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PREFACE

In the important fields of hydrogeology and groundwater resources, new
scientific, technical, and legal questions are constantly being posed, and the
resolution of a large number of these problems requires some understanding
of the residence time/age of groundwater. It is now half a century that
groundwater age dating is carried out regularly and forms an important part
of some of the hydrogeological/groundwater investigations. During these years
“egroundwater age” has steadily been coalescing into a potent and much
respected field. The application of groundwater age data, being traditionally
concerned with the flow rate calculation, recharge estimation, and renewabil-
ity of the groundwater systems, has now expanded to include items such as the
calibration of groundwater flow and transport models, the management of dry
land salinity and the study of groundwater pollution. There are now over 20
direct and indirect methods based upon a large number of isotopic and con-
servative tracers to age date young, old, and very old groundwaters with an
age range of a few days to tens of millions of years. In addition, simulation of
groundwater age distributions has recently received considerable attention for
monitoring the quality of groundwater and for predicting the fate of solutes
and contaminants in the aquifer systems.

This important field of knowledge, however, has not received adequate
attention in terms of books published to describe its many aspects. Although
there are a number of scattered book chapters that include limited aspects of
this topic, no single book has so far been produced to include its many fasci-
nating angles in an integrated manner. Our intent is to fill this gap, appropri-
ately presenting a half-century of progress and thus to play an important role
in the further development of this still relatively new discipline. It should act

xiii



xiv PREFACE

as a major reference for any work that includes groundwater age or related
subjects. The book includes a thorough discussion of groundwater age, which
will help the audience fully digest the topic and plan research upon it, and it
will form reference for anyone who has an interest in advanced subjects such
as groundwater tracers. It is the first book devoted solely to this topic.

Groundwater Age is the first book to incorporate and synthesize the entire
state of the art of knowledge about the business of groundwater dating includ-
ing historical development, principles, applications, various methods, and likely
future progress in the concept. It is intended for professionals, scientists, grad-
uate students, consultants, and water sector managers who deal with ground-
water and seek a comprehensive treatment of the subject of groundwater age.
No similar book currently exists. Primary readers include graduate students,
researchers, and university faculties working in water resources, earth sciences,
and environmental studies. It will be useful for advanced undergraduate stu-
dents, consultants, and high school teachers. We have attempted to present
modern knowledge and cutting-edge research in a simple and clear language,
such that it will be of interest to anyone with a passion for new technologies
and modern sciences.

Chapter 1 discusses a variety of concepts and aims to provide essential
definitions of the basics needed in understanding groundwater dating science.
Topics covered in this chapter are wide-ranging and hence they may seem less
coherent and somehow scattered. This is the nature of introductory chapters
of books of any kind. The history of groundwater dating science and the pio-
neers, major contributors, well-known people, worldwide related laboratories,
important publications and theses, and extensively dated aquifers are dealt
with in Chapter 2. Chapter 3 covers a large number of applications and uses
that are made from the groundwater age-data. This chapter is specifically
useful for consulting companies and resource managers. Chapters 1 to 3 are
original and their subjects have not been previously covered in any book. How
to do dating is the subject covered by Chapters 4 to 6. These chapters have
been written with this in mind that for the majority of the dating methods, the
available literature is vast. Even general groundwater textbooks such as
Freeze and Cherry (1979), Domenico and Schwartz (1990), and Hiscock (2005)
as well as a number of public domain websites contain good sections on this
subject. Therefore, age-dating methods are comparatively brief. Each method
could have been expanded into a chapter leading to a larger book, yet not
offering information presently available in the literature. Also, we have in
dating chapters minimized our attention to the hostile parameters such as
mixing, dispersion, and corrections, which are covered in Chapter 7. These
three chapters are considered partially original. Chapter 7 is a mathematical
description of the dating subject, which covers some very recently acquired
knowledge related to age and life expectancy distributions. It discusses the
deficiencies and incompleteness that are associated with reporting a single
value as the age of a groundwater sample. New mathematical approaches are
introduced in this chapter to model age and residence time distributions in
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samples comprising billions of water molecules originating from various
groundwatersheds. Chapter 8 aims to cover stimulating new topics and those
topics that have not been dealt with in other parts of the book, due to the spe-
cialized nature of Chapters 1 to 7. It tries to take the reader beyond the
present-day knowledge and discusses a wide range of issues we hope will
inspire creative thinking about the subject. The last two chapters are also orig-
inal, not available in any book before the present one. Finally, decay curves of
various dating isotopes and some useful information about noble gases and
various measurement units are placed in the appendices. There is much here
to satisfy and stimulate readers!
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INTRODUCTION

The aim of this chapter is to provide the reader with the basic definition of
some of the terms and concepts essential to understanding groundwater age
science. We start with a brief introduction about age and lifetime (in general),
geochronology, and geological time table. We then attempt to clearly define
and illustrate a number of core concepts such as groundwater age, ground-
water residence time, groundwater life expectancy, isochrone map, turnover
time, etc. A table is presented that includes mean residence time of water in
various compartments of the hydrologic cycle, such as in oceans, in rivers, in
the atmosphere, and in groundwater systems. Definition and preparation of
groundwater’s isochrone and life expectancy maps are a short topic followed
by the definition of a large number of terms synonymous to groundwater age
and residence time. It is recommended that the reader starts with the preface
of this book, where a general discussion about groundwater dating can be
found.

1.1 AGE AND LIFE TIME

Every living and nonliving entity on the planet Earth, and indeed within the
entire universe, whether natural or artificial, has a particular age. For example,
an animal has an age, a car has an age, a bolt has an age, a factory has an age,
a tree has an age, a soil particle has an age, a mountain has an age, a road has
an age, and so on. Age for some entities is the length of time that has elapsed

Groundwater Age, by Gholam A. Kazemi, Jay H. Lehr, and Pierre Perrochet
Copyright © 2006 John Wiley & Sons, Inc.



2 INTRODUCTION

since the moment they were created until the present time if they still exist,
that is, if they have not died or have not been transformed into another form
with another name. For instance, the age of a second-hand car is from the year
it was built by the factory until the day one wants to know its fabrication date
to purchase it. For some other entities, the reference date of the age “birth-
day” is not their creation time, but their appearance on the surface of the
Earth. The age of a child, for example, is the time passed since he or she was
born. In this case, the age of the child in question does not include the 9
months’ duration he or she spends as an embryo in the womb.

Similarly, all living and nonliving entities are assigned lifetimes (there is no
single thing that lasts forever). The lifetime is the length of the time between
their birth/creation and their death/demolition. It is, therefore, impossible to
know the lifetime of a person before his or her death. The concepts of
age and lifetime are illustrated in Figure 1.1. For human-made equipment, the
lifetime can be defined as the time interval between its fabrication and the
time it is no longer capable of performing the function it was built to fulfill.
The lifetime of “a bolt” equals the time it was built by the factory until it is
no longer good enough to be used as a bolt, perhaps it is broken or its threads
are not in good shape. One should also be aware of the term “Date” and avoid
confusing it with age or lifetime. Date is usually employed to specify a partic-
ular day; for example, 23 August 1996 is a date. It does not show any particu-
lar age or lifetime. Some other particulars are associated with the age and
lifetime of humans. These are place of birth, place of death, and place of burial.
Not all these are applicable to, or important for, entities other than human
beings.

77777777777777777777777 °- Teenage
7777777777777777 Child
—A_g_C_ Infant
Figure 1.1. Human age and lifetime. Note that lifetime is only one number for each
person, but age varies depending on the date we want to know it. In other words, each
person has many ages but one lifetime. Also note that terms like “infant,” “child,” and
“young” are semiquantitative ages.
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1.2 AGE DETERMINATION IN GEOLOGY (GEOCHRONOLOGY)
AND IN OTHER DISCIPLINES

Hydrogeology and groundwater are primarily a branch of geology and Earth
sciences; hence a brief overview of the field of age-dating in geology needs to
be initially presented. Attempts to determine the origin of Earth, a topic of
interest for many scientists, for common people, and for philosophers, started
with the beginning of civilization (Ringwood, 1979). However, it was not until
the late 17th and early 18th centuries that observation-based knowledge led
Abraham Werner, James Hutton, and especially William Smith to lay the foun-
dation of the historical geology (Kummel, 1970), a branch of geology that dis-
cusses the age and history of the Earth. Despite the long history of intensive
research, the precise age of the Earth is still a topic of intense discussion
(Dalrymple, 1991). It is now estimated to be over 4.5 billion years (Faure,
2001). Further, considerable uncertainty surrounds the age of the universe,
which recent estimates put at between 11.2 to 20 billion years (Krauss and
Chaboyer, 2003). Geochronology is the title of the discipline that deals with
age-dating of the Earth, rocks, minerals, and perhaps rocks of other planets.

Age-dating also has a long history in archeology and in many other fields
such as estimating the age of various materials like woods, trees, glasses, wines,
etc. See, for example, Wagner (1998) and Arnold and Libby (1951). A large
number of methods based upon physical, biological, and chemical principles
have been developed for this purpose. In fact, estimating the age of people is
also a recognized expertise and is required in some criminal investigations, in
estimating the age of a vehicle’s occupant mainly for complying with children’s
safety requirements (e.g., Moeller, et al., 2002), in determining athletic eligi-
bility (whose official reported age is in doubt) to play in some categories of
sports (e.g., for playing for the FIFA World Youth Championship), in identi-
fying young people who are in the age range of compulsory military service
but have not done it, an exercise called Nazar Begiry (summoning by obser-
vation) in Iran, and in doing much more.

1.2.1 Absolute Age and Relative Age

In historical geology, two equally important concepts are the key to evaluat-
ing the issue of timescale in geological processes and stratigraphy. These are
absolute age and relative age. Absolute age is the age of a rock sample, a
stratum, or a geological formation (in numbers) that has been determined, in
most cases, using radiometric decay principles. Absolute age is usually
reported as a number, e.g., 20.6 million years, 128 million years, etc. On the
other hand, the relative age of a geological stratum is inferred by its position
in the stratigraphical sequence or its relation with a particular geological struc-
ture. The principles of stratigraphy (such as superposition), tectonics, and
structural geology are employed to obtain the relative ages of various geo-
logical entities. Relative age is reported with terms like younger or older than
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a particular age, that is, relative age studies do not yield a specific age number.
They indicate whether a particular geological formation or a geological event
is older or younger than another one. For instance, Permian is above, and
therefore younger than Carboniferous, but this tells us nothing about the age
or the duration of either of these two periods.

1.2.2 Determination of Absolute Age of Rocks

A large number of well-established methods are now in place to age-date
rocks as the main material constituting the Earth. These techniques, extracted
from Attendorn and Bowen (1997), are listed in Table 1.1. They were initiated
earlier than groundwater dating methods, at the beginning of the 20th century
by Arthur Holmes (Holmes, 1913), because of the much greater interest in,
and more importance of, knowing the age of the Earth as a whole. All methods,
with the exceptions of fission track and thermoluminescence techniques, are
based on the radioactive decay principle. The radioactive methods either
measure the remaining of a specific disintegrating radioactive element
(carbon-14 method, for instance) in the rock sample or count the daughter
product of a radioactive reaction and compare it with the concentration of the
parent element (potassium-argon dating, for example). Fission track dating is
based on the amount of the densities of tracks created by spontaneous fission
of uranium-238 in a rock sample. The thermoluminescence method is based
on the emission of light from the samples as a result of heating.

1.2.3 Geological Time Table

Relative ages and absolute ages obtained by geologists during the last two cen-
turies for worldwide rock formations have helped to construct what is called

TABLE 1.1. Various Techniques for Dating Rock Samples

Ionium (*°Th) dating of deep-sea sediments 870s/"®Os dating

B4U-28U secular equilibrium dating of carbonates  Tritium dating

PTh-28U and *°Th-**U dating I-Xe dating

Uranium-Xenon dating La-Ce dating
Uranium-Krypton dating Lu-Hf dating
Rubidium-Strontium dating *Mn dating

Potassium-Argon dating *Ni dating

Argon-Argon dating Po-Pb dating

0Th-*'Pa dating K-Ca dating

Carbon-14 dating Re-Os dating

Sm-Nd dating Y7Cs/"*Cs-A chronometer tracer
870s/!%°Os dating 81Kr dating

Fission track dating Thermoluminescence technique

Source: Attendorn and Bowen (1997).
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the geological time table. The geological time table, also referred to as the geo-
logic column or geologic time scale, is regarded as a founding block of geology
and shows the sequence of geological formations in order of decreasing age.
As illustrated in Table 1.2, younger formations are on top and older ones are
at the bottom of the table. Timescale in geology is very large; hence geologists

TABLE 1.2. Geological Time Table (Extracted with Some Modifications From
Websites—See Footnote)

Era Period, Mya Distinctive characteristics
Cenozoic- Holocene, 0.01-present  The last major ice age ends and the
Quaternary sea level rises by 80-110m.

Cenozoic-Tertiary,
66.4-1.6 Mya

Mesozoic,
245-66.4 Mya

Paleozoic,
540-245Mya

Precambrian,
3960-590 Mya

Azoic
4500-3960 Mya

Pleistocene, 1.6-0.01

Pliocene, 5-2

Miocene, 25-5

Oligocene, 38-25
Eocene, 55-38

Paleocene, 65-55

66.4-65

Cretaceous, 144-66.4
Jurassic, 208-144
208

Triassic, 245-208

248

Permian, 286-245
Carboniferous, 360-286
367

Devonian, 408-360
Silurian, 438-408

438

Ordovician, 505-438
Cambrian, 540-505

Proterozoic, 2500-540
Archean, 3960-2500

Ten major ice ages of 100ky each.
Last ice age from 100kya to 10kya.
Continued uplift and mountain
building, extensive glaciation in
N. Hemisphere.

Moderate climate; extensive
glaciations begins again in
S. Hemisphere.

Rise of Alps and Himalayas.

Australia separates from Antarctica;
India collides with Asia.

Mild to cool climate. Wide, shallow
continental seas largely disappear.

Extinction of dinosaurs

Mass extinction

Mass extinction

Mass extinction

Mass extinction

Planet forms

Modified after http://www.seafriends.org.nz/books/geotime.htm.

Mya = million years ago. Kya = thousand years ago.
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use a finer division of eras, periods, epochs, and ages to differentiate among
various stages of the geological time table. Note that the starting and ending
ages of various temporal divisions (eras, periods, etc.) in Table 1.2 have some
uncertainty, increasing toward earlier times. This is why age values shown here
are slightly different from the values of a recently prepared geological time
scale by Gradstein et al. (2004), which may be considered as the latest version.
Although the geological time table was proposed long ago by Holmes in 1913,
books and papers are still being written about it, revising and fine-tuning the
boundary and age range of different times (e.g., Gradstein et al., 2004; Geyer
and Shergold, 2000). It should be noted that in the hydrogeological time scale,
we deal primarily with the uppermost section of the geological time table,
namely Quaternary.

1.3 GROUNDWATER AGE AND GROUNDWATER
RESIDENCE TIME

A large number of terms and phrases in the groundwater literature all repre-
sent the age and lifetime of a groundwater molecule. Throughout this book,
we try to use only two terms that are most common and well established:
groundwater age and groundwater residence time. Some other terms, briefly
touched upon at the end of this chapter, more or less reflect the same meaning
and have been employed or invented by the researchers to describe the subject
in a more relevant manner, and in a more familiar language, to their specific
research in hand.

Groundwater age is defined as the amount of time that has elapsed since a
particular water molecule of interest was recharged into the subsurface envi-
ronment system until this molecule reaches a specific location in the system
where it is either sampled physically or studied theoretically for age-dating.
On the other hand, groundwater residence time is the time it takes for parti-
cles of water to travel from the recharge area to the discharge area of the
aquifer (Modica et al., 1998). It is the time interval between infiltrating into,
and exfiltrating out of, the subsurface media. By this definition, what most
researchers measure is the age of groundwater, not its residence time. One
could also suggest that groundwater age is the groundwater residence time,
but only at the discharge area (i.e., at the discharge area, groundwater
age equals groundwater residence time). Groundwater age and groundwater
residence time are comparable to the age and lifetime of a person, respec-
tively. These are illustrated in Figure 1.2. It should be noted that some
researchers confuse these two concepts by not clearly differentiating between
them. It is also extremely important and necessary to point out here that the
groundwater ages we measure by various methods as described in the later
parts of this book are not necessarily identical to what we have defined here.
The reasons for such a general statement include, but are not limited to, travel
time of water in the unsaturated zone, uncertainties in the available tech-
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Figure 1.2. (a) Groundwater age and groundwater residence time. (b) Groundwater
residence time.
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niques, flow and transport complexities and mixing phenomena, difficulty in
obtaining representative data, the common problem of hydrogeology “het-
erogeneity” and the fact that most isotopes used for age-dating are not part
of the water molecule; rather, they are solutes. These are better explained as
we proceed in the book. This is why some references, in order to reflect on the
uncertainties involved, refrain from using terms like “groundwater age” and
prefer “mean residence time of groundwater” instead (Clark and Fritz, 1997).

Based on the preceding definition, the date of birth of a groundwater mol-
ecule (age zero) is the date in which the water molecule enters the subsurface
media through the infiltration process. In other words, by entering into the
ground, water molecules become groundwater; before that, it is water, that is,
it belongs to surface waters. Hence, day one of the life of a groundwater mol-
ecule is its very first day in the subsurface environment. The place of birth of
groundwater is usually the recharge area of the aquifer, or simply any loca-
tion on the Earth’s surface where water molecules are provided with the
required conditions to infiltrate into the ground. Groundwater molecules die
when they leave subsurface environments through various means such as
direct discharge, evaporative discharge, or abstraction in wells. Commonly,
groundwater discharge areas are the place of death of groundwater molecules,
that is, groundwater is no longer groundwater when it reaches a discharge area;
it becomes a water molecule again. Terms like rebirth or regeneration may be
more appropriate (compared to death) for describing such situations. One may
also refer to groundwater abstraction by a pumping well as a premature death
for the groundwater molecule.

A Few Points About Groundwater Age and Groundwater Residence Time
Some researchers (e.g., Metcalfe et al., 1998) differentiate among solute, or
tracer, residence time and groundwater residence time. Solute residence time
is the amount of time the solute in question resided in the groundwater system.
In contrast, groundwater residence time is the amount of time the flowing
groundwater molecules resided in the groundwater reservoir (aquifer). These
two residence times may be fairly different in cases of tracers submitted to
degradation or absorption processes.

Relatively recent researchers (Goode, 1996; Etcheverry and Perrochet,
2000; Bethke and Johnson, 2002) have added a new dimension to the concept
of groundwater age. They explain that groundwater age is an intrinsic prop-
erty of the groundwater molecule, like other parameters such as electrical con-
ductivity, EC, and temperature. This means that age and groundwater are not
two separable components. The reason is that water starts aging from the first
day it enters the subsurface. This means it is impossible to find a single mole-
cule of groundwater that has no age. As soon as a water molecule enters the
subsurface, it becomes groundwater and it has an age. It is easy to understand
this concept if we compare the groundwater age with the groundwater EC.
Pure rainwater infiltrating into the subsurface ground has a very low, or in
some circumstances zero, EC. As soon as it enters the ground, its EC start to
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increase. Age is similar. Before entering the subsurface, a groundwater mole-
cule has no age. After entrance, it starts aging.

1.3.1 Young, Old, and Very Old Groundwaters

As far as age is concerned, in this book we divide groundwaters into three dif-
ferent age groups: young, old, and very old. This type of grouping has been
previously used in the literature, but in a noncohesive and scattered form.
Some textbooks divide groundwaters into modern and old (Clark and Fritz,
1997); others place all dating methods into one group with the exception of
those methods suitable for very large timescales such as helium-4 (Mazor,
2004); a large number of papers have introduced and dealt with young ground-
waters (Cook and Solomon, 1997; Schlosser et al., 1998; Busenberg and
Plummer, 2000), and a few others have dealt with very old groundwaters
(Bentley et al., 1986b; Frohlich et al., 1991; Bethke et al., 2000). Therefore, all
three different groundwater groups we are proposing in this book have
appeared in previous publications in one form or another. The term young
groundwater is now a widely established one, which most if not all specialists
agree on. Dating young groundwater has also received wider attention and
application, especially during the past 15 years. Quite recently, very old
groundwaters have gained increasing attention, and new methods to date them
are increasingly being developed (e.g., Sturchio et al., 2004; Lehmann et al.,
2003). As an additional note, Back (1994) divides the aquifers, based on the
reaction time to various stresses, into three categories: aquifers with reaction
time of 100s to 1000s of years; those with 10s to 100s of years; and those with
1 to 10s of years. These three correspond to regional, local, and site in terms
of space scale.

The range of ages covered by available dating methods is the key criterion
in differentiating among and classifying various age groundwaters. Young
groundwaters can be dated using techniques whose dating range extends from
less than a year to about 50 or 60 years—post-thermonuclear bombs or CFC-
free groundwaters. Old groundwaters can be dated with methods whose range
is between 60 to 50,000 years. Finally, very old groundwaters can be dated using
techniques whose coverage ranges from 50,000-100,000 years to more than a
few tens of millions of years. These categories of groundwater dating methods
are discussed in Chapters 4, 5, and 6, respectively. [The hydraulic age method
(Section 1.6.2), calculating the age of groundwater based on Darcy’s law using
measured hydraulic gradients, effective porosity, and hydraulic conductivity, is
a method by which we can date groundwater of all ages. It is hence treated
separately. However, such a technique is not generally considered as a dating
method. Similarly, the use of computer codes to simulate the distribution of
groundwater ages of all ranges in various parts of an aquifer is dealt with in
Chapter 7.]. It is generally accepted in the scientific community that there is
no age technique to satisfactorily date groundwaters whose age is in the range
of 60-200 years. This is what some references refer to as the age gap. However,
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as will be shown in later chapters, the techniques for this age range exist, but
due to technical inadequacies have not been applied extensively.

In our system of classification, there is a resounding similarity between the
upper limit of young groundwaters (about 50-60 years) and the current
average life expectancy of humans, which is circa 63.8 years (World Fact Book,
2001). The lower and upper age boundaries of the three classified groups of
groundwaters are not sharp. The margin of blurriness increases toward older
groups. No surprise; this is very similar to age categories for humans, where
we have infancy, childhood, and adolescences. The boundary between any two
of these is not quite sharp. Childhood may start at 2 or 3 years of age; the start-
ing age of adolescence may vary from 8.5 to 17 years (http://www.ship.
edu/~cgboeree/genpsychildhood.html from C. G. Boeree, e-book, general
psychology). The age range in each division varies depending on gender, race,
geographical position, and living conditions. In spite of these large variations
and discrepancies, these classifications are made because some usage is made
of this practice. It is easier to study the behavior of a few children and then
generalize these behaviors to other children within the same category. A
similar rationale applies to groundwater. One can study the characteristics of
a specific age groundwater, say a few 20-year-old groundwater samples, and
make some useful generalizations that are equally applicable to other ages in
the same range, e.g., for 10-year-old and 40-year-old groundwaters. For
example, a 20-year-old groundwater is similar to a 40-year-old groundwater as
far as recharge and susceptibility to contamination are concerned.

1.3.2 Dead Water and Active Water

The total volume of world groundwater resources is about 23 x 10°km®
(Gleick, 1993). About 4-8 x 10°km’of this is in the form of active ground-
water that circulates continuously within the hydrologic cycle (Freeze and
Cherry, 1979; Gleick, 1993). The rest is sometimes referred to as dead water.
Dead groundwaters include connate water (water entrapped in the sediments
during deposition), magmatic water (water contained within magmas deep in
the Earth), metamorphic water (water produced as a result of recrystalliza-
tion during metamorphism of minerals), and marine water (seawater intruded
into coastal aquifers). Dead water also refers to stagnant waters in isolated
envelopes in deep regional aquifers that are not in full hydraulic connection
with the surrounding groundwater (Mazor and Native, 1992). They may inflict
substantial errors when calculating the hydraulic groundwater ages of these
aquifers. With regard to groundwater dating, active waters are of greater inter-
est because they are the main source of water used for various purposes.
Further, it is as yet not possible to date some of the dead waters although they
have an age. A recent reference (Mayo et al., 2003, page 1456) characterizes
active and inactive groundwater zones (which corresponds to active and dead
water) as
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Active zone groundwater flow paths are continuous, responsive to annual
recharge and climatic variability, and have groundwater resident times “ages”
that become progressively older from recharge to discharge area. In contrast,
inactive zone groundwater has extremely limited or no communication with
annual recharge and has groundwater mean residence times that do not pro-
gressively lengthen along the flow path. Groundwater in the inactive zone may
be partitioned, occur as discrete bodies, and may occur in hydraulically isolated
regions that do not have hydraulic communication with each other.

In spite of this description, one could argue that, comparatively, in a very long
time scale such as what we deal with in a geological one, there is no inactive
groundwater system.

1.3.3 Age Gradient

Age gradient shows the rate of increase in the age of groundwater with depth
(or distance), e.g., 3 year/m or 100 year/m. It is similar to any other gradient
such as the geothermal gradient, which depicts the rate of increase in the
Earth’s temperature with depth. Age gradient is the inverse of the flow veloc-
ity and can be used to calculate the recharge rate of an aquifer if the specific
porosity is known. The recharge rate is equal to specific porosity divided by
the age gradient (recharge rate = specific porosity/age gradient). In such a case,
steeper age gradient indicates a lower groundwater recharge. A horizontal age
gradient may also be introduced to portray the rate of increase in the age of
groundwater along its flow path. In such a case, a steeper age gradient reflects
slower groundwater velocity.

1.3.4 Age Mass

The age mass concept was introduced by Goode (1996). The product of
the mean age of a groundwater sample with its mass is called the age mass
(Equation 1.1):

Age mass = age X density X volume

An =AxpxV (1.1)

The unit of age mass would, therefore, be year xm?® x kg/m* = year kg. The idea
of age mass is to show that for groundwater samples with many fractions of
different ages, the average of ages may be misleading, and what is crucial and
should be counted is the average of age masses. The age mass of a two-
component groundwater mixture is A; X V| X p; + A, X V, X p,. If the density
of water is taken as constant (hence removed from the equation) the mean
age of such a mixture is calculated by the volume weighted average, e.g.,
Equation 1.2:
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A= AV + AV,

1.2
T (1.2)

For example, if 1kg of a 20-year-old groundwater mixes with 2kg of a 40-year-
old groundwater, the resulting mean age would be 3kg of 33.3-year-old
groundwater. In terms of age mass, the mixture would be a 100kg-yr age mass.
If 1 liter of a 200,000-year-old water mixes with 2,000 liters of 10-year-old
water, the mean age and the age mass of the mixture would be

0.001m? x 200,000 years + 2m? x 10 years
0.001m’ +2m’

Age mass = 220,000 kg-year age mass

Mean age = =109.95 years old

1.3.5 Mixing, Dispersion, and Transport of Groundwater Age, Mean Age,
and Distribution of Ages

All of the above terms and phrases are used to express a more or less similar
issue.

Mixing Asshown in Figure 1.3(a),a groundwater sample may contain waters
that have originated from various recharge areas and input points. The result
of such a situation is a sample that consists of many fractions with different
ages. This phenomenon is referred to as mixing and represents a—if not the—
major challenge to age-dating practice.

Dispersion and Transport of Groundwater Age The dispersion and trans-
port of groundwater age have a role similar to mixing. Age is a groundwater
property associated to the moving fluid particles. As suggested by the concepts
of age mass (Goode, 1996), age is therefore submitted to the various processes
governing mass transport in aquifers, such as advection, dispersion, and mixing.
When these processes are active, the age of a groundwater sample cannot be
a single number, because the sampled mixture may consist of numerous frac-
tions with different ages. In fact, dispersion and transport of groundwater age
fulfill the same function as mixing, but at a microscale level. As discussed by
Weissmann et al. (2002), based on field experiments, the variance, or the dis-
persion, of groundwater ages (or residence times) is primarily due to hetero-
geneous groundwater velocities and hydrodynamic dispersion.

Mean Age and Distribution of Ages In a groundwater sample, there are bil-
lions of groundwater molecules. In a well-mixed groundwater system, any one
of these molecules may have its own distinct particular age. The ages present
in the sample are therefore described by a statistical distribution, yielding the
frequency of occurrence of one given particular age in the sample. Mean age,
or the age measured by isotopic and chemical methods, is practically the
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average of ages of all molecules in the sample. Statistically speaking, mean age
is the first moment (i.e., the average) of the age distribution. Many different
age distributions may indeed result in the same mean age. Understanding the
type of statistical age distribution of various ages in a groundwater sample is
a must if one has to describe the age of a given sample. This can only be done
by simulation through mathematical models. In situations where groundwater
flow can be modeled accurately, the first moments (e.g., mean, variance, and
skewness) of the age or residence time distributions can be simulated with
temporal moments equations of the advective-dispersive type (e.g., Harvey
and Gorelick, 1995; Varni and Carrera, 1998). Other recent mathematical
approaches combining advective-dispersive equations and the reservoir
theory (Etcheverry and Perrochet, 2001; Cornaton and Perrochet, 2005) yield
the full age distributions at any point of an aquifer and the residence time dis-
tributions at its outlets in a deterministic manner. Depending on the flow con-
figurations, groundwater age distributions can either resemble a standard
functional (such as singular, uniform, exponential, normal, etc.) or be of a more
complex shape, as is generally the case when groundwater moves through large
and deep heterogeneous formations. For example, at a spring producing
1000 L/s, of which 999L/s have an age of 1y and 1L/s has an age of 100,000y,
isotopic measurements would indicate an average age of 101y. Without the
knowledge of the actual age distribution, which in this case is bimodal-
singular, the above average age would be particularly misleading since 99.9%
of the spring discharge is 1 year old. The notions of residence time distribu-
tion and mean age at an aquifer outlet are illustrated in Figure 1.3(b) repre-
senting an aquifer as a collection of flow tubes associated to the flow paths
from the recharge zone to the discharge zone. As mentioned, the distribution
of groundwater ages at an aquifer outlet (i.e., the distribution of residence
times) is a function of the organization of the flow paths inside the aquifer,
each flow path yielding one specific age, as well as one specific discharge at
the outlet. The mean residence time at the outlet is therefore an average of
each specific age weighed by the corresponding specific discharge.

1.3.6 Average Residence Time of Water in Various Compartments of the
Hydrologic Cycle

Mean residence time of water molecules in different compartments of the
water cycle are presented in Table 1.3. The largest variability is associated with
groundwater residence time. This is further highlighted when we add to
Table 1.3 the 20,000-year average residence time of groundwater estimated by
Fitts (2004). This shows that calculating the residence time of groundwater is
a complicated process and requires intensive research and a variety of tech-
niques. The residence time of surface waters in a watershed is partly similar
to the residence time of groundwater and has received considerable attention
recently (Rodgers et al.,2004; McGuire et al.,2005; Aryal et al.,2005). A water-
shed residence time is already short (in the order of weeks), so there is no
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TABLE 1.3. Mean Residence Time (R,) or Residence Time Range of Water in
Various Compartments of the Hydrologic Cycle

Reservoir R, (Langmuir, 1997) R, (Freeze and Cherry, 1979)
Oceans 3,550 years ~4,000 years

Ice caps and glaciers 10s-1,000s years 10-1,000 years

Lakes and reservoirs 10 years ~10 years

Groundwater 1,700 years 2 weeks—10,000 years
Rivers 14 days ~14 days

Atmosphere 11 days ~10 days

Water in the biosphere ~7 days

Swamps 1-10 years

Soil 14 days-1 year

need to propose watershed age, which could potentially be a fraction of the
watershed residence time.

1.3.7 Event Markers

Tracers used in dating groundwaters are sometime classified into three groups:

1. Clocks or radioactive tracers: These decay radioactively in the sub-
surface, e.g., ¥Kr. Half-life, 7)s, the time it takes for half of the atoms to
decay, mean life (#,5/In2), and decay constant, A, (In2/fs) are principal
specifications of these tracers used in age-dating calculations.

2. Accumulating tracers: These increase in concentration in the subsurface
environment as time goes by, e.g., ‘He.

3. Signals or event markers: These are used for dating young groundwaters
only and are further described ahead.

Event markers are defined as the distinct signatures of some human activities
on the environment that can represent a specific time. These are mainly the
results of either nuclear or industrial activities. Event markers may also be
referred to as historical tracers or slug tracers (Cook and Solomon, 1997). Some
processes in the saturated and unsaturated zones such as diffusion, dispersion,
mixing, and radioactive decay (in some cases) blur the results obtained from
the study of the event markers in the groundwater system. Important event
markers and some of their characteristics are shown in Table 1.4.

1.3.8 Hydrogeochronology, Interdisciplinary Groundwater Age Science,
and Hydrologic Time Concept

It has been suggested to refer to the groundwater age-dating practice as
“hydrochronology” (Cook and Bohlke, 2000) as an analogy to “geochronol-
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TABLE 1.4. Event Markers and the Related Information (Compiled Based on
Various Sources)

Event marker Production Present status Remarks
Start  Peak
CFCs' 1930 1992 Decreasing Worldwide impact
SF¢ 1953 1996  Increasing Worldwide impact
Bomb tritium 1951 1963  Almost diminished Some lag time for
Southern
Hemisphere—

worldwide impact
Bomb Chlorine-36 1952 1957  Almost diminished Mostly local impact
Bomb Carbon-14 1955 1964  Almost diminished Mostly local impact

HCFCs 1980 1995- Increasing
1996
Chernobyl accident® 1986 Diminishing Local impact
Krypton-85 1952 1985, Increasing North America, Europe,
1989* Russia

! Concentration of some species still continues to rise.

* Some references put it at late 1980s (e.g., Montzka et al., 1999).

* Released up to 3 Exa Bq of activity into the atmosphere, mainly *’Cs and “Sr (see UNESCO,
1992).

* Based on measurements in Belgium (Clerk et al., 2002)—worldwide concentration is still rising.

ogy,” which deals with age-dating of rocks. This terminology may not be quite
correct because in groundwater age-dating, only the dating of groundwater
samples is of concern. Hydrochronology has a wider arena and can cover
dating of any type of water such as river water, rainwater, lake water, some
of which are already under intense investigation in fields other than ground-
water science. For instance, determination of residence time in Lake Bled,
Slovenia, was a major project of the International Association of Tracer
Hydrology in early 1990s (Leibundgut and Zupan, 1992). Further, residence
time of surface water in lakes and in watersheds is equally attracting attention
from hydrologists (e.g., Kumar et al., 2000; Sakaguchi et al., 2005). Therefore,
terms such as “groundwater chronology,” “hydrogeochronology,” or “ground-
water age science” may be more focused and more appropriate. Future
researchers may choose any of these terminologies or create one of their own.
Dating groundwater is primary related to the field of Earth sciences. Fields
such as geochemistry, hydrogeology, and groundwater hydrology have the
most immediate connection with groundwater dating. Some other disciplines,
however, also have close ties with groundwater dating. For examples, physical
principles are the fundamental of groundwater dating because isotopic dating
is based upon radioactive decay. For this reason, physics institutes and physi-
cists have been involved in groundwater dating from the beginning. A number
of groundwater modelers have also researched in this field, which has resulted
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in the knowledge presented in Chapter 7. Therefore, one could argue that
groundwater age science or hydrogeochronology is an interdisciplinary
subject.

Through a philosophical discussion, William Back (1994), a pioneer in the
fields of groundwater and hydrogeology, argues that measurement of short
intervals of time and water, are coeval events and commenced about 6,000 Bc
in Mesopotamia. He believes that early short-interval measurements of time
were perhaps undertaken for hydrological purposes, most likely to measure
the volume of water for scheduling farmer irrigation water. Similarly, Marks
(2005) believes that for the greater part of the human history, time was cal-
culated through the use of “water clocks.” Therefore, the hydrologic time
concept can be regarded as a historical-philosophical issue that extends far
beyond the present-day hydrogeochronology or hydrochronology terms we
propose here.

14 LIFE EXPECTANCY

The term life expectancy was first introduced in the groundwater literature by
Etcheverry (2001). It shows the amount of time left before a “presently”
groundwater molecule leaves the aquifer, reaches the discharge point, and
ends its journey in the subsurface environment. In other words, how long will
it take for a current groundwater molecule to become a plain water molecule
again—to die, to be reborn, that is, for how many more years will a ground-
water molecule remain a groundwater molecule? More clearly, life expectancy
is the time taken by a groundwater molecule somewhere in the aquifer to leave
the system and become a surface water molecule again. Figure 1.4 shows the
life expectancy concept. By this definition groundwater residence time =
groundwater age + groundwater life expectancy, and on recharge areas life

May your soul rest in peace

Figure 1.4. Life expectancy concept.
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expectancy equals the residence time. In the definition of life expectancy the
assumption is that the flow of groundwater is under natural condition and
there is no artificial withdrawal. Production from the aquifers significantly
reduces the life expectancy of the groundwater molecules. No chemical or
physical method exists to measure the life expectancy of a groundwater
sample. Such information can only be obtained mathematically based on
groundwater flow models with reverse flow fields.

1.5 ISOCHRONE AND LIFE EXPECTANCY MAPS

First of all, it should be pointed out here that in the scientific literature,
“isochrone” is also written as “isochron,” without the “e” at the end. For
example, see page 332 of Appelo and Postma (1999) and page 69 of Dickin
(1995). Throughout this text, the isochrone version is adapted. Also, strictly
speaking, isochrone means iso-time, not iso-age. However, here it is treated (as
in the literature) as iso-age.

Isochrone maps depict the age of groundwater in various parts of the
aquifer through age contour lines (Figure 1.5) similar to a topography map
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Figure 1.5. Isochrone map of the Infra-Molassic Sands aquifer, Southern Aquitaine
Basin, southwest France (Modified after Andre, 2002). This map was prepared using
“C and tritium ages, as well as hydrogeological interpretation. The groundwater flow
is both northward and westward, and geological structures, not shown here, play a
significant role in the chemical and isotopic composition of the groundwater.
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where elevations of the Earth’s surface are shown by means of elevation con-
tours. They can be constructed if all other classical maps of the aquifers such
as transmissivity map, water level map, and base of aquifer map are available.
Life expectancy maps illustrate the same concept but in the reverse direction,
where, zero time is at the aquifer discharge area/outlet. One such map for the
unconfined Superficial Aquifer of Perth is shown in Figure 1.6. As stated, to
prepare the isochrone or life expectancy maps, a variety of other maps and
information are required, including

1. Saturated thickness of the aquifer, which is prepared by overlaying water
table contours over the base of the aquifer contours and subtracting base
of aquifer elevation from water table elevation;

2. Hydraulic conductivity of the aquifer, which is prepared by overlaying
transmissivity contours over saturated aquifer thickness, i.e., item 1
above, and dividing transmissivity by the thickness;

3. Hydraulic gradients in the aquifer, which is calculated by dividing water
table elevation contours to the contour spacing interval; and

4. Effective porosity (specific yield) of the aquifer, which is estimated by
analysis or by searching the literature for values for similar types of
material.

Using the above maps and the effective porosity values, the pore velocity of
groundwater in different parts of the aquifer is deduced from Darcy’s law by
v = KI/6, where v is the pore velocity, K is the hydraulic conductivity, / is the
hydraulic gradient, and 6 is the specific yield of the aquifer. The life expectancy
of groundwater at the point of interest is calculated by 7= L/v, where T is the
life expectancy and L is the distance from the discharge area of the aquifer.
The age of groundwater is calculated in a similar manner with the exception
that L is the distance of the point of interest from the “recharge area” of the
aquifer.

1.6 SOME GROUNDWATER AGE-RELATED TERMS

As we stated, a large number of terms have been invented and employed to
address the issue of timescale in groundwater science, or more simply the age
of groundwater. Some of these terms were in place before the “age” concept,
but some were introduced afterward. Most of these are used in other sciences
and disciplines, but a few are specific to groundwater.

1.6.1 Isotopic Age, Radiometric Age, and Decay Age

Isotopic age is the age measured by various isotopic methods; but one may
also use it to highlight the difference between the true age of the groundwater
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Figure 1.6. Life expectancy map of the Superficial Aquifer, Perth, Western Australia
(modified after Kazemi et al., 1998a). Note that in the original paper, this map was
called an isochrone map, which, although incorrect, is not vastly different.
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molecule and the age derived on the basis of isotopic decay principles. These
two, isotopic age and true age, may be different because the isotopes used to
measure the age of groundwater are not part of the water molecule (exclud-
ing tritium). Radiometric age is similar to isotopic age but involves exclusively
radioactive isotopes, that is, it does not include ages determined using ‘He,
CFCs, stable isotopes of water, and other stable environmental isotopes.
Similar to radiometric age, decay age is derived on the basis of radioactive
decay. Isotopic age assumes that tracers and solutes dissolved in the ground-
water move with the same velocity of the water molecule, which is not always
true. For instance, Rovery and Niemann (2005) have shown that solutes may
travel up to 10 times slower than pore water molecules if the aquifer is
nonhomogeneous and the flow is transient. Such a large difference still has to
be proved, but it is thought to be possible because the steady and the tran-
sient flow behave differently with respect to heterogeneity in the 3D flow
systems.

1.6.2 Hydraulic Age

Based on Darcy’s law and using measured hydraulic gradients, effective poros-
ity, and hydraulic conductivity, we can calculate the age of all groundwaters,
from young to very old. Here we present a brief overview of some of the for-
mulas to calculate hydraulic age. In an aquifer with horizontal flow and no
recharge along the flow line, such as a confined aquifer, the age of ground-
water at any point along the flow line equals distance from the recharge area
divided by the velocity of the groundwater. In an unconfined aquifer with
uniform recharge and constant thickness, hydraulic age, T, at any depth below
the water table, Z, can be calculated by Equation 1.3. The mathematical pro-
cedure to arrive to such an equation is explained in Chapter 7, but the base is
the Darcy law.

Ho H
T=—In—— Vogel, 1 1.
R H(H—Z) (Vogel, 1967) (1.3)

where H and 0 are the aquifer thickness and specific porosity, respectively, and
R is the recharge rate. For example, if the recharge rate to a 40-m-thick aquifer
with a specific porosity of 0.1 is S0mm/year, then the groundwater age at the
depth of Sm below the water table would be

T 40x0.1 ln( 40
0.05 40-5

): 80x1In1.14 =10.8 years

To solve Equation 1.3, the challenging task is the estimation of the recharge
rate. For other, more complicated (natural) aquifer configuration, a number of
equations have been developed in Chapter 7; also Cook and Bohlke (2000) is
a good reference in this regard. The simplest situation—for an unconfined
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aquifer whose thickness increases downgradient—Equation 1.3 changes to
Equation 1.4:

)
R

T (1.4)

In practice, we use Equation 1.4 to calculate recharge rate using groundwater
age data, not vice versa.

1.6.3 Piston-Flow Age, Streamtube Age, and Advective Age

These terms are all synonymous and assume that groundwater molecules
move by advection only, that is, their displacement is only governed by the
overall velocity field; other transport processes such as hydrodynamic disper-
sion, molecular diffusion, and mixing are insignificant or absent. As shown in
Figure 1.7, following this approach, the groundwater molecule travels steadily
from the recharge area of the aquifer to the discharge area as an isolated
parcel, with minimal turbulence and without any interference and exchanges
with the surrounding molecules across the flow path. In such a situation, the
age of any groundwater molecule only depends on the evolution of the pore
velocity along a given flow path, or within a given flow tube, and ignores
groundwater age evolution in its vicinity. It equals the distance from the
recharge point (the length of the flow path) divided by the groundwater flow
velocity.

In nature, there are not many instances where piston, streamtube, or advec-
tive flow theory conditions are fully met. However, several studies have shown
that approaches of this kind often yield a good approximation of groundwater
flow through deep, unsaturated zones (Zimmerman et al., 1966) and in thick,
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Figure 1.7 Piston-flow theory. Groundwater molecules migrate as isolated packets. Age
of groundwater molecule in such a system is called the piston-flow age.
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low-salinity aquifers with insignificant cross-formational flow and confined by
aquitards with a small diffusion coefficient (Park et al., 2002). Piston-flow,
streamtube, or advective age essentially reflects the streamlike nature of
steady-state flow regimes. In a first approximation, this concept is very useful
to gain insights into theoretical age distributions for simple, typical flow con-
figurations. Moreover, filtering out dispersion and mixing processes, the advec-
tive age approach provides a valuable tool to assess the relations between
residence time distributions and the internal organization of flow patterns,
particularly in multiple flow systems and heterogeneous configurations
(Etcheverry and Perrochet, 2000).

1.6.4 Model Age and Apparent Age

Groundwater ages can be determined by a variety of methods, as we will
discuss in the subsequent chapters of this book. These can be classified into
two broad categories: chemistry-isotope-based techniques and hydraulic-
based techniques. Model ages are referred to ages derived by hydraulic-based
techniques that employ the principles of groundwater hydrodynamics and
groundwater flow and transport modeling. However, various adjusting models
and methods have also been developed for correcting the ages obtained by
isotope-based techniques in order to reduce the uncertainties involved. Hence,
model age may also refer to the age obtained after such revisions have been
applied. Apparent age is a term and a way to imply that ages derived by
various methods, whether isotopic or hydraulic, are not the true ages of
groundwater molecules as has been defined in this book or other publications.
Adaptation of the term “apparent age” is a widespread practice in the litera-
ture and is an advance warning to highlight that ages reported, though cor-
rected, are still an approximate average of the many real ages that exist in a
single sample.

1.6.5 Storage Time, Mean Transit Time, Turnover Time, Flushing Time, and
Travel Time

Initial publications used storage time to describe what we here refer to as
groundwater residence time (e.g., Eriksson, 1958). At that time, the reservoir
theory was under development and groundwater age had yet to be introduced
into the literature. In fact, storage time is the old version of residence time.
Mean transit time is a synonym for mean residence time. Other early concepts
and definitions are summarized in simple and rigorous form in Bolin and
Rodhe (1973). Turnover time shows how quickly a specific reservoir is
depleted. It is the same as residence time also defined by Maloszewski and
Zuber (1982) as T'=V/Q, where V is the volume of mobile water in the system
and Q is the average steady-state volumetric flow rate. It might be more appro-
priate to use “turnover time” for fractured rock aquifers where flow rate is
high and storativity is low; thus, the term reflects a short time as compared to



24 INTRODUCTION

residence time where a long time may be imagined. Flushing time has not been
adapted widely in groundwater studies, but it is a term to represent the same
concept as storage time or residence time. It is more suited to surface water-
shed studies, where the residence time is very short.

Instead of using groundwater age, some researchers prefer travel time.
However, depending on the spatial reference, the two terms may be the same
or different. In groundwater age, the spatial reference for time zero is the
groundwater recharge area. In travel time, the spatial reference could be any
conspicuous location within the aquifer; it could also be the recharge area.
Travel time shows the amount of time it takes for a groundwater molecule to
move from one point of the aquifer to the other. It is often used to show the
migration time of contaminants to a specific location such as a production bore
(e.g., Clark et al., 2005; Ceric and Haitjema, 2005).

1.6.6 Reservoir Theory and Its Relation with Groundwater
Residence Time

The reservoir theory was first introduced in chemical engineering to evaluate
the time substances remain in contact within a chemical reactor (Danckwerts,
1953; Zwietering, 1959; see Cornaton, 2004, for more information). A reservoir
is defined as any part of nature with clearly defined boundaries. To calculate
the average residence time in any reservoir, t,, the volume of fluid in the reser-
voir is divided by the net flux through it:

T, = (1.5)

Vv
Q
where V is the volume of the fluid in the system in m® and Q is the net flux in
m’/year (identical to turnover time described in Section 1.6.5). Residence time
can be calculated for reservoirs of any size (or subreservoirs) such as for
oceans, lakes, or any small compartment with well-defined boundaries. It cor-
responds to the amount of time that any particular portion of the substance
in question remains in any one arbitrary space within the reservoir. In
Equation 1.5, it is also possible to calculate the residence time by having the
weight of the substance (fluid, for example) in the reservoir and the flux rate
in g/time, that is, units can be weight units rather than volume units. With ref-
erence to the groundwater residence time studies, the reservoir in question is
the entire aquifer system. As a consequence, Equation 1.5 can be used to esti-
mate the volumetric recharge rate to the aquifer (Q) if the residence time (t,),
and the volume (V) of the mobile water in the aquifer are known. For this, we
need to multiply specific porosity and volume of the saturated zone, and divide
by residence time: volumetric recharge = porosity x saturated volume / resi-
dence time.
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HISTORY OF GROUNDWATER AGE
DATING RESEARCH

This chapter includes a chronology of groundwater dating studies using iso-
topic and geochemical tracers from the earliest methods/applications like
tritium to the latest ones such as CFCs and SF. It names various methods and
explains how they have evolved. All book chapters, M.Sc. and Ph.D. theses,
and professional reports that have been produced in relation to groundwater
age are cited and a few back-bone journal papers are introduced as compre-
hensive references. Worldwide institutions where groundwater samples can be
dated with relevant information are introduced, and well-known people in this
field and their accomplishments in terms of the evolution of various methods
of age-dating are described. This chapter has been designed to equip the
reader with a full historical perspective and a complete picture of the topic. It
is necessary because this is the first ever book devoted solely to the ground-
water age concept.

2.1 PIONEER OF GROUNDWATER AGE
DISCIPLINE—SEQUENCE OF THE EARLIEST PUBLICATIONS

In 1952, Willard Frank Libby (December 17, 1908-September 8, 1980), a
Chemistry Noble laureate, published his famous book Radiocarbon Dating. In
that book, which was re-edited soon after in 1955 and has been translated into
German, Russian, and Spanish, Libby neither discusses nor mentions the term

Groundwater Age, by Gholam A. Kazemi, Jay H. Lehr, and Pierre Perrochet
Copyright © 2006 John Wiley & Sons, Inc.
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“groundwater age.” However, in a two-and-a-half-page article he wrote a year
later in PN.A.S. (Libby, 1953), Libby introduced the term “storage time” of
water. Though he did not specifically mention storage time of “groundwater,”
he actually meant it because he went on to elaborate further by adding “the
determination of ‘tritium in wells’ should reveal whether their ultimate sup-
plies are closely connected to the rainfall.” It must be added that in the earlier
section of the same article, Libby introduces an Age of Rain concept and
defines it as the “time elapsed since precipitation.” However, no words like
groundwater age are used in Libby’s article. For clarity and due to the impor-
tance of this article, its first page has been scanned and reproduced here as
shown in Figure 2.1.

In our estimation, the first ever scientific piece of writing to include/cite the
term “age” for groundwater is most probably that of Begemann and Libby
(1957). Again, they do not specifically mention “groundwater age,” but they
write “average age of the main body of water,” by which they really meant the
average age of the groundwaters emanating from the thermal springs, i.e., the
main body of water was thermal groundwaters. The last 6 lines of the abstract
of their article (page 277) read (reproduced with permission from Elsevier):

Studies of the circulatory pattern of hot springs have shown that the waters of
several hot springs studied are rainwater that has been stored for relatively brief
periods. Study of groundwater has shown that in large areas the water issuing from
wells dug for normal use is older than 50 years. It appears that the technique of
studying the tritium content of well-water is quite likely to prove to be of real value
in studying underground water supplies and in the prediction of their susceptibil-
ity to drought as well as depletion by pumping and the possibility of replenish-
ment from rain or snow.

In page 292 of their article, Begemann and Libby define average age: “Average
age is understood to be the age corresponding to the average tritium content
and represent the time elapsed since the waters last fell as rain or snow.”
Based on the above explanations, it is, to a high degree of certainty, pos-
sible for us to call both Friedrich Begemann and Willard Frank Libby co-
founders of the groundwater age science. These two were from The Enrico
Fermi Institute for Nuclear Studies, University of Chicago, USA. However, it
should be reiterated that W. F. Libby published a large number of articles as
well as a book on the subject of age-dating by radiocarbon. As pointed out
earlier, Libby won the Noble Prize in chemistry in 1960 for his method to use
carbon-14 for age determination in archaeology, geology, geophysics, and other
branches of science. It should immediately be added that the paper by K. O.
Miinnich (1957) in German is the oldest research that we can find to include
measurement of “C in groundwater samples. Miinnich’s work, however, does
not include words like groundwater “age” or groundwater “dating.” Therefore,
K. O. Miinnich, although an authority in the field of groundwater dating
through his substantial later publications, cannot be specifically called the
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Vor. 39, 1953 CHEMISTRY: W. F. LIBBY 245

THE POTENTIAL USEFULNESS OF NATURAL TRITIUM*
By W. F. LiBBY

JNSTITUTE FOR NUCLEAR STUDIES AND DEPARTMENT OF CHEMISTRY, UNIVERSITY OF
CHICAGO

Communicated February 25, 1953

The production of tritium by the cosmic radiation in the earth’s atmos-
phere!~® probably can now be taken as being established though many
quantitative aspects remain unknown. Rainwater definitely contains
tritium in amounts corresponding to between 5:10~'% and 40 10~'# tritium
atoms per hydrogen atom. This is a small but definitely measurable quan-
tity, requiring between one quart and five gallons of water as sample.
The possible potential uses appear to be worth consideration.

A. Age of Rain and Agricultural Products—1In the first place it is clear
that the tritium content of rain water will decrease with time elapsed after
precipitation, since the cosmic ray source can introduce fresh tritium atoms
only in the atmosphere where the new tritium atoms react with the at-
mospheric oxygen to form radioactive water. The time scale is set by the
decay constant for tritium—12.5 years half life and 18.0 years average life.

i We expect therefore that whereas freshly fallen rain or snow will show a
| definite radioactivity due to tritium, old water will show none, and that the
. age of the water in the sense of the time elasped since precipitation may be
. determinable from the specific radioactivity. Further, agricultural prod-
i ucts should be datable by the tritium content of their constituent hydro-
. gen, the principle being that a considerable fraction of the hydrogen utilized
in plant growth originates as rain water and is incorporated in the first few
b months after precipitation. The time of harvest therefore is close to the
- time of precipitation. Consequently, it seems possible that the age of
- agricultural products in the practical sense of the time elapsed since harvest
_ Probably can be measured by determination of the tritium content of the
, Product itself. A series of tests is in progress in our laboratory using water
- of known age and wines of known vintage to test these postulates.

. B . Hydrology and the Identification of Water Sources.—A second type of
{.3.]3p11cation occurs in the identification of water sources. The mean storage
é;’t'me‘of rain or snow water before it appears in a given water supply should
'._be given directly by the tritium content of the given supply relative to
"‘:ﬂlat of average rain in the region involved. The determination of mean
:ﬁ“’rége times of between about three and twenty-five years should prove
11;0851ble, these times corresponding to between 15 and 75%, loss of tritium
e to radioactive decay. The determination of tritium in wells should

;n\:ieal Whether their ultimate supplies are closely connected to the rainfall
10d therefore are subject to seasonal fluctuations in rainfall.

Figure 2.1. Scanned version of page 245 of Libby’s (1953) paper.
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Father of the groundwater age-dating discipline. Some references (Freeze and
Cherry, 1979; Bentley et al., 1987) mistakenly refer to K. O. Miinnich (citing
his above paper) as the first scientist who proposed age-dating groundwater
by radio carbon. Perhaps the second oldest publications with regard to ground-
water age are those by Brinkmann et al. (1959), where they applied the “C
method to date groundwater of the till plains in Germany; and von Buttlar
(1959) by which the tritium ages were calculated in New Mexico, USA. For
New Mexico, there is another similar work with an almost identical title by
von Buttlar and Wendt (1958), which the authors had no access to, but it is
safe to assume both references as one. Also, the reference by Eriksson (1958)
deals briefly with the travel time of water parcels in the groundwater “region,”
but cannot be referred to as a publication that contains groundwater age ele-
ments. In 1961, two short publications dealt with groundwater age. Selected
Bibliography of Groundwater by van der Leeden (1971) cites only these two
as the examples of publications dealing with groundwater age. These include

Clebsch, A. Jr. (1961) Tritium age of groundwater at the Nevada test site,
Nye county, Nevada. US. Geological Survey Prof. Paper 424-C, pp.
122-125.

Thatcher, L., Rubin, M., Brown, G. F. (1961) Dating desert groundwater.
Science, Vol. 134, pp. 105-106. (In this paper, age of groundwater was
defined as the time since exposure of water to atmospheric supply of
tritium.)

It will be explained later in the book that the use of tritium for age-dating
groundwater could not have taken place prior to the nuclear tests, the first of
which occurred in 1952. Further, it was only in 1951, long after the discovery
of tritium in 1932, that van Gross and his colleagues found out that tritium
occurs naturally in the atmospheric precipitation. It is safe to say that if age-
dating of the other materials such as rocks or archeological objects (and age
determination of the Earth as a whole in the 18th century) was not an estab-
lished practice prior to 1950, it would have not been possible to initiate
groundwater dating as early as in 1950s, immediately after the nuclear testing.
In other words, dating of other materials has served as a background for
groundwater dating, and it has especially paved the way for the carbon-14
measurement of groundwater age.

The first modern groundwater textbook, i.e., Tolman (1937), does not
include a section on the groundwater quality or groundwater chemistry.
So, one would not expect to see a section or a page about groundwater age in
that book. In the first edition of the earliest groundwater textbook with some
chapters devoted to the chemistry of groundwater (which contain some
groundwater chemistry chapters), i.e., Groundwater Hydrology of D. K. Todd
published in 1959, the words “dating groundwater” appeared on page 61, but
the word “age” was not used.

The hydrogeology textbook of Davies and De Weist (1966) presents a very
interesting (considering the old date of the publication) discussion of radionu-
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clides in groundwater in Chapter 5 and includes approximately two pages of
writings about dating groundwater by “C and *H methods and potential **Cl
dating. Words like groundwater age or residence time, however, have not been
used in this book. Freeze and Cherry’s 1979 outstanding groundwater text-
book devotes about 3 pages to groundwater age dating out of a total 8 pages
allocated to environmental isotopes, covering only two techniques of tritium
and carbon-14. This book is most probably the first major textbook to include
the term “groundwater age.” There is no single textbook, prior to the present
one, devoted completely to the groundwater age discipline. One might be
interested to compare this with the number of books allocated to the age of
Earth. Few examples with a rhythmic 10-year interval are York and Farquhar
(1972), Young (1982), and Dalrymple (1991).

Table 2.1 provides a list of all groundwater age-dating methods and includes
the date, the pioneering scientist/s, and the country where these methods were
first introduced or applied. In providing Table 2.1, we took a number of points
into account:

a. The researchers who were selected as the pioneer of the methods are
those who either initiated application of, or clearly proposed, the
method.

b. It has been tried to consider journal papers or IAEA proceedings as the
basis of the selection, i.e., presentation at workshops or internal reports
were not given serious consideration.

c. There are some uncertainties about exactly who for the first time pro-
posed a particular method. Because the proposal is usually in the form
of a few words or a few lines in a paper or in a book. Initially, it was
intended to have two separate columns in Table 2.1, one column for the
names who proposed the methods and one for those who applied the
methods.

d. Only publications in English were, inevitably, studied with a few well
known in German. It is well possible that scientists from the former
USSR were exercising groundwater dating behind the Iron Curtain at
dates earlier than those suggested here. It is difficult to access such pub-
lications, and we tend to believe that they are limited, and not at mile-
stone level. If these were plenty, we should have come across them cited
in the mainstream literature.

e. It is believed that this table still contains some inaccuracies, and the
authors wish to apologize in advance, if any name that should have, has
not appeared in this table.

f. The country specified is the country where at the time of the report of
the method, the authors were working, not where they work at present.

g. Hydraulic age calculation, or age-dating hydraulically, has not been men-
tioned in Table 2.1 because it is not generally considered as a dating
method (it is a method but rather uses completely different principles
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TABLE 2.1. Various Age-Dating Methods, the Commencement Dates, the
Pioneering Scientists, and the Country of Origin

Method Commencement Source Country
date

Age-dating young groundwater

*H 1957 Beggeman and Libby USA

*H/He 1969 Tolstikhin and Kamensky =~ Former USSR
‘He 1996 Solomon et al. USA

SKr 1978 Rozanski and Florkowski ~ Poland

CFCs 1974 Thompson et al. USA

SF, 2000 Busenberg and Plummer! USA

SCI/CI 1982 Bentley et al. USA

30-H 1983 Maloszewski et al. Germany

Age-dating old groundwater

Silicon-32 1966 Nijamparkar et al. India

Argon-39 1974 Oeschger et al. Switzerland

Carbon-14 1959 Brinkmann et al. Germany

Oxygen-18 and 1981 Fontes France
deuterium

Inert and active 2000 Edmunds and Smedley UK
elements

Age-dating very old groundwater

Krypton-81 1969 Loosli and Oescher Switzerland
Chlorine-36 1966 Davis and DeWiest? USA
Helium-4 1979 Marine; Andrew and Lee®  USA-UK
Argon-40 1987 Zaikowski et al. USA
Todine-129 1985 Fabryka-Martin et al. USA
Uranium 1974 Kronfeld and Adams*; USA
Disequilibrium Osmond and Cowart

series

' Note that this method was first briefly introduced by Busenberg and Plummer (1997) and Fulda
and Kinzelbach (1997).

2 Proposed by Davis and De Weist and applied for the first time by Bentley et al. (1986).

* Based on Torgersen and Clarke (1985), a USSR scientist named Savchemko proposed this
method in 1937.

* Initially proposed by USSR scientists, P. I. Chalow, T. V. Tuzova, Y. A. Musin, in 1964, but for
dating closed drainage basins (source: Osmond et al., 1968).

as compared to tracer methods). Similarly, the use of computer codes to
simulate the distribution of groundwater ages, discussed in Chapter 7, is
not regarded as a dating method and hence there is no mention of it in
Table 2.1.
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Table 2.1 shows that a large number of age-dating methods have been
developed or proposed by the scientists from the USA, Germany, and
Switzerland.

2.2 LABORATORIES WORLDWIDE FOR DATING
GROUNDWATER SAMPLES

Table 2.2 provides a comprehensive list of worldwide analytical facilities for
analyzing groundwater samples for environmental isotopes used in the age-
dating practice. This information was gathered mainly from personal contact
and websites. Therefore, laboratories without a website may have not appeared
here. In addition to Table 2.2, the following web addresses contain very useful
information.

1. AMS laboratories worldwide at: www.univie.ac.at/Kernphysik/VERA/
ams_list.htm

2. A full list of all isotope laboratories world wide can be found at:
www.gwadi.org/ GWADI_Isotope_Labs.pdf. It was not possible to find
the website address of all laboratories cited in this website.

3. Website of the Chlorofluorocarbon Laboratory of the USGS, Reston,
Virgina, at http://water.usgs.gov/lab/cfc/ contains a large amount of
useful information about a variety of analytical methods.

4. List of all known radiocarbon laboratories at http://www.radiocarbon.
org/Info/lablist.html

2.3 MAJOR CONTRIBUTORS TO THE GROUNDWATER AGE
DISCIPLINE AND THEIR ACHIEVEMENTS

Over the past 50 years, a large number of very talented scientists have con-
tributed to, and developed many methods for, groundwater age-dating. Due
to the complexity and scientifically advanced nature of the topic, most ground-
water dating researches have been carried out jointly by a number of scien-
tists. One is fascinated with the number of researchers working cooperatively
on a single project that includes only one or two dating methods (see, for
example, Sturchio et al., 2004, a paper with 18 authors!; or Lehmann et al.,
2003, a paper with 14 authors!). Here, emphasis is on those who have had a
long-lasting career in the age-dating business. Some researchers, though dis-
tinguished and highly influential, worked in this field for a short period of time
and then left for another field. These are not included in this section just
because of their relatively shorter experience as compared to those who are
cited here. For their achievements, the scientists in this field have so far been
rewarded with three Meinzer Awards, one Darcy Distinguished Lecture
award, and two Geological Society of America, Birdsall-Dreiss Distinguished
Lecture, i.e., Fogg, 2002 and Phillips (1994). [The O. E. Meinzer Award, which
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was established by the GSA in 1963, is named for Oscar Edward Meinzer
(1876-1948), whom hydrologists consider “the father of modern groundwater
hydrology” in North America. The Meinzer Award includes a “traveling
trophy,” which consists of a year-long possession of a large silver Revere bowl,
engraved with the names of former award winners, along with a smaller,
“keeper” version of the bowl inscribed solely with the awardees name. Darcy
Lecture Distinguished Series in Ground Water Science was established in 1986
to foster interest and excellence in groundwater science and technology.
Today, the United States National Ground Water Research and Educational
Foundation (NGWREF) sponsors the Henry Darcy Distinguished Lecture
Series. The Darcy Lecturer receives support to spend a year traveling and lec-
turing at various institutions worldwide.]

Some scientists who contributed substantially to groundwater age discipline
include

e A.N. Andrews for his work on noble gases dating.
e K. O. Miinnich for his work on carbon-14 dating.

e F. M. Phillips for his work on chlorine-36 dating. F. M. Phillips won the
Meinzer prize in 2001 partly for his contribution to groundwater dating
and his publications in this arena. He was also Birdsall Dreiss
Lecturer in 1994, discussing the use of fossil rat urine in chronology of
groundwater.

e L. N. Plummer for his work on CFCs dating and also on the relationship
between groundwater contamination and age. L. N. Plummer won the
Meinzer prize in 1993 partly for his work on CFCs dating.

e E. Busenberg for his work on CFCs dating and also on relationship
between groundwater contamination and age.

e P. G. Cook for his work on CFCs dating.

e D. K. Solomon for his work on noble gases in groundwater. D. K.
Solomon, who runs the Noble Gas laboratory at the University of Utah,
USA, was selected as the Darcy’s Distinguished Lecturer in 2005 for his
work on groundwater dating using noble gases.

e H. H. Loosli, for his long-lasting work on noble gas dating.

e B. E. Lehmann, for his long-lasting work on noble gas dating.

e T. Torgersen, for his work on helium-4 and argon-40 dating.

e H. W. Bentley for his work on chlorine-36 dating.

e T. M. L. Wigley for his work on correcting carbon-14 ages.

e S.N. Davis won the Meinzer Award in 1989 for publishing a report (Davis
and Murphy, 1987—in the list of reports, i.e., Section 2.5.4) and co-
authoring a book entitled Groundwater Tracers and published by NWWA
Press (Davis et al., 1985).

e P. Maloszewski for his work on developing lumped parameter models to
interpret groundwater age data.
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e F. J. Pearson for his long-lasting work on various age-dating methods.

e F Cornaton for his theoretical contributions on modeling groundwater

ages and residence times distributions.

e J. Carrera for his conceptual work on simulating groundwater residence-

24

time distributions.

NAMES FAMILIAR IN THE GROUNDWATER

DATING BUSINESS

The names of the 50 scientists who have published considerably in the field of
groundwater dating and their respective organizations are included in the list
below. This list, although maybe not fair and complete, is to respect and appre-
ciate the hard work of those mentioned. It may also serve as a database to
help the junior researchers as well as everybody who needs, to quickly contact
the appropriate and the nearest groundwater age expert.

O 00 N N Lt BN

e e S S S T
N N N N N =)

18.
19.
20.
21.

22.

A. G. Hunt, US Geological Survey

A. J. Love, CSIRO, Adelaide, Australia

A. Long, University of Arizona, USA

A. Zuber, Institute of Nuclear Physics, Crawcow, Poland
B. E. Lehmann, University of Bern, Switzerland

B. G. Katz, US Geological Survey, USA

C. M. Bethke, University of Illinois, USA

C. Sonntag, Heidelberg University, Germany

D. J. Goode, US Geological Survey

D. K. Solomon, University of Utah, USA

. E. Busenberg, US Geological Survey, USA

. E. Eriksson, University of Uppsala, Sweden

. E. Mazor, Weizmann Institute, Israel

. E. Modica, US Geological Survey, USA

. F. Cornaton, University of Neuchatel, Switzerland

. F. J. Pearson, University of Texas, USA

. F. M. Phillips, New Mexico Institute of Mining and Technology (NMT),

USA

H. Oster, Heidelberg University, Germany
H. W. Bentley, University of Arizona, USA
H. H. Loosli, University of Bern, Switzerland

I. L. Kamensky, Kola Scientific Center of Russian Academy of Science,
Russia

I. N. Tolstikhin, Cambridge University, UK
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23.
24.
25.
26.
27.

28.
29.
30.
31.
32.

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

J. C. Vogel, Heidelberg University, Germany

J. Ch. Fontes, IAEA, Vienna (deceased)

J. Carrera, Technical University of Catalonia, Spain
J. K. Bohlke, US Geological Survey, USA

J. N. Andrews, University of Reading, University of Bath, UK
(deceased)

J. T. Fabryka-Martin, Los Alamos National Laboratory, USA
K. O. Miinnich, Heidelberg University, Germany

L. N. Plummer, US Geological Survey, USA

L. Sebol, Golder Associates, Canada

M. A. Tamers, Institute Venezolano de Investigaciones Cientificas,
Caracas, Venezuela

M. C. Castro, University of Michigan, USA

M. E. Campana, University of New Mexico, USA
P. G. Cook, CSIRO, Adelaide, Australia

P. Maloszewski, GSF Institute for Hydrology, Germany
P. Schlosser, Columbia University, USA

R. J. Poreda, University of Rochester, USA

R. Kalin, Queens University, Belfast, UK

R. Purtschert, University of Bern, Switzerland

S. N. Davis, University of Arizona, USA

T. Iwatsuki, Tono Geoscience Center, Japan

T. M. Johnson, University of Illinois, USA

T. M. L. Wigley, University of Waterloo, Canada
T. Torgerson, University of Connecticut, USA

U. Fehn, University of Rochester, USA

W. E. Sanford, US Geological Survey, USA

W. E. Libby, University of Chicago, USA

W. M. Smethie, Columbia University, USA

Z. Szabo, US Geological Survey, USA

2.5 IMPORTANT PUBLICATIONS

Initially, groundwater dating publications dealt mostly with the theoretical
aspects explaining the methods in order to increase the knowledge about the
techniques. Later publications, in contrast, are the results of dating experi-
ments on various aquifers worldwide and include a substantial discussion on
various problems that might affect the accuracy of dates obtained. The publi-
cations dealing with age determination have been classified into books, Ph.D.
and M.Sc. theses, full journals and important journal papers, and reports.
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2.5.1 Book Chapters

A number of book chapters have been recently allocated to groundwater age,
the oldest one dated 1991. The most closely related books to the present one
that cover a wide variety of age-dating techniques are (1) Applied Isotope
Hydrogeology: A case study in northern Switzerland by Pearson et al. in 1991,
(2) Environmental Tracers in Subsurface Hydrology edited by Cook and
Herczeg in 2000, (3) Environmental Isotopes in Hydrogeology written by Clark
and Fritzin 1997, and (4) Applied Chemical and Isotopic Groundwater Hydrol-
ogy, 3rd edition, by Mazor in 2004. Also, the reference by Wagner (1998), which
has been published both in German and in English, is a very similar book to
the present book, albeit devoted to age-dating young rocks and artefacts. The
Hand Book of Environmental Isotope Geochemistry (Fritz and Fontes, 1980
and 1986) contains some scattered sections on groundwater age-dating but not
much in the form of a full consolidated chapter. In addition, the reference by
Davis and Bentley (1982), part of an edited book, may also be cautiously con-
sidered as a book chapter in groundwater age literature. Not yet published
books such as that by Aggarwal et al. (2005) may also contain some sections
on groundwater dating.

Book 1

Pearson, E. J., Balderer, W., Loosli, H. H., Lehmann, B. E., Matter, A., Peters,
Tj, Schmassmann, H., and Gautschi, A. (Eds.), (1991) Applied isotope
hydrogeology. A case study in northern Switzerland. Studies in environ-
mental science, 43, Elsevier, Amsterdam: 439 p.

Chapter 4: Dating by Radionuclides pp. 153-174
Chapter 5: Carbonate isotopes pp. 175-238
Chapter 6: Isotopes formed by underground production pp- 239-296
Section 7-3: Uranium and thorium series nuclides pp- 336-373
Book 2

Cook, P.G., and Herczeg, A.L. (Eds), (2000) Environmental Tracers in Sub-
surface Hydrology. Kluwer Academic Publishers, Boston, 529 p.

Cook, P. G,, and Bohlke, J. K.: Determining timescales for groundwater flow
and solute transport pp- 1-30
Kalin, R. M.,: Radiocarbon dating of groundwater systems pp- 111-145
Loosli, H. H.,Lehmann, B. E., and Semethie, W. M.: Noble gas radioisotopes:

Y Ar, ¥Kr, PAr, ¥Kr pp. 379-396
Solomon, D. K., and Cook, P. G.: °*H and *He pp. 397424
Solomon, D. K.: “He in groundwater pp- 425-440

Plummer, L. N., and Busenberg, E.: Chlorofluorocarbons pp- 441-478
Phillips, F. M.: Chlorine-36 pp- 299-348



IMPORTANT PUBLICATIONS 39

Book 3

Clark, 1., and Fritz, P. (1997) Environmental Isotopes in Hydrogeology.
Lewis Publishers, Boca Raton, Florida, 328 p.

Chapter 7: Identifying and dating modern groundwaters pp. 171-196
Chapter 8: Age dating old groundwaters pp. 197-244
Book 4

Mazor, E., (2004) Applied Chemical and Isotopic Groundwater Hydrology.
3rd edition, Marcel Dekker, Inc, New York, 453 p.
Part III: Isotopic tools of groundwater hydrology: Water identification and

dating
Chapter 10: Tritium dating pp- 210-230
Chapter 11: Radiocarbon dating pp- 231-270
Chapter 12: Chlorine-36 dating pp- 271-286
Chapter 13: The noble gases pp- 287-311
Chapter 14: Helium-4 and Ar-40 long range dating pp- 312-327
Book 5

Kendall, C., and McDonnell, J. J. (Eds) (1998) Isotope Tracers in
Catchment Hydrology. Elsevier Science B.V., Amsterdam, 839 p.

Chapter 7: Isotopes in groundwater hydrology (partly related) pp. 203-246

Chapter 9: Dissolved gases in subsurface hydrology pp- 291-318

Book 6

Alley, W. M. (Ed.) (1993) Regional Ground-Water Quality. Van Nostrand
Reinhold, New York, 634 p.

Plummer, L. N., Michel, R. L., Thurman, E. M., and Glynn, P. D.: Environ-
mental tracers for age-dating young groundwater pp. 227254

Book 7

Drever, J. I. (Ed.) (2003) Surface and ground water, weathering, and soils,
Volume 5 of 10-volumes, Treaties on Geochemistry, Elsevier

Chapter 15: Phillips, F. M. and, Castro, M. C.: Ground water dating and res-
idence time measurements pp. 451-497

Book 8

Parnell, J. (Ed.) (1998). Dating and duration of fluid flow and fluid-rock
interaction. Geological Society, London, Special publications, No. 144,

284 p.
Pinti, D. L., and Marty, B.: The origin of helium in deep sedimentary aquifers
and the problem of dating very old groundwaters pp- 53-68

Metcalfe, R. Hooker, P. J. Darling, W. G., and Milodovski, A. E.: Dating qua-
ternary groundwater flow events: A review of available methods and
their application pp- 233-260
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Book 9

Attendorn, H. G., and Bowen, R. N. C. (1997) Radioactive and Stable
Isotope Geology. Chapman & Hall, London, 522 p.

Chapter 10: Tritium dating pp. 268-271

Chapter 13: Cosmogenic radionuclides pp- 347-366

Book 10

Dickin, A. P. (1995) Radiogenic Isotope Geology. Cambridge University
Press, Cambridge, 490 p.

Chapter 14: Cosmogenic nuclides pp- 360-396

Book 11

Taylor, R. E., Long A., and Kra, R.S. (Eds.) (1992) Radiocarbon After Four
Decades. An Interdisciplinary Perspective. Springer, Berlin, 596 p.

Fontes, J. C.. Chemical and isotopic constraints on “C dating of
groundwater pp- 242-261

Book 12

Plummer, L. N., Busenberg, E., Cook, P. G., Solomon, D. K., and others
(2004) Guidebook on the Use of Chlorofluorocarbons in Hydrology.
IAEA (in press).

2.5.2 Ph.D. and M.Sc. Theses

Altogether 47 Ph.D. and M.Sc. theses have focused on the topic of ground-
water dating (below here). The first one is that by F. J. Pearson in 1966 and the
last before publication of this book is the one by L. Sebol in late 2004, a time
span of about 40 years. Theses specified as “closely related” in the parenthe-
sis, are those which are not exactly on the age-dating topic but are of imme-
diate full relationship.

Aeschbach-Hertig, W. (1994) Helium and tritium as tracer fiir physikalis-
che prozesse in Seen, Ph.D. thesis, ETH, Ziirich, (No. 10714). (closely
related)

Aravena, R. (1993) Carbon isotope geochemistry of a confined
methanogenic groundwater system: The Allison aquifer complex. Ph.D.
thesis, University of Waterloo, Canada. (closely related)

Atakan, Y. (1972) Bomb tritium hydrology of a sand unconfined aquifer,
Ph.D. thesis, University of Heidelberg, Germany, 102 p. (closely related)

Bitner, M. J. (1983) The effects of dispersion and mixing on radionuclide
dating of groundwater. M.Sc. thesis, University of Arizona, USA, 101 p.

Brinkman, J. E. (1981) Water age dating of the Carrizo sand. M.Sc. thesis,
University of Arizona, USA.

Burbey, T. J. (1984) Three-dimensional numerical simulation of tritium and
chlorine-36 migration. M.Sc. thesis, University of Nevada, USA. (closely
related)
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Cherry, A. (2000) Groundwater age with “"H/’He and CFCs. M.Sc. thesis,
University of Ottawa, Canada.

Clark, I. D. (1987) Groundwater resources in the Sultanate of Oman: Origin,
circulation times, recharge processes and paleoclimatology. Isotopic and
geochemical approaches. Ph.D. thesis, Université de Paris-Sud, Orsay,
France, 264 p.

Cornaton, F. (2004) Deterministic models of groundwater age, life
expectancy and transit time distribution in advective-dispersive systems.
Ph.D. thesis, University of Neuchatel, Switzerland, 147 p.

Cuttell, J. C. (1983) The application of uranium and thorium series isotopes
to the study of certain British aquifers. Ph.D. thesis, University of Birm-
ingham, UK, 269 p. (closely related)

Egboka, B. C. E. (1980) Bomb tritium as an indication of dispersion and
recharge in shallow sand aquifers. Ph.D. thesis, University of Waterloo,
Canada, 190 p. (closely related)

Elliot, T. (1990) Geochimical indicators of groundwater aging. Ph.D. thesis,
University of Bath, UK.

Etcheverry, D. (2001) Une approche déterministe des distributions des
temps de transit de 1’eau souterraine par la théorie des réservoirs. Ph.D.
thesis, University of Neuchatel, Switzerland, 118 p.

Fabryka-Martin, J. T. (1988) Production of radionuclides in the earth and
their hydrogeologic significance, with emphasis on chlorine-36 and iodine-
129. Ph.D. thesis, University of Arizona, USA, 400 p. (closely related)

Fabryka-Martin, J. T. (1984) Natural lodine-129 as a groundwater tracer.
M.Sc. thesis, University of Arizona, USA. (closely related)

Forster, M. (1984) C-14- und Ar-39-Gehalte in einem grundwasser des Saar-
landes. Vergleich zweier grundwasser datierungsmethoden. Ph.D. thesis,
University of Munich, Germany.

Fritzel, T. L. B. (1996) Numerical modeling of the distribution of *He and
*He in groundwater flow systems with applications in determining the
residence times of very old groundwaters. M.Sc. thesis, University of Illi-
nois, Urbana-Champaign, USA, 109 p.

Fulda, C. (1998) Untersuchungen junger grundwéisser mit Hilfe anthro-
pogen erzeugter Spurenstoffe (In Deutsch). Ph.D. thesis, University of
Heidelberg, Germany.

Goode, D. J. (1998) Ground-water age and atmospheric tracers: Simulation
studies and analysis of field data from the Mirror Lake site, New Hamp-
shire. Ph.D. thesis, Princeton University, USA, 194 p.

Groning, M. (1994) Noble gases and isotope tracer in the groundwater:
Paleo-climatic changes and dynamics of regional groundwater systems
(In Deutsch). Ph.D. thesis, University of Heidelberg, Germany, 136 p.
(closely related)
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Haran, R. (1997) Indicators of palacowaters and groundwater mixing in the
Lower Greensand of the London Basin. M. Phil. thesis, University of
Reading, UK.

Heusser, D., and Langer, T. (2004) Geochemical groundwater evolution and
age estimations for islands in the Okavango Delta. M.Sc. thesis. Swiss
Federal Institute of Technology (ETH), Switzerland, 113 p.

Johnston, C. T. (1994) Geochemistry, isotopic composition, and age of
groundwater from the Waterloo Moraine: Implications for groundwater
protection and management. M.Sc. thesis, University of Waterloo, Canada.

Kilchmann, S. (2001) Typology of recent groundwaters from different
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2.5.3 Journals

1. Applied Geochemistry The November 1997 issue of Applied Geochem-
istry (Vol. 12, No. 6, pp. 705-866), dedicated to the memory of John Napier
Andrews (1930-1994), contains a full set of valuable papers dealing with many
important aspects of groundwater dating using different tools. Also, the July-
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August 1991 issue (Vol. 6, No. 4, pp. 367-472) of the same journal with the
theme of “Dating very old groundwater, Milk River aquifer, Alberta, Canada”
is wholly devoted to various age-dating techniques applied on Milk River
aquifer. These two issues are recommended for consultation for those who
want to get a broad view of topics covered under groundwater age.

2. Radiocarbon A journal allocated fully to carbon-14 related researches
(www.radiocarbon.org). It is published by the Board of Regents, University of
Arizona. Some of the Radiocarbon papers deal with groundwater age-dating.
One very interesting article appearing in this journal is that by Geyh (2000),
which discusses the historical trend in groundwater radiocarbon dating, espe-
cially evolution of analytical facilities. Some other groundwater-related Radio-
carbon papers include Stuiver and Polach (1977), Yechieli et al. (2001), and
Sivan et al. (2001). In addition to Radiocarbon Journal,in 1965, a conference
entitled “6™ International Conference, Radiocarbon and Tritium Dating” was
held by the U.S. Atomic Energy Commission, Oak Ridge. The proceedings of
this conference was published as U.S. Atomic Energy Commission Report,
Conf-650652. It contains a number of papers dealing with groundwater dating.
A number of other local workshops and small conferences such as that by
Davis (1978) have been held on this subject.

3. Chemical Geology September 2001 issue of Chemical Geology (Vol. 179,
Special issue, pp. 1-202), allocated to hydrochemistry of springs, contains an
array of papers that deal with residence time of springs using almost all young
groundwater dating methods. Anyone interested in the application of age-
dating in the study of source, quality, and turnover time of spring waters is rec-
ommended to consult this reference.

4. Other important papers All groundwater age-related papers that have
been published in the journals of Nature and Science are brief, but substantial,
contributions to the field. These are cited throughout various parts of this
book. Further, pre-1980 TAEA’s hydrology symposiums and conferences
include a number of very valuable, clearly written papers that cover initial
developments and understanding of the dating techniques mainly for the
tritium and carbon-14 methods (IAEA, 1967 Part III, 1970 Sessions 2 and 9,
1974, and 1976 Section III). The following, mostly, journal articles are consid-
ered as backbone papers for the specified method or topic they report on.
These are, of course, in addition to the papers cited in Table 2.1 which are pio-
neering references for the related method.

The latest paper to include brief yet substantial information about ground-
water dating topic is that by Glynn and Plummer (2005). In the Water Ency-
clopedia (Lehr and Keeley, 2005) there are 7 articles dealing with groundwater
age (Divine and Humphrey, 2005; Divine and Thyne, 2005; Kazemi, 2005a,b,c;
Priyadarshi, 2005; Testa, 2005). The trio-papers (Sturchio et al., 2004; Lehmann
et al., 2003; Collon et al., 2000) cover the latest developments in *'Kr dating
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techniques and contain, virtually, the entire knowledge that is presently avail-
able about this technique. Du et al. (2003) describe the Atom Trap Trace
Analysis (ATTA), a recently invented technique to measure the concentration
of ¥Kr in the water samples. The review paper by Phillips (1995) provides a
good historical account of groundwater dating in shallow and deep aquifers.
A large number of the applications of the groundwater age data are demon-
strated by Solomon et al. (1995). The paper by Mazor and Nativ (1992) and
subsequent related comments and reply by Torgersen (1994) and Mazor and
Nativ (1994) are a good set to illustrate the problems involved in groundwa-
ter dating and also to explain the type of argument that may arise between
scientists. Ferronskij et al. (1994) is a good reference to consult for the con-
centration of tritium in atmospheric precipitation in Russia. An interesting
overview of the philosophy and history of time and dating, as well as time con-
cepts in geology (oldest time), pedology (intermediate time period) and
hydrology (youngest time) is presented by Back (1994). Fontes (1985) intro-
duces and discusses, in a simple language, all the dating methods available until
then. The two papers by Andrew et al. (1982 and 1989) include a very good
short description of most age-dating methods as well as details about the
Stripa granite aquifer in Sweden.

Cornaton and Perrochet (2005) introduce a generalized reservoir theory for
the modeling of age and residence-time distributions in hydrodispersive
systems with multiple inlets and outlets. Etcheverry and Perrochet (2000)
provide a detailed and easy-to-understand description of the simulation of
groundwater age distribution and the application of reservoir theory. In this
regard, Goode (1996) is also a frontier work. Although not entirely on ground-
water age, the long paper by Maloszewski and Zuber (1996) covers the math-
ematical aspects of isotopic dating and includes a description of some of the
dating techniques.

2.5.4 Reports (Mainly by USGS)

Only reports with words like “age” and “residence time” in their title are cited
here.
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2.6 AQUIFERS SUBJECTED TO EXTENSIVE DATING STUDIES

In contrast to most aquifers, which have not been subjected to any level of
dating, some aquifers have undergone extensive dating research. The latter
group is listed here. In some cases, virtually all dating methods have been
applied to a single aquifer.

Great Artesian Basin, GAB, Australia
Murray Basin, Australia

Milk River aquifer, Canada

Borden aquifer, Ontario, Canada

Strugen Fall, Canada

Kalahari desert, Africa

[llumedan Basin, Niger

Paris Basin, France

Northern Switzerland aquifers, Switzerland
Stripa granite aquifer, Sweden

Triassic sandstone aquifer, UK

Carizo sand aquifer, USA

Lucust Grove aquifer, USA

Snake River Plain aquifer of Idaho, USA
Tucson basin aquifer, USA

Groundwaters in the Chesapeake Bay Watershed, USA
Mojave River Basin, California, USA

Kirkwood-Cohnasey aquifer system in southern New Jersey Coastal Plain,
USA

Deep groundwaters from the Tono area, central Japan



THE APPLICATIONS OF
GROUNDWATER AGE DATA

Why do we need to know the age of groundwater? What use will it have? What
we will learn when we have the age of a groundwater sample? What will we
know when we have the age that we did not know before? The applications
of age data are grouped into two categories, those that are general applica-
tions and those that are site-specific. Groundwater age data are discussed as
a tool to evaluate the renewability of groundwater reservoirs, to constrain the
parameters of groundwater flow and transport models, to study groundwater
flow paths and vertical and horizontal flow velocities, to identify paleoclimate
conditions (in combination with isotopes), to estimate groundwater recharge,
to determine fracture and matrix properties and water velocities in fractured
rock environments, to help study the trend of groundwater pollution, to iden-
tify past seawater level fluctuation, to manage groundwater-driven dryland
salinity, to map susceptibility of groundwater systems to contamination, and
to be used in many more hydrological applications such as mixing, ground-
water—surface water interaction, and seawater intrusion.

3.1 RENEWABILITY OF THE GROUNDWATER RESERVOIRS

It is safe to argue that the most important and the unique application of
groundwater age concept is its capacity to answer the question of renewabilty
or replenishment of the groundwater resources. It is also safe to claim that
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groundwater age is, as yet, the only sound and concrete piece of scientific evi-
dence to show that groundwater resources are recharged by modern precipi-
tation, or else, the extracted groundwaters were accumulated in the aquifers
by slow infiltration processes that happened a very long time ago. This appli-
cation is more highlighted in the arid zones where due to the scarcity and peri-
odicity of the rainfall, the question of recharge (if any) often remains open
(Payne, 1988). An important fraction of young water within an extracted water
sample is an indication of an actively renewable reservoir; the opposite, i.e., a
considerable amount of old water in the sample, depicts a poorly recharging
reservoir and/or significant internal mixing processes (Cornaton, 2004). This is
exactly what Libby (1953) in those early days suggested, “the determination
of tritium in wells should reveal whether their ultimate supplies are closely
connected to the rainfall.” At a slightly larger scale, if there is a considerable
percentage/volume of young water in a specific aquifer, we can be sure that
the aquifer is being presently replenished by rainfall/snowfall recharges, and
is sustainable. From a global perspective, it is important to establish what pro-
portion of the world’s freshwater resources is not being renewed at present,
but was recharged instead during the Pleistocene (Metcalfe et al. 1998) or even
earlier geologic times. Information about the age of groundwater is required
if one is to confidently define the sustainability of groundwater resources of
any particular well field. Zongyu et al. (2005, p. 485) writes, “Two fundamen-
tal questions related to the sustainability of the groundwater resources are (1)
How old is this potable water supply? (2) What is the recharge of the deep
confined aquifer? (are we ‘mining’ groundwater)?” By knowing the age of
groundwater in our aquifers, we will be able to calculate the time that it takes
for Mother Nature to replace the presently available groundwaters if we
extract them. This will be a decisive tool enabling us to manage the precious
groundwater resources in a sustainable manner.

To further explain the importance of the groundwater age concept, one
should think of an important aquifer for which there is no solid information
about renewability. Such an aquifer could be located anywhere in the world
in an arid zone and in a less developed country, where no scientific data have
been obtained to study the aquifer recharge processes. In such a case, it is
believed that the most convincing and the quickest approach is to measure the
age of groundwater. Techniques like measuring water-level fluctuations usually
take months if not years to provide concrete and solid information. Age of
groundwater in this hypothetical aquifer can quickly shed light on the renewa-
bility and sustainability issues, which now surround most aquifers worldwide.
P. K. Aggarwal, Head, Isotope Hydrology Section, IAEA, has said in regard
to the specific application of the groundwater age concept, “Estimates of
renewable groundwater resources and an understanding of related hydrologi-
cal processes are critically dependent upon determining the presence and age
of modern groundwater” (Aggarwal, 2002, page 2257). In fact, one of the three
new initiatives of the IAEA, to enhance the scientific understanding of non-
renewable and renewable groundwater resources, is to map very old ground-
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waters and to develop a series of GIS-based global maps of nonrenewable
groundwater resources (Gaye et al. 2005). We might conclude this section with
the excerpt of an article from The New York Times (Broad, 2005) referring to
the question of how often a particular body of water is renewed. “In the past,
water engineers would address such unknowns by carefully measuring rain
and the levels of rivers and other bodies of water for many decades—typically
a half-century or more. It usually took that long to learn the subtleties of the
local cycles. However, isotope hydrology can do it in days.”

Example By measuring tritium and "*C content of 17 groundwater samples,
Vehagen et al. (1974) showed unambiguously for the first time that ground-
waters in the northern Kalahari are directly, and in some cases rapidly,
recharged by rain. The traditional scientific view was that the 6-m-thick sand
overburden of the Kalahari desert prevented infiltrating rainwater from reach-
ing phreatic water tables. Similarly, tritium content of water samples (0.04-12.9
TU) from shallow aquifer of Eastern Desert, near the intersection of Wadi El-
Tarfa and the Nile River, Egypt, showed that the aquifer is at least partially
maintained by modern recharge and the Nubian aquifer paleowater is not a
significant component of this shallow aquifer (Sultan et al. 2000).

3.2 AN EFFECTIVE COMMUNICATION TOOL FOR SCIENTISTS
AND MANAGERS—AND CURIOSITY TO LAYMEN AS WELL

One could also argue that the concept of groundwater age is the most easily
understood scientific evidence when the groundwater professionals are to deal
with resource managers and bureaucrats who often do not have a great deal
of information about the hydrogeology and the groundwater hydraulics con-
cepts. Effective communication between a resource manager and a ground-
water professional can be made if the groundwater age data are available. It
is easy to explain to resource managers what renewability means if we know
the age of groundwater. Simply, tell “them” that this groundwater that “you”
are extracting infiltrated into the subsurface environment 3,000 years ago. So
if “you” use it now, it will take another 3,000 years to replace it. Therefore,
“you” should take great care in using it and in preserving it for the future gen-
erations. Explain further that extracting very old, nonrenewable groundwater
resources can have serious political and sociological implications (Clarke and
Fritz, 1997) and should be viewed as a typical example of “groundwater
mining.” We refer again to the same article in The New York Timess (Broad,
2005), where we read, “For instance, if the method reveals that the water in a
well is young and recently derived from rain, villagers can pump away vigor-
ously. But if it turns out to be very old—what scientists call fossil water—they
need to move gingerly, taking care not to exhaust the water supply.”

The groundwater age concept is also attractive for most laymen. Just have
a look at this web posted question (in 2000) from Christchurch, New Zealand
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(www.madsci.org/posts/archives/nov2000/973783743.Es.q.html): “I heard some-
where that it is possible to tell the ‘age’ of groundwater (the year it was last
on the surface of the earth) through a ‘signature’ of an isotope left on the water
when it was last on the surface. I have a well/bore that is very deep and am
curious to ascertain the ‘age’ of the water. Can anyone help? Thanks Geoff.”
Many nonscientists become immediately interested in the topic when they
hear of such a thing as “age of groundwater”. In fact, Payne (1988) argues that
during the early days of isotope hydrology and isotope techniques, some of
the most attractive work for hydrologists was the possibility of dating ground-
water. In terms of scientific advancement, groundwater age-dating ranks high
among other advances in the 20th century.

3.3 AGE MONITORING FOR THE PREVENTION OF
OVEREXPLOITATION AND CONTAMINATION OF AQUIFERS

Increase in the population density often leads to an exponential increase in
the demand on the aquifer. Once residences or industries are established, it is
very difficult to limit their water supply. Overdevelopment can eventually lead
to limited supply, with the greatest effects being to those districts farthest from
the aquifers recharge zone (supply source). Since underutilized lands gener-
ally surround populated areas, housing and industrial development extends in
directions reflecting the highest commercial yield. However, if the developing
areas encroach into the recharge zone, new wells drilled to satisfy the eminent
demand could create shortages if pumping exceeds recharge (The preceding
lines are summarized from the Beta Analytic, Inc., Radiocarbon Dating
Website.) By measuring the age of the water at certain time intervals within
a district’s well field (say once every five years), it would be possible to iden-
tify overexploitation before it happens. If the groundwater, being extracted,
increases in age with time (becomes older and older), it means that a higher
proportion of water is drawn from slow-moving storage. In contrast, if the age
of groundwater being withdrawn decreases with time (becomes younger and
younger), it means that a higher proportion of extracted water is derived from
active present recharge. This shows that either the pumping rate has increased
or the source water has changed (i.e., river recharge instead of rainfall
recharge). This condition though does not imply groundwater mining, but it
may not be a good sign in terms of contamination because eventually surface
contaminants (if present) dissolved in very young waters (which may be
contaminated) will reach the well field. Therefore, the best situation in terms
of resource management is not to have sharp changes (either decrease or
increase) in the age of groundwater that is being extracted. In fact, if the
extracted water becomes too young, then there won’t be enough time for
natural purification and attenuation of pollutants like viruses or microbes to
take place (this is explained in later sections). Hence, regular dating of the
groundwater from well fields can provides a mechanism to monitor, under-
stand, and control exploitation and contamination of the aquifer.
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3.4 ESTIMATION OF THE RECHARGE RATE

This particular usage of groundwater age data is perhaps the most widely
applied of all. An applied and comprehensive reference dealing with this topic
is that by Xu and Beekman (2003), which is available freely in PDF format at
http://unesdoc.unesco.org/images/0013/001324/132404e.pdf.

Figure 3.1 illustrates in a simple way the approach to calculate the recharge
rate to a groundwater system by age data. The procedure is to have either

1. a minimum of two ages along the vertical line at the point of interest,
i.e., age data must be obtained from a piezometer nest, which comprises
at least two piezometers opened to the aquifer at different depths, or

2. the vertical position of the bomb peak tritium in the aquifer. It should
be noted that the groundwater flow should consist of only one vertical
component with negligible horizontal movement. The second approach
may not be particularly accurate because of the difference between the
flow rates in the saturated and unsaturated zones.

Example 1 A classic and a comprehensive example of calculating recharge
rate by groundwater age data is the study by Solomon et al. (1993). They cal-
culated the recharge rate to a shallow unconfined silty sands and clay lamel-
lae aquifer, near Strugeon Falls, Ontario, Canada, by locating bomb peak
tritium in 1986 and in 1991 in a set of piezometer nests as well as by measur-
ing the age of groundwater along vertical profiles where the flow was vertical
and little to no horizontal flow was present. Figure 3.2 depicts some results of
their study that were used to calculate the recharge rate using the following
two procedures:

a b
Earth surface | Earth surface
4m
R, A N — RN A &
No peak
bomb tritium 12m 22 years old @
12m
@ Pick bomb tritium O Mgzt

(sample date: 1997)

Atmospheric tritium peak occurred in 1963

Total distance travelled = 16 m Total distance travelled = 12 m

Total time = 34 years (1997-1963) Total time = 5 years

V=16m/34y=0.5 mly V=12m/5y=24mly

Recharge rate = V' x 6 (if © = 0.2) = 94 mm/y Recharge rate = ¥/ x 0 (if @ = 0.05) = 120 mm/y

Figure 3.1. Determination of groundwater recharge rate: (a) by locating bomb peak
tritium; (b) by measuring groundwater ages at two points along a vertical profile such
as at a piezometer nest.
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Figure 3.2. *H and *He measurements, calculated *H/*He ages, and model travel times
in a shallow aquifer near Sturgeon Falls, Ontario, Canada (from Solomon et al., 1993).
Left diagrams illustrate *H and *He concentrations in vertical profile. Right diagrams
show obtained ages based on *H/°He method, and travel times obtained by modeling.
The bars represent the range of variation of ages calculated or parameter measured.
Note that the measurements have been made in two sets of piezometer nests (SF28
and SF29) in two different dates (1986 and 1991).
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1. Recharge calculation based on the location of bomb peak tritium
In one piezometer nest (Piezometer nest 28), the bomb peak tritium was
at 8.7 £ 1m depth in November 1986 and at 10.6 £ 0.5m depth in July
1991. Assuming a porosity of 0.35, this yielded an annual recharge rate
of 150mm. The related calculations are

L=10.6-87=19m T = July 1991-November 1986 = 4.6 years
0=0.35 V=19m /4.6 years = 0.413m/y
R=06xV=035x0413m/y = 145Smm/y (this was raised to 150 mm/yr
because of some uncertainty about the exact position of the bomb peak).

At Piezometer nest 29, the bomb peak tritium was located at 4.5-m depth
below land surface. This gives a velocity of 0.16 m/yr, i.e., 4.5m/28yr (the
peak tritium in the atmosphere was considered to have happened in
1963). Based on this velocity, the annual recharge rate at this piezome-
ter nest was calculated to be 56 mm. The very low recharge rate at
Piezometer nest 29 as compared to 28 was attributed to a discontinuous
surface layer of fine-grained sediments that occurs near nest 29. [Note
that the research by Robertson and Cherry (1989) has served as the
background for recharge calculation through this study.]

2. Recharge calculation based on *H/°He ages
Solomon et al. (1993) also calculated the recharge rate to the same
aquifer based on *H/He ages. Using the data presented in Figure 3.2,
they obtained an age gradient of 2.15 yr/m or a flow velocity of 0.465 m/yr
for the aquifer. This led to a recharge rate of 160mm per year (R = 6 x
V' =0.35 x 0.38m/yr = 0.16 m/yr).

Example 2 Using the 4-m depth of bomb peak tritium, Dincer et al. (1974)
estimated a mean recharge rate of 23 mm per year, about 35% of annual rain-
fall, for the period 1963-1972 in the Dahna Sand dune in Saudi Arabia. The
parameters measured were

Depth of bomb peak tritium = 4m

Year sample was taken = July 1972
Peak tritium in rainfall = January 1964
Specific yield (0) =0.05

The related calculations are

L=4m T = July 1972-January 1964 = 8.5yr
V=4m/ 8.5 years = 0.470m/yr
R=06xV=0.05x0.470m/year = 23 mm/yr

More Examples 1In an arid zone, based on “He and *H/°He ages, the recharge
rate to the eastern fringe of Botswana Kalahari aquifer was calculated at 2.2
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to 3.1mm per annum (Selaolo et al., 2000). A previous tritium study of the
same region (Vogel et al., 1974) showed that the recharge rate to the Kalahari
sand, Botswana, is 10 mm/yr and to Elandsfontein site, eastern Witwatersrand,
South Africa, is 37-90mm/year. Delcore (1986) analyzed the tritium content
of 45 samples from an intermediate aquifer in southwestern Michigan, USA,
from which he estimated the recharge rate to the aquifer at 176 to 351 mm per
year. In a similar research, Tamers (1966) evaluated the recharge to a Venezue-
lan aquifer by radiocarbon ages. One more recent example to estimate the
groundwater recharge using groundwater ages is the work by Cook and
Robinson (2002) in Clare Valley, South Australia, where the recharge to a frac-
tured rock aquifer was estimated at 60-75 mm per year. Similarly, Fette et al.
(2005) used *H/’He ages to calculate the average velocity of groundwater in
an alluvial aquifer near Sion, Rhone river basin, Switzerland, at 1.7 km/yr.

3.5 CALCULATION OF THE GROUNDWATER FLOW VELOCITY

As shown in Figure 3.3, the velocity of groundwater flow can be calculated if
we measure the age of groundwater at two separate points along a particular
horizontal flow line. The ages should be measured at nearly the same depth
and on the same flow line in order to avoid the effect of three-dimensional
flows. The important point is that groundwater flow rates for aquifers can be
gained from artificial (applied) tracer experiments as well, but age data offer

2000m —— Earth surface
___________________ ) A N
-
o ([
3000 years old 2500 years old

V = L/t =2000 m/500 y = 4 m/y

Figure 3.3. Calculating groundwater flow rate using ages of groundwater determined
in two different boreholes. For this purpose, only distance between piezometers and
age of groundwater in each piezometer are required.
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the only realistic alternative if time scales of years or decades have to be taken
into account (Zoellmann et al., 2001). Having obtained groundwater velocity,
we can also back-calculate the hydraulic conductivity of the aquifer if we have
an estimation of the effective porosity of the aquifer through V = KI/6 (the
assumption is that the hydraulic gradient is easily obtainable). If there is no
information about the porosity of the aquifer (i.e., we don’t know the geology
of the aquifer), the least we can do is estimate an upper and a lower range for
the hydraulic conductivity by inserting theoretical minimum and maximum
values of specific porosity into the equation.

Examples Pearson and White (1967) calculated the flow rate of groundwa-
ter in Carrizo Sand, Atascosa County, Texas, USA (Figure 3.4). They measured
“C activities of 15 water samples in various parts of the aquifer, which yielded
ages of 0 years at the outcrop recharging the aquifer to 27,000 years some 56
km downgradient. Based on these ages, the water velocities were calculated at
2.4m/yr 16 km from the outcrop to 1.6 m/year S0 km from the outcrop. Another
example is the work by Hanshaw et al. (1965), where they calculated the flow
rate of groundwater in the principal artesian aquifer in central Florida (based
on "“C age of 5 samples) at 7m/yr. In a recent and a fascinating study, the veloc-
ity of groundwater flow in different parts of the Nubian sandstone aquifer,
southwestern Egypt, has been calculated at about 2m/yr and 0.1 m/yr using
groundwater ages obtained by *Kr and *Cl methods (Sturchio et al. 2004).
These velocities are supported by both hydrogeological setting and some
hydrodynamic models of the aquifer.

3.6 IDENTIFICATION OF THE GROUNDWATER FLOW PATHS

Groundwater flow paths in both vertical and horizontal directions can be
determined by having ages that are increased along the inferred flow lines as
shown in Figure 3.5. Accurate information about the groundwater flow path
is needed in many water resources projects such as in construction of dams
(determining different routes that water stored in the dam lake may escape),
movement of plumes, mixing between different quality groundwaters, and
study of surface water—groundwater interaction. Establishing flow directions
in various parts of a deep, long regional aquifer is another example for use of
groundwater age data. In such systems, however, very similar old ages in dif-
ferent parts of the aquifer may lead to the ambiguity in inferring the direction
of groundwater flow. This shortcoming was demonstrated by Andre (2002) for
the Infra-Molassic sands aquifer of the southern Aquitaine basin in France.

Example Figure 3.6 illustrates groundwater ages that have been measured
along vertical and horizontal flow paths in Borden aquifer, Ontario, Canada,
using Krypon-85 (Smethie et al., 1992). It is clearly demonstrated that ground-
water ages are a reliable tool to identify the direction of groundwater flow in
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Figure 3.4. (a) Groundwater ages (year) in various parts of Carrizo sand, Atascosa,
Texas, USA. Note the increase in groundwater age from the outcrop down dip. (b)
Changes in groundwater flow rates down gradient of the Carrizo sand outcrop along
line X in (a). The bars represent experimental uncertainty (modified after Pearson and
White, 1967). The flow rate was calculated using two methods, age data and classical

hydrological method.
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Figure 3.5. Identifying horizontal flow direction using groundwater ages. Groundwa-
ter age increases along the flow line.

a small-scale project. The study by Solomon et al. (1992) uses tritium and *He
groundwater ages to calculate the recharge rate to this aquifer.

In contrast to the above example, various flow paths, lack of a dominant
flow direction, and varying hydrological conditions all led to groundwaters
ages that don’t show a clear increasing trend with depth. An example of this
is in Everglades National Park aquifers, USA, where groundwater ages vary
significantly both in time and in different depths (Price et al., 2003). Figure 3.7
clearly depicts this mixture of ages in Everglades National Park aquifers, which
were calculated using *H and *H/*He dating methods. The varying hydrologic
conditions were also reflected in the water-level hydrographs and potentio-
metric map of the same aquifer. In a similar study, Pint et al. (2003) demon-
strated more than expected complex flow paths by simulating groundwater
ages in the Allequash Basin, Wisconsin, USA. Here, the presence and inter-
action of a few lakes have led to a highly complex groundwater flow regime
within a simple geological setting.

3.7 ASSESSING THE RATES OF GROUNDWATER AND
CONTAMINANTS TRANSPORT THROUGH AQUITARDS

In studying the contamination migration, it is always crucial to identify the
type of processes by which solutes are transported within various geological
and hydrogeological entities. This has considerable implications with regard to
the extent of contamination at a particular location within a particular time
frame. Aquitards always act as a shield for aquifers. They may also restrict, or
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Figure 3.6. Identifying horizontal and vertical flow paths based on groundwater ages,
Borden Aquifer, Ontario, Canada (modified after Smethie et al., 1992). The age of five
groundwater samples from three different locations reveals the direction of ground-
water flow. Increase in groundwater age with horizontal and vertical distances from the
aquifer outcrop is also shown.

enhance, recharge to the underlying or overlying groundwater system. There-
fore, it is important to understand hydrodynamic as well as geochemical
behaviors of aquitards. The (aquitard) porewater ages have proved to provide
useful information in this respect.

Example Wassenaar and Hendry (2000) measured the “C of dissolved inor-
ganic content (DIC) from 13 aquitard pore water samples collected from
piezometers ranging in depth from 1.5 to 37m below ground surface (BG).
The studied aquitard system is located 140km to the south of Saskatoon,
Canada, and comprises 80m of uniform, plastic, clay-rich till deposited 18 to
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Figure 3.7. Groundwater ages do not show a clear trend with depth and with time in
Everglade National Park, USA. Various hydrological conditions and presence of dif-
ferent flow paths are responsible for such a situation (Price et al., 2003).

38ka BP. The results showed that "*C activity ranges from 109 percent modern
carbon (pmC) at 1.5BG to 3 and 5 percent modern carbon at 29 and 37m BG
leading to age estimates of modern to 31,000 years, respectively. By this experi-
ment, Wassenaar and Hendry (2000) showed that DIC migration through the
aquitard is similar to "“C transport and is mostly influenced by diffusion and
radioactive decay.
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3.8 CONSTRAINING THE PARAMETERS OF GROUNDWATER
FLOW AND TRANSPORT MODELS (ESTIMATION OF LARGE-
SCALE FLOW AND TRANSPORT PROPERTIES)

Groundwater flow models are increasingly employed as a powerful tool to
help manage the groundwater resources. These models usually require an
extensive volume of data and parameters, the quality of which is the key to
the success of the modeling exercise. Estimation of some of these parameters
such as hydraulic conductivity values, specific yields, and aquifer geometrics is
always prone to some degree of error. Groundwater age data are the types of
more precise data that can be incorporated into the models to complement
the existing data, to eliminate some uncertainties, to serve as model-
independent calibration data for groundwater transport models (Dorr et al.,
1992), and to verify flow models especially those that predict the travel time
of source water to wells.

Example 1 Reilly et al. (1994) used the CFCs and tritium dated ages as well
as a numerical simulation technique to quantify groundwater flow rate,
recharge ages of shallow groundwater, and mixing properties of the ground-
water system at Locust Grove, Maryland, USA. They showed that the two
methods together (age-dating method and simulation technique) enabled a
coherent explanation of the flow paths and rates of movement, at the same
time indicating weaknesses in the understanding of the system. They explain
that “the ages from CFCs and tritium define the time of travel at specific points
in the groundwater system, but without the numerical simulation the quanti-
ties of water and paths are unknown.” They add that “the numerical simula-
tions in the absence of the environmental tracer information provided
non-unique and therefore, uncertain estimates of the quantities of water and
flow paths within the groundwater system” (p. 433).

Example 2 In order to optimize the management of the deep groundwater
systems in the city of Hamburg, Germany, a 3D groundwater flow model was
developed by Taugs and Moosmann (2000). Groundwater flow velocities of 50
to 80m/yr were calculated by the model, which were in large disagreement
with C ages (6,000-40,000 years) estimated velocities of 1-1.5m/yr. This dis-
crepancy was inferred to be due to drastically changing hydraulic conditions
caused by increasing groundwater withdrawals since the beginning of the 20th
century (present hydraulic conditions are much different than initial condi-
tions). This observation led Taugs and Moosmann to conclude that a steady-
state model covering the whole time period would be unsuitable for
simulation, and thus a transient model was built. Similarly, in a study on Great
Miami buried-valley aquifer in Southwestern Ohio, USA (Sheets et al., 1998),
the discrepancy between *H/°He ages and simulated travel times led the
researchers to redefine and recalibrate the flow model of the aquifer to reduce
the difference between the simulated and the measured hydraulic heads. A
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large number of case studies exploring the usages of groundwater age data
in calibrating groundwater flow models can be found in IAEA (1994) and in
Dassargues (2000).

3.9 IDENTIFICATION OF THE MIXING BETWEEN DIFFERENT
END MEMBERS

The ages of those groundwaters that are mixtures of various components are
helpful to calculate the mixing ratios and to identify the origin of each end
member. For this, it is necessary to apply a minimum of 2 dating methods from
different ranges; for instance, an old dating method and a young dating method
(note that it is also possible to identify mixing by having the ratios of the three
CFC-11, CFC-12, and CFC-13, which are all for dating young groundwaters;
see Lindsey et al.,2003). The ages obtained from different dating methods are
cross-plotted. On the plots, the best-case scenario would be to have a mixing
line joining the oldest sample to the youngest sample. In such a situation, a
simple two end-member equation such as Equation 3.1 can be applied.

A= Ay (x)+ Ay(1-x) (3.1)

where A, is the age of sample in question, A, is the age of youngest sample
A, is the age of oldest sample, x is the percentage of young fraction in the
sample, and (1 —x) is the percentage of old fraction in the sample. Such simple
mixing calculations allow hydrogeologists to study surface water—groundwa-
ter interaction and to investigate diffuse flow and conduit flow in fractured
rocks aquifer. However, in more complicated cases, and where completely old
and completely young samples do not exist or have not been collected, calcu-
lations become more complex and a larger number of dating methods and/or
samples are required. A spreadsheet type of software called “Tracermodell”
has been developed by the USGS to determine hypothetical concentrations
of atmospheric tracers in water samples with multiple ages and to permit plot-
ting of ages and tracer concentrations in a variety of different combinations
to facilitate interpretation of measurements (see http://water.usgs.gov/lab/
shared/software/tracer_model.htm for more detail).

Examples Talma et al. (2000) measured CFCs (CFC-11, CFC-12 and CFC-
113), *H, and "C in six boreholes in the Agter-Witzenberg valley of Table
Mountain Group sandstone, 140km north of Cape Town, South Africa. They
plotted ages obtained from all methods against each other, produced 6 dia-
grams as presented in Figure 3.8, and compared the results with input curves
of each tracers. Determination of a mixing line (dashed line) enabled them to
calculate the percentage of old fraction in each sample, which were 0, 27%,
40%,38%, 72%, and 90% for samples F, E, C, D, B, and A, respectively. They
report that their findings are completely in agreement with the hydrogeolog-
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Figure 3.8. Cross plots of tritium, “C, and CFCs concentrations in six samples from
the Agter-Witzenberg Valley, Table Mountain Group sandstone, South Africa. Curves
on the diagrams depict atmospheric concentration of the tracers. For CFCs, pmf
(percent modern Freon), an unusual unit, has been adapted, which is the ratio of atmos-
pheric concentration of the species to the maximum historical concentration (in ppt,
between 1990 and 1997) of the same species. The curve at '“C-tritium plot shows the
positive, albeit complex, correlation between historical concentrations of tritium and
C. Dashed lines show mixing trends (from Talma et al., 2000).
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ical settings. For example, Sample F is from shallower depth at the recharge
area of the aquifer, while Sample A is in the deeper parts and almost at the
end of the flow line.

In an another study, Plummer et al. (2000) used ratios of CFCs ages to find
that some rangeland water in the eastern River Plain (ESRP) aquifer, South
Central Idaho, may contain between 5% to 30% young water (ages of less
than or equal to 2-11.5yr) mixed with old regional background water. The
young water originates from the local precipitation. Further, the groundwater
velocity along the top of the ESRP aquifer was also calculated by age data to
be between 5-8m/d. Some similar studies to this were undertaken by
MacDonald et al. (2003) on Dumfries sandstone and breccia aquifer of Scot-
land and by Mattle (1999) and Heidinger et al. (1997) on two separate aquifers
in Germany.

3.10 STUDY OF THE PRE-HOLOCENE
(LATE PLEISTOCENE) CLIMATE

Evidence from groundwater systems may be used to help interpret the timing
and nature of climatic changes during the Pleistocene era (Metcalfe et al.,
1998). Groundwaters that are old or very old can be studied to identify the
type of climate during which they entered the subsurface environment. To
achieve this objective, first we have to know the age of groundwater. Then we
have to study those parameters of groundwater that are climate indicators
such as oxygen-18 isotope values (see Section 5.4 for more information). Com-
bination of these two pieces of evidence will lead to an understanding of the
pre-Holocene climate.

Examples Remenda et al. (1994), based on a detailed hydraulic age calcula-
tion, estimated the age of groundwater in three different aquifers/aquitards
underlying Lake Agassiz in North America at the late Pleistocene era. They
also measured the oxygen-18 composition of the same groundwaters, which
was about —25 per mil. The depleted value of oxygen-18 was then considered
to be associated with a recharge air temperature of —16°C. This is while the
modern temperature at the Lake Agassiz area is 0°C. Therefore, with these
two piece of information, i.e., a groundwater age of late Pleistocene and a
recharge temperature of —16°C (based on depleted oxygen), it was logical to
conclude that the climate was much colder during the Pleistocene era. If they
did not know the age of the groundwater, it would have not been possible for
Remenda and his colleagues to relate the depleted oxygen values to any par-
ticular geologic time table.

A similar study was conducted by Rademacher et al. (2002) on 11 springs
in a high-elevation basin in central Sierra Nevada, USA, where the stable iso-
topes composition and age of spring waters were combined to understand the
climatic and atmospheric circulation over short time intervals. Groundwater
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age data have shown that in Oman the average ground temperature during
the Late Pleistocene (15,000-24,000 years BP) was about 6.5°C lower than
present-day temperatures (Weyhenmeyer et al., 2000).

3.11 EVALUATION OF THE GROUNDWATER POLLUTION

In 1983, Jean-Charles Fontes (1937-1994), a leading isotope hydrologist and
the co-editor of the famous Handbook on Environmental Isotope Geochem-
istry (Fritz and Fontes, 1980, 1986, 1989), made a provocative statement: “the
concept of groundwater age has little significance.” The reason for such a state-
ment is unclear, but it could be due to the then-limited applications of ground-
water age data. It could also be due to the inadequacy of worldwide analytical
facilities, which made dating a difficult task and restricted to only a handful of
countries. Fontes’ statement was explored 20 years later by the delegates
attending the 11th International Symposium on Isotope Hydrology and Inte-
grated Water Resources Management, 19-23 May 2003, Vienna, Austria. The
conclusion was that the use of multiple environmental tracers in groundwater
systems could often help to redefine the interpretation of groundwater age,
hydraulic concepts, and vulnerability of aquifers to contamination. However,
because of some fundamental problems we explain in Chapter 8, the summary
of the conference reads

Thus, while the quote [Fontes’ statement] is true, the “age” estimation must be
translated into logical hydrological parameter. The isotopic tools for ground-
water dating are important because shallow, young groundwaters provide drink-
ing water supply in many parts of the world and also are the most vulnerable to
contamination from anthropogenic activities. The Agency’s [TAEA] recent com-
missioning of a *H/*He facility endorses the development of improved isotope
techniques for dating of young groundwater (IAEA, 2004a, p. 2).

Inference can be made from the above explanations that the focus of
groundwater age discipline has now shifted toward contamination studies and
the potential applications of age-dating technique to overcome the quality-
related challenges facing the groundwater professionals. Contamination of
groundwater resources has been the subject of intense investigations during
the past four decades (Brown, 1964; Kimmel and Braids, 1974; McFarlane,
1984; Zubari, 1994; Michalak and Kitanidis, 2004). In this respect, shallow—
often young—groundwater needs particular consideration because they are
commonly used for drinking water and because they comprise much of the
baseflow that discharges to streams. Various techniques including environ-
mental isotopes have long been employed to study the pollution processes and
the fate of contaminants in the groundwater systems (e.g., Wolterink, 1979).
In this context, one could argue that the use of groundwater age data to assess
groundwater contamination is the most recent, and perhaps the most precise
and holistic, technique to deal with this issue. One other thing to be added is
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that the most comprehensive, 201-page USGS groundwater age report to date,
i.e., Lindsey et al. (2003) and the associated nicely illustrative fact sheets
(Phillips et al., 1999; Phillips and Lindsey, 2003) deal with groundwater-
induced surface water contamination and why groundwater age data are
required to quantify the lag time between reduction of nutrient sources in the
watersheds and improvement of water quality downstream. This particular
area of research, i.e., quantifying the lag time between land-use changes and
water-quality degradation/improvement downstream using the groundwater
age concept have attracted special attention over the past 10-15 years (e.g.,
Brawley et al., 2000; Wayland et al., 2002).

Most contaminants, especially human-induced ones, have entered aquifers
recently, perhaps not earlier than 100 years ago. Further, groundwaters that
were polluted 100 years ago or earlier have so far had enough time to be puri-
fied through natural processes because of their long contact with the subsur-
face environment. On the basis of these assumptions, the following conclusions
can be drawn:

1. If a water sample is older than 100 years, then it should be pollution-
free.

2. For old groundwaters, the contamination risk is low.
3. For young groundwaters, the contamination risk is high.

4. Along the age line the concentration of the contaminants should
decrease, i.e., older groundwater should show less contamination (con-
centration of the contaminants should be less).

5. For a set of groundwater samples, if a contaminated groundwater sample
is dated as young, then we can be sure that the dating exercise was most
probably undertaken correctly and the age data obtained can be used
for other purposes.

6. If there is a meaningful negative correlation between the age of ground-
water and the concentration of the contaminants (the older the age, the
lower the concentration of the contaminants), it would then be possible
to predict the extent and timing of contamination plume, i.e., concen-
tration reaches to what level and at what time. (a typical case study is
the one by MacDonald et al. (2003) on the Dumfries aquifer of
Scotland). Sometimes, it is possible to comment on the dinitrification
reactions just by comparing the age and the nitrate concentration of
groundwater (for example, in Pocomoke and East Mahantango Creeks,
Chesapeake Bay watershed; see Lindsey et al., 2003). The procedure is
to cross-correlate the age and the nitrate concentration of the ground-
water samples. If there is an overall negative correlation, but some
samples do not behave the same, then we can conclude that denitrifica-
tion could be the cause of the decrease in the concentration of nitrate in
those samples that show negative age-nitrate correlation. (It is good to
note that denitrification can only be confidently proven if we have the
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N isotopes as well. Also, during the 1970s and 1980s, there were higher
nitrates inputs due to increased fertilizer use, but use declined in/since
the 1990s, thus the above correlation may not hold for very young waters,
i.e., water recharged during late 1990s or early 2000s.)

7. If there is a positive correlation between the age of groundwater and the
concentration of contaminants (the older the age, the higher the con-
centration of the contaminants), it would then be logical to conclude that
contaminants are gradually degraded over time (assuming that the con-
taminating source is no longer present, i.e., it has been removed).

In contrast to the preceding suggestions, there are cases where the water
sample is dated as old and at the same time it is contaminated. Explanations
for, and benefits associated with, this discrepancy are

1. The contaminants entered the aquifers via a route and time different
than water molecules (e.g., DNAPL).

2. The dating exercise involves some errors (usually determining the con-
tamination level of a groundwater sample is much less prone to error as
compared to age-dating practice).

3. The contaminants have been produced on site within the aquifer itself
sometime after water molecules entered the aquifer. For example,
groundwater salinization due to deforestation in Australia is a recent
phenomenon while the groundwater itself is of old age (see Section
3.15.4).

Examples Bohlke and Denver (1995) used CFCs and tritium age-dating
along with chemical and isotopic techniques in an attempt to resolve and quan-
tify the history and fate of nitrate contamination in two agricultural water-
sheds (Chesterville Branch and Morgan Creek) near Locust Grove, Atlantic
Coastal Plain, Maryland, USA. Through this research, they were able to (1)
provide a 40-year record (1945-1988) of flux of nitrate to groundwater (Figure
3.9), which increased in both watersheds by a factor of 3—-6, most rapidly in the
1970s, (2) find a good correlation between the temporal increase in the ground-
water nitrate concentration and increase in N fertilizer use in groundwater-
sheds, (3) show that denitrification has reduced the nitrate content of older
groundwaters, and (4) demonstrate that groundwater resides for more than 20
years in the aquifers before being discharged into the streams.

The fate and transport of nitrate in a shallow alluvial aquifer in the Con-
tentnea Creek subbasin of the Neuse River in the southeastern United States
were studied using groundwater ages obtained by CFCs and tritium methods
(Tesoriero et al., 2005). It was found that groundwaters with residence times
of between 10-30 years has low nitrate and elevated excess N,, while those
with older residence times are low in both nitrate and excess N,. This indicates
that
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Figure 3.9. The correlation between nitrate concentration and groundwater age in
two agricultural watersheds, Maryland, USA (data from Bohlke and Denver, 1995).
Younger groundwaters are more contaminated, because active recharge carries
contaminants into the aquifer.

1. denitrification has reduced the concentration of nitrate in younger
groundwaters and has led to an increase in the excess N, concentration
(note that in the denitrification process nitrate is reduced to N),

2. older groundwaters were free from, or low in, nitrate from the begin-
ning, i.e., they were recharged prior to the excessive application of fer-
tilizers. The usefulness of age data in such a study is that it enables us to
find out whether low-nitrate groundwaters were originally low or else
are low because of the denitrification process.

3.12 CALCULATION OF THE TRAVEL TIME OF THE
GROUNDWATER PLUME TO THE POINTS OF INTEREST

By having the isochrone map of the aquifer, we would be able to answer the
following:

1. When does the groundwater plume reach a drinking water production
well?

2. When does the contaminated groundwater reach a surface water body
like a lake or a river?

3. When does the contaminated groundwater reach the final discharge
point such as an ocean or a sea?

4. When does the diluting effect of rainfall recharge appear in a specific
point downstream?
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If we know the age of groundwater, we can

1. predict the time required for a present-day polluting source (a leaking
fuel station, for instance) to inflict damage on the water quality at the
location of interest. For example, Fogg (2002) reports that nitrate
groundwater contamination that began emerging in 1979’ in the Salinas
Valley, California, originated from the land-use practices of circa 1940s.

2. analyze that if we stop the polluting activities (e.g., discontinue applying
excessive amount of fertilizers in agricultural lands), when we should
expect to see the outcome of this measure. (This application of age data
has been successfully demonstrated by Laier and Wiggers, 2004.) In
general, we can predict the timing of the effect of land-use changes.

3. determine the likely sources of contaminants whose initial applications
occurred during a specific time period. The age of the groundwater will
help to determine if the sources of contamination can be traced to recent
events, or if other unknown sources of contamination exist that would
warrant further investigation. For example, if a particular fuel station
commenced operation in an area 30 years ago, a contamination plume
in the downgradient aquifer is, in the first instance, thought to result from
leakage from underground storage tanks of the fuel station. However, if
the age of groundwater samples from the contaminated aquifer is older
than 30 years, then it is highly likely that the cause of contamination is
not the fuel station. In contrast, if the age of contaminated groundwater
is younger than the commencement date of the fuel station, then the like-
lihood that the contamination originated from the fuel station increases.
In one simple sentence, an age of 30 years suggests that surface con-
taminant sources that have only existed for 20 years could not be present
in the 30-year-old water (note that mixing of different age groundwaters
could inflict a serious error in these types of interpretations).

4. estimate the time span required for self-purification of a polluted aquifer
after removal of the pollutant.

5. determine whether there is enough time for natural purification of
surface waters recharging aquifers (e.g., river water) whose quality
should improve during the course of travel underground to make them
suitable for domestic usages. For instance, Hofer et al. (2005) points out
that in Switzerland, river water infiltrating into aquifers should spend a
minimum of 10 days underground before being abstracted via produc-
tion wells.

Example A typical example of the usefulness of groundwater age data is
reported by Oudijk and Schmitt (2000) in the vicinity of Philadelphia, USA,
where a 31.4-m-deep water well in a historical property was shown, in 1993,
to be contaminated with trichloroethylene (TCE), cadmium, and lead. The
contamination was suspected to be caused by an industrial site used for the
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remanufacturing of automobile engines, operating since the 1950s and located
550m upgradient of the well. The wastewater generated at the industrial site
was initially discharged to a lagoon system (until the mid-1970s) and then to
seepage pits until early 1982. Four lines of evidence showed that the lagoons
and the seepage pits caused the groundwater contamination: (1) flow direc-
tion; (2) suite of contaminants; (3) groundwater migration rate, i.e., hydraulic
age, and (4) groundwater *H/°He age. With a groundwater/contaminant flow
rate of 24.7m/yr, the hydraulic age of water entering the aquifer from the
lagoons would be 22 years at the water well (550m/24.7myr™" = 22yr). The
*H/’He age of the well-water sample collected in 1999 was also determined at
24 years (*H content of the well water was 11.3 TU). It was therefore concluded
that the 24-year-old contaminants (water) entered groundwater in the mid-
1970s, when the wastewater discharges (lagoon and seepage pits) were active
(1999 — 24 = 1975). On the basis of this experiment, the owner of the reman-
ufacturing facility accepted liability. As noted in Chapter 2, another typical and
precise application of groundwater age data in pollution studies is that by
Solomon et al. (1995).

3.13 MAPPING VULNERABILITY OF THE SHALLOW AQUIFERS

Construction of vulnerability map for the aquifers is a relatively modern exer-
cise (e.g., Vrba and Zaporozec, 1994) that has received considerable attention
during the past 10 years. For instance, a major research theme at the Centre
of Hydrogeology, University of Neuchatel, has been to develop new methods
to map the vulnerability of karstic systems to contamination (Doerfliger et al.,
1999; Zwahlen, 2004, and many more). These maps can be used by resource
protection agencies to focus prevention programs on areas of the greatest
concern and to help prevent contamination of groundwater resources by iden-
tifying areas that are at greater risk of pollution. One of the earliest methods
to evaluate vulnerability of the aquifers is DRASTIC, which considers 7
factors: depth to water, net recharge, aquifer media, soil media, topography,
impact of vadose zone media, and hydraulic conductivity of the aquifer (Aller
et al., 1985). In this method, groundwater travel time (age) within the unsat-
urated zone has not been taken into account directly. However, some research
heavily emphasizes the calculation of residence time of groundwater in the
unsaturated zone and its role in the preparation of vulnerability maps. For
instance, Hotling et al. (1995) classified the aquifers into five different cate-
gories (in terms of protection against pollution) ranging from very low to very
high protection. The basis for this classification is the amount of time that the
infiltrating water spends in the unsaturated zone. Aquifers with very high pro-
tection are those for which the travel time is over 25 years, in contrast to very
low protection aquifers whose travel time is less than a year. More recently, a
new technique has been presented to determine the vulnerability of an aquifer
by calculating the transit time of the percolating water from surface to the



74 THE APPLICATIONS OF GROUNDWATER AGE DATA

groundwater table (Voigt et al., 2004). In this approach the retention time of
the percolating water in the unsaturated zone is determined using a simple
analytical model and incorporating the lithological characteristics of the
vadose zone as well as groundwater recharge rate.

In a more practical sense, there is growing interest among regulatory agen-
cies in using groundwater age dates to map susceptibility of groundwater
systems to contamination (Weissmann et al., 2002, Manning et al., 2005). A
number of recent works especially in the US have concentrated on the use of
age data in this field (Harlow et al., 1999; Nelms et al., 1999, 2002; Nelms and
Harlow, 2001). Through a series of major reports, the vulnerability of various
groundwater basins in California have been assessed by measuring volatile
organic compounds (VOCs) and groundwater ages (just a few examples
include Moran et al., 2002a, 2004a, b).

The principal idea behind using age data for the construction of vulnera-
bility maps is that the older the groundwater, the less chance for it to become
anthropologically contaminated. Generally speaking, groundwaters with a
high percentage of young water should be rated as highly susceptible, while
those with a high fraction of old water should be regarded as insusceptible or
less susceptible. Longer travel time of groundwater in the saturated and unsat-
urated zones provides a better opportunity for the degradation and sorption
of contaminants. If the spatial distribution of aquifer groundwater ages is
known, it would then be possible to subdivide the aquifer into different zones
in terms of susceptibility. Groundwater vulnerability mapping based on the
age data, if fine-tuned and tested successfully, would be a time-friendly method
and could replace most of the currently available vulnerability assessment
approaches, which require a large amount of data, a number of maps, and a
lengthy development time. For example, Rupert (2001) demonstrates that
some of the current methods such as DRASTIC can be improved.

Example Nelms et al. (2003) age-dated water from 171 wells and springs
from both deep and shallow aquifers, and within various hydrogeological set-
tings, across the Commonwealth of Virgina, USA, in order to use the results
as a guide to classify aquifers in terms of susceptibility to contamination from
near-surface sources. They employed a variety of dating methods including
CFCs, SF,, *H, *H/’He, and "C to increase the accuracy of the results. They
found some fraction of young groundwater in the shallow wells (less than
33m deep) and springs in the Coastal Plain shallow regional aquifer and wells
and springs in the fractured-rock terrain. On this basis, these systems were
rated as susceptible to near-surface contaminating sources. Another conclu-
sion was that the ratio of the percentage and apparent age of the young frac-
tion in binary mixtures of young and old waters indicates the relative degree
of susceptibility, i.e., the larger the ratio, the higher the degree of susceptibil-
ity. In this respect, samples from the fractured-rock regional aquifer system
such as Blue Ridge had the largest ratios.
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Tritium-helium groundwater ages in samples from the public water supply
wells in Salt Lake City, Utah, have shown that there is a clear correlation
between the percentage of modern water fraction and both the occurrence
and concentration of contaminants (Manning et al.,2005). This has been shown
to have significant implications, despite the problem of mixing ages, for assess-
ing the susceptibility of groundwater wells to contamination.

3.14 PERFORMANCE ASSESSMENTS FOR THE RADIOACTIVE
WASTE DISPOSAL FACILITIES

In a number of countries, site characterization for disposal of radioactive
wastes forms a substantial research theme (e.g., Arumugum, 1994; NEA, 1995;
Wiles, 2002). In all of the investigations concerning the safety and feasibility
of storing radioactive wastes underground, a high degree of certainty is needed
to assure that the contaminants will not leach from the wastes. The likely
maximum rates of future groundwater movements can be obtained from
knowledge of the past history of flow events in the area under consideration.
The fact that performance assessments for radioactive waste disposal gener-
ally consider time spans up to 1 to 2 million years, comparable to the duration
of Quaternary (Metcalfe et al., 1998), emphasizes the importance of being able
to deduce the timing and magnitudes of groundwater flow over a very long
time scale to reflect the impacts of varying hydro-climatological conditions.
Aquifer pumping tests, applied tracer tests, and water-level measurement
studies all lack the capability to measure aquifer hydraulic properties, and
associated likely changes, over very large temporal and spatial scales. For this
reason, groundwater age data are of prime importance and can provide invalu-
able information on the hydraulic properties of the waste disposal facilities.
Very old groundwater ages, in the order of millions, are the only scientific piece
of evidence to show that a particular site has had no communication with
the active hydrologic cycle for a very long period. Because of the time scale
involved, the hydraulic properties inferred from age data (such as hydraulic
conductivity or flow rate) include the historic variations in these parameters
as well.

Example 1 A study was conducted by Marine (1979) to estimate ground-
water velocities in order to demonstrate the safety of storing radioactive waste
in the crystalline metamorphic bedrock at the Savanah River Plant (SRP),
Atlantic Coastal Plain, USA. Horizontally, SRP is located 32km from
the bedrock outcrop, but vertically, it is more than 200m above bedrock (i.e.,
bedrock lies more than 200m below the land surface). Groundwater in the
bedrock contains 6,000 mg/L of solutes and forms a 51-km-long flow line. It is
separated from the overlying fresh alluvial surface aquifer by a layer of dense
clay and sandy clay called saprolite. Using ‘He age-dating technique, Marine
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calculated the age of groundwater in the bedrock at 840,000 years, yielding a
velocity of about 0.06 m/yr. The hydraulic conductivity values obtained by
hydraulic tests, between 0.033 to 0.000012 m/yr, led to a much lower flow rate.
Considering the length of the flow path (51km) and the time scale (840,000
years), the results of this study were considered much more reliable for waste
disposal purposes as compared to the packer tests, pumping tests, and artifi-
cial tracers test, which all require extensive time and space extrapolations.

Example 2 From 1980 until the early 1990s, NAGRA (the Swiss National
cooperative for the storage of radioactive waste) undertook extensive inves-
tigations to evaluate the feasibility and safety of a repository for the disposal
of high-level radioactive waste in northern Switzerland. As part of this study,
140 springs and wells were sampled for isotopic and age analysis, in addition
to 60 water samples collected from very deep boreholes drilled specifically for
this purpose. In fact, a major report, which took the form of an international
book (Pearson et al., 1991), a number of smaller reports, and a few journal and
conference papers are the result of the NAGRA hydrogeologic study. Pearson
and his colleagues do not present a sharp conclusion about the suitability of
the studied sites but suggest that waters in the bedrock in northern
Switzerland are of deep origin, even though they may be present at shallow
depth (Pearson et al., p. 375). Further, the concentrations of age-dating
radionuclides in most samples were equivalent to water-rock equilibrium con-
centrations, indicating very old ages. It should be pointed out, however, that a
site for disposal of radioactive waste in Switzerland was recommended by
NAGRA in 1993 (Wellenberg), but the related formal, political, and legal
process is still pending. A discussion about these issues is given by Loew
(2004). Interested readers can refer to the NAGRA website for more infor-
mation (http://www.nagra.ch).

Another example of dating groundwater for gaining insight into the process
and impacts of nuclear waste disposal practices is the research by Marty et al.,
(2003) in the Paris Basin, which is described in detail in Chapter 6.

3.15 SITE-SPECIFIC APPLICATIONS

Some of the applications of groundwater age data have been undertaken on
a site-specific basis. These may receive wider interest in the future. Compara-
tively, these types of applications have been demonstrated (or suggested) more
recently. It is neither possible nor appropriate to include all these usages as
the list is ever-growing and it will be inevitably incomplete regardless of its
comprehensiveness at the present. However, it shows the usefulness of ground-
water age discipline in the hydrological studies and in solving the water
resources management problems. Apart from those applications described
in detail ahead, some others include the evaluation of atmospheric acid
deposition (Robertson et al., 1989; Busenberg and Plummer, 1996), estimating
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rates of geochemical and geo-microbial processes in the unsaturated zone
(Plummer et al., 1990; Chappelle et al., 1987), estimating longitudinal disper-
sivitiy coefficient (Solomon et al., 1993), determining hydraulic conductivity
and transmissivity of the aquifers (Phillips et al., 1989; Hanshaw and Back,
1974), finding the origin of methane in gas hydrate deposits (Fehn et al., 2003),
identifying groundwater inflow into artificial lakes (Weise et al., 2001),
evaluating ecosystem health (Chesnaux et al., 2005), quantitatively describing
groundwater flow and hydrogeology (Boronina et al., 2005), and estimating
volume of aquifer storage and location of recharge and extracting information
on the rates of geochemical and microbiological processes in aquifers.

3.15.1 Identification of the Seawater-Level Fluctuations

Sea-level fluctuations during the recent geological past is an important topic
both because it could signal an environmental problem and because it is a
component in the global climate system (Kroonenberg, 2005). For instance, a
full international conference entitled “International Conference on Rapid Sea
Level Change: A Caspian Perspective” held in Rasht, Iran, in May 2005 was
entirely devoted to the Caspian Sea fluctuations and associated impacts. One
of the applications of groundwater age data is in identifying sea level and base-
line changes during the Quaternary. Large discrepancies between hydraulic
ages and isotopic ages can help reveal some information about the past fluc-
tuations in erosion baseline and sea level. If hydraulic ages are much younger
than isotopic ages, then it is highly likely that baseline was lower earlier, e.g.,
in the Pleistocene era. Previous lower baselines resulted in higher hydraulic
gradients. Higher hydraulic gradients resulted in higher flow velocity and
lower hydraulic ages. So, an isotopic age whose derivation is not affected by
hydraulic gradient reflects the impact of earlier higher hydraