retained on the
surfaces and tend to move through an aquifer with a velocity slower than

that of the water. Because the electronic structure of the noble gases
is complete, they do not loose or gain electrons, and are thus
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electrically neutral. For this reason it might be expected that they
would not be adsorbed on charged surfaces.
However, although the noble gases do not form ions in ground
water, they do undergo similar processes. As the number of electrons
possessed by an atom grows, the influence of the nuclear charge on the
outer electrons wanes. If an external electrical field is applied to
the atom the outer electrons will shift in response to the field,
creating an induced dipole. Such an induced dipole may then behave
somewhat like an ion. The noble gases krypton and especially xenon are
large enough that they have a fairly large induced polarizability. Such
an induced polarity might result in at least a weak adsorption on
charged surfaces. The magnitude of any such adsorption of noble gases
on natural aquifer materials has never been measured.
A great deal of research has been performed on the adsorption
of the gaseous noble gases on various minerals and materials, in order
to determine microscopic surface areas. However, such research is not
applicable to dissolved noble gases in ionic solutions. In ionic solutions the noble gases must compete for adsorption sites with ions and
water molecules. The ionic adsorption creates a high ionic concentration close to the charged surface. All of the noble gases, including
xenon (see Figure 4), are less soluble with increasing ionic concentration. Thus the concentration gradient toward charged surfaces will
create a diffusion gradient of the noble gases away from the surfaces.
No experiments have been performed to assess the relative effects of
ionic concentration-induced diffusion away and possible induced-dipole
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attraction toward charged surfaces, but it seems unlikely that significant adsorption would take place.
Aquifers may contain neutral as well as charged surfaces.
Hydrocarbons frequently form the most common surfaces of this type.
Such neutral surfaces present more likely areas for adsorption of the
noble gases than charged surfaces. Water has a largescale structure,

H

0 molecule into which the noble
2'
gases do not readily fit. This structure is responsible for the very

created by the polar nature of the

low solubility of the noble gases compared with that of ionizable gases
such as HC1. The water structure might tend to exclude the noble
gases onto neutral surfaces. Such an effect has never been experimentally observed or evaluated. If it is a cause of measurable adsorption,
the magnitude of noble gas retardation relative to water flow would
probably be a function of the amount of organic matter in the aquifer.

CHAPTER 3

THE PHYSICAL SYSTEM

The last chapter dealt with the properties and chemical behavior
of the noble gases in gas-water systems. The principles treated in
the last chapter will be applied in this chapter to the physical system
in which the noble gases interact with water in the natural world.
Processes in soils establish noble-gas concentrations. Processes in
aquifers may alter those concentrations. Sampling and analysis of the
gases may further change them.
However, before these elements of the system are investigated
a previously unstated assumption of noble-gas paleothermometry should
be examined. This assumption is that over the period of time to which
noble gas paleothermometry will be applied (3 million years might be a
generous estimate) the atmosphere has remained a reservoir of constant
noble gas concentration and isotopic composition. The history of the
noble gases in the earth's atmosphere is the logical starting place in
the study of the entire physical system.
Noble Gas Origins and History

Noble' Gas Origins
The ultimate origins of the noble gases may conveniently be
divided into three catagories. The first, stellar nucleogenisis,
took place before the formation of the solar system. The second is
43
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still ongoing: nuclear decay and fission of unstable atoms. The third
is a continuation of the processes of

nucleosynthesis: interaction of

atomic nuclei with primary particles.
Nucleogenisis. When the solar system accreted, over

4.5 eons

ago, it was formed of atoms previously synthesized in the nuclear
furnaces of stars, from primordial hydrogen. The abundance of the
various elements in the universe as a whole reflects the
processes which occur in stars. These abundances, per
listed in Table

nucleosynthetic

6
10 silicon, are

5. The lighter noble gases are relatively abundant in

the universe. For comparison, the terrestrial to cosmic abundance
ratio of oxygen is

-6
0.1, and that of nitrogen is 3 x 10 .

Decay and Fission Products. Two nuclear reactions are, or have
been, important in the production of noble gases (helium and radon
excluded). The first is the decay of 40 K. This decay follows two
paths,

89 percent decaying by electron capture to 40 Ca and 11 percent

by beta emission to
primordial isotope

40
129

Ar. The second is the decay of the now extinct
1 to

129

Xe.

Some unstable nuclei can change by spontaneous fission as
well as particle emission. Nuclei of the noble gases are among the
fission products. At present the only producer of noble gases by
244
238
Pu had a small
U. The extinct isotope
spontaneous fission is
spontaneous fission yield of
238

U are listed in Table 6.

86 Kr. Spontaneous fission yields of
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Table

5.

Cosmic and Terrestrial Abundances of the Noble Gases.

Cosmic Abundance*
Gas

(per

10 6 Si)

Terrestrial +
Abundance
(per

10 6 Si)

Terrestrial
to
Cosmic Ratio

Argon

4.4 x 10 6
3.4 x 10 5

12 x 10 -9
5.9 x 10 -6

2.7 x 10 -15
-11
1.7 x 10

Argon-36

2.7 x 10 5

Krypton

25

2.0 x 10 -8
6 x 10 -9

7.2 x 10 -14
-11
2.4 x 10

3

5 x 10

Neon

Xenon

* data from Faure (1977), Table 2.2.
data from

Krauskopf (1967), Table 21-1.

-11

1.6 x 10

-11
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Table 6.

Spontaneous Fission Yield of 238 U. Data from Young and
Thode (1960).

Product Nucleus

Yield (%)

86 Kr

0.951 ± 0.057

84 Kr

0.122 ± 0.012

83
136
134
132
131

Kr

0.0327 ± 0.0028

Xe

6.30 ± 0.38

Xe

5.14 ± 0.31

Xe

3.63 ± 0.22

Xe

0.524 ± 0.031
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In addition to the direct production modes listed above,
fission also produces 129 1 with a yield of about 0.1 percent.
decays to 128 Xe with a half-life of 1.6 x 10
tion by

129

I

7

238

U

129 I

years. The xenon produc-

decay is minor compared to direct fission production.

Nuclear Interactions. Bombardment of a nucleus by energetic
particles may result in the incorporation of the particle in the
nucleus. The nucleus becomes unstable and emits a particle. Two
kinds of energetic particles are commonly found in subsurface environments, alpha particles, from radioactive decay, and neutrons, from
spontaneous fission. Isotopes of neon and argon can be produced by
nuclear reactions with these particles.
Neon-21 is produced by the reaction 18 0 (a,n) 21 Ne. Several

38 Ar. Alpha particles stimulate the reactions
38 K -4- 38 Ar + B - . Neutrons may activate
35

reactions may produce

35 Cl (a,p) 38 Ar and Cl (a,n)
38 Ar +
41 K (n,a) 38 Cl
potassium:

. Other nuclear interactions may

produce noble gases, but are not significant in the subsurface (again,
helium and radon excepted) due to lack of necessary activating particles
or host atoms in the subsurface environment.

Noble Gas History
Noble gas history is of interest to the paleogeochemist because
variations in atmospheric noble gas concentration would invalidate
calculated paleotemperatures. Two questions are pertinent:

1. Has the atmospheric noble gas concentration (or isotopic
3 million years?
composition) changed significantly in the last
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2. Are any noble gases produced in aquifers in large enough
amounts to alter calculated paleotemperatures?

Some indication of the history of noble gases on the earth may
be gained by comparison of the cosmic and terrestrial abundances listed
in Table 5. In all cases the terrestrial abundances are at least ten
orders of magnitude less than the cosmic. Furthermore, the ratio of
36
Ar rather
the abundances increases with increasing atomic weight (if
than 40 Ar is considered). Volatility decreases with increasing atomic
weight. H. Brown in 1952 suggested that this abundance distribution
indicated the earth at some time in the past had lost most or all of
its original atmosphere, and that the present atmosphere was derived
from the interior of the earth. This idea has formed the basis of
subsequent theories of atmospheric history.
All of these histories are formulated through comparison of the
isotopic ratios of the atmospheric noble gases with the ratios and
abundances of noble gases in meteorites, the mantle, and the cosmos.
Knowledge of any production of noble gases in the earth is therefore
important for cosmologists as well as hydrologists. Bernatowicz and

Podosek (1978), in an excellent review of noble gas production, have
of
compared the atmospheric ratios with extraterrestrial ones. Much
the following information is summarized from their article.
to the
Neon. Evaluation of the contribution of nuclear sources
atmospheric inventory is rendered difficult by lack of a well-defined
and
extraterrestrial inventory with which to compare it. Bernatowicz
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Podosek indicate that up to twenty percent of the atmospheric 21 Ne may
originate through a combination of alpha particle interaction with

18

0

and cosmic ray spallation. If so, they do not think that more than
four percent can be attributed to alpha interaction.

21

Ne composes

0.257 percent of atmospheric neon.
Argon. The meteoritic

36

Ar to

38

Ar ratio of 5.35 is essentially

identical to the atmospheric ratio. However,
predicts an 40 Ar to 36 Ar ratio of
is

nucleosynthetic theory

2 x 10 -4 , while the atmospheric ratio

295.5. The extra 40 Ar is almost certainly added from 40 K decay.
Krypton. The meteoritic and atmospheric compositions are very

similar. Any nuclear component added to the atmosphere is minor.
Fission of

244

Pu may have contributed up to 0.1 percent of the atmos-

pheric 86 Kr.

Xenon.

The atmospheric xenon distribution shows significant

deviation from meteoritic ratios. The heavy isotopes are enriched in
the atmosphere by about

3.5 percent per mass unit. Some of this excess

may be explained by decay of extinct radionuclides. The
is probably attributable to
Up to

129

I decay

129

Xe excess

(Hennecke and Mannel, 1975).

1.7 percent of the heavier xenon isotopes may originate from

spontaneous fission of

238

244
Pu. However, the largest problem
U and

concerns the abundance of xenon, rather than the isotopic ratios.
The meteoritic to cosmic abundance ratio of xenon is about an
order of magnitude larger than that of krypton, which is reasonable
inasmuch as xenon is less volatile. However, the terrestrial (atmospheric) to cosmic ratio of xenon is about the same as that of krypton.
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This unexpectedly low atmospheric abundance is referred to as the
"xenon deficiency". Three possible causes of the low abundance have
been proposed:
i. At the time the solar system accreted there was a difference
in the composition of the meteoritic and terrestrial bodies.
This explanation is not popular with cosmologists because
meteoritic and terrestrial homogeneity is a basic principle of
planetary studies.
Canalas, Alexander, and Manuel (1968) proposed that the earth
does in fact have an abundance of xenon similiar to that of
meteorites, but that due to its high atomic weight and polarizability much of it is adsorbed onto shales. They reported
that the average xenon to krypton ratio of 8 shale samples they
analyzed was 0.80, compared to an atmospheric ratio of 0.076.
Bernatowicz and Podosek (1978) mention that even if the earth
does have the same abundance of xenon as meteorites, incomplete
degassing from the interior could produce a lower atmospheric
ratio.
The issue is important to noble gas paleothermometry because
if xenon is adsorbed onto shales in aquifers, and the other gases are
not, xenon cannot be used to calculate paleotemperatures. Some experimental work has been performed. Phinney (1972) found adsorbed xenon in
tuffaceous shales, but not in cherts. Frick and Chang (1977) found
elemental fractionation of noble gases adsorbed on meteoritic carbon
and extrapolated the results to carbon in shales. The most complete
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experiments have been performed by Fanale and Cannon (1971) who equilibrated two different shales with gaseous xenon and krypton and measured
large amounts of adsorption, supporting the field evidence of Canales,
Alexander and Manuel (1968).
However, not all of the evidence supports the shale hypothesis.
Saito (1978) has compared the 84 Kr to 130 Xe ratio of shales to that of
chondrites. If the "xenon deficiency" is explained by shale adsorption,
about 90 percent of the earth's xenon must be on the shales. Therefore
84
130
the shale
Kr to
Xe ratio should be much lower than the chondritic
ratio, but in fact it is not. Saito therefore perfers the incomplete
degassing hypothesis.
More evidence against the shale adsorption hypothesis has come
from the space program. Atmospheric analyses radioed back from the
Martian landers show a similar xenon "deficiency" in the Martian
atmosphere (Podosek, Honda, and Ozima, 1980). Mars does not have the
extensive sedimentary deposits of the earth and therefore significant
adsorption on clays is not possible.
Finally, there are certain basic conceptual difficulties.
Although none of the authors who advocate the shale adsorption hypothesis explicitly address the point, all of them apparently visualize the
adsorption as occurring in the gas phase. Certain statements of
Fanale and Cannon (1971) make it clear that they conceive of the process
as a gas-solid phase interaction at all times. In fact, all geologists
know that shale is deposited in aqueous environments, and that nearly
all shales at any distance beneath the land surface are water saturated.
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In such an environment the noble gas molecules will have to compete with
water molecules and ions for adsorption sites, as discussed in Chapter

2. Certainly the gas-solid phase experiments bear little relevance to
adsorption onto shales in nature. Until appropriate experiments are
performed the burden of proof must rest with those who advocate xenon
adsorption onto shales.
Theories of Atmospheric History. Based on the noble-gasisotopic-ratio comparisons presented above, and other similar ones,
several theories of atmospheric history have been proposed. One of the
first investigations of this type was by Damon and Kulp in 1958 who,
on the basis of the argon isotopes and calculations of present argon
leakage rates, concluded that most of the argon and water in the
atmosphere were introduced from the mantle in the first billion years.
This is referred to as the "catastrophic degassing" theory. In 1959

K.K. Turekian responded with calculations which showed that slow,
continuous degassing could account for the present argon and helium in
the atmosphere.
Scientific debate over the merits of the two theories, has
continued since that time and neither has been universally accepted.
The isotopic ratios of many other gases have been brought to bear on
the question. Xenon has been the most productive. Boulos and Manuel

(1971) consider that the 129 Xe excess (from 129 1) indicates that no
catastrophic degassing could have taken place after the first 10 8
years.
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40
36
The mantle
Ar to
Ar ratio is crucial to reconstruction of
the degassing history. Unfortunately, ratios measured in different
rocks, all supposedly representative of the mantle, are quite disparate.
Ozima and Kudo (1972) have used high measured ratios (about 1200) to
model continuous degassing and conclude that about 98 percent of the
primitive argon has been degassed. Manuel (1978), on the other hand,
uses measured ratios close to that of the atmosphere (295.5) to suggest
early generation and release of the atmospheric argon, rather than
leakage.
Bernatowicz and Podosek (1978) considered arguments for both
interpretations, and compared them with all available data. They
finally opted for a partial catastrophic degassing, followed by slow
leakage, with most of the gases still retained.
Although a final determination of the issue is still pending,
conclusions useful for noble gas paleoclimatology may be drawn. If
-the catastrophic degassing theory is correct the atmospheric noble-gas
concentration has remained essentially constant since the Pre-Paleozoic.
Even if the continuous leakage theories are correct the atmospheric
abundance of the noble gases has been nearly constant over any period
of several million years, because none of the theories propose leakage
rates fast enough to cause measurable changes in composition over that
time interval. Finally, the only noble gas produced in amounts large
enough to alter the atmospheric composition is

40

Ar, and the models

again demonstrate that the production rate is not enough to cause
changes in argon isotopic composition over the geologically-short time
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span of noble gas

paleothermometry. Some confirmation of this theoreti-

cal conclusion has come from measurement of nearly modern argon isotope
ratios in Devonian Charts by Cadogan

(1977).

