
Geochemistry is concerned with the chemical processes that are responsible
for the distribution of elements in the solid earth, its oceans, and the atmo-
sphere and how they have changed as a function of time. These changes can
be natural, as in the precipitation of carbonates in the ocean, or anthropogenic,
as with the introduction of CO2 into the atmosphere from the burning of fos-
sil fuels. Geochemistry is also concerned with an understanding of the earth’s
composition relative to the rest of the universe where it interfaces with the dis-
cipline of cosmochemistry.

An important way to view the chemical interactions that occur on the earth
is to consider the earth as a closed system with a set of reservoirs and fluxes
between the reservoirs as shown in Figure 1-1. This emphasizes the fact that each
reservoir is controlled by interactions between other reservoirs. For instance,
human influence on the environment, shown as the dashed lines in Figure 1-1,
must be considered in tandem with natural processes that occur in the geo-
chemical cycle of an element. These relationships are considered in more detail
in later chapters.

Models in Geochemistry

This book does not cover all aspects of geochemistry but is devoted to outlin-
ing some of the approaches used to understand the chemical interactions in
and on the earth. Particular emphasis is placed on those processes that involve
water. It is water that allows life to exist on the earth, transports the material
that turns sediments into rocks, and carries much of the material present in many
ore deposits. The book assumes some familiarity with basic geologic termi-
nology, the material in a high school chemistry class, and the mathematics of
elementary calculus. In most programs, it fits into an upper-division geologic
science undergraduate major’s or a beginning graduate student’s curriculum.
Definitions of words given in italics when first used can be found at the end
of the book in a glossary section.
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An understanding of chemical processes that are presently occurring and
have occurred in the past is built on models/relations. These help to determine
the factors that control the process and, therefore, the composition of the en-
vironments observed. The constituents of or variables used to describe the mod-
els may not actually be present. For instance, the amount of oxygen gas is often
used to describe environments under highly reducing conditions in which it does
not exist. Consider oxygen in equilibrium with Fe metal and magnetite that can
be expressed by the reaction:

3Femetal + 2O2 = Fe3O4 [1.1]

The partial pressure of oxygen gas, O2, in equilibrium with Fe metal and mag-
netite (Fe3O4) at 25ºC and 1 bar (earth surface conditions) in the earth’s atmo-
sphere is calculated to be one part in 8 × 1088 parts of atmosphere. Because a
mole of gas has Avogadro’s number (6.0221 × 1023) of gas molecules, this
means that one molecule of O2 is in 1.3 × 1065 moles of the earth’s atmosphere.
As a first approximation, the earth’s atmosphere can be modeled as an ideal
gas where PV = nRT. P, V, n, R, and T in this equation stand for the pressure
(bar), the volume (cm3), the number of moles of gas, the gas constant 83.1424 cm3

bar mol−1 K−1, and temperature (K), respectively. At 1 bar and 298 K, the amount
of O2 in equilibrium with Fe metal and magnetite is 1 molecule in a volume,
V, of earth atmosphere of

[1.2]

The volume of the solar system is about 8.7 × 1044 cm3; thus, there is calculated
to be 1 molecule of O2 per 3.7 × 1024 solar system volumes. Despite these prob-

V
nRT

P
1.3 1065mol 83 cm3bar mol 1 K 1 298K

1 bar
3.2 1069 cm3

2 Introduction

FIGURE 1-1 Global geochemical cycle. The arrows give the processes involved between the main earth
reservoirs shown as boxes.
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lems, a model in which the partial pressure of O2 is given as 10−88.9 bars is help-
ful in understanding the relationship between variables being considered.

Some of these models are simple, whereas others are more complex. They
are all, however, simplifications of reality. These models/relations are then
helpful only in their ability to predict and understand the observed relation-
ships. If the constructed model/relation is not contradicted by observation, it
is referred to as a law; however, laws can have their limits as well, even if they
are not explicitly stated. For instance, there are limits on Newton’s second law
of motion. This law relates the force put on an object to its acceleration:

F = ma [1.3]

where F is a variable representing the force applied, m denotes the mass, and a
stands for the acceleration of the mass. This law, however, is limited to classi-
cal mechanics and is not valid near the speed of light. Models/relations that are
acceptable in a certain region of experience may not hold outside that region.

Two types of variables can be distinguished in a model: extensive and in-
tensive. An extensive variable such as volume or mass depends on the amount
that is present. Extensive variables are additive. For instance, with a volume
of quartz of 10 cm3 and another volume of quartz of 5 cm3, the total volume
of quartz is 15 cm3. In contrast, intensive variables such as temperature or pres-
sure are not additive. If a volume of quartz of 20 cm3 at 25ºC is cut in half, each
half of the volume has the same temperature as the original volume, although
its volume is now 10 cm3. To make extensive variables such as volume or mass
intensive variables, they can be normalized per mole of the substance. A mole
is Avogadro’s number (6.0221 × 1023) of particles of the substance. For instance,
the molar volume of quartz (SiO2) at earth’s surface pressure and temperature
conditions is 22.688 cm3 mol−1 no matter how much is present and is, therefore,
an intensive variable.

As stated in the first law of thermodynamics, which is discussed in the fol-
lowing chapters, “Energy cannot be created or destroyed, only transferred from
one state to another.” This law merely states an observation. In every situation
in which it has been considered, the law has not been violated. Consider an object
of mass, m, falling in the earth’s atmosphere because of gravity. It accelerates
as the potential energy from being high in the gravitational field is converted
to kinetic energy of 1/2 m v 2, where v is its velocity, as it accelerates. With in-
creased time, the acceleration of the object decreases to zero, and the mass reaches
a constant velocity in the atmosphere. At this point, the mass is still losing po-
tential energy but is gaining no more kinetic energy. The potential energy that
is lost is now converted to heat energy as the mass heats because of friction with
the atmosphere. The conversion of one type of energy to another also occurs in
chemical processes. In this case, the understanding of energy transfer is in the
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field of thermodynamics. To understand what is happening chemically, there-
fore, requires an understanding of thermodynamics. A strong underlying theme
in this book is that geochemical processes can be understood as processes that
transfer energy in thermodynamic models.

Processes in Science

The drive of science is to increase the understanding of the complexities of the
natural world. Generally, this involves developing simple deterministic laws that
can be used to understand the phenomena observed. In a deterministic or phe-
nomenological approach, knowledge is created by relating observations of
events and experiments to each other in a consistent manner and developing
relationships or laws typically given by simple mathematical expressions. For
instance, consider the relationship between mass, m, acceleration, a, and force
F of F = ma. Small fluctuations in repeated observations/measurements are
considered errors of measurement. In contrast in a stochastic approach, under-
standing of the dynamics of the system is gained by use of a random function,
defined on a specific probability space. Such an approach uses a Markov
process, a random process in which future probabilities are determined only
by its most recent values. For instance, a stochastic approach can be used to un-
derstand rates of mineral surface dissolution by considering the probability of
surface detachment of species under different constraints given by Markov
processes. The rate of dissolution then predicts the amount of dissolution that
has occurred but not the actual molecular sites of dissolution. In general, the
deterministic model displays regular, smooth behavior at all scales, whereas sto-
chastic models produce unpredicted behavior at some scales. With mineral sur-
face dissolution, what occurs at the molecular scale is unpredictable.

Some deterministic systems, however, can produce highly erratic behav-
ior. In most deterministic models, differential equations are used to describe
changes in controlling variable with time. The erratic behavior can occur in non-
linear systems. Even in linear systems, that is systems in which the governing
set of differential equations are composed of linear functions with constant
rates of change, multiple roots can appear. In the case of nonlinear systems of
dynamic governing differential equations, a quite complex behavior can be
produced even though the system is completely deterministic. Such a system
can possess deterministic chaos, or often simply called chaos. Chaos theory is
not about disorder. Chaos occurs when minor changes can cause huge fluctu-
ations in the values of a function. Although it is impossible to determine the
state of a chaotic system exactly, it is generally easy to model the overall be-
havior of the system. These systems have strange attractors, a kind of regular
pattern that never exactly recurs.

4 Introduction
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As a classic example, consider the Rössler attractor, in which the govern-
ing differential equations of a system in three dimensions (x,y,z) with three
constants, a, b, and c, as a function of time (t) are given by the following:

dx(t) = −(y(t) + z(t)) [1.4]
dt

dy(t) = x(t) + ay(t) [1.5]
dt

and

dz(t) = b + x(t)z(t) − cz(t) [1.6]
dt

Only Equation 1.6 is nonlinear, containing the term x(t)z(t). With a = b = 0.2
and c = 5.7, consider starting at time = 0 with x(0) = −1, y(0) = 0, and z(0) = 0. 
Given these equations, the position, that is, values of x(t), y(t), and z(t) as a func-
tion of time, can be determined exactly. This is shown in Figure 1-2. The x, y,

Processes in Science 5

FIGURE 1-2 Projection of the Rössler attractor as a function of time in x-y-z space with a = b = 0.2 and c = 5.7.
(From H.-O. Peitgen, et al., Chaos and Fractals: New Frontiers of Science, New York: Springer-Verlag, 1992.)
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and z spend most of their time spiraling out from the origin in the x-y plane
at z = 0 (stretch mode). At some distance from the origin, the equations begin
to increase in z to a critical value and then reinsert themselves into the x-y plan
at z = 0 (fold mode). Note that z does not approach a steady state nor any limit
cycles with time.

In systems that display deterministic chaos, “errors” produced by round off
from computer solving of the equations accumulate exponentially rather than
canceling. Such systems are extremely sensitive to initial conditions so that small
initial changes cause great differences long term. These describe open systems op-
erating far from thermodynamic equilibrium, which exchange energy, matter,
or entropy with its surroundings. These are discussed further in Chapter 13.

Standard Units of Measure

Before a discussion of important geochemical relationships can start, a certain
amount of background information must be known. Because of the importance
in understanding the basics in calculus and chemistry before the chemistry of
the earth can be considered, a review of some of the important fundamentals
is presented. Appendix A gives the abbreviations used for symbols and units as
well as the physical constants required. Other conventions in notation used are
also given there. Although many units are used to describe an object or mass,
it is particularly helpful to know the Système International d’Unités (SI units),
based on the meter, kilogram, second, kelvin, and mole, as given in Table 1-1.

6 Introduction

Unit Name Abbreviation Value

Length Meter m

Mass Kilogram kg

Time Second s

Temperature Kelvin K

Volume Liter l (= 10−3 m3)

Force Newton N (= kg m s−2)

Energy Joule J (= kg m2 s−2 = N m)

Pressure Pascal Pa (= kg m−1 s−2 = N m−2)

Electric charge Coulomb C (= 6.24151 × 1018 electron charges)

Power Watt W (= J s−1)

Dynamic viscosity Poiseuille PI (= kg m−1 s−1)

S.I. units of measurementTable 1-1
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This system of units is also referred to as MKS, indicating the units of length,
mass, and time used. Sometimes CGS units (cm-gram-second) are more conve-
nient and are used occasionally. Conventions on the multipliers of units are
given at the end of Appendix A. Appendix B provides the conversion factors
needed to convert between MKS and CGS units along with conversions to
some other commonly used units of measure.

Often degrees Celsius, ºC, rather than Kelvin, K, are used. This is because
degrees Celsius are more commonly used in everyday life. The conversion is
K = ºC + 273.15. Because a unit of temperature is the same on both scales,
the effects of a given change in temperature are identical, that is, Δ(K) =
Δ(ºC). Also, a nonstandard SI unit of pressure, the bar, is used. The bar is de-
fined as exactly 105 pascals. The bar is important because it is close to an at-
mosphere of pressure: There are 1.0133 bars in a standard atmosphere, the
standard atmosphere being the average pressure at sea level because of its at-
mosphere. Clearly, with the onset of high- and low-pressure air masses, the
real atmospheric pressure at a location can vary somewhat with time. If ex-
periments in a laboratory at atmospheric pressure are done, in most instances,
pressure differences can be ignored, and the results are considered valid for
a pressure of 1 bar. If changes in pressure are important, then a small correc-
tion from the laboratory pressure to 1 bar can be made, as would also be
needed to convert to the SI pressure unit pascals. The advantages of the bar
are that it can easily be related to SI units, and its value under normal labo-
ratory conditions can generally be taken as unity (unlike the pascal). This be-
comes important in thermodynamic models of systems. It stems from the fact
that 1 bar is a good reference pressure because the logarithm of 1 is 0. As a
result, bars will be the primary pressure unit used in this book and not pas-
cals. Also, for most individuals, the effects of pressure in bars are easier to con-
ceive of than in pascals because the bar’s difference from atmospheric pressure
is only about 1%.

The SI unit of energy is the joule, a newton-meter. Often, in the literature,
however, values of energy are reported in calories. Values in calories are not
necessarily equivalent because there is a gram-calorie, which is the amount of
heat needed to raise the temperature of 1 g of water from 14.5ºC to 15.5ºC at
1 atmosphere of pressure. It is equivalent to 4.1855 J. An International Table
calorie is different and has the value of exactly 4.1868 J. Thermochemical
calories have values equal to exactly 4.184 J. When the calorie is used, it is the
thermochemical calorie. Calories are employed more often than joules in this
book because this is how thermodynamic variables determined by the com-
puter program SUPCRT92 are reported. This computer program, which is avail-
able at the publisher’s website (http://www.jbpub.com/catalog/9780763726423/),
is used to make some of the calculations reported in the book. Again, if val-
ues in joules are required, the conversion is J = 0.23901 cal.

Standard Units of Measure 7
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Mathematical Review

To look at the dynamics of a geochemical model, differential calculus needs to
be understood, in particular the differential. Consider the function y, of the vari-
able x, written as y = y(x). The derivative of y(x), sometimes written as y'(x)
and sometimes as dy/dx, is the slope of y or gradient of y at x, that is, the infin-
itesimal change in y with an infinitesimal change in x. This can be represented as

[1.7]

where lim
Δx→0  is the value at the limit when the change in x, Δx, becomes infini-

tesimal and approaches zero. This “derivative” is important because it indicates
how much the function, y(x), is changing in response to the variable, x. Often,
the variable of interest is time.

As an example, consider a car traveling down a road. If the distance it has
traveled as a function of time is plotted, it could look like the plot on the left
side of Figure 1-3. If the magnitude of the car’s velocity on the speedometer as 
a function of time is plotted, it would look like the plot on the right side of
Figure 1-3, being the derivative of distance with respect to time. Clearly, the
velocity is how fast the distance is changing with time. If the velocity is zero,
then the position is not changing. To determine the velocity in the absence of
a speedometer at any point, the distance traveled over a small section of road,
dy, that includes the point of interest (e.g., A) can be measured, and this num-
ber is divided by the small increment of time, dt, that has passed. If the distance
becomes infinitesimally small, this becomes the slope of the line at the point
(i.e., velocity).

Suppose at some time, tº, a car is a distance c down the road (given by
point A in Figure 1-3). At this time, the relationship between distance, y, and
time, t, is given by

y = at2 + c [1.8]

y x lim
x 0

y x x y x
x
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FIGURE 1-3 Distance (left) and velocity (right) with time for a car traveling on a road.
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where a and c are constants. That is, at t = tº, y = c and the change in y with t
is given by at2. In the case of Figure 1-3, the constant a is a negative number
because the car is slowing. Considering this function for the curve on the left
between the two dashed lines that include A results in

(y + dy) = a (t + dt)2 + c = at2 + 2atdt + a (dt)2 + c [1.9]

Making the substitution for y given in equation (1.8) gives

dy = 2atdt + a(dt)2 [1.10]

Dividing both sides by dt yields

[1.11]

As dt goes to zero,

[1.12]

or the velocity is a linear function of time, as shown on the right of Figure 1-3.
Clearly, if the derivative of y = f(x), that is, the gradient at x, is equal to zero,
then the function at x reaches an inflection point as given by point B at time
tB or the function is at a maximum or minimum, as shown in Figure 1-4.

In most descriptions of the real world, functions depend on more than one
variable, for instance, the function y might depend on the variables x, u, and
z, that is, y(x, u, z). A partial differential of the function is the value of the 

dy
dt

2at

dy
dt

2at adt
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FIGURE 1-4 A single-valued function y of dependent variable x indicating that when the gradient of y, that
is, y´, is 0, the function is at a local maximum or minimum.
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differential of the function with respect to one variable when holding all of
the other variables constant. This can be expressed as

[1.13]

where ∂ is the partial derivative operator so that ∂y/∂x is the partial derivative
of function y with respect to x. The u and z outside of the differential in paren-
theses indicate that these variables are to be held constant. Again, this indi-
cates what the gradient is with respect to x, or how fast the function is changing
at fixed values of u and z in response to changes in x. For instance, with the
function

y = xz + u2x2 + u [1.14]

the partial differentials are

[1.15]

with u and z constant and

[1.16]

with x and z constant, whereas it is

[1.17]

when x and u are constant. Equations 1.15, 1.16, and 1.17 then give the de-
rivatives or “slopes” of the variables, that is, how fast y changes with x, u, and
z, respectively, under the constraint that the other variables are held constant.
Rules for differentiating a particular function can be found in an elementary
calculus textbook.

As a real-life example of partial derivatives, imagine that you are standing
on a hilly terrain with a compass. The elevation (think y) of the ground you
are standing on is then a function of your position. Two variables, say distance
north–south, N-S (think x), and distance east–west, E-W (think z), describe
the changes in elevation as a function of position; therefore, the elevation (y)
at any point can be described at a position in the N-S direction (x) and posi-

y
z x,u

x

y
u x, z

2x2u 1

y
x u,z

z 2u2x

y
x u,z

lim: x 0
u and z constant

y x x y x
x
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tion in the E-W direction (z) or elevation = f (N-S, E-W). If the movements are
limited to the N-S direction (i.e., E-W position is constant), then the partial
derivative of elevation with respect to N-S movement is

This would be the slope of the land surface at the position considered in the
N-S direction. If this were zero, the location would be along the bottom of a
valley or along the top of a ridge where the slope changes sign with distance or
would be at a point where the slope does not change sign but increases in one
direction and decreases in the other for the N and S directions. When displaying
a differential of x with respect to y, the symbol dx /dy is used, indicating that
no values are held constant, whereas a partial differential is specified with the
constant variables indicated outside of the parenthesis on the variable.

Another important concept is the total differential of y, dy. This gives the
total change of y with infinitesimal changes in all of the variables that affect
y. If three variables, x, u, and z dictate the change of y and they are linearly in-
dependent (each cannot be made up by a combination of the other variables),
then for y = y(x, u, z), the total differential of y is

[1.18]

This is made up of the gradient in each variable times the change in each variable
that affects the function. For the function given in Equation 1.14, the total dif-
ferential is

dy = (z + 2u2x) dx + (2x2u + 1) du + xdz [1.19]

Going back to the idea of the hilly terrain, the total differential of elevation,
d(elevation), would give the total change in elevation in any direction at a par-
ticular point. This could be written as

[1.20]

The first term on the right is the slope in the N-S direction times the distance
traveled in the N-S direction, and the second term is the slope in the E-W di-
rection times the distance traveled in the E-W direction. Clearly, by knowing
this information, the change in elevation, d(elevation), could be determined
in any direction.

d(elevation)
(elevation)

(N-S) E-W
d(N-S)

(elevation)
(E-W) N-S

d(E-W)

dy
y
x u,z

dx
y
u y,z

du
y
z x,u

dz

(
¶ (elevation)
¶ (N-S)

)
E-W
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As a chemical example of the use of total differentials, consider 1 mole of
an ideal gas where the relation between pressure, volume, and temperature is
described by the ideal gas law given by this equation:

[1.21]

As stated earlier P, R, and T stand for pressure, the universal gas constant,
and temperature in K, respectively. For a pure gas, 

__
V gives the molar volume of

the gas; this is the volume of 1 mole of the gas.
__
V is used rather than V with the

number of moles of gas, n, present as in Equation 1.2 because it is an intensive
variable that does not change with the amount of gas considered. 

__
V can be writ-

ten as a function of P and T because R is constant as

[1.22]

The total differential of
__
V is

[1.23]

If the total differential is exact, the order of differentiation does not matter so
that

[1.24]

Therefore, the cross-partial derivatives in an expression for an exact total dif-
ferential must be equal. For an ideal gas from Equation 1.23

[1.25]

The derivatives of some variables are not exact differentials. For instance,
consider changes in work for a mole of a substance, W

__
with changes in pres-

sure and temperature. Pressure-volume work (considered in Chapter 3 where
thermodynamic models are introduced) is given by

[1.26]

This expresses the fact that the work per mole done on a substance is equal to
the pressure times the change in molar volume. Consider the work done on
an ideal gas when changing pressure and temperature. From Equation 1.18,
this can be written as

dW PdV

RT
P2

T
P

R
P
P

T

R

P2

y
x z

z
x

y
z x

x
z

dV
V
P T

dP
V
T P

dT
RT

P2 dP
R
P

dT

V V P,T RT /P

PV RT
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[1.27]

However, the cross-partial derivatives of dW
__

are not equal as

[1.28]

That is, the order of differentiation matters. This implies that dW
__

is not an
exact differential and is dependent on the way changes in pressure and temper-
ature are done in computing W

__
. Work is, therefore, not a state variable because

its value depends on the pressure-temperature path of the calculation, as dis-
cussed in Chapter 3. With these mathematical constructs in mind, one should
be able to understand the derivation of the necessary equations for the mod-
els constructed in basic geochemistry.

Portraying Changes in Variables

Most geochemical systems are complex and need many variables to describe
them. Geochemists often want to show the relationship between a number of
important variables under consideration while keeping the others constant.
Obviously, on a flat sheet of paper with its two-dimensional surface, an x–y
plot can be constructed to display the relationship between two variables. If
three independent variables are to be shown, then a projection of the variables
on paper can be constructed to give the illusion of depth so that the third vari-
able can be viewed along a “depth axis.”

In many cases, however, there are three variables to be considered, but
only two are independent, for instance, the relationship between the amount
of Al2O3, CaO, and (FeO + MgO) in a mineral or suite of rocks. These rela-
tionships can be displayed by projecting the mineral composition into Al2O3

+ CaO + (FeO + MgO) space by stipulating that the amount of Al2O3 + CaO
+ (FeO + MgO) = 100%. If the amount of two of the variables is known, the
amount of the third can be determined because they add to 100%. That is, al-
though there are three variables, only two are independent, and relationships
can be plotted accurately on a two-dimensional piece of paper. This is done with
what is called a triangular diagram for the three variables. With variables de-
noted as A = Al2O3, C = CaO, and F = FeO + MgO, triangular diagrams such
as shown in Figure 1-5 can be produced.

In this type of diagram, the closer a composition is to an apex, the more of
that component is in the sample. The position of a composition on the diagram
is determined by the lever rule, much like the force produced by a mass on a

RT/P
T P

R
P T

dW P
RT

P2 dP
R
P

dT
RT
P

dP RdT
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lever. The position of a mass along a lever away from the fulcrum toward a par-
ticular end increases the force developed for that end. This concept can be used
to determine the percentage of A in a sample that plots at point X in Figure 1-5.
A line is first drawn through the point parallel to the C-F line to the edges of
the triangle, as shown by a dashed line labeled 25% on the left diagram of the
figure. A line is then drawn perpendicular to the line just drawn that goes from
A to the C-F line at point Z, as given by the vertical dashed line. The percent-
age of A in sample X is equal to 100 times the ratio of the length of the line
segment from Z to Y divided by the total length of the line segment from A to
Z. A sample that plots anywhere along the line connecting C and F would have
0% of A. For sample X, the amount of A is 25%. The percentage of C in sam-
ple X can be found the same way. To do this, a line is drawn through the point
of interest that is parallel to the A-F line. Then a line perpendicular to this line
through the point that goes through C is drawn. The percentage of C is 100
times the ratio of the line segment between the line through the point and the
A-F line to that of the length of the line segment from C to the A-F line. The
percentage of F is then simply 100% – percentage of A – percentage of C.
These relationships are shown on the right diagram of Figure 1-5. Lines denot-
ing 25%, 50%, and 75% of each of the three components are shown. Sample
X then has 50% F and 25% C, as well as 25% of A.

To plot a mineral or rock composition on a triangular A-C-F diagram, all
oxide components except Al2O3, CaO, FeO, and MgO are ignored. Kyanite
(Al2SiO5), therefore, plots at the pure Al2O3 or (A) position. Anorthite
(CaAl2Si2O8) with Al2O3/(Al2O3 + CaO) = 0.5 plots along the 50% A line. With
50% C and no F, anorthite plots at the halfway point along the A-C bound-
ary line. Calcite (CaCO3) would plot at the C position. Diopside (CaMgSi2O6)

14 Introduction
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FIGURE 1-5 Triangular diagrams showing the relations between A = Al2O3, C = CaO, and F = (FeO + MgO)
where Al2O3 + CaO +(FeO + MgO) = 100%. The left diagram shows for position X the lines needed to
determine the % of A in the sample. Y and Z have equal amounts of C and F. The diagram on the right gives
the position of some phases in the system as well as lines for 25%, 50%, and 75% of the A, C, and F
components in the mixture.
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has no A but equal amounts of C and F, and thus, it plots at the midpoint of
the line connecting C and F. Clearly, at any point on the diagram, A + C + F
equals 100%.

Figure 1-6 displays the triangular diagrams showing the stable mineral as-
semblages for amphibolite facies metamorphic rocks and another that classi-
fies soils according to grain size. On the left triangular diagram, minerals such
as hornblende and biotite that exhibit a range of compositions plot as a field,
as shown by the thick lines. If the composition of a rock is plotted on this di-
agram, the minerals that it contains are given by the minerals that bound the
lines that enclose its composition on the diagram. For instance, a quartz plus
microcline-bearing rock from Orijärvi, Finland in the amphibolite facies at
composition x as shown on the left triangular diagram in Figure 1-6 would
also contain the minerals anorthite, diopside, and tremolite. Examination of
the soil classification diagram on the right side of Figure 1-6 indicates that a
true loam has significant amounts of sand and silt, with somewhat lesser
amounts of clay. A clay loam, as to be anticipated, plots in an area toward the
clay apex from the true loam compositions with approximately equal concen-
trations of sand, silt, and clay.

Phases, Solutions, and Concentration Scales

A model can be constructed to help understand the controlling variables in a
natural system. A few conventions from basic chemistry are needed to describe
the compositions in the model. Phases are defined as distinct solids, liquids, or
gases with uniform physical and chemical characteristics that can be mechan-
ically separated from any other mass in the system. Because they can be me-
chanically separated, a rock composed of many crystals of quartz, plagioclase,

Phases, Solutions, and Concentration Scales 15
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FIGURE 1-6 The left diagram plots the composition of minerals with their tie lines, giving the mineral
assemblages found in amphibolite zone rocks of Orijärvi, Finland with quartz and microcline present.
(Adapted from Turner, F. J., 1981.) The right diagram shows the nomenclature for soils based on the amount
of clay, sand, and silt present. (From the U.S. Department of Agriculture.)
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and biotite would consist of three distinct solid phases. A solution of NaCl in
water would be a single fluid phase because the NaCl cannot be physically
separated from the water. A solution is a mixture of two or more chemical
species, that is, entities, in one phase. The term species is used to denote a spe-
cific chemical entity such as a molecule or ion in a phase. If NaCl is dissolved
in water, an NaCl solution is produced. Solutions also exist in solids and gases.
An NaCl solution can be characterized in terms of the species present, which
include H2O molecules together with the ions Na+ and Cl−. The air one breathes
is a single-phase solution made up of a mixture of gas species, the two most
dominant being N2 and O2. The phase seawater is a liquid solution mostly
made up of H2O, but with significant concentrations of the species Na+, Cl−,
Mg2+, and SO4

2−. Solid solutions like the Mg-Fe olivines are common. These
can be considered to be a mixture of the species in endmember forsterite
(Mg2SiO4) and fayalite (Fe2SiO4). An olivine of composition Mg1.5Fe0.5SiO4

would then be a mixture of 75 mole % forsterite and 25 mole % fayalite.
Components are chemical endmember formulas used to describe the composi-
tion of all of the phases in a system. Because most systems involve oxide mineral
phases (e.g., Fe2SiO4), these are often given as simple single oxides such as FeO,
Al2O3, and SiO2. In a thermodynamic model of a system, the number of these
endmember component formulas must be a minimum.

When considering solutions, one is typically interested in the relative
amounts of entities rather than their absolute amount; therefore, solutions are
often characterized by the mole fractions of the constituent or endmember
species. This is the ratio of the number of moles of the species relative to the
total number of moles of all of the species in the solution. The mole fraction
of species A, XA, is then equal to

[1.29]

Consider dry air with its dominant species given in Table 1-2. These species in air
behave nearly ideally so that the total volume of the mixture can be considered

XA
Moles of A

Sum of moles of all species
Mole % of A

Sum of mole % of all species

16 Introduction

Species Volume (%) Mole fraction Molecular weight (g/mol)

N2 78.09 0.7809 28.01

O2 20.94 0.2094 32.00

Ar 0.94 0.0094 39.95

CO2 0.0375 0.000375 44.01

Amount and molecular weight of the four main constituents of dry airTable 1-2
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to equal the sum of the individual volumes of the same amount of each gas
species in the mixture at the same temperature and pressure; therefore, these
volume percentages can be taken as the mole percentages of the species. Using
relation (1.29) and the volume percentages in Table 1-2, the mole fractions of
N2, O2, Ar, and CO2 in air can be calculated as given.

When species are present in small concentrations, parts per million, ppm, are
often used. These are either ppm by volume or ppm by weight. For CO2 gas,
ppm by volume in dry air is equal to its volume percentage times 104 = 375 ppm
(by volume). To determine ppm by weight, that is, grams of the species per
million grams of the mixture, the molecular weights of N2, O2, Ar, and CO2 as
given in Table 1-2 need to be considered. The number of grams of each species
in 1 mole of air is then its molecular weight times its mole fraction or 21.87, 6.70,
0.38, 0.0165 g, respectively. The total number of grams in 1 mole of air is, there-
fore, 28.97 g(air)/mole. The ppm of CO2 in air by weight is

[1.30]

This is greater than the ppm by volume because CO2 has a greater molecular weight
than the average molecular weight of the other gas species in air. If an entity
is present in even smaller concentrations, parts per billion, ppb, are sometimes
used.

In aqueous solutions, species that are present in small concentrations rel-
ative to the solvent species, H2O, are termed solutes. Solute concentrations are
often expressed on the molarity or molality concentration scales rather than with
mole fractions. Molarity, specified with the symbol M, is defined as

[1.31]

and molality, specified with the symbol m, is given by

[1.32]

Molarity is a unit based on the volume of solution. This unit is convenient in a
chemical laboratory where measurements can be done with a graduated cylinder
or volumetric flask. Because the volume of a solution changes with temperature
and pressure, the molarity of a given solution also changes with temperature
and pressure; however, the molality, based on mass units, does not. Therefore,
when changes of pressure and temperature are considered, molality or mole
fraction is generally the preferred concentration unit. Molarity is defined on

m
moles of solute

1000 g of solvent

M
moles of solute

1000 cm3 of solution

0.0156 g(CO2)/mole
28.97 g(air)/mole

106 538 CO2(ppm weight)

Phases, Solutions, and Concentration Scales 17
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a total amount of solution and the molality only on the amount of solvent. The
solvent is the chemical species that is present in the largest concentration, gener-
ally H2O. M can be converted to m by making use of the following expression:

[1.33]

where ρ is the density of the solution and S is the molecular weight of the solute.
The different units of concentration considered are outlined in Table 1-3, and
conversions between units are given in Appendix J.

A chemical reaction or equilibrium equation needs to be constructed so that
it is balanced. That is, both the sum of the amount of each element and sum of
charges on the species on one side of a reaction must equal those on the other
side; therefore, the constructed relationship given by the reaction has the same
meaning whether one is talking about a single species or a mole of species. This
is consistent with the law of conservation of mass that states there must be ex-
actly the same mass on both sides of a chemical reaction. For instance, the sol-
ubility reaction for calcite, CaCO3, dissolving in pure water can be written as

[1.34]

where Ca2+, HCO3
−, and OH− are species in the aqueous solution. Both the num-

ber of each element (Ca, C, H, and O) and the sum of the charges (here summing
to zero) are the same on both sides of the reaction. By convention, this reaction
is read from left to right. One can, therefore, state that 1 mole of calcite dissolves
to produce 1 mole of Ca2+ in solution. One refers to the species or entities on the
left as reactants and those on the right as products. A reaction property indi-
cating how much a quantity has changed during a reaction, for example, volume
of reaction, is computed by subtracting the volume of the reactants from the vol-
ume of the products. This is the standard convention: Coefficients of products

CaCO3 H2O Ca2 HCO3 OH

m
1000 M

1000 (M S)

18 Introduction

Unit Definition

Mole Avogadro’s number of “items” = 6.02214 × 1023

Atomic weight Number of grams in a mole of the substance

Molarity 1 mole of “items” dissolved in solution to give a total volume of 1 liter

Molality 1 mole of “items” dissolved in 1 kg of solvent

ppm (weight) 1 part in 106 parts by weight

ppm (volume) 1 part in 106 parts by volume

Concentration unitsTable 1-3
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are taken as positive, whereas reactant coefficients are considered to be negative
in determining reaction properties.

It is equally valid to write the calcite formula as Ca2(CO3)2 so that the cal-
cite dissolution reaction would be

[1.35]

In this case, 1 mole of calcite (Ca2(CO3)2) produces 2 moles of Ca2+. It needs
to be clear how a mole of a phase or species is written when one indicates that
a mole of it is reacting. This becomes important when considering magmas
(see Chapter 8) where the “quartz-like” melt species is considered to be Si4O8;
therefore, it takes 4 moles of SiO2(quartz) to produce 1 mole of the Si4O8 species
in the magma.

Rather than a molar property, such as the molar volume of a solution, one
is often interested in describing a change in a property such as volume with chang-
ing composition of a single component in the solution at a particular molar con-
centration. This is termed a partial molar quantity. For the Zth molar property,
this is typically signified with an overbar and is defined as

[1.36]

where the partial derivative with respect to the moles of component i, ni, is eval-
uated at constant P, T, and constant composition of all of the other nj components
except the ith one. The partial molar property is then the change in that property
when 1 mole of i is added to an infinite amount of the solution in question.

Consider an infinitely large volume of H2O at standard earth surface con-
ditions (25ºC and 1 bar). If 1 mole of water is added to this volume, it increases
by about 18 cm3. This change in volume is then the molar volume of pure H2O.
Suppose instead that 1 mole of water is added to an infinitely large volume of
the alcohol, ethanol. The volume increases by about 14 cm3. This is the par-
tial molar volume of H2O in pure ethanol. There is so much ethanol that each
H2O molecule is surrounded by an infinite sea of ethanol molecules, and this
destroys the open tetrahedral structure of H2O so that the volume increase on
adding the H2O is less. The partial molar volume of water in any composition
of solution is defined as the increase in volume when 1 mole of H2O is added
to an infinite volume of the solution composition considered. This is shown in
Figure 1-7 for H2O–ethanol mixtures. Often, other partial molar properties are
used to describe the nature of solutions. Of particular interest is the partial
molar Gibbs energy of a component in a solution (i.e., how the Gibbs energy of
a solution changes when a mole of the component is added to an infinite amount
of the composition considered). Knowledge of the nature of Gibbs energy awaits

Zi
Z
ni P,T,nj

Ca2 CO3 2 2H2O 2Ca2 2HCO3 2OH

Phases, Solutions, and Concentration Scales 19
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the presentation of the laws of thermodynamics as applied to solutions given
in Chapter 4.

The total volume change on adding a mixture of water and ethanol to a
water–ethanol solution can be determined from a knowledge of the partial
molar volume of both water and ethanol at the concentration of interest. The
total differential of volume is then

[1.37]

where the first term on the right is the partial molar volume of water times the
change in the moles of water and the second term is the partial molar volume
of ethanol times the change in the number of moles of ethanol.

The ideas developed here for treating chemical species in geochemical sys-
tems form the basis for the study of geochemistry. Before chemical reactions are
considered, however, a basic understanding of the gross chemical composition
of the earth and a development of sources of heat energy that drive reactions is
helpful and is introduced in the next chapter.

Summary
Geochemistry is built on models of reality. Models can be either deterministic
or probabilistic (stochastic); however, some deterministic models can lead to
a chaotic system. Models are made of extensive and intensive variables. The
values of these variables are generally given in SI units based on the meter,
kilogram, second, and kelvin; however, ºC is often used in place of K for tem-

dV
V

nwater P,T,n ethanol

dnwater
V

nethanol P,T,n water

dn ethanol
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function of the mole fraction of ethanol in the mixture.
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perature. The pressure unit most often used in geochemical calculations is the
bar because it is nearly equal to atmospheric pressure. There are 105 pascals,
the SI pressure unit, in 1 bar so that the conversion is straightforward. Although
the SI energy unit is the joule, the older unit of calories is still encountered in
many contributions in the literature.

In mathematical analysis of a system, differentials are often used. A differ-
ential is the infinitesimal change in, or slope of, one variable with respect to
another. Partial differentials give this change while holding all other variables
constant. The total differential gives the total change of a function with respect
to all of the variables that affect the function. It is constructed by summing a
series of partial derivative times the change in the variable.

A large number of variables can be important in the construction of a
model to understand a geochemical process. If the three most important com-
positional variables can be summed to give most of the change, a triangular 
diagram can be constructed. These diagrams show relationships between com-
positions where the more of a compositional variable present the closer to its
apex is its location.

Geochemical models are generally described in terms of phases, species,
and components. Solutions encountered can be in gases, liquids, and solids. The
composition of the system can be characterized in terms of mole fractions;
however, parts per million and parts per billion are also used for elements at
small concentrations. In aqueous solutions, the solutes, species that are pres-
ent in small quantities relative to the H2O present, are characterized either in
terms of molarity or molality. The molarity of a given solution changes as pres-
sure and temperature change; molality does not. The partial molar property
of component i is the partial derivative of the property with respect to the num-
ber of moles of i evaluated at constant P and T as well as constant composi-
tion of all of the other components in solution.

Key Terms Introduced

Key Terms Introduced 21

acceleration
Avagadro’s number
component
deterministic chaos
differential
element
ethanol
extensive variable
force
heat energy
ideal gas

intensive variable
kinetic energy
lever rule
Markov process
molality
molarity
mole
mole fraction
nonlinear systems
partial differential
partial molar quantity
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Questions
1. What is a derivative? A partial derivative?
2. List four different kinds of energy. Give a process for turning each to

another kind of energy.
3. What are SI units? What are the basic SI units from which all of the

others can be built?
4. Give the difference between an extensive and intensive variable.
5. What is the difference between ppm by volume and ppm by weight?

Between molal and molar properties?
6. Explain the construction of a triangular composition diagram.
7. What are partial molar properties?

Problems
1. State the property the units are referring to and find the conversion fac-

tors need for the conversion of
a. calories to joules b. bars to pascals
c. μm to km d. cm3 bars to joules
e. m3 pascals to joules

2. In the following list of variables, which are extensive and which are 
intensive?
a. heat capacity b. temperature c. viscosity d. energy
e. number of moles f. molar volume g. mass

3. In thermodynamic models, the chemical components needed to de-
scribe a system must be a minimum. List a minimum set of components
needed to describe the following systems:
a. A rock consisting of Mg-Fe olivine (Mg,Fe)2SiO4 and Mg-Fe 

pyroxene (Mg,Fe)SiO3 both of which display variable concentrations
of Mg and Fe.

b. A rock consisting of variable amounts of quartz (SiO2), enstatite
(MgSiO3), and forsterite (Mg2SiO4).

c. Liquid water containing cubes of ice.

22 Introduction

phase
phenomenological approach
potential energy
ppb
ppm
products
reactants
solutes
solution

solvent
species
state variable
stochastic approach
strange attractor
thermodynamics
total differential
velocity
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4. For reaction 1-1, if a kg of Femetal reacts, what mass of Fe3O4 is produced?
5. What is the molarity of a 2.5 m NaCl aqueous solution of density 

1.05 kg liter−1?
6. What is the molality of an aqueous solution of 114 ppm by weight of

SiO2?
7. A 1000 g aqueous solution contains 10 g of NaCl. The density of the

solution is 1.068 g/ml. What is the molality, molarity, and mole fraction
of NaCl in the solution?

8. Differentiate the functions, y(x), where a and b are constants.

a. y(x) = a + b b. y(x) = 1�ax______
1+x

c. y(x) = eax d. y(x) = 10x

9. Consider function f(x,y) where the differential of f: df(x,y) = (y + 3A)
dx + (A + x)dy. If A is a constant, compute the cross-differentials and
determine whether f could be a state function.

10. Find the total differential of u(x,y,z) where

u =
xyz_______

(x+y+z)

11. The area, a, of a rectangle can be considered to be a function of its
width, x, and length, y; therefore, a = a(x,y) with a = xy. If x and y are
considered to be independent variables and a is the dependent one,
then other dependent variables are the perimeter, p = 2x + 2y, and the
diagonal, d = (x2 + y2)1/2.

Find the values of the following partial derivatives in terms of x, y, a,   
or a numerical value.

a. b. c.

d. e. f.

12. Given that dG = −SdT + VdP, derive the expression

13. Given that dE = TdS − PdV and dA = −SdT − PdV, derive the 
expression

E
V A

T
S
V A

S
T
V A

dG V
G
V T

dV V
P
T V

S dT

p
y x

d
y x

x
y p

p
x y

x
y

d

a
x y
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14. A mass of iron oxide of 1.0 kg is heated in hydrogen gas until it is com-
pletely converted to 0.7 kg of metallic iron. What is the formula of the
iron oxide?

15. Draw an equilateral triangle and label the apexes A, C, and F as in
Figure 1-5. Mark the compositions of A = 70%, C = 20%, F = 10%,
and A = 30%, C = 50%, F = 20% on the diagram as x and y, 
respectively.
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