Aquifer Production of Noble Gases. That production rates of
noble gases by nuclear processes are insufficient to change atmospheric
composition does not demonstrate that such processes will not alter
noble gas concentrations in ground water. The atmospheric reservoir of
noble gases is so much larger than that of the gases dissolved in ground
water that production rates which are insignificant in comparison to
the large reservoir might measurably alter the smaller.
The two most important production mechanisms for the gases
neon, argon, krypton, and xenon, in subsurface environments are decay
40
of
K to 40 Ar and spontaneous fission of 238 U to 136 Xe (and other
xenon isotopes). Appendix

C contains calculations of 40

and

136

Xe

production in a typical sandstone aquifer. The argon production
calculations assume an aquifer with

13,200 ppm K and 0.0118 percent

of the potassium 40 K, a porosity of

10 percent, and complete escape

40

Ar produced. The calculated production
40
rate is 2 x 10
H 2 0 in 10 4 years, or 6 x 10 g 40 Ar
g
Ar gm
g -1 H2 0 in 3 million years. This is equivalent to 0.003 percent of the
from the minerals of all

atmospheric equilibrium concentration (at one atmosphere and

10°C) in

10 4 years and 0.86 percent in 3 million years. The amount of production in

10 4 years is almost immeasurable, and the 3 million year

production is still within experimental error. However, even these
concentration increases are probably gross overestimates due to the
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assumption that all of the argon produced in the minerals escapes into
the water. In fact, probably only a very small portion of the argon
does escape. The very successful

K-Ar dating technique depends on the

complete retention of argon by mineral grains. Because most argon is
retained by mineral grains the major mechanism of release is weathering of the grains. Thus if for some reason high potassium feldspars or
other potassium minerals were rapidly dissolved within an aquifer
measurable amounts of

40

Ar might be released. Mazor, Verhagen, and

40
Negreanu (1974) have observed measurable enrichment of Ar relative
to 36 Ar in hot springs in igneous terrain in Swaziland, where unusually
rapid weathering and magmatic contributions might be expected. Under
normal circumstances, the

radiogenic 40 Ar contribution should not be

enough to alter calculated

paleotemperatures. If a large radiogenic

argon addition is found it may be accounted for by analysis of the
40

Ar to 36 Ar ratio and subtraction of the excess argon.
Calculation of

136

Xe production under the assumption of 2 ppm

uranium concentration in a sandstone aquifer,
and complete escape of
g

136

Xe g

-1

radiogenic xenon gives a result of 2.6 x 10

4
H 2 0 in 10 years or 1.96 x 10

This is equivalent to

10 percent porosity,

1.8 x 10

-6

-19

-18

mole fraction in that time.

percent of the atmospheric equilibrium

xenon concentration (at one atmosphere and 10°C) and 2.04 x 10 -5
136
Xe concentration under the
percent of the atmospheric equilibrium
same conditions. In
be

3 million years the respective percentages would

5.4 x 10 -4 and 6 x 10

fission in

-3

. The total xenon produced by spontaneous

3 million years would be 9 x 10

-4

percent of the total
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atmospheric xenon. The assumption of total escape of fissionogenic

40 Ar, because
xenon is much more realistic than similar one for
uranium in sandstones tends to be deposited around the outsides of
grains, and because the fission recoil is so powerful that some of the
fragments are frequently projected through the grain, providing an
escape path for other fragments. Thus fissionogenic xenon accumulation
in ground water may be detectable, but should not be large enough to
affect calculated pal eotemperatures.
Effects of Sea Level Changes. Although we have considered the
effects of production and release of noble gases over the history of
the earth, we have not treated movement of noble gases between reservoirs. The lithosphere is probably the largest reservoir, but, as
shown above, the rate of exchange between it and the atmosphere is so
slow that it may be neglected over geologically short time intervals.
After the lithosphere, the two largest reservoirs are the atmosphere
and the oceans. Rather sudden changes of ocean level during the
Pleistocene are well documented. The water removed from the ocean
during ocean-level declines was transferred to continental glaciers.
The noble gas atmospheric equilibrium concentration of ice is much
less than that of water, and thus noble gases would be transferred
to the atmosphere during sea level declines.
Appendix D contains calculations of the magnitude of this
effect. Maximum sea level changes of +20 and -100 m (Lapedes, 1977)
and a constant ocean temperature of 7°C are assumed. Complete absence
ocean
of noble gases in glacial ice is also assumed. In fact,
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temperatures declined during glacial periods, resulting in greater
noble-gas solubility of the remaining water, and glacial ice does contain some dissolved gas and gas in bubbles. The calculations should
therefore be an upper limit on changes in atmospheric composition.
The calculated maximum change in the atmospheric neon inventory is an
increase of

5.5 x 10

-5

3.3 x 10 -6 percent, and the maximum change of xenon is
percent. These are

undetectably small changes.

Atmospheric Abundance and Isotopic Ratios. We have concluded
that the atmospheric noble gas abundances and isotopic ratios are
constant at present and have remained essentially so for at least the
last

3 million years. Present atmospheric abundance and isotopic

ratios may thus justifiably be used to calculate equilibrium temperatures of old ground water. Atmospheric abundances and isotopic ratios
are listed in Table

7.

Aquifer-Recharge Zone Processes
Equilibrium noble-gas concentrations in ground water are
originally determined by processes in the aquifer recharge zone.
Understanding of recharge zone processes is, therefore, prerequisite to
interpretation of noble gas

paleotemperatures. The source of recharge

water, depth of the water table, seasonality of recharge, soil organisms, soil temperature gradients, and mode of infiltration all play a
role in determining the final noble gas concentrations.
Recharge Depth, Type, and Seasonality
Soil temperature distribution is the result of the interaction
and a
of a constant upward heat flux from the interior of the earth
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Table 7. Atmospheric Abundances and Isotopic Ratios of the Noble Gases.
(Atmospheric abundances from Butcher and Chanson, 1972; and
isotopic ratios from Goldman and Roesser, 1966.)

Gas

Neon

Argon

Krypton

Xenon

Dry Atmospheric Abundance
(mole fraction)

1.818 x 10 -5

9.34 x 10 -3

1.14 x 10 -6

8.7 x 10

-8

Isotopic Abundances

(percent)
20

Ne, 90.92; 21 Ne, 0.257;

22

Ne, 8.82

36

Ar, 0.337; 38 Ar, 0.063;

40

Ar, 99.60

78

Kr, 0.35; 80 Kr, 2.27;

82

Kr, 11.56; 83 Kr, 11.55;

84

Kr, 56.90; 86 Kr, 17.37

124

Xe, 0.096; 126 Xe, 0.90;

128

Xe, 1.92; 129 Xe, 26.44;

130

Xe, 4.08; 131 Xe, 21.18;

132

Xe, 26.89; 134 Xe, 10.44;

136

Xe, 8.87
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varying temperature regime at the land surface. Surface temperature
fluctuations are damped with depth. Typically, diurnal fluctuations
die out in 20 to 80 cm and seasonal fluctuations in 5 to 8 m (Supkow,
1971). Figure 6 illustrates the damping of seasonal fluctuations within
an exponential envelope, and the intersection of the slope of the
geothermal gradient with the mean annual temperature would result in
a transient change in the geothermal gradient. Such a change would
damp the climatic signal. Most climatic shifts are probably gradual
enough that equilibrium with the geothermal gradient is maintained, at
least above 100 m.
The temperature of equilibrium of the noble gases is the soil
temperature just above the water table. If the water table is shallow,
seasonal temperature variations may affect noble-gas concentrations in
the ground water. If the water table is below the depth of seasonal
fluctuations the ground-water noble-gas concentrations will not vary
seasonally. Any difference between the equilibration temperature and
the mean annual temperature will be due to the geothermal gradient.
Hertzberg and Mazor (1979) have found in Israel that the noble-gas
temperature is very close to the mean annual temperature, indicating
the geothermal gradient is not steep. However, even if the geothermal
gradient were steep enough to cause a subsurface difference from the
mean annual temperature, the subsurface temperature should vary in
common with climatically-induced changes in the mean annual temperature,
as discussed above.
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Flow of water through the soil will to some extent modify the
conductive heat regime illustrated in Figure 6. Under saturated
conditions the temperature in a recharge area will mostly be controlled
by the temperature of the entering water. The type, or source, of
recharge will thus influence the temperature of equilibration. The
equilibration temperature of recharge from direct infiltration of
precipitation through an unsaturated zone will be related to the mean
annual temperature. Recharge from a river to a ground-water mound
beneath the rive-bed will reflect the temperature of the river. Some
recharge sources may exhibit little climatic response. For example,
deep stratified lakes in temperate areas usually have a bottom-water
temperature close to 4°C and recharge from such a lake directly to an
aquifer might change little with even large climatic shifts.
The seasonality of recharge may have large effects on the
temperature of equilibration. If infiltration takes place through a
deep unsaturated zone the temperatures will probably reflect the mean
annual temperature. However, if the recharge rate is high, or the water
table shallow, the temperature of recharge may reflect only the seasonal
temperature. In this case, changes in season of precipitation, as well
as temperature changes, can alter the apparent noble-gas paleotempera-

ture.
The following topics are pertinent to the interpretation of
noble-gas pal eotemperatures.

Depth to Water

Table. The ideal configuration is a water table

20 to 100 m deep. Climatic temperature changes may be damped at
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greater depths. Recharge-water temperature may be determined by source
temperature at shallower depths. If the depth to water is shallower
the following considerations become important.
Source of Recharge. The temperature of the recharge source may
or may not match the ambient temperature. Sources such as year-round
rainfall, small slow streams, and shallow marshes probably do. Such
sources as snowmelt, ephemeral streams, deep lakes, and large rivers
may not. Snowmelt and snowmelt runoff in particular, are insensitive;
changes in climate may cause a change in the season of snowmelt, but
will not change the temperature at which snow melts.
Seasonality of Recharge. The cause of a change in the noble
gas paleotemperature may be ambiguous, even if the source does reflect
ambient conditions, if the recharge is seasonal. Changes in season of
recharge are difficult to distinguish from changes in temperature.
Even shifts in the proportion of recharge from various seasons may
cause spurious noble-gas temperature changes.

Effects of Soil Organisms
The atmosphere is very well mixed. Local change in atmospheric
composition caused by chemical reactions, biological activity, or
physical introduction of a gas is quickly removed by diffusion and
turbulent mixing. The only major exception is water vapor which can
maintain large concentration differences over distance and time because
of its high boiling point.
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However, in most cases the equilibration of noble gases with
ground-water recharge takes place, not in the open atmosphere, but in
the soil atmosphere. In this restricted environment there is no
turbulent mixing and diffusion is slowed by the tortuosity of soil
pores. Here biological reactions can alter the soil-gas composition.
Highly anomalous soil-gas concentrations have frequently been
measured in laboratory experiments. For example Yamaguchi, Flocker,
and Howard (1967) reported oxygen concentrations of less than 4 percent
and carbon dioxide of more than 15 percent. Henin (1976) cites similar
soil-gas concentrations from field studies. Modeling of soil properties
confirms these results. A study by Bakker and Hidding (1970) shows
that elevated soil moisture at the surface can greatly restrict diffusion of oxygen to plant roots.
The processes which change the soil-gas composition are well
understood. Oxygen is consumed by roots and microorganisms. These
organisms then respire carbon dioxide. Nitrogen concentration may
be affected, although usually to a lesser extent, by bactorial nitrification and denitrification. Although none of these processes can
create or deplete the noble gases, they can alter their partial
pressure by changing the contribution of the other gases to the total
pressure. The maximum increase in partial pressure that might be
expected is proportional to the possible decrease in oxygen pressure,
with no carbon dioxide released, about 27 percent. A similar decrease,
in
brought about by production of carbon dioxide without any decrease
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oxygen, would require a carbon dioxide concentration of almost 40
percent. A total fluctuation range of 35 percent might be expected.
Thirty-five percent is roughly the range of solubility
variation of the noble gases over a temperature range 30°C. Alteration of the soil-gas composition by this magnitude would obviously
drastically throw off calculated paleotemperatures if atmospheric
composition were used to calculate equilibrium. One possible solution
would be the measurement of soil gas composition in the recharge area.
Such measurements would be difficult and time consuming. Finally, there
is no guarantee that the present-soil gas composition is an accurate
indication of the soil gas at the time ancient ground water recharged.
Alteration of the soil atmosphere may change the total soil
atmosphere pressure as well. Suppose oxygen is continuously consumed in
the soil so that its concentration is maintained near zero. The partial
pressure of the other gases will be proportionately higher and thus a
concentration gradient will exist toward the external atmosphere. However, when diffusion in this direction takes place there will be no
source of gas to replace that moving upward and the pressure will be
decreased until it counteracts the diffusive gradient. The magnitude
of this effect may be calculated.
For a one-dimensional horizontal system, assuming constant
small
specific weight of the gas (i.e., isothermal conditions and
of molar
change in pressure), Equation (2-4) may be restated in terms
flux:
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j

dh
PmKgdz

P

_

K dP

(3-1

Y gdz

where J = molar flux and p

m

)

= molar density. With the same assumptions,

the molar diffusive flux, J D , is given by:

Pm n d(Px) _
P
dz

n dX
P m dz =

JD =

D AR
RT dz

(3-2)

By Dalton's law of partial pressures:
1

p = PX = P

(3-3)
n

= moles of 0

where n
02

2'

n

A =

moles of all other gases, and Y' -

Y' is not the mole fraction. A linear 0

2

02

n

A •

partial pressure gradient is

assumed:

p= P

1

(3-4)

z -z

o
1 + Y 2

z0
where z

o

= elevation at which 0

2

is zero. Substituting Equation (3-4)

in Equation (3-2):

jD =

D d (D
RT dz

1
z -z
o
1 + Y'
0
z
2 o

(3-5)

At steady state the two fluxes are equal:
(3-6)
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SO:

p K
_ tn_g_ dP
D d (0 1
y
dz - - RT dz '
1 + Y'
0

z -z

(3-7)

)

o
z

2

o

After multiplication and rearrangement the equation may be integrated:
DY'Y'
D
02 i z_

dP _
P

rip
)p

RT

z=0 K

o

g + RT

Oz
K Y' 2 Z 2 -1
g
I
0 02
2
dz
0 +
+
RT
z

(3-8)

o

where:
2p K
q ,1 + Y'
0 = - ! DR + m
'
y ))
02"
' T
The integrated and evaluated form is:

2DT-1
(T(
[tan
p = po exptRT

2K Y'
g 09
-1
cDz O]i (3-9)
' z + z0)) - tan
o
RT

where:

T

=

4K

a

K

(

Dp

_9_ + __E!)

RT RT

Y

4K Y '
-1/2
g 0,
0(0 +
RI `))

(3-10)

Equation (3-9) has been evaluated for K g = 6.25 x 10 -6 m sec -1

-8 m sec -1 , appropriate values for a tight sand and clay,
-7 2 sec -1 (corresponding to a porosity of about
m
with D = 1.32 x 10
and 6.25 x 10

one percent under the Penman relationship (Millington, 1959)), T =

A
293.15°K, P = 1 atm, and z o = 20 m. The results are graphed as
it is
P vs. z in Figure 7, where A P = P o - P. From this figure

67

0

10

15

20

6 P (atm x 10 6 )

Figure 7. Variation in Total Pressure with Depth as a Result of Oxygen
Consumption in the Soil, According to Equation (3-9).
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evident that the maximum osmotic pressure reduction, about

2 x 10 -3

percent, is so small that it would have no effect on calculated
pal

eotemperatures.

Effects of Soil-Temperature Gradients
The assumption has been made, up to this point, that if
infiltrating recharge water changes temperature due to soil-temperature
gradients, the gas concentration in that water will be the atmospheric
equilibrium concentration at that temperature. In the restricted
environment of the soil atmosphere this assumption needs to be checked.
The possible effect of biological alteration of soil atmosphere composition have already been examined. The physical processes accompanying
temperature change with depth may also affect the soil atmosphere
composition.
Suppose infiltrating water is warmed during downward movement
through a thick unsaturated zone. Gases will evolve from the warming
water. These gases will then diffuse toward the surface in response to
the increased subsurface concentration. This increased concentration
will, in turn, result in a gas concentration in the soil water higher
than expected from atmospheric equilibrium. The magnitude of the
effect for different gases will depend on the variation of the Henry's
law constant with temperature for each gas. If the change of concentration caused by the effect is large there would also be a difference in
change of concentration between the gases. All of the other possible
causes of concentration change which have been examined would not
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change the ratio of the gases to each other in the gas phase with
which the water equilibrates. This mechanism could do just that.
The magnitude of the effect may be estimated using Fick's
second law. In its one-dimensional form the law states:

B2p
a
Bt m - D Dz 2 m +
Bp

u =

where

(3-11)

rate of production of gas per unit volume of gas. The

molar gas flux in the water across any unit area is given by:
Pi H 0
2

J = XJ H 0 2
where
of

KH

JH 0 =
2

(3-12)

KH

the molar flux of infiltrating water. The variation

with temperature is given by Equation

(2-37)

but over a limited

temperature range may accurately be approximated by a linear equation
of the form:

KH =

NT

where N and

(3-13)

+ M

are empirical constants. The gas partial pressure may

M

be expressed in terms of molar concentration using the ideal gas law:

p

=

v RT =

m

Substituting Equations

J

J -

p

H20 m
NT

(3-14)

p RT

(3-13)

and

(3-14)

into

(3-12)

gives:

RT

+ M

3-15)
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The temperature gradient must be specified: a linear function of
depth will be used:

(3-16)

T = Az + T o

The rate of gas production per unit gas volume is equal to the
difference between the flux of gas; in the water one unit depth apart:

J H o p m (z+1)R(A(z+1)+T oJ H o p m (z)R(Az+T o )
2
2
1
(
a =
N(A(z+1)+7 0 )+M
N(Az+To)+M
where (I)

(3-17)

= gas porosity. Inasmuch as the variation of the molar gas

concentration per unit depth is very small compared to its magnitude
Equation
jH

a =

(3-17) may be approximated:
2

O RP m

A(z+1)+T o
(N(A(z+1)+T0)+M

(1)

Az+T
N(Az+T)+M)

(3 18)
-

If the system is at steady state:

d2 pm
+ a
D
dz

=

0

(3-19)

and therefore:
d2p
D

dz

m

- a

Substituting Equation
ease of integration:

(3-20)
(3-18) into (3-20), with some rearrangement for
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p

ff

2
J" ,RM
m d p m2
n u

fr

2
ON A

P
m P
m

j

z

NTo +M

NA

z=0

4 ( NT 0 +M)[1-( NT 0 +M ) ]

-

2
+ y

N2A 2
dz

2 2
4N A

(3-21)

After the second integration:
J

RM
3 —
H 0
2 2
NT +M
2
4N A
)2
(z+
a
2
ON A ( 4(NT +M)[1-(NT +M)]-N 2 A 2
o
o

Pm

p

m

ln p -p
m m

Pm

NT +M
(z +

tan

+ 1-)2NA

NA

2

2 2
4N A

1
1 ) 2
2

[4(NT +M)[1-(NT 11)]_N2A2

[4(NT +M)[1-(NT +M)]- N2A2]

NT +M
(z +

ln ( 1 +

NA

2
+

)2NA

[4(NT 0 +M)[1-(NT 0 +M)]-N

(3-22)

2A 2 j 2

=0

As the term NT +M is much larger than either 1 or N 2 A 2 :
o
2 2
4N A

2 2
N A

[4(NT 0 +M)[1-(NT 0 +M)]-N 2 A 2(NT 0 +M) 2

(3-23)

1/2)
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Substituting the right side of Equation (3-24) and evaluating between
the specified limits, the solution is:
2
RMNA
H 0
NT +M
NA ,\
pm (ln pm - 1)-o mo(ln pme -1) - 2
(z+
° )tan -l fz
3
NA
NT
+M
'I
+m)
(0( NT
o

J

NT +M
0

7

NA

4

NT +M 2
° )

2(
-

2

ln

NA

NT +M 2
(

WA

)

NT +M 2

(3-24)

(z+ NA )

The solution for Equation (3-24) for the gas argon between
zero and 20 m is graphed in Figure 8 for the conditions J H 0 = 1.54 x
2
-7
-1
-1
10
moles sec
(0.1 mm hr ), a temperature gradient of 0.25°K m -1
and porosities of 20 percent (D = 2.64 x 10 -6 ) and one percent (D =
-8
1.32 x 10 ). The graph compares the noble-gas temperature which would
be derived from the calculated gas concentrations in the soil water
with the actual temperature. A maximum temperature error of about 1°C
is indicated. However, this error is probably a gross overestimate.
The error is overestimated for two reasons. The first is that
advective transport has been ignored. Much of the gas evolved from
the descending water would be forced to the surface by the increased
pressure. Only that component of the exsolved noble gas which was in
excess of exsolved major gases would be available to form a concentration gradient. The second reason is the low air porosity which is
necessary to create a significant concentration gradient. If the low
air porosity is due to low total porosity, the recharge flux will
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Figure 8. Variation in Temperature Calculated from Ar Concentration,
with Depth, as a Result of a Soil Temperature Gradient,
According to Equation (3-24).
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probably not be significant due to the law permeability. But if the
total porosity is high and the low air porosity is due to high water
content, the recharge flux will probably be large enough to obliterate
the temperature gradient. Therefore the total gas concentration change
created by soil-temperature gradients is probably not large enough to
create troublesome elemental fractionation of the noble gases in the
soil atmosphere.
Although the elemental fractionation should not be large enough
to adversely affect noble gas paleothermometry, it may well be large
enough to measure directly in the soil gas. If so, such measurements
might provide the answer to a pressing hydrologic problem. The determination of ground-water recharge rates, particularly from irrigated
fields, is frequently very difficult. Yet knowledge of such recharge
rates is crucial for basin water budget studies and ground-water
management. Modeling of noble gas elemental fractionation in the soil
atmosphere might be an accurate and simple method of determining
recharge rates.
Effects of Air Entrapment During Recharge
An implicit assumption of the preceeding discussions of
recharge-zone processes has been that the soil atmosphere forms a
system continuous with the external atmosphere and is in equilibrium
with it. Such an assumption is not always justified. Three examples
where it may not be valid will be given.

Karstic Areas.

Recharge in karstic areas may occur directly

from the surface through crevices, caves, or sinkholes. Water flowing
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through these holes may entrain bubbles. The bubbles are isolated from
the atmosphere. They may be pulled beneath the water table and forced
into solution, or they may be trapped below the ceilings of cavities
and forced into solution if the water table rises. Herzberg and
Mazor (1979) have found evidence of such entrapment in the noble gas
concentrations of ground water from karstic areas in Israel.
Sudden Recharge Events. If recharge occurs through sudden
flooding or violent rainfall, the soil surface may become completely
saturated, trapping the soil atmosphere beneath it. Usually much of
the soil gas forces its way through the saturated layer, but as the
layer moves downward it may surround and entrap isolated soil gas
bubbles, forcing them into solution. Heaton and Vogel (1979) claim to
have detected air enrichment from this process in South African ground
water.
Rapid Water Table Rise. The saturated front of a rising water
table does not move upward uniformly, due to soil heterogeneities.
Pockets of soil gas may be surrounded. These pockets may be restrained
from moving upward with the water table by surface tension and forced
into solution.
The result of all three processes is the isolation of small
volumes of soil atmosphere. Increase of pressure forces all, or nearly
all, of the gas into solution. Noble gas concentration in such circumstances is not temperature dependent. The gas concentrations are
much higher than those resulting from atmospheric equilibrium, and if
interpreted as such, would indicate erroneously cold temperature.
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Processes Within Aquifers
Once the dissolved noble gases move beneath the water table they
become a part of the ground-water system. In general, their movement

and change will depend on the forces which control the water. For
this reason an understanding of the hydrological system is prerequisite
to interpretation of temperatures calculated from noble-gas concentra-

tions. Furthermore, a simple hydrologic system is highly desirable.
The meaning of paleotemperatures from systems in which water of
different ages and from different recharge areas is mixed will be quite

obscure. The ideal type of aquifer is probably the "classical confined
aquifer", and it will be the reference, unless otherwise stated, in the
following discussions. The classical confined aquifer which would be
ideal for noble gas paleothermometry should have a small, well-defined

recharge area, be thin in relation to its horizontal extent, be confined
on both sides by strata much less permeable than the aquifer, be reasonably homogenous and isotropic, and have heads in the strata above and
below less than that in the aquifer.
Chemical processes involving the noble gases in aquifers are
few, as discussed in Chapter 2. Interactions between the dissolved
gases and the aquifer matrix are potentially the most important. The

existence of significant interactions has never been demonstrated.
Noble gases in water flowing out of an aquifer through tightly compacted
clay sediments might be repelled by the high ionic concentration on the
clay surface and thus concentrated in the aquifer, but inasmuch as it
has never been demonstrated in either laboratory or field evidence, it
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will not be treated further. Processes of proved importance include
mixing within aquifers, gas production, and geothermal boiling.

Mixing in Aquifers
Two mechanisms may cause mixing in ground water of noble-gas
atoms which were originally separated. These are chemical diffusion
and hydrodynamic dispersion. Diffusion is movement of solute molecules
at a rate different than of the bulk solution. The driving mechanism
of most diffusion in ground water is a concentration gradient, as
discussed in Chapter 2. Hydrodynamic dispersion is the mixing of
waters of different concentration due to unequal velocities along
different flow paths in the permeable medium. Although diffusion is
the more generally understood process, dispersion is more important in
ground water.
Dispersion and diffusion may be described by equations of
similar form:

Diffusion:

3.(;

erfc ( xr— )
2VDt

(3-25)

x
x

erfc (

(3- 26 )

Dispersion:

211:7
d

o

where t = time, x = distance, >i = average distance traveled (distance
-

where

--)-(

0.5)

' ad =

aquifer dispersivitY, and erfc is the error

function complement. The two processes may be compared by calculating
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the modification of a square wave signal traveling through an aquifer.
The square wave is defined by:

t < 0, X = 0
0 < t < 30,000, x = 100
t > 30,000, x = 0

The modifications of the wave by diffusion and by hydrodynamic dispersion after 100,000 years of flow is illustrated in Figure 9, assuming

-9 m 2 sec -1
(the diffusivity of krypton), a = 100 m,
d
-1
and aquifer flow rate is 1 m year . The diffusion-altered wave is
D = 1.6 x 10

scarcely distinguishable from the original shape, while the dispersionaltered wave is much smoothed. In fact, in comparison with hydrodynamic
dispersion, diffusion may usually be neglected.
The scale of dispersion may vary greatly, from microscopic to
regional. Ground water may move many times faster in very permeable
zones, such as ancient river channel deposits, than in the bulk of the
aquifer. Such spatial variation in flow rate will cause a great deal
of mixing. Many aquifers discharge by leakage through the confining
layers. In this situation, the age of the water increases exponentially
along flow lines in the aquifer. The distance between waters differing
in age by the same time interval thus decreases exponentially. At
the distal end of such aquifers dispersive processes have certainly
mixed water of very different ages. A single sample might be a
composite of 100,000 years of recharge water. In very heterogenous
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aquifers dispersion may render noble gas paleotemperatures meaningless,
and even in very homogenous aquifers dispersion will be the limiting
factor in the resolution of the paleoclimatic record obtained.
Aquifer Gas Production
Once the atmospheric gases are within the confined aquifer they
are isolated from the atmosphere by the saturated strata on top and
bottom. This does not mean, however, the dissolved gas composition
cannot change. Some atmospheric gases may be depleted. Oxygen is
frequently consumed by microorganisms. Carbon dioxide may be altered
through reaction with carbonate rocks. Nitrogen is also subject to
bacterial action and concentration.
Gases may be added to the water. The two major classes of added
gas are radiogenic and biogenic. Radiogenic addition of argon, xenon,
and krypton was treated at the beginning of this chapter. It is
generally not large enough to be significant. The most important
biogenic gas additions are methane and carbon dioxide. These are produced as a byproduct of the oxidation of organic matter in the aquifer.
In some cases the partial pressure of the added methane and carbon
dioxide may exceed the hydrostatic pressure. The methane will then
evolve into bubbles. As soon as a gas phase is created, the noble gases
dissolved in the water will begin to equilibrate with the bubbles,
drastically reducing the noble gas concentration in the water (Zartman,
Wasserberg, and Reynolds, 1961). Straightforward interpretation of
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noble gas temperatures from such water would give erroneously high

paleotemperatures.
Geothermal Heating Effects
The geothermal gradient has already been mentioned. In certain

areas the gradient is anomalously high. Where the subsurface temperature exceeds the boiling point at the hydrostatic pressure present,
boiling springs and geysers are found. The steam created by the boiling
water is a gas phase and the noble gases dissolved in the water equilibrate with it. Much information on the temperatures and water-steam
ratios of geothermal systems have been gained through study of the

partitioning of the noble gases between the water and the steam (Potter,
Mazor, and Clynne, 1977). This very interesting topic is outside the
scope of this dissertation, but for a thorough example of its application see Mazor (1978).

Unconfined Aquifers
Unconfined aquifers should act the same in most respects as
confined aquifers, with the difference that contact with the atmosphere
is available through the unsaturated zone. Such contact, even through
a thick unsaturated zone, might allow migration of the noble gases in
or out of the aquifer. Calculations were made of escape rates from

unsaturated aquifers, on the basis of Fick's first law (i.e., only
diffusion considered). The water was assumed to have originally equili-

brated at 0?C

and to have warmed to 20°C. Diffusivities were calculated
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using the Penman relation (Millington, 1959) for argon, with porosities
ranging from one percent to 20 percent. Vadose zone thicknesses ranging from 10 meters to 100 meters were used. An argon loss of one percent of the original concentration was considered the maximum acceptable.
At the calculated diffusion rates the shortest time in which the one
percent loss would occur (20 percent porosity and 10 m unsaturated zone)
was 4.4 days. The longest time (one percent porosity and 100 m unsaturated zone) was 2.4 years. Although the calculations are unrealistic
because the concentration gradients specified are too high, they do
indicate that the gases in unconfined aquifers may very well reach
equilibrium with the atmosphere over the time intervals of interest to
noble-gas paleoclimatology. Although in some circumstances saturated
clays or other geological materials above the water table may cut off
contact between the aquifer and the atmosphere, allowing preservation
of the original noble-gas concentrations, in general unconfined aquifers
do not appear to be promising candidates for noble gas paleothermometry.
If noble gases do escape from water at the top of unsaturated
aquifers as quickly as the calculations indicate, the water should
equilibrate with the atmosphere in a time very short compared with the
flow time. However, water below the top of the aquifer cannot change
its noble gas concentration until it is transported to the top of the
aquifer by dispersive mechanisms. If the temperature distribution at
the top of the aquifer is known, modeling of vertical noble-gas concentration profiles should allow determination of the vertical dispersivity.
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Sampling Effects
Up to this point, only natural processes affecting the noble
gas concentrations in ground water have been discussed. However, the
geochemist himself, attempting to study the concentrations, may alter

them.
Pressure Release Effects
Access to the aquifer is necessary for sample collection.
Normally this is accomplished through springs or wells. In some cases
it may be possible to let sample containers down a well and actually
collect the sample within the aquifer. In most cases the water must
be removed from the well or spring before it can be sampled. If so,
the sample is collected at the local atmospheric pressure rather than
the aquifer pressure. If the total gas pressure in the water is equal
to or less than the atmospheric pressure there are no problems. Frequently, however, the total gas pressure in the water is higher than
the atmospheric pressure and as a result the water effervesces. The
excess gas pressure is usually a consequence of warming, and therefore
supersaturating the water, or of introduction of biogenic methane in
addition to the atmospheric gases, or a combination of the two. A
gas phase will be formed at the point in the wellbore where the gas
pressure exceeds the hydrostatic pressure. The noble gases will be
partitioned into the gas phase and their concentration in the water
reduced. If the water and gas are not sampled in the same proportion
they exit from the well the measured noble-gas concentrations will
differ from the aquifer concentrations.
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Air Entrapment
The high velocity in the pump columns of large-capacity wells
may create negative pressure due to the Bernoulli effect. If
there is
a leak in the column, air will be sucked in and
distributed throughout
the water in fine bubbles. Air may also enter accidentally during
the
sampling itself. Finally, if the water is warmer than the ambient
temperature, the contraction during cooling in the sample container may
suck air into the container. If the air itself is analyzed, the effect
will be the same as if air were forced into solution during recharge.
If the air is not analyzed, it will equilibrate with the gases in the
water at the sample container temperature.
Evaluation of Errors
The sampling problems mentioned above can cause major alteration of the noble gas concentrations. Figure 10 illustrates the
effects on the calculated noble-gas temperature (from argon) caused by
equilibration with varying proportions of entrapped air at 20°C for
water originally equilibrated at 0°C, 10°C, 20°C, and 30°C. As little

°

as 0.2 percent air could cause a 1 C calculated temperature error; one
percent could cause a 4°C error.
The effects of air entrapment and analysis are even more
serious. Figure 11 shows the error in calculated noble gas (argon)
temperature from analysis of entrapped air in samples originally equili-

°

°

brated at 0 C, 10 C, 20°C, and 30°C. As little as 0.04 percent air

°

could cause a 1 C error in calculated temperature. One percent air

°

would cause up to 14 C temperature error. The effects of air entrapment
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would be less for krypton and xenon, due to their higher solubility and
greater temperature solubility variation, and more for neon.

CHAPTER 4
SIMULTANEOUS SOLUBILITY EQUATIONS
The factors which may cause errors in equilibration temperatures calculated from noble-gas concentrations in ground water may be
summarized briefly. In the recharge zone the major variable is the
partial pressure of the noble gases with which the water equilibrated.
The partial pressure varies directly with the total atmospheric pressure, which changes with elevation and also with certain water infiltration processes. It also varies with the soil atmosphere composition.
The soil atmosphere changes with temperature (due to the change in the
vapor pressure of water) and because of biological activity which may
decrease oxygen concentration, increase carbon dioxide, and in some
cases alter nitrogen. In addition to all of these factors, the composition of the aqueous solution with which the soil atmosphere equilibrates will affect the final concentration.
The best aquifers for the application of noble gas paleothermometry are extensive, deep sedimentary aquifers which contain water of
Pleistocene age, or older. Unfortunately, such sedimentary environments
are also excellent sites for the production of biogenic gas. If the
partial pressure of the gas produced exceeds the hydrostatic pressure,
a free-gas phase will form. The dissolved noble gases will then equilibrate with the gas phase, reducing the dissolved concentration.
88
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Even if free gas is not formed in the aquifer, it may
exsolve
from the water during sampling due to pressure release.
In addition,
air may be introduced at some point in the sampling process. The

dissolved noble gases may equilibrate with the air, and the air then
escape, or the air may be entrapped and analyzed. All of these events

will alter the noble gas concentration. Very small amounts of air or
noble-gas-free gas will cause large errors in calculated equilibrium

temperature.
All of these factors present an almost impossible large number
of variables which must be controlled before the history of the system

can be defined. Many of them occur in remote environments, or are a
result of the activity of the investigator, in spite of his attempts to
eliminate them. Also, very different processes (for example, karstic
recharge and leaks in pump columns) may have identical effects on

noble-gas concentrations. Obtaining sufficient knowledge about the
physical system to model it does not seem practical. Therefore, the
best solution to the problem of calculating original equilibration
temperatures is to extract a maximum of information from the concentration data.
This may be accomplished by setting up four solubility equa-

tions, one for each gas, describing a two-stage equilibration history.
A variety of processes may be simulated by altering the value of

independent variables. The four equations may then be solved simultaneously for the dependent variables.
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General Concentration Equation
A noble gas equilibrates with water at pressure P i and temperature T i (with corresponding Henry's law constant K Hi ) where i stands
for initial. At some later time the water equilibrates with another
gas phase. The final partial pressure of the noble gas in the gas
phase (p f ) will be given by Henry's law:

(4-1)

p f = X f K Hf

The concentrations of the gas in the in the gas and water phases are:
D n NGAf
Pf = P f Y NGf = ' f n A

n

Xf= n

NGWf
NGWf n
-

NGW

+n

nH 0

H 0
2

(4-2)

(4-3)

2

where n NGA = moles of noble gas in the gas phase, n A = total moles of
gas phase, n NGw = moles of noble gas in the water, and n H 0 = moles of
2
(4-1):
water. Substituting Equations (4-2) and (4-3) into
n
NGAf _ NGWf K
Hf
nH 0
f nA
2
n

(4-4)

During the second equilibration an amount of noble gas, An NG , is
transferred between the water and gas phases:

n

n

NGAf

NGWf

= n

= n

NGAi

NGWi

+ An

-

NG

An NG

(4-5)

(4-6)
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By substitution:

n
+ An
NGn NGWi - An NG
P f NGAi n
K
nH 0
H
A

(4- 7)

2
Equation (4-7) may be solved for n NG :
nA n NGwi KHfn
An

NG

H O n NGAi P f
2
P n
+
n
K
f H 0
A Hf
2

=

(4-8)

The final noble gas concentration in the water may be obtained by
dividing Equation (4-6) by n H0
2 :

n

NGWi - An NGn NGWf - X
f
n
nH 0
H 0
2

(4-9)

2

Substituting Equation (4-8) in (4-9):

K - n H 0 n NGAi P f
n
A NGWi Hf
2
n
NGWi
Xf = n
(PfnH20 + nA KHf )n H20
n

(4-10)

H2 0
Top and bottom of Equation (4-10) may be divided by nA to give:

Xf = Xi

H,0
where C =

--(--

nA

- P Y
X K
f NGf
i Hf
P C + K
f
Hf

(4-11)

, the molar water to gas ratio, and Y 'Hf = mole fraction

noble gas concentration in the final gas phase.
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Equation

(4-11) gives

the final mole-fraction noble gas concen-

tration in water after a two-stage equilibration as a function of the
original concentration, the final temperature, the final pressure, the
noble gas concentration in the final gas phase, and the final molar

water to gas ratio. The pressures are not necessarily real. They
represent what the pressure would be in a pure water-dry air system. By
various assumptions the equation can be used to model any of the processes mentioned at the beginning of this chapter. If the final equilibration is with air, the mole-fraction noble-gas concentrations in air
(see Table

7) may be used

forIf the second equilibration is with

a noble-gas-free gas phase (methane, steam, etc.

Equation

) Y NG equals

zero.

(4-11) then becomes:

Xf = Xi

X i K Hf
P f C + K Hf

(4-12)

If air is forced into solution or entrapped and analyzed (effects of

karstic

recharge, pump column leakage, etc.)

Equation

P f is infinite

and

(4-11) becomes:

Y
X f = X. + CNGf
(4-13)
If there is no second equilibration at all,

C is infinite

and

Xf =

Xi .

All of these equations depend on X i , which may be related to
P. through Henry's law:

P Y NGi
i
X. 1
KHi = K Hi
p.

(4-14)
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Substituting into Equation (4-11):

P Y
Xf- Ki NGi
Hi

P Y
i NGi
K
KHf -P fY NGf
Hi
P C + K
f

(4-15)

Hf

If the original concentrations of the noble gases are due to atmos-

pheric equilibrium (the fundamental assumption of noble gas paleother-

mometry) the atmospheric noble-gas mole fractions may be substituted
Y NGi .

for

The independence of the final noble-gas concentration on all of
the fundamental variables, except temperature, is now explicit. The

temperature dependence may be included through the substitution of
Equation (2-37):

T,
T1 2
exp[A 3 (1-7FL)-A 2 (1-,-)
]

i

fif

P i Y NGi
Xf

P Y
i NGi
T
T 2
(1
1
1
A
= exp[A 3 ,. -0-,-, 2 (. -T.1), ]
1
1

T

T 2
(1
1 ) A (1 1 1
exp[A 3k i- T. ,-,-, 2k i- T . , ]
1

-

P f Y NGf

1

Ti

T2
PfC + exp[A 3 (1- Tif)-A,(1Tf ) ]
c_

(4-16)
This is the final, comprehensive, form of the general noble gas concen-

tration equation.
Equation (4-16) contains five dependent variables, T i , T f , P i ,

P f , and C, two independent variables, Y NGi and Y NGf , constants, A 2 , A 3 ,
and

T 1 ; and one experimentally determined quantity: X f . In order to

find the dependent variables it will be necessary to solve four
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equations of the form of

(4-16) simultaneously. Even

so, the value of

one of the dependent variables will have to be assumed.
The original

temperature, T i , is the variable of interest and cannot be assumed.
Of the remaining variables P i and

Pf

are the easiest to estimate, and

solutions with these variables assumed will be presented.

Simultaneous Solutions of General Concentration Equation
Solutions will be presented in the order of increasing number
of independent variables. The first equation is simply the standard

method of the one-gas temperature-solubility relationship.
Equation Set 1. The assumptions are: no second equilibration

(C = Pi is known,

and

Y NGi is known

concentration. In this case Equation

and is equal to the atmospheric

(4-16) reduces to Equation (2-41)

and may be solved explicitly for T i :

-1- 1 (2A 2 -A 3 ) + [T 1 2 (2A 2 -A 3 ) 2-4(A

-A -ln

3 2

P.Y NG,,
A2T1 2)]
X

2

2(-A2T12)
Equation Set 2. The assumptions are: no second equilibration

(C = 0.),
pheric

P. is not known, and

concentration

X NG1 may be solved

and is equal to the

atmos-

There are two variables, T. and P., and thus the

concentrations of two gases
for

Y NGi is known

NG1

for P.:

and

NG2,

are necessary. The equation
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T
2
(1 1NG1) ]
XNG1 exp[A3NG1(, LING1 /1 A„2,.
T.
,

1

11

(4-17)

Y NG1
Equation

(4-17) may then be substituted into (2-4) and solved for T i :
-T

T.

-

1NG3

3NG3 -2 A2 ) + T 1NG23NG2

)
2(A 3NG2

2

(4-18)

XNG3eNG21(

A
in
)
(ELING3 (A 3NG3 -2 A2 )-T iNG2 (A 3NG2 -2 A2 )1 -4(A 3NG2 -A 3NG3 -'"X
NG3f Y NG3 " '2

(T 1NG2 2-T 1NG3 2))
X Y
- A 3NG3 - in NG3 NG2
X NG2 Y NG3

Equation

Set 3. The assumptions are: second equilibration does

occur, P. is known, Y
gas), and

NGf = 0 (re-equilibration with a noble-gas-free

YNGi is equal to the atmospheric concentrations. One term

contains both the variables

P f and C, and they may be solved together,

leaving a total of three variables

P f and C, and they may be solved

together, leaving a total of three variables,
gases,

PfC, T i , and Tf . Three

NG1, NG2, and NG3, are necessary to solve the equations. The

concentration of

NG1 may be used to obtain PfC:
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p C = -X NGlf K HNGlf

(4-19)

P Y
x NGlf K i NGli
HNGli
Equation

(4-19) may be substituted into the concentration equation of

NG2: and solved for T •
f*
-T
(A
-2A 2 )+T
1NG2(A3NG2 -2A 2)+[[T
— 1NG1(A3NG1 -2A 2-T1NG2 (A3NG2 -2A 2)]
T f - 1NG1 3NG1
2(A3NG2-A3NG1)

X
(X
-X
)
2 '
-4(A 3NG2 -A 3NG1 ) ln X NGlf NG2f NG2i ( A )(T
2-T 1NG1F
(X
)
-X
2
1NG2
NG2f NGlf NGli
(X
-X
)
in X NG1f NG2f NG2i
X NG2f (X NG1f -X NG1i )
The expressions for
for

P f C from NG2 and NG3 may be set equal and solved

X NG3f :
P Y
X NG2f K HNG2f K i NG3i
HNG3i
P Y
XNG3f X NG2f K HNG2f + K HNG3f K i NG2i
HNG2i

Equation
of

(4-20)

(4-21)

(4-21) can be expanded in terms of the temperature dependence

KH using Equation (3-27) and Equation (4-20) substituted for T f .

The equation is now entirely in terms of
and error, or by a convergence technique.

T i and may be solved by trial

2
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Equation
occur.,

IP.

Set 4.

is known,

The assumptions are: second equilibration does

Y NGi and Y NGf

are equal to the atmospheric concen-

trations. Four noble gases are necessary to solve for the four variables: T

T f' P f'

and C. Equation (4-15) for the first gas may be

solved for P f'•

X
HNGlf NGlf
P.Y
C(X NGlf K NG1) y NG1
HNGli
K

P

f

-

(4-22)

The second gas concentration may be solved for P f in the same way,
the tao equated and solved for C:

C =

K HNG1f X NG1f Y NG2

K HNG2ONG2eNG1

(4-23)

P Y
i NG1)
K
NG2)x
K HNGlf X NGlf (XNG2t - "K
HNG2f NG2f(X NG „ - K HNGli
IT
HNG2i
P.Y

An analogous expression for C may be obtained from gases two and three,

equated with Equation (4-23) and the two reduced to the form:

3

E=
q1

P.Y
1 c)
K HaeafE Y b (X cf K Hci

v (y
'c"bf

P Y
i b)] - 0
KHbi

(4-24)

where a = (1)(q,c)+1, B = 1)(q+1,3)+1, and c = (1)(q+2,3)+1. The definition
of (1)(q,r) is (1)(q,r) = q - E(q,r)r. E(q,r) is the largest integer

which does not exceed the absolute value of

2

.
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Another equation may be derived in the same fashion, using
gases NG2, NG3, and NG4:

3
P.Y
E K
X [Y (X
1 1
yf
K .)
q=1 Haf af
Hyl

where a = (1)(q,3)+2,

P.Y,
Y (X
y f3f
K1 .P )] = 0
H131

(4-25)

= cD(q+1,3)+2, and y = (1)(q+2,3)+2.

Equation Set 5. The assumptions are: Y NGi equals the atmospheric concentrations, Y

NGf = 0 (i.e., this is a solution of Equation

4-12). In this case, as for Equation 3, P fC can be solved for as a
single variable. Thus four gases are needed to obtain the four
variables, T i , T f , P i , and P fC. The method of solution is analogous to
that of Equation 4, therefore only the resulting equations will be
shown.

-X
P C f

K
NGlf HNGlf
P Y
i NG1
X NGlf
K HNGli

X

P. 1

X
(K
- K
)
NG1f NG2f HNG2f
HNGlf
Y NG1Y
NG2
X
K
XNGlfKHNGlf K
NG2f HNG2f
KHNGli
HNG2i

(4-26)

3
XY) = 0
EK .K
X (K .X Y-K
Hci cf b
(1 . 1 Hai Haf af Hbi bf c

(4-27)

(4-28)
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3
X (K
X Y
E K .K
Haf af Hi 3f y - KHyl.Xyf Y ) = 0
q=1 Hal

Equation Set 6.

The

assumptions

are: P f

(4-29)

is known,

and Y NGi

and Y NGf are both equal to the atmospheric concentrations. Four noble
gases are needed to solve for the variables T i , T f , P i , and C. The
equations

are:

K HNG1f )PfYNG1](4-30)
Y NG1 P f C

p KHNG1ENG1f(PfC
.

)
-P Y
K
.(X
K
)-Y
-P Y
K
.(X
Y NG1K HNG21
NG2 HNGli NGlf HNGlf f NG1
NG2f HNG2f f NG2
C =

Pf(YNGA NG1ONGlf

Y NG1 K HNG2i X NG2f )
(4-31)

3
-P Y )(Y X K .-Y X K .) = 0
E K .(X K
c1 .1 Hai af Haf f a b cf Hci c bf Hbi

(4-33)

3
-P Y )(Y X K .-Y X K .) = 0
E K.(X K
Hal af Haf f a 3 yf Hyl y 3f H3i

(4-34)

Equation

Set 7. The assumptions are: Y NGi and Y NGf are both

equal to the atmospheric concentrations and P f = 0. (i.e., this is a
solution of Equation 4-13). Because the gases are forced into
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solution at the second stage it is not a temperature-dependent equilibrium process and T f need not be determined. The final pressure, P f ,
is already assumed, and thus only three noble gases are necessary to
solve for the three remaining variables: T i , P i , and C.

x

NGlf1-.) K
p
- (
C
HNGli

C =

(4-34)

YNG1YNG2 ( KHNGli - KHNG2i )
_

YNG2XNG1f K HNGli

3
E Y
cr., c (Ya X bf -

Y NG1 X NG2f K HNG2i

Y b X af ) K Hai K Hbi

= 0

(4-35)

(4-36)

Solution of Equations
Equation Sets 1 and 2 are simple enough to be solved easily on
a hand calculator. The rest of the equations, however, are more complex
and do not have explicit solutions. The final equations for Equation
Sets 4 through 6 consist of a pair dependent on T i and T f (through the
dependence of K H on these temperatures.) Equation Set 7, due to the
reduced number of variables, has only one such equation.
These equation sets have been solved simultaneously in a
FORTRAN program, PALEO, written by a University of Arizona graduate
student James E. Brinkman. The program increments T f over a temperature
range from below 273°K to above 373 ° K, solving both equations for T i at
each step by means of the Newton-Raphson convergence method. The
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difference between the T i 's is calculated, and if below a set limit, or
if the sign of the difference changes, the point of convergence determined using the

Newton-Raphson technique. The solution is obtained

when the T i and

T f which satisfy both of the equations are obtained.

Unfortunately, the solutions are not unique. A single concentration
set may have more than one pair of

T i and T f which satisfy the equations.

However, usually the only one of the pairs is physically reasonable.
Selection of Appropriate Equations
The selection of what assumptions to make, and thus which
equation set to choose, is a major difficulty. A brief review of the
appropriate equation set for different assumptions follows. Equation
Sets
and

1 and 2 assume no second equilibration. Equation Sets 4 (P i known)

6 (P f known) assume second equilibration with air. Equation Sets 3

(P. known) and

5 are appropriate if the second equilibration is with

noble-gas free gas. If the second equilibration was at infinite pressure (the gas forced into solution or trapped and analyzed) use Equation Set

7.

The best method of determining the appropriate equation set is
through graphical analysis. The direction of motion of the noble-gas
concentration on a concentration-concentration graph corresponding to
the various equations is illustrated in Figure

12. Figures 13 and 14

are graphs of the noble-gas concentrations in equilibrium with the
atmosphere at one atmosphere pressure. The direction and magnitude of
concentration changes due to different second equilibration processes
are shown. When noble-gas analyses are plotted in this way, with an
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Reequilibration with air at T < Ti
f
(Equation Sets 4 and 6)

LP

AT

Air Injection
(Equation Set 7)

z
o
o
cc
<
Reequilibration with
noble- gas- free AP

Reequilibration with air at T >7
f
1
(Equation Sets 4 and 6)
gas (Equation Sets 3 and 5)

NEON CONCENTRATION

Figure 12. Changes in Noble-Gas Concentrations as a Result of Various
Processes, and Appropriate Equation Sets.
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equilibrium line for the elevation of the recharge area included, the
processes which have perturbed the concentration from its original

values are often apparent.
A particularly useful graph is the Ne/Ar vs. Kr/Xe graph. The
concentration changes accompanying various types of second equilibrium
plot in a similar way to the concentration graphs. However, the most
useful aspect of this type of diagram is that waters which have not
undergone a second equilibration will always plot on the equilibrium

line, regardless of the initial pressure. For example, increased noblegas partial pressure in the recharge zone caused by oxygen consumption
would cause the noble-gas concentrations to move far to the right of

the equilibrium lines on Figure 13 and 14, but on Figure 15 they would
always plot on the equilibrium line. This constancy is because the

partial pressures of the gases cancel out in the noble-gas ratios
(originally suggested by Benson,

1973).

The best procedure for selecting the correct solution is to
first plot all concentrations on all three types of graphs. Those which
fall on the equilibrium line of the ratio graph have not undergone a

second equilibration and their equilibration temperatures may be read
directly from the graph. The other concentrations may then be entered
into the computer program and solutions obtained for Equations

4 through

7. Solutions temperatures which are physically unreasonable may be
ignored. The original pressure and molar water-gas ratio may be calculated for the remaining solutions, and from these the original

concentrations calculated. The solution with P

.

C

and original
,
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Figure 15. Change in Concentration Ratios as a Result of Different
Equilibrium Processes.
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concentrations which best corresponds to the physical system in which
the gas concentrations were created should be chosen. However, sometimes no physically reasonable solution will be calculated.
The equations will produce reasonable solutions only if the
processes created the gas concentrations meet the assumptions used in
the derivation of the equations. The most important assumptions may be
summarized. The basic assumption of the entire use of noble gases as
paleothermometers is that the gases are in chemical equilibrium with all

gas phases. Certain recharge situations (such as a combination of very
high recharge flux combined with rapid temperature fluctuations) might
cause disequilibrium. More likely to cause disequilibrium are sampling
conditions, such as effervescence in the well bore. Another important
assumption is that a maximum of two equilibrations occurred. Any sample
history which involved more than two (such as initial aquifer recharge
equilibration, degassing in the well bore, and air contamination) would
produce meaningless results when the resultant concentrations were
entered in the equations. A third assumption is that the initial ratio
of the noble gases to each other was the atmospheric ratio, and that the
ratio at the second equilibration was either atmospheric or equal to
zero. Any process (such as the possible exsolution caused by a soiltemperature gradient which was examined in Chapter 3) that changes the
elemental ratios would also produce meaningless answers. Fourth and
finally, the equations will never, of course, correct faulty analyses.
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Examples of Diagram and Equation Application
Table 8 contains two particularly interesting sets of noble-

gas concentration data. The first is from the Bunter sandstone aquifer
in England, reported in Andrews and Lee (1979). The estimated age of
the ground water ranged from modern to 35,000 years. These data are

plotted in Figure 16. Nearly all of the points fall close to the air
equilibrium line, but are arranged in two groups. One group centers
around an equilibrium temperature of about 8°C. The water ages of
these samples were from modern to 8,000 years and thus the calculated
recharge temperature corresponds to the Holocene average annual tempera-

ture of 9°C. The other group of data centers around 3°C and has ages
from 20,000 to 30,000 years. This was probably the mean annual temperature during the Upton Warren interstadial. The authors attribute the
absence of water with intermediate ages to permafrost conditions during
the late Devensian maximum. Unfortunately, because the concentrations
of only three gases were measured, these "graphical" temperatures cannot

be compared with temperatures calculated from the equation sets.
The second set of data in Table 8 was reported by Herzberg and

Mazor (1979) for karstic springs in Israel. They attributed the high
neon concentrations to entrainment of air during karstic recharge, as
discussed in Chapter 3. By assuming original equilibration at 10°C they
were able to subtract the "excess" neon and arrive at an original
equilibration temperature of 14 ° C. The same result may be obtained by
Ar-Ne and Xe-Kr diagrams, shown in Figures 17 and 18. Both of these

diagrams show the unmistakable pattern of air injection, with an
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Table

8: Noble-Gas Concentrations
and Israel.

in Ground Water from England

Bunter sandstone aquifer, England, reported by
Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
Karstic

0 H-1
OH-7
OH-11
0H-14
OH-2

0 H-8
0H-12
0H-15
OS-86

Ne

x 10

1.68
1.61
1.48
1.70
1.68
1.68
1.66
1.65
1.68
1.68
1.77
1.75
1.77
1.79
1.68
1.84
1.82
1.82
1.70
1.82
1.68
1.66
1.72
1.68
1.67
1.62
1.77

10

Ar

x 10

3.08
3.27
2.93
3.27
3.23
3.23
3.02
3.44
3.25
3.29
3.68
3.61
3.63
3.34
3.21
3.92
3.84
3.79
3.34
3.76
3.11
3.17
3.37
3.25
3.13
3.13
3.62

+7

Kr

x

Andrews and Lee (1979)
11
10
Xe x 10 12

7.25
7.00
6.37
7.34
6.98
6.95
7.11
7.34
7.06
6.99
7.92
8.12
8.26
7.09
6.94
8.54
8.44
8.47
7.33
8.42
6.98
7.35
7.34
6.94
7.07
7.02
8.00

springs from Israel, reported by Herzberg and
1.95
2.31
2.38
1.89
1.76
1.77
1.94
1.56
2.30

2.76
2.95
2.91
2.70
2.65
2.61
2.72
2.47
3.18

5.29
6.31
6.28
5.76
5.91
5.67
5.60
5.23
7.08

Mazor (1979)
7.50
8.21
8.15
7.91
8.19
7.99
7.83
7.24
9.11
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Figure 16. Ar-Ne Diagram of Data from the Bunter Sandstone Aquifer,
Endland, as Reported by Andrews and Lee (1979).
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Diagram of Samples from Karstic Springs in Israel,
Reported by Herzberg and Mazor (1979).

18. Kr-Xe
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equilibration temperature of about 14°C. However, Equation Set 7 gave
this temperature for only one of the samples, OH-2. The reason is
apparent on close inspection of the diagrams: OH-2 is the only sample
which occupies equivalent positions on both diagrams. For example, on
Figure 17 sample OH-1 is about one-third of the way up the air injection line, while in Figure 18 it is on the air equilibrium line. This
variation indicates either other processes than simple air injection
or analytical uncertainty. A careful interpretation of the data using
the error limits given in the original paper might account for much of
this variation.

CHAPTER

5

EXPERIMENTAL AND FIELD WORK
Ground water was sampled in two locations, southern Alberta
and Southern Texas, analyzed for noble-gas concentrations, and the
results interpreted. The goal of this field and laboratory work was
a preliminary test of the new analytical method described in this
chapter. Unlike previously published studies on noble-gas concentrations in ground water, in which the gas concentrations were analyzed on
sector-type mass spectrometers, these samples were analyzed with a
gas

chromatograph-quadrupole mass spectrometer. A large amount of the

total research time was spent in the development of the analytical
techniques. This chapter will contain a general description of the
method. A much more detailed treatment is contained in Appendix E.
Sampling
Gas

chromatograph-mass spectrometers, because of the gas-flow

characteristics of the gas

chromatograph, require much larger volumes

of sample gas than sector-type instruments.
called for only

Mazor's technique (1972)

1 mL of water. Adequate amounts of gas for gas

chromatograph-mass spectrometer (GC-MS) analysis require 250 mL of
water.
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Sample Container

An appropriate sample container must meet several requirements.
A principal requirement is that the sample be collected and the gases
be stripped from the water (by bubbling helium through) in the same

container. Transfer of the sample from a sampling container to a
stripping container involves considerable risk of sample contamination
or loss, and the amount of sample transferred is difficult to determine precisely. The sample container should be transparent so that

air bubbles may be detected during sampling. The container must also
be able to withstand the pressures created by expansion or contraction

of the sample as a result of temperature changes.
The sample container selected is illustrated in Figure 19. It
is a

250 mL capacity glass tube with glass stopcocks at each end. The

stopcocks are secured by strong rubber bands. In the middle of the

tube is a glass nipple plugged with a rubber stopper. The purpose of
the stopper is to allow expansion and contraction of the water sample
without breaking the glass container. Three difficulties were encountered with these sample containers. The most serious problem was their
fragility. The severe shocks produced by airline baggage handling
broke a number of full containers in spite of elaborate packing precautions. None of the empty containers was broken during transporta-

tion. The rubber stoppers popped out of a few of the containers due
to water or gas pressure inside. This was overcome by taping the corks.

The final problem was sucking air into the bottles around the stoppers
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Figure • 9.

Noble-Gas Sampling

Tube.
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during cooling of very hot water samples. A thick coat of vacuum
grease on top of the stopper is expected to prevent this.
Adsorption of gas on the container walls necessitates evacuation and baking of small sample containers such as Mazor used. However, the 250 mL sample tubes are large enough that this is not
necessary. Instead the sample containers are heated to about 70°C, and
while still hot, are flushed and filled with 99.9999 percent pure
helium. The helium serves a dual purpose. The absence of the other
noble gases in the helium will cause a large proportion of any adsorbed
noble gases to desorb from the container walls and be flushed from
the container, first when the tube is filled with helium, and next
when the container is filled with water. The second purpose of the
helium is to assure that if any tiny bubbles do remain trapped in
the container during sampling they will consist of helium free of
other noble gases and thus will not introduce contamination. The
sample tubes are weighed filled with helium.

Sampling Techniques
Sampling techniques differ depending on the type of source
sampled. Surface water and flowing wells with open boreholes are
sampled similarly. A small portion of water is sucked up a syringe and
injected into the tube leading from the stopcock on the inflow end.
The water will prevent the air otherwise trapped in the tubing from
being forced into the sample tube when the stopcock is opened. The
sample tube is then lowered beneath the surface of the water and first
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the lower and then the upper stopcocks opened. Water pressure fills
the container, forcing out the helium. When the container is full, a

Tygon tube may be attached to the upper end and suction applied in
order to flush water through the tube, if desired. The stopcocks are
then closed and the sample tube lifted from the water and inspected
for air (or helium) bubbles. The water held in the glass tubing at
each end is sucked out with a syringe, the tube is dried on the outside, and repacked.
At sampling sites where water is collected from a pumped or
flowing well which discharges into pipes, the tap or outlet closest to
the well is used. Pumped wells are allowed to run at least long enough
to remove several well bore volumes. Even longer pumping periods are
desirable. After the tap has been opened and allowed to flow for
several minutes,

Tygon tubing is attached and inspected for air suction.

The glass tube leading to the stopcock is filled as described above.
The glass tube is then inserted in the

Tygon tube and the stopcocks

opened. Water is allowed to flow through the sample tube until at
least one container volume has flowed through. The stopcock on the
outflow side is closed first, then the inflow stopcock. The sample
is then treated in the same fashion as above.
The most difficult type of sampling is from high capacity
wells with open discharge pipes. The velocity of the water at the
discharge entrains air and makes the insertion of sampling instruments
difficult. Some wells have not been sampled due to these difficulties.
In other cases it is possible to push a tube (preferably rigid) up
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the discharge outlet past the point of air entrainment and collect a
sample as described above.
Some of the samples used in this study were stored for more
than a month. Comparison of laboratory air-equilibrated samples
stored for several weeks with those immediately analyzed revealed no
loss of noble gases, within experimental error. Immediately before
analysis, the samples are reweighed and the amount of water determined
by comparison with the original weight.

Analysis
Analysis was accomplished on a Hewlitt-Packard Model 5990A
gas chromatograph-mass spectrometer. The advantage of this type of
instrument over the sector mass spectrometer is that stripping, separation, and analysis of the sample is accomplished in one operation. A
disadvantage is that analysis is destructive and cannot be repeated.
Principles of GC-MS
The gases are separated on the gas-chromatographic column
through which the gases are carried by a flow of helium. The column is
filled with granules of an adsorbent material, in this case, molecular
sieve. The gases are partitioned between the solid adsorbent and the
gas phase. Different gases travel the length of the column at different rates, depending on the proportion of the time they spend on
the adsorbent. As the individual pulses of gas exit from the column
they go through a jet separator. This device, which separates the
sample gases from the helium carrier gas, consists of two aligned
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needles in a chamber connected to a vacuum pump. The helium diffuses
into the vacuum, but the momentum of the heavier gases carries them
into the other needle, which leads to the mass spectrometer.
Within the mass spectrometer the gases are ionized by an
electron discharge filament, focused, and propelled through a magnetic

field by an electrical potential. The magnetic field is provided by
four columnar magnets, eliptical in cross section, hence the name
"quadrupole mass spectrometer". The voltage is rapidly adjusted in
such a way that over a short time ions of six different mass-to-charge

ratios hit the electron capture detector. This nearly simultaneous
scanning is known as the Six Ion Mode (SIM) of operation. The number

of ions of each sort hitting the detector per time period is electronically tabulated and printed out in real time.

The gases are stripped from the water sample by attaching the
sample container to the helium carrier gas flow and opening the stopcocks. Just past the stripping bottle, a precisely measured amount of
isotopically-labeled noble-gas mixture is added to the gas stream. The
gas stream is dried and all of the gases (with the exception of the
helium) are collected on a molecular-sieve-filled trapping loop at
liquid helium temperature. When all of the gases have been stripped
from the water and collected on the loop they are released with hot
water and enter the gas chromatograph. Each pulse of gas leaves the
column and enters the mass spectrometer where at least two isotopes

are measured by the SIM analysis.
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Standardization
The amount of isotopically-labled standard gas injected into
the sample is known, as are the isotopic ratios of the standard and
the natural noble gases. From this information, along with the ratios
of the isotopes measured in the spiked sample, the amount of gas in
the sample may be calculated. The isotope ratios produced by the GC-MS
do not always match the actual absolute isotopic ratio, however, and
the measured ratios change every time the mass spectrometer is tuned.
Therefore, at the beginning of every day of analysis, a measured amount
of an isotopically normal standard-gas mixture (with amounts of the
noble gases similar to that stripped from 250 mL of water) is injected,
spiked with the labled standard, and the ratios measured. The amount
of each noble gas present in the water samples may then be related to
the amounts of gas in the isotopically normal standard by the equation:

Lstd
(c - RNstd
R1 )(R2 - ERAB
)
BA
n
=
n
A2
Al (
D Nstd R2)(R1
Lstd
\E

-

"

BA

(5 1
-

)

6R AB )

where n

A2 = the moles of isotope A in the water sample, n Al = the moles
of isotope A in the isotopically normal standard, R 2 = the measured
isotopic ratio of the spiked sample, R 1 = the isotopic ratio of the

Nstd
spiked isotopically normal standard, R BA=

ratio of isotopes B to A

Lstd
= ratio of isotopes A to B in labeled standard,
in normal standard, R AB
and c = the measurement error of the mass spectrometer (R 1 measured/R i
correct). A complete derivation of the equation is presented in
Appendix F.
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Analytical Error
A rigorous estimate of analytical precision and accuracy was
not attempted due to lack of sufficient time for the necessary series
of duplicated analyses. However, duplicate analyses were performed
of water samples equilibrated with the atmosphere under two different
controlled temperatures in the laboratory. From these, a rough estimate
of error may be obtained. The maximum deviation of any of the argon
samples from the mean was just over 4 percent. Those of krypton and
xenon were both slightly over 1 percent. Neon analyses of these duplicates was not performed because of technical problems.
The analytical error for krypton and xenon is probably under

2 percent. For argon the error is probably under 5 percent. The larger
error in argon analysis is due to the necessity of closing the valve
between the GC and the MS to prevent overloading the vacuum system.
The valve is manually operated and cannot always be closed to equal
tightness. Installation of a flow splitter in front of the GC-MS interface would probably eliminate the difference in error between argon and
the heavier gases.
No estimate was made of neon error because it was not included
in the duplicate analyses. The jet separator discriminates heavily
against neon because of its low atomic weight. For this reason the
peaks from the isotopically normal standard were too small to be reliably integrated. A mean of numerous values for the standard peak was
therefore used in calculating neon concentrations, rather than the
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value from the daily standardization runs. This undoubtedly added to
the overall error.

Field Sampling in Alberta
Field sampling sites were selected as a part of a larger
University of Arizona Department of Hydrology and Water Resources project on the evaluation of methods for dating very old ground water. The
noble gas sampling was carried out in conjunction with sampling for 36 C 1 ,

14

Cl, and the stable isotopes of oxygen, hydrogen, sulfur, and chloride.

The basins studies were chosen on the basis of estimated ground water
age and simple, well-understood hydrology.
Milk River Aquifer
One of the aquifers selected was the Milk River sandstone, in
southern Alberta. The Milk River formation is a moderately cemented
marine sandstone of Cretaceous age. The water in the formation is
confined above by the shale of the Pakowki formation and below by the
Alberta group, also shale. The aquifer recharges at elevations of
1100 m to 1200 m on the slopes of the Sweet Grass Hills in Montana, 1
to 8 km south of the international border. The formation dips steeply
north on the north slope of the Sweet Grass Hills, but near the international border the dip flattens and remains shallow to the north.
About one-hundred kilometers north of the border the formation undergoes a facies change to a shaley sand and ceases to be an important
water-bearing unit. The Milk River sandstone discharges by leakage to
overlying and underlying units. About ten kilometers north of the
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border the Milk River has cut through the Pakowki formation into the
Milk River sandstone. This cutting has apparently occurred since the
Wisconsin glaciation. The river is believed to be a discharge area for
the aquifer. An analysis of the hydrogeology and geochemistry of the
aquifer has been given by Swanick (1981).
Noble-Gas Sampling
The aquifer meets most of the criteria laid out in Chapter 3 of
an aquifer which would be ideal for noble-gas paleothermometry. However,
one major problem does exist. Many wells tapping the aquifer produce
biogenic methane. In fact, in some areas the methane production is so

high that residents warm their homes with gas separated from their well
water. The result of this high natural-gas content is that the water
from many wells is nearly stripped of the noble gases. The extent of
gas production was not known at the time sampling was begun.
Sampling was performed August 7 through 13, 1980. The location
of the sampling sites is shown on Figure 20. Ten of the original 21
samples were broken during shipping. Samples 2 and 17, not broken,
were found to be from wells tapping aquifers other than the Milk River
formation.
Analysis
At the time these samples were taken the analytical procedure
was still under development. No technique had been developed for
trapping neon, and xenon accuracy was so low that the results were unreliable. Therefore, only argon and krypton concentrations are
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reported in Table 9. The double standardization had not been adopted
at this time and only the isotopically-labled standard was used. The
mass spectrometer error was therefore estimated from later analyses in
which the double standardization was used. Duplicate runs were insufficient to enable proper estimation of the analytical error which, due
to the approximations used, is likely somewhat larger than for the
later analyses, probably about 5 percent.
Interpretation of Noble-Gas Concentrations
The analyzed concentrations are plotted on a Kr-Ar diagram in
Figure 21. In spite of the fact that the computer-solved equation sets
from Chapter 4 cannot be used because only the concentrations of two
gases are available, the interpretation is fairly straightforward.
Samples 8, 9, 13, 14, and 15 are all extensively declassed. Without the
other two gas concentrations, the original equilibrium cannot be reconstructed. They are all (with the exception of sample 8, which was
run through a degasser) from the gas producing northern end of the
aquifer. The four remaining samples are very close to air equilibrium
at temperatures below 10°C. Sample 18 appears to be on the equilibrium
line, but with an equilibrium temperature a little below 0°C. The
explanation for this anomolous temperature is not apparent. The calculated temperature of about 7.5 ° C for Sample 21, which was collected
about 3 km from the recharge zone, accords well with the present 8.3 ° C
temperature of the well water. The difference may be due to analytical
error, or some warming of the water during flow. This water temperature
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Table 9.

Sample
Number

Noble-Gas Concentrations and Inferred Recharge Temperatures
of Samples from the Milk River Aquifer, Alberta, Canada.

pH

Present
Temperature

Ar x 10

7

Kr x 10 11

(°C)

Temperature
Inferred
Recharge

(°C)
2

9.0

3.2

9.6

5

9.0

3.3

8.8

1.0

8

8.65

11.0

1.3

3.5

9

8.37

13.5

0.85

2.1

13

8.32

11.9

1.6

14

8.75

11.5

1.8

4.9

15

8.18

9.5

0.75

1.5

17

7.0-8.3

9.75

2.8

7.1

7.5

18

8.74

10.0

3.8

9.7

0

19

8.43

9.0

3.1

7.9

4.5

21

7.46

8.3

2.0

9.6

7.5

128

.

• 1111

2

ATMOSPHERIC EQUILIBRIUM

9

AT 650mm He

.3

0°C

8

7-

6-

—o 5

4-

2-

4,3

• 13

1
13

q.

1 .01.5

2.0

2.5

3.0

35.5

4.0

4.5

Ar x 10 7

Figure 21. Comparison of Ar and Kr Concentrations from Samples of the
Milk River Aquifer Water with the Atmospheric Equilibrium
Line at 680 mm Hg Total Pressure.

129
must be a result of geothermal heating, inasmuch as the mean annual
surface temperature is close to 0°C.
The calculated paleotemperatures are plotted versus distance
and estimated water age in Figure 22. Although four data points

certainly cannot be construed as demonstrating paleotemperature changes,
the points suggest a temperature shift of 8°C, or more, at the end of
the Wisconsin glaciation.

Field Sampling in Texas

Carrizo Sand
The second aquifer studied was the Carrizo sand in Atascosa and

McMullen Counties, Texas. The Carrizo sand is a massive, crossbedded,
medium-grained, poorly cemented Eocene sandstone. The sand crops out
across the northwestern corner of Atascosa County at an elevation of
200 m and dips evenly to the southeast at about 20 m per kilometer. At
the southern end of McMullen County, the dip increases to almost 50 m
per kilometer. The thickness of the unit increases from 100 m at the

outcrop to over 400 m at the south end of McMullen County (Alexander
and White, 1966). Most wells tapping the aquifer south of the Atascosa-

McMullen County line are flowing. The Carrizo sand is confined beneath
by the Wilcox group, composed of clay and shale with some sand. It is
overlain by fine sand and shale of the Reklaw Formation. The Carrizo
aquifer apparently discharges by upward leakage through the Reklaw.
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Noble-Gas Sampling
In most respects the Carrizo sand meets the requirements of an
ideal aquifer for noble-gas studies. In particular, the textural uniformity of the sand should minimize dispersive effects. One undesirable possibility is upward flow from the Wilcox group. The characteristics of the recharge zone are excellent. The depth to water measured
in most of the wells in this zone is between 30 and 50 m (Alexander and
White, 1966). This depth is sufficient to damp out seasonal variations
but not deep enough to mask climatic changes.
The aquifer was sampled February 12 through 17, 1981. Sixteen
wells were sampled. A total of 19 samples were collected. Of these,
three were broken in transit and two were found to be obviously contaminated with air and not analyzed. The remaining samples included
two sets of duplicates. The locations of the twelve wells from which
the samples were collected are marked on Figure 23. The map also
includes isochrons calculated by Brinkman (1981) from hydrodynamic
modeling of the aquifer. These water dates are slightly older than
14
C dating, but are generally
those determined by Pearson (1966) from
in agreement. The noble-gas concentrations and other pertinent data
are listed in Table 10.
Interpretation of Noble-Gas Concentrations
The concentrations of the samples are plotted on Ar-Ne and

Xe-Kr diagrams in Figures 24 and 25. From the diagrams it is evident
that most of the samples are somewhat contaminated with air. The
contamination is believed to have resulted from air being sucked in
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around the rubber stoppers when the hot water from the wells (up to
70 ° C) contracted as it cooled. The problem had not been encountered
previously because water this hot had not been sampled before. However,
Samples 1, 7, and 20 (which were the hottest samples) were also degassed, probably due to temperature-induced gas evolution in the well
bore. These samples contained some air contamination, and inasmuch as
the equation sets are not valid for three-stage equilibration, the air
addition was subtracted out by means of the measured oxygen concentration.
Samples 4, 20, and 24 are missing analyses of one of the gases
and were, therefore, interpreted graphically. A meaningful solution
to the equation sets could not be obtained for Sample 14, probably due
to a relatively small error in the krypton concentration, to which the
equation sets are very sensitive in this position. However, the equilibration temperature of this sample was obviously, by inspection, about
22°C. Sample 21 had passed through a pressure tank and the concentration pattern seems to indicate complete reequilibration in the tank,
erasing any indication of the original concentrations. The concentration patterns of Samples 15, 17, and 23 could not be interpreted in any
consistent fashion, either graphically or by the equation sets, and
were therefore discarded. The reason for these unexplainable concentration patterns is not known, but is probably one of those mentioned at
the end of Chapter 4.
The equation sets used, and the paleotemperatures calculated
from them, are listed in Table 10. The calculated paleotemperature
for the recharge area (Sample 4) is close to the measured temperature
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of 23°C. The measured temperature may be somewhat lower than the

aquifer temperature because the water flowed through 20 m of hose and
pipe before it was measured. Both the measured and calculated tempera-

tures are above the mean annual temperature of the area, 21°C, as would
be expected after recharge through a thick unsaturated zone. The
maximum temperature shift indicated by the data is 8°C. The calculated

paleotemperatures are plotted against flow distance and estimated water
age in Figure 26. The amount of data is not sufficient to provide a
firm basis for paleoclimatic reconstruction, and the amount of calculation necessitated by contamination should inspire caution in interpretation. However, the calculated paleotemperatures do match very well
with world-wide data indicating a Wisconsin glacial maximum between 10
and 20 thousand years ago. The total temperature variation of 8°C is

somewhat larger than might be expected from an area only 300 km from
the ocean (Flint, 1971). Although, as stated above, these preliminary
data are subject to developmental analytic and sampling problems and

cannot yield reliable climatic reconstructions, the results are encouraging and suggest further work is justified.
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CHAPTER 6
NOBLE GASES IN CONJUNCTION WITH OTHER
PALEOCLIMATIC INDICATORS
Methods of Paleoclimatic Research

Noble-gas paleothermometry is just one of a large number of
techniques for gaining information about ancient climates. Other
methods include analysis of pollen, stable isotopes of hydrogen and
oxygen in ground water and speleotherms, distribution of glacial
indicators, flora in packrat middens, and distribution of foraminifera
tests. Most of these paleoclimatic indicators respond to several
climatic parameters. In this respect noble-gas concentrations (when
analyzed by the methods presented here) are unusual; variations can be
related to changes in temperature alone. The temperature-specific
response of the noble gases should be particularly valuable when it is
applied in conjunction with paleoclimatic indicators which are dependent
on other parameters as well as temperature. The temperature record
derived from the noble gases might be used to correct the record of the
other indicators and thus obtain specific information about additional
parameters.
The isotopes of hydrogen and oxygen in ground water are particularly interesting when compared with noble-gas concentrations. The
isotopic composition of the water from which the noble gases are extracted for analysis is dependent, in part, on the temperature that
139
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the noble gases record. The two may easily be related to each other
because, as discussed in Chapter 3, the transport velocity of both
should be the same. Hydrogen and oxygen isotopes in ground water will,
therefore, be used as an example of possible conjunctive analysis with
noble gases.

Hydrogen and Oxygen Isotopes in Ground Water
When the ratios of hydrogen and oxygen isotopes in precipitation
are plotted against each other they tend to form a line, called the
"meteoric line" (Craig, 1961). The position of any particular precipitation on this line depends on climatic factors, especially on the
temperature. The formula 6 180 = 0.7T - 13.6 where 6 180 is expressed
relative to Standard Mean Ocean Water (SNOW) and the temperature is in
degrees Celsius, has been proposed as a method for reconstructing
ancient climate (Nook, 1972). However, the early enthusiasm for this
approach has faded (Corch6n, 1980). This reassessment has been due to
an appreciation of the complexities involved in the origin of observed
isotopic concentrations. Many factors other than temperature interact
to produce a given isotopic distribution, and the temperature effect
probably cannot be separated from the other variables.
Isotopic Composition of Ground Water
The isotopic composition of water which reaches an aquifer is
influenced by five major factors.
Ocean Composition. Nearly all precipitation originates from
evaporation of the oceans. The isotopic composition of the oceans has
varied over the Pleistocene due to incorporation of a significant

141
fraction of the isotopically lighter water in continental glaciers.

Estimates of the maximum change of 6 18 0 have varied from as little as
0.5 ° /00 (Emiliani, 1971) to 1.7 ° /. 0 (Van Donk, 1976), but a value of
about 1.5°/ 00 is now fairly generally accepted. The 6D change of the

oceans has not been measured, but it may be expected to follow the 6 18 0
away from SMOW along a line with a slope from 4 to 7, as a result of
non-equilibrium evaporation. This would put the change in the range of
4 to 6 ° /... The degree of fluctuation of oceanic composition can be
traced through time by means of both sea cores and ice cores.
The effect of this type of change, all other factors being

equal, would be to move the isotopic composition (as plotted on a
6D - 6

18

0 graph) onto a new meteoric line, with an intercept closer to

SMOW than at present, but parallel to the present line. This offset
would be due to the fact that the oceanic composition changes along a
line with a slope less than 8.
Gat (1971) has noted such an offset in some paleowater samples.
In addition to the offset, the composition would plot further up the

line (closer to SMOW) than present sea water because of the increased
weight of the water.

Temperature

of

Evaporation. Evaporation

of sea water is a

nonequilibrium process. Deuterium is evaporated preferentially with
respect to oxygen-18, and thus the precipitate is also enriched in

deuterium. This creates the non-zero intercept of the meteoric line
with zero 6

18 0, denoted "d". The magnitude of "d" depends upon the

temperature of evaporation. The variation in sea-surface temperature
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with time has been widely studied using assemblages of planktonic
organisms. A good example of this technique and its results may be
found in Hays et al. (1976). Using reconstructed sea surface temperatures the change in "d" may be estimated.
Atmospheric Circulation. The precipitation from clouds moving
away from their oceanic source becomes progressively lighter as the
air mass releases more and more moisture. Any change in the circulation of the atmosphere would result in a change in the isotopic composition of the precipitation. Such a change in a storm path could be
caused either by change in atmospheric circulation or change in the
topography. The most likely cause of change in atmospheric circulation
is the climatic alteration accompanying ice ages. Although the nature
of these changes is difficult to quantify, such an effort is being
made by the CLIMAP project. Examples of the reasoning used (the data

Prell
are largely derived from ocean sediment cores) are contained in
et al. (1976) and McIntyre et al. (1976). While the rate of tectonic
alteration of the topography is probably too slow to be recorded in
glacially-induced
the isotopic composition of ground-water, the rate of
the
change is not so slow. The most important such change is probably
some areas the
coastline shift accompanying sea-level alterations. In
coastline was extended more than 100 km at the height of the glacial
has been
periods. Although the magnitude of these sea-level changes
only determined roughly by geological methods, worldwide fluctuations
can be tied into ice-volume changes recorded in sea and ice cores with
considerable confidence.
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Temperature.

Dansgaard (1964) was able to demonstrate a clear

relationship between mean annual air temperature and the isotopic
composition of precipitation. It was this relationship which was the
basis for hoping that isotopes from ground water could be used for

paleotemperature determinations. That hope has faded due to the
difficulties which are treated in this section. But there is no doubt
that temperature is one of the most important factors influencing the
isotopic composition. The use of noble gases extracted from the same
ground water as the isotopes are measured in may permit evaluation of
this temperature effect. If this can be accomplished, it will quantify
one of the largest unknowns in the interpretation of isotopic compositions.
Recharge Effects. The major processes affecting the isotopic

composition of precipitation between condensation and entrance into
the

phreatic water body are evaporation and biased representation of

recharge events (Gat and

Tzur, 1967). A thick unsaturated zone above

the water table, if allowed to dry between recharge events, will require
a great deal of water to satisfy the soil moisture deficit before
recharge can begin. This mechanism will tend to bias the aquifer rethe
charge against small and for large recharge events. Frequently
isotopic composition of small recharge events differs significantly
will
from that of large events, and thus the ground-water composition
not match that of local precipitation. Gat and
an example of this type.

Issar (1974) reported
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Evaporation can take place during rainfall, during surface
storage, or in the soil. The degree of evaporation is a direct function
of the aridity of the environment. The changes induced by recharge
bias and evaporation may be distinguished because recharge bias will
cause a shift in the isotopic composition which will plot on the
meteoric line, while evaporation will cause a shift off the line (toward

SMOW) with a slope less than 8, typically about 5.
Interpretation of Isotope Data from Ground Water
Reconstruction of . Isotopic Composition. The basis of interpretation should be the reconstruction of ground-water composition using
all variables which can be determined through external evidence,
followed by the analysis of differences from the hypothesized composition using the remaining mechanisms. Changes in ocean isotopic composition are a world-wide phenomenon (with a few exceptions, such as the
Mediterranean area) and knowledge of the age of the ground water is all
that is necessary to tie the isotope record into the global ice chronology. The situation with regard to evaporation temperature is somewhat more complicated. In order to determine this, a temperature
history of the ocean surface from which the source water evaporated is
also necessary. As this type of history has been prepared for many
of the oceans, and new studies are underway for areas not currently
covered, a good basis for estimating this parameter exists. In order
to apply this information, dating of the ground water is necessary.
Past storm paths and atmospheric circulation are much more
difficult subjects for quantitative treatment. Shoreline fluctuations
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are the only part of this topic which can be somewhat reliably estimated.
Although considerable progress is being made in reconstructing glacial
circulation (Ruddiman and McIntyre, 1976), the results are still tentative and need confirmation. Thus, although such studies may provide
hints to the nature of expected isotopic change, the subject as a whole
must be considered unquantified, at least for the present.
The temperature associated with precipitation may be determined
by use of the noble gases. The considerations of recharge environment
discussed above must be kept in mind when estimating the effect of
temperature change upon the isotopic composition. Inasmuch as the noble
gases are obtained from the same water as the isotopes, no water dating
is necessary.
The last parameter is evaporation, which, largely related to
aridity and humidity conditions, is almost impossible to estimate by
means of external data, and must be deduced from the isotopic composition. An example of this kind of deduction, using all of the principles
discussed, is illustrated in Figure 27. From the position of the paleowater composition, with respect to the hypothesized position, the
climate at that time may be deduced to have been considerably more arid
than at present. Such a conclusion could be tested with geological
and palynological data.
Meteoric Slope. One assumption which has been made throughout
this discussion is that even during different climatic regimes the
slope of the meteoric line did not change. As this slope depends on
the ratios of the equilibrium factors of oxygen-18 and deuterium, the
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From noble gases: AT = —5° C;
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Figure 27. A Hypothetical Example of the Analysis of the Isotopic
Composition of a Paleowater.
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assumption should be valid. Furthermore, it has been borne out in
studies to date. Epstein, Sharp, and Gow (1970) found the relationship
to have held over a long period of time in the Antarctic. They also
found that the meteoric line had an intercept of zero rather than 10.
Paleowater samples from the Sinai (Gat and Dansgaard, 1972; Gat and
Issar, 1974) showed the same characteristics, a slope of about 8, but
the intercept lower than that of modern precipitation in that region.

Studies in Brazil (Salati et al., 1974) and Algeria (Gonfiantini,
Dincer, and Derekoy, 1974) produced somewhat different results. The
paleowater composition plotted slightly above the present meteoric line
with a slope of 8. These differences in intercept may reflect the time
of recharge (in relation to glacial activity) and temperature of

evaporation.
The evidence from North America is equivocal. Preliminary

results from sub-glacial carbonates (as described in Hanshaw and Hallet,
1978) show little difference from modern oxygen-18. This result has
been supported by some ground-water analyses. However, deuterium from
water in cave deposits reveals a marked decrease in (SO during the last
glacial period (Harmon et al., 1979). Probably the best way to resolve

this problem is to survey several aquifers lying along a line inland
from the ocean. The isotopic composition of dated water from these
aquifers could be used to construct a history of the meteoric water
line in that area.
Seasonal Effects. The largest source of uncertainty in these
inferences will probably be seasonal effects. In most parts of the
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world, precipitation and temperature vary markedly from season to
season. This type of variation will create ambiguities in the interpretation of isotope and temperature data. For example, suppose that
paleowater of an isotopic composition lighter than present recharge
water, but heavier than the lightest winter precipitation, is found in
an area of marked seasonal variation. This change in composition could
be due to an increase in the lightness of all precipitation in the past,
or an increase in the amount of winter precipitation without a change in
composition, or a decrease in summer recharge because of increased
temperature or decreased precipitation. Definitive interpretations will
be nearly impossible in situations such as this, but palynological and
geological evidence may help the evaluation. However, in a situation
such as that discussed by Gat and Dansgaard (1972) where the composition
of the paleowater is lighter than the lightest of local modern precipitation, change in the composition of the precipitation is a safe deduction.
Conclusions. The isotopic composition of ground water has long
been considered a potential paleoclimatic indicator, but the multiplicity of factors controlling the ultimate composition has hindered
efforts to interpret the isotope data. If the proposed use of noble
gases for paleotemperature determination is successful, one of the major
unknown variables responsible for the isotopic composition will be
understood. Careful site selection will be of primary importance. By
this means the chances of collecting useful data will be greatly
enhanced and ambiguities of interpretation reduced. Several of the
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other variables may be reasonably estimated utilizing recent interpretations of deep sea cores. What remains are the smaller, but still
significant, variables of atmospheric circulation, aridity, and seasonality. Although these cannot be separated with complete confidence, it
is hoped that meaningful conclusions may still be drawn through careful
analysis of the data and comparison with independent sources of paleoclimatic information.
Application

to Field Study Areas. Schwartz and Muehlenbachs

(1979) have published oxygen and hydrogen isotope analyses for water
from the Milk River aquifer. These analyses show that the composition
of the water trends away from the meteoric line toward SMOW, as the
water flows away from the recharge area. This trend may be due to
climatic influences. However, other explanations have been advanced.
Schwartz and Muehlenbachs attribute the change to mixing with marinederived connate water. Swanick (1981) addresses the possible influence
of ion filtration. Coplen and Hanshaw (1973) have demonstrated that ion
filtration through clays can increase the isotopic weight of the residual solution. Inasmuch as the Milk River aquifer discharges by slow
leakage through shales, ion filtration-related processes may influence
the isotopic composition. Therefore, until the isotopic processes
within the Milk River aquifer are better understood, analysis of
climatic implications from the isotopic composition are premature.
Samples of water from the Carrizo sand in Texas have been
collected for isotopic analysis as a part of the research project under
which the noble gases were investigated. The analyses of these samples
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are not yet complete. When they are finished a comparison of the isotopic composition with the noble-gas-derived
be made.

paleotemperatures will

CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH
The results of this study may be divided into three major
categories. The first includes both the sample collection and analysis,
and the mathematical methods for obtaining information from the gas
concentrations. The second category contains the climatic inferences
drawn from the field studies in Alberta and Texas. Finally, both of
the above may be included in evaluating the general potential of noblegas concentrations in ground water for climatic information.
Evaluation of Data Collection and Interpretation
Sampling
Samples were collected in 250 mL glass tubes, closed by stopcocks at either end. The double-ended tubes allow flowthrough sampling
from both pumped and flowing wells. The sampling equipment and technique have the advantages of simplicity, visibility of immediate contamination, high measurement accuracy of the sample mass, and lack of
need to transfer the samples for analysis. The disadvantages are
extreme fragility of the sample containers and the tendency to leak
when subjected to negative pressure. The most serious problem encountered during the entire study was contamination for air sucked into the
sample containers. Some samples could not be interpreted because of
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this contamination. Further work is needed on methods of packing and
transporting sample tubes, and on prevention of leakage into hightemperature samples.
Analysis
The samples were prepared by stripping in the sample container
and collection on a liquid-helium-cooled trap, and analyzed in a

Hewlitt-Packard Model 5990A gas chromatograph-mass spectrometer. Double,
isotopically labeled and non-labeled standards were used to refine
the accuracy of the analysis. The analytical procedure has the advan-

tages of minimal sample handling and transfer, of being completed in a
single operation, of making full use of internal standards, and of

sufficient accuracy. The major disadvantages are the destruction of
the sample by the analysis and the low accuracy of the neon measurement
due to the use of the jet separator. Continued effort toward the imple-

mentation of the palladium-silver interface (see Appendix E for details)
is recommended.
Interpretation
A new method of paleotemperature interpretation was developed

which calculates original gas concentrations in ground water from a
consideration of the different processes to which the water is subjected
after the initial equilibration in the aquifer-recharge zone. The
method utilized both graphical and numerical analysis. This approach
has the advantage of deriving additional information about the system
by examining the concentrations of all the gases in a theoretical
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framework unified by consideration of the basic physical processes.
Such a method of data analysis should allow more accurate determination

of pal eotemperatures.

Conclusions

From

Field Research

Alberta
The major problems in the Alberta field research were the breakage of sample containers and the stripping of noble gases from the water
by natural gas. The result of these problems was that only four secure

data points were obtained. No firm conclusions can be drawn from such
minimal data, but the paleotemperatures inferred from the data agree
with a Pleistocene-Holocene temperature shift of at least

3°C. No

further sampling of this aquifer is recommended due to stripping of the

noble gases from the water by aquifer-produced natural gas.
Texas
The Carrizo sand of southern Texas was sampled along a flow
distance of more than 100 km. The major problem encountered was air
contamination induced by sample contraction during cooling. Calculated
temperature in the recharge zone was

25°C. This temperature is 4°C

higher than the mean annual air temperature, probably due to a higher
soil temperature and geothermal warming. Fifty kilometers from the

recharge zone the calculated paleotemperature decreased to 17°C. This
decline may be correlated with global climatic change by a ground-water
age (from hydrodynamic simulation, 14 C, and
thousand years. Data points between

Cl) of between 10 and 20

60 and 75 km (20 to 40 thousand
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years) indicate a temperature rise to 21°C. The last point, over 110
km down-gradient and 80,000 years old, shows a paleotemperature of 20°C.
This paleo-temperature history agrees reasonably well with independent
reconstructions of Pleistocene climatic variations.
This tentative temperature record requires confirmation, due
to the small number of data points and the air-contamination problems
encountered. However, in many respects the aquifer appears to be ideal
for noble-gas paleoclimatology, and further research is recommended.
Recommendations for Future Studies
One of the goals of this dissertation was to examine the fundamental processes which affect noble-gas concentrations in ground water.
From this examination certain recommendations for future studies emerge.
Selection of an appropriate aquifer for optimal noble-gas paleother-

mometry is important. The most desirable type of aquifer recharge is
direct infiltration of precipitation through an unsaturated zone 10 to

50 m thick. Shallow recharge of seasonal runoff, especially snow-melt,
should be avoided. The aquifer must be confined and have higher head
than the confining strata. Aquifers with highly dispersive characteristics are to be avoided, as should those with high rates of natural
gas production. Flowing wells are superior to pumped wells, especially
high-capacity wells, for sampling.
The equations and graphical methods developed in Chapter 4 have
been shown to explain many, although not all, of the noble-gas concentration patterns observed in ground water. Through the use of these
methods, many noble-gas analyses which formerly would have been obscure
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may now be used to reconstruct paleotemperatures. The application of
these techniques to the Milk River and Carrizo aquifers, although not
conclusive, has indicated strongly that noble-gas paleoclimatology may
be able to fill the temperature-history void which now exists in
continental areas.

APPENDIX A
NOTATION
A
A = slope of temperature gradient
A
A

(°K m 1 )
-

Henry's law equation constant (unitless)

2

3 = Henry's law equation constant (unitless)

a = chemical activity (units of concentration)
a v = van der Waals constant (atm L 2 mole -2 )

a = dispersivity (m)

b = van der Waals constant (L mole

-1

)

fi = Bunsen coefficient (unitless)

C = molar water to gas ratio (unitless)
C = heat capacity at constant pressure (cal mole

-1

OK

-1

)

° = standard molar heat capacity at constant pressure (cal °K -1 )

D = diffusivity (m 2yr -1 )

=

relative isotopic enrichment ( 0 /00)

= isotopic measurement error (unitless)

f = fugacity (atm)
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G
G = Gibbs free energy (L atm)

G

=

AO

partial molar Gibbs free energy (L atm mole -1 )

= standard molar Gibbs free energy of reaction (L atm mo 1 e -1 )

g = gravitational acceleration (m sec -2 )

y

=

activity coefficient (unitless)

H
H = enthalpy (L atm)
H = partial molar enthapy (L atm mole

-1

)

= standard molar enthalpy of reaction (L atm mole -1 )
h = total body force on a group of particles in a fluid per unit
mass of the component (m sec

-2 )

J = molar flux (relative to molar average velocity) (moles

m -2

j = mass flux relative to average mass velocity (kg m -2 sec -1 )

K = hydraulic conductivity (m 2 sec -1 )
K = gas conductivity (m

2 sec -1 )

K H = Henry's law constant (atm)
K

s =

salting-out constant (unitless)

K

T =

thermal diffusion ratio (unitless)

L = Ostwald coefficient (unitless)

=

molar concentration (moles solute (1000 g solvent)

= decay constant (yr

-1 )

-1 )

sec

-1 )
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NI
M = molecular weight (g mo 1 e -1 )
M = empirical constant in linearized Henry's law equation (atm)
m = molar concentration (moles solute (L solution)

-1 )

= chemical potential (g cm 2 mole -1 sec -2 )
p °chemical potential at standard state of gas (L atm mole -1 )
p* = chemical potential at standard state of a solution (L atm mo 1 e -1 )

N = number of atoms (unitless)

N=

empirical constant in linearized Henry's law equation (atm °K

n = moles
0

P = pressure (atm)
p = partial pressure (atm)

T = constant in Equation (3-9) (mole 2 m-2 atm-2 sec -2 )
(I) = porosity (unitless)

R = universal gas constant (0.08206 L atm mole

-1 OK -1 )

R = absolute isotopic abundance ratio (unitless)
p = mass density (kg m-3 )
p

m

= molar density (moles m

3

-3 )

s = Kuenen coefficient (cm gm

-1 )

-1 )
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T
T = temperature (°C or °K)
T. . Henry's law constant equation constant ( ° K)
1

t = time (sec or yr)
0 = constant in Equation (3-9) (mole m

-1 atm-1 sec -1 )

U

U = internal energy (L atm)
U = partial molar interval energy (L atm mole

-1 )

V

3

V = volume (m )

V=

partial molar volume (m

3 mole -1 )

W

w = thermal diffusion factor (unitless)
X

X = mole fraction concentration for solutions (unitless)
X = distance
Y
Y = mole fraction concentration for gases (unitless)

Y t = yield ratio for fission events (unitless)
Z

z . elevation (m)

APPENDIX B
DEFINITION OF CONCENTRATION UNITS
Bunsen Coefficient
vol. of gas (STP, p = 1 atm) cm 3
unit of vol of water at T of measurement
3
cm

Concentration = B =

vol. of

vol. of gas (STP) cm 3
water at T of measurement = B p/latm
cm

Ostwald Coefficient - independent of pressure

L=

vol. of gas at T measured cm 3
unit vol. of liquid at T measured
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Khenen Coefficient

of_gas at STP cm 3
unit mass of water gm
vol.

s

Molarity
mg. of gas (solute)
2 of solution

m

Mol arity

PPm

mg of gas (solute)
kg of water

=

PPm
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mg gas (solute)
mg solution

x 10 6
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Mole fraction

X-

moles of gas (solute) 1., moles of gas
moles of gas + moles of water
moles of water

Conversion Factors
For all below, assuming XH20 >>

BM
X -

F1203E3MH Op
2

273R p (T)
273Rp(T)
K
w°K "

X gas

LPM H 0
2
TRp(T)
w

B
p(T) 1.84768 x 10 5 gm cm-3

6B P
- p(T)

184768 x 10

5 gm cm -3 atm -1

- (803.729
-1 mole)
273R(18.0153

3

m 10- /M

gm m1 -1 )S
m 10

-6
M HO

gas

n_
3 p w (T)
E
V.m.)+
Em.10 -3 /M i
(10 m
i
"H 0
2
= 1.80153 x 10

Mgas p(T)

-5 (gm mol, e-1\
) m

p (T)
gas w
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Z 10

=

n

-3

10 3 + E
M H 0j
2

2,

/M g
as

Qi

10 3

10 -6 MH20
M gas

- 1.80153 x 10 -5 gm mole -1

/M.
1

-6
ppm 10 6 /M ppm 10 M H 0
gas
- 1.80153 x 10 -5 PPm
M gas
M gas
ppmi/M i

mk

"gas

APPENDIX C
40
PRODUCTION OF
Ar AND 136 Xe IN
A TYPICAL SANDSTONE AQUIFER
40

Ar Production

Aquifer Properties:
Abundance of K in rock = 0.0132 (Hem, 1970)
40
Abundance of
K in K in 0.000118 (Goldman and Roesser, 1966)
1.1/2 of 40 K = 1.3 x 10 9 yr (Goldman and Roesser, 1966)
Production of

40

Ar by decay of 40 K = 11%

Density of aquifer grains = 2,500 kg m -3
Aquifer porosity = 10%
All

40

Ar produced escapes to water

Transit time = 10

4

and 3 x 10

6

yr

Calculations:

=

1n2

9 = 5.33 x 10 -10 yr -1
1.3 x 10

Abundance

40

- kg 40 K/kg
K = 0.0132 x 0.000118 = 1.5576 x 106
sandstone

4
)
-6
.
Production in 10 years = 0.11(1.5576 x 10 (1-e-533 x 10-1°( 10

in

4

= 9.135 x 10 -13 kg 40 Ar per kg sandstone
6
3 x 10yr
= 9.130 x 10 -11 kg 40 Ar per kg sandstone
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Mole fraction

4 ° Ar

concentration

4
from 10 transit

_

-13
)(2500)(0.9)(18)
(100)(40)

(9.135 x 10

= 9.25 x 10 -12
from

3 x 10 6 yr transit = 2.775 x 10 -9
136 Xe Production

Aquifer Properties:
Abundance of

238 U in rock
= 2 x 10 -6 (Hem, 1970)

T1/2 of 238U (spontaneous fission) = 8.04 x 10 15 yr
,spon.
'238 8.62 x l0
136 Xe (y ) = 6.3% (Young and
Thode, 1960)
t
Density of aquifer grains = 2,650 kg m-3
Yield ratio of

Aquifer porosity

= 10%

All Xe produced escapes
Transit times of

10 4 and 3 x 10 6 yrs

Calculations:

N = number of 136 Xe atoms produced in At m -3 sandstone
= Yt

3 "m 238 At

x 1023 )(10 4 )
= (0.063)(8.62 x 10-17 )(2650)(2 x 10- 6 )( 6.020.238

= 7.28 x 10
Mole fraction

8

- (7 ' 28 x 108)(0.9) 0.018
- 1.96 x 10 -19
100
(6.02 x 1023)
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Mole fraction

_ (7.28 x 10 8 )(0.9) 0.018 _
-19
1.96 x 10
100
(6.02 x 1023)

Mole fraction concentration resulting from

3 x 10

6

yrs residence time = 5.88 x 10

-17

.

APPENDIX D
EFFECT OF SEA LEVEL CHANGES ON THE
ATMOSPHERIC NOBLE GAS INVENTORY
Data:

18 m 3 (Lapedes, 1977)
14 m 2 (Lapedes, 1977)

Volume of oceans = 1.35 x 10

Area of oceans = 3.47 x 10

Sea level changes during the Pleistocene:
+20 m, -100 m (Lapedes, 1977)

Ocean Volume Changes:
(3.47 x 10 14 )(20) = 6.94 x 10
(3.47 x 10 l4 )(100) = -3.47 x 10

16 m 3

Atmospheric Inventories of the Noble Gases:
Atmospheric composition:
N
0

2
2

Ar

78.084%
20.946%
0.934%
99.964%

Average atmospheric molecular weight:
28(78.084%) + 32(20.946%) + 40(0.934%) = 0.028940 kg mole -1

Total atmosphere:
4.5 x

1

008 ,q

0.028940 kg mole

-1

_ 1.555 x 10 20 moles
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Atmospheric inventory:
Ne = (1.818 x 10 -5 )(1.555 x 10 20 ) = 2.827 x 10 15 moles
Ar = (9.34 x 10 -3 ) (1.555 x 10 20 ) = 1.452 x 10 18 moles
Kr = (1.146 x 10 -6 )(1.555 x 10 20 ) = 1.773 x 10 14 moles
Xe = (8.7 x 10 -8 ) (1.555 x 10 20 ) = 1.353 x 10 13 moles
Oceanic Inventories of the Noble Gases:
Bunsen coefficient (6) of neon in seawater at 7°C = 9.43 x 10 -3
(Clever, 1979a)
This is equal to a mole fraction concentration (x 1 ) of 7.65 x 10 -6
Neon concentration in the ocean = (7.65 x 10 -6 )(1.818 x 10 -6 )

= 1.391 x 10 -10
-5
f3 Xe = 0.11056
(Clever, 1979b)
1 = 12.939 x 10
X Xe = (12.939 x 10 -5 )(8.7 x 10 -8 ) = 1.126 x 10 -11
Ocean mass = 1.35 x 10

21

kg = 2.43 x 10

19 moles

Neon inventory = (1.391 x 10-10 )(2.43 x 10 19 ) = 3.38 x 10 9 moles
Xenon inventory = (1.126 x 10 -11 )(2.43 x 10 19 ) = 2.43 x 10 8 moles
Changes in Inventory Due to Sea Level Fluctuations:
Changes in ocean mass:

15 m 3 = 6.94 x 10 18 kg = 1.25 x 10 17 moles
19
17
16 3
Fall: -3.47 x 10
m = -3.47 x 10 kg = -6.66 x 10 moles
17 + 1.25 x 10 17 = 7.91 x 10 17 moles
Total change = 6.66 x 10
Rise: 6.94 x 10

Relative change -

17
- 00325
2.43 x 10 19

7.91 x 10
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Changes in atmospheric inventory:

Neon:

(3.38 x 10 9 ) 0.0325 _ 3.89 x 10 -6
%
15

2.827 x 10

Xenon:

(2.43 x 10 8 ) 0.0325
= 5.85 x
1.353 x 10 13

APPENDIX E
ANALYTICAL EQUIPMENT AND PROCEDURES
Analytical Equipment
The analytical equipment is diagramed in Figure 29. Items (o)
through (t) are the Hewlitt-Packard Model 5990A gas chromatograph-mass
spectrometer. All of the other equipment was assembled for the purpose
of the noble-gas analyses.
Matheson 99.9999 percent pure (Matheson Grade) helium in a
steel cylinder is used as the carrier gas. High flow rates for
stripping water samples are achieved by opening the on-off valve just
after the carrier gas cylinder, and low flow rates for analysis are
adjusted by the flow controller with the on-off valve closed. A
molecular-sieve-filled stainless-steel trapping loop just before the
sample stripping ensures carrier-gas purity.
Sample stripping is carrier out within the sample container.
The sample container (c in Figure 29) is connected to the stripping
train by ultra-torr fittings (b). The bypass loop (d) allows purging
of air admitted into the system during sample connection. Fine tubing
leading from the bypass into the capillary glass tubes on the end of
the sample container flushes air from these constricted areas. The
splash chamber (e) accepts the water displaced suddenly from the sample
container by the carrier gas when the stopcocks on either end of the
sample tube are opened to begin the stripping.
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Figure 29 continued:

a.

Molecular-sieve-packed purification loop at immersed in liquid N 2

b. Ultra-torr fittings for connection to sample tube
c.

Sample tube (with stopcocks at each end)

d.

Bypass for purging after connection of sample tube

e.

Splash chamber to accept water displaced from sample tube

f. 6-port sampling valve
g.

1 mL sampling loop

h.

Mercury manometer for measurement of standard gas pressure

i.

Isotopically normal standard-gas mixture

j.

Isotopically labeled standard-gas mixture

k. Primary gas drier of naphion tubing surrounded with molecular
sieve

1. Secondary gas drier filled with magnesium perchlorate
m.

Molecular-sieve-filled trapping loop cooled with liquid He

n. Vent valve for high-flow-rate stripping
o.

Gas chromatograph oven with -50°C to 300°C programmable temperature range

p.

2-meter, 1/8 inch 0.D. stainless steel, molecular-sieve packed
column

q. Jet separator
r. Quadropole Hewlitt-Packard Model 5990A mass spectrometer
t. Hewlitt-Packard Model 9825A calculator, printer, and GC-MS
control (printer Model 5992A)
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The six-port sampling valve (manufactured by Valco) allows the
introduction of precisely measured amounts of standard gas. The mercury
manometer (h) measures the pressure in the 1 mL sample loop (g). The
standard gases are stored in steel cylinders. The flow rate through
the sample loop into the manometer is controlled by needle valves. An
additional valve between the needle valve and the high-purity regulator
prevents loss of the standard and maintains its purity.

The isotopic-

ally labeled cylinder contains the following mixture:
Concentration
(mole fraction)

Gas

Neon

2.92 x 10

Argon

1.46 x 10

Krypton

8.00 x 10

8.61 x 10

Xenon

-5
-3
-6

-7

Isotopic Composition
(percent)
22-Ne

99.9

36-Ar

99.5

86-Kr

99.64

84-Kr

0.36

136-Xe

91.67

134-Xe

7.78

132-Xe

0.55

The balance of the mixture is hydrogen. The mixture was provided by
Monsanto's Mound Hill, Ohio, laboratories.
The isotopically normal standard has the following concentrations: neon, 3.36 x 10
xenon, 2.31 x 10

-5 ; argon, 9.67 x 10 -3 ; krypton, 1.12 x

-6 ; and the balance is hydrogen. The isotopic composi-

tion of all these gases is atmospheric. The mixture was purchased from
Linde Corporation (Union Carbide).

173
The gas stream is dried in two stages after the standard
gas
introduction. The first stage is a loop of naphion tubing
in a sealed
chamber filled with molecular sieve. The naphion tubing has the property of passing only water vapor. The partial pressure of the
water
vapor outside of the tubing is kept low by the molecular sieve. The
second stage is a tube filled with anhydrous magnesium perchlorate, a
very strong adsorbent of water.
The gases stripped from the water sample are collected in a
molecular-sieve-filled stainless steel loop. One of the major difficulties encountered during the development of the analytical procedure
was the trapping of neon. Although a variety of adsorbents were used
none could retain neon at liquid nitrogen temperature (77°K). The
boiling point of neon is 50°K below that of nitrogen. The problem was
eventually solved by continuously spraying the loop with liquid helium.
Although this did not lower the loop to liquid helium temperature (4°K),
which would have caused condensation of the helium carrier gas, it
did lower it enough to retain neon.
The gases are released from the trapping loop by immersing it
in hot water and then travel to the GC oven where they are separated
on the molecular-sieve-packed 2 meter column (p). Separation of argon
from oxygen is accomplished at -50 ° C and krypton from nitrogen at -15°C.
Neon is not significantly retained even at -50°C and xenon elutes at
above 100°C. The helium carrier gas is removed by the jet separator (q).
Originally the apparatus was designed to incorporate a palladium
separator. This device consists of a coil of palladium tubing swept
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on the outside by a hydrogen-free gas. Hydrogen is used as the carrier
gas. At high temperature, palladium is very permeable to hydrogen,
but
retains all other gases (Lewis, 1967). The palladium separator is
therefore nearly one-hundred percent efficient in separating the carrier
from the gases to be analyzed (Lovelock, Charlton, and Simmonds, 1969).
Unfortunately, repeated mechanical failures of the palladium tubing
forced adoption of the jet separator. This device utilizes the higher
diffusion rate of the light carrier gas into a vacuum between two aligned needles to separate the carrier from the other gases. However,
because of its low atomic weight, neon is heavily discriminated against
by the jet separator, and the resultant peaks are at the lower limit of
accurate analysis. The palladium separator would allow much superior
noble-gas analyses if the failure problem could be solved.
The gas chromatograph can be isolated from the mass spectrometer by the GC-MS valve (r). This valve is partially closed during
elution of the argon, oxygen, and nitrogen peaks from the column, as
these peaks are large enough to cause shutdown of the mass spectrometer.
When the GC-MS valve is closed the gases exit through the jet separator.
The mass spectrometer under the Six Ion Mode (SIM) of analysis repeatedly scans ions of six specified mass-to-charge ratios. The scan times
and all other mass-spectrometer parameters are controlled by the
Hewlitt-Packard Model 9825A desk calculator and the results printed out
in real time on the Hewlitt-Packard Model 5992A thermal printer. The
abundances of at least two isotopes, one of which is common in the
sample and the other common in the isotopically labeled standard gas
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mixture, of each noble gas are monitored. The concentration of the
noble gas can then be calculated by dividing the amount of gas in the
water sample (determined from the isotope dilution equation developed
in Appendix F) by the moles of water in the sample (determined by
previously weighing the sample).

Analytical Procedure
Analysis is initiated by connecting the sample tube (c) to the
stripping train with ultra-torr connectors (b). The on-off valve, the
bypass valve (d), and the vent valve (e) are opened to purge the system
of air admitted when the sample tube was connected. Completion of
purging is verified by analyzing background levels with the mass spectrometer. When all air has been flushed, the trapping loop (enclosed
in a small dewar flask) is connected to the liquid helium dewar, and
helium pressure applied to the liquid helium in order to force it over
the loop. When the loop temperature has stablized, the bypass valve is
shut and the stopcocks at either end of the sample tube opened. Helium
bubbles through the sample tube at about five-hundred milliliters per
minute. The gases flow through the drying system (k and 1), then
through the trapping loop, where the gases stripped from the water are
retained, and the remaining carrier gas flows out the vent valve (n) to
the atmosphere.
At this time the position of the sampling valve (f) is such
that the gas stream flows in a 1 and out at 2. The vacuum pump is
turned on and the two valves on the manometer opened. The line to the
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manometer, entering the valve at 4, is connected to the sampling loop
at 5, which on its other end (6) is connected to the standard gas
cylinders at 3. This entire system is evacuated by the vacuum pump.
The two stopcocks on the manometer are then closed and the valve between
the isotopically labeled standard-gas cylinder (i) and its regulator,
and the valve between the regulator and the needle valve opened. The
flow of standard gas through the sampling loop and into the manometer
is controlled with the needle valve. Standard gas is admitted until
the manometer indicates 760 mm Hg pressure in the system. The valves
on the standard gas cylinder are immediately shut.
The standard gas in the sampling loop is then injected into
the gas stream by switching the sampling valve. This connects 1 to 5
and 6 to 2, diverting the stripping gas through the sample loop. The
standard gas is then collected on the trapping loop along with the
sample gases.
The water sample is stripped for twenty minutes. This stripping
time was originally determined by monitoring gas abundances during a
strip. While the sample is being stripped the oven is cooled to -50°C
by injection of liquid nitrogen. When stripping is nearly complete
the mass spectrometer is turned on. The on-off valve and the vent
valve (n) are shut, and, after a short time to allow the excess pressure
to dissipate, the GC-MS valve (r) is opened. The flow rate is about

18 mL per minute. The liquid helium is taken off the trap and the trap
is immersed in hot water.

177
The mass spectrometer is programmed to monitor 20 Ne, 22 Ne, 40 Ar,

36

38
38

Ar, and 0 2' The neon peak elutes in less than one minute and

the CG-MS valve is partially closed. The argon is retained for about
five minutes and the oxygen for six. After elution of the oxygen the
mass spectrometer and the GC oven are reprogrammed. The mass spectrometer and the GC oven are reprogrammed. The mass spectrometer
84
86
82
monitors
Kr,
Kr,
Kr, and N
The oven warms from -50°C to
2'
-15°C at 10 ° C per minute and holds at -15°C. Elution of the krypton,
at about seven minutes after warming commences, is immediately followed
by nitrogen, therefore, the GC-MS valve is closed. The GC-MS is again
reprogrammed after measurement of the krypton. This time 132 Xe, 136 Xe,
129
Xe, and 131 Xe (as well as N and 0 ) are monitored. The oven is
2
2
warmed from

-15°C to 150°C at 15°C per minute and the xenon elutes at

about ten minutes.
After the analysis is completed the peak areas are integrated
by the calculator and the ratio of the peak areas of the different
isotopes printed out. This data, as well as retention time, stripping
time, and any other pertinent data are immediately entered into the
data books. The isotope ratios are corrected for addition of isotopically normal background gases trapped along with the sample gases, using
the stripping time and the measured background levels. The gas concentrations are calculated by comparison of the corrected isotopic ratios
with the ratio from the isotopically normal standard gas.
The standard gas calibration is performed at least once a day.
The trapping loop is first cooled with liquid nitrogen. The mass
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spectrometer is programmed to look at
and

86

20

Ne,

22

Ne,

40

Ar,

36

Ar,

84

Kr,

Kr. The isotopically normal and the isotopically labeled standards

are injected using the procedure described above. The neon passes
through the trap, but the other gases are retained. After the neon
peaks appear, hot water is applied to the trapping loop. Cooling of
the oven is not necessary inasmuch as oxygen and nitrogen are not
present in the standard gas. However, the GC-MS valve is partially
closed to simulate conditions of sample analysis for argon. After
elution of the krypton peak the oven is reprogrammed to warm at 15°C
131
136
132
Xe.
Xe, and
Xe,
per minute and the mass spectrometer to see
The method of calculating sample concentrations from these measured isotopic ratios is described in Appendix F.

APPENDIX F
DOUBLE STANDARDIZATION EQUATIONS
Derivation of Double Standardization Equations
The standardization is accomplished by comparing the isotopic
ratio measured by the mass spectrometer of an isotopically normal
standard gas mixture spiked with an isotopically labeled standard
gas with the isotopic ratio of the natural sample also spiked with the
same isotopically labeled standard gas. The amount of non-labeled
standard-gas mixture injected is always the same and equal to the
labeled standard. The composition of the standard is known, and therefore the number of moles injected may be calculated. The isotopic
ratios of both the labeled and non-labeled standards are also known.
The isotopic ratio measured by the mass spectrometer when the nonlabeled standard spiked with the labeled standard are injected is given
by:

nB e
nAl + RLstd
AB
_
R1 n + RNstd n
Al
BA
B

(F- 1)

where n Al = moles of isotope A in non-labeled standard injected

n B = moles of isotope B in labeled standard injected
Lstd = ratio of isotope A to B in labeled standard
RAB
R

A

td

ratio of isotope B to A in non-labeled standard

R

e = measurement error of mass spectrometer =
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1 measured

R1

correct

n
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Similarly, the isotope ratio measured when the sample spiked with the
labeled standard is injected is:

Lstd r,
R

+2

_ n A2 +

RAB "B

Nstd
R
n
B
BA

6

(F-2)

A2

Equation (F-1) may be solved for n B :

e - RNstd R 1
BA
n = n
B
Al R1 - eR Lstd
AB

(F-3)

and Equation (F-2) for n A2 :

n

R 2 - AB
eR Lstd

A2 = n B
Nstd
e - R
BA R 2

(F-4)

The effect of uncertainty in knowledge of e, the mass spectrometer
error, may be minimized by substituting Equation (F-3) in (F-4):

Nstd R )(R - eR Lstd )
(e - R BA
1
2
AB
n
A2 = n Al (e - RNstdR )(R - eR Lstd
2
BA
1
AB

(F-5)

Equation (F-5) gives the amount of isotope A in the sample as a function
of the amount of A injected from the non-labeled standard and the
isotopic ratios of both standards (all of which are known from analyses
of the standards) and the measured isotopic ratios. The dependence of
the answer on e is much less than if Equation (F-4) were used alone.
The mass spectrometer error may be determined by comparing the measured
ratio, R 1 , with the known actual ratio.

APPENDIX F
DOUBLE STANDARDIZATION EQUATIONS
Derivation of Double Standardization Equations
Two standards are used. Each have noble gas concentrations such
that 1 mL of the standard at 760 mm Hg pressure contains about the same
amount of Ne, Ar, Kr, and Xe as 250 mL of H 2 0 in equilibrium with the
atmosphere at the same pressure. One of the standards is isotopically
normal (atmospheric) and the other isotopically enriched (labeled). The
composition of the standards is listed on page 172.
The purpose of the double standards is to increase analytical
accuracy through comparison of isotopic ratios in a single measurement
as opposed to absolute abundance comparisons made in separate measurements. Internal standardization is desirable because of day to day
variation in the efficiency of the GC-MS. First the isotopically normal
and the enriched standards are injected together, in equal, known
amounts. The ratio of two isotopes of each of the gases is recorded.
Next the water sample is stripped of its gases and these are injected,
along with a "spike" (of the same size as above) of the isotopically
enriched standard. The isotopic ratios from the sample analysis are also
recorded. The method of comparison of the ratios, in order to determine the amount of noble gas in the water, is given below.
The isotopic ratio measured by the mass spectrometer when the
non-labeled standard spiked with the labeled standard are injected is
given by:
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R

Ls td
nB
nAl + R AB

1 - n + R Nstd
BA
B

where n

Al

(F-1)

A1

= moles of isotope Am isotopically normal standard injected

n B = moles of isotope B in enriched standard injected
R

AB

td = ratio of isotope A to B in enriched standard

R Nstd
= ratio of isotope B to A in normal standard
BA
e = measurement error of mass spectrometer -

D

l

measured

'1 correct
Similarly, the isotope ratio measured when the sample spiked with the
enriched standard is injected is:

Lstd
nA2 + R AB
n
B
R2 Nstd n
n +R

(F-2)

BA A2

B

Equation (F-1) may be solved for n B :

Nstd
R
1
BA
Lstd
- eR

e - R
n

B

= n Al

R

1

(F-3)

AB

and Equation (F-2) for n A2 :

0„ Ls td
'" AB
n A2 = n B
Nstd
e - R BA R 2
R2-

(F-4)

spectrometer
The effect of uncertainty in knowledge of e, the mass
error, may be minimized by substituting Equation (F-3) in (F-4):
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(e

_ R Nstd R

)R

BA

l' 2

n A2 = n Al

(e
"BA
Equation

(F-5)

_

0 Lstd )
6- AB

'

D Nstd R_
)(RLstd
CRAB

(F-5)

2" 1

gives the amount of isotope A in the sample as a function

of the amount of A injected from the isotopically normal standard and
the isotopic ratios of both standards (all of which are known from
analyses of the standards) and the measured isotopic ratios. The dependence of the answer on

e

is much less than if Equation

(F-4)

were

used alone. The mass spectrometer error may be determined by comparing
the measured ratio,

R l'

with the known actual ratio.
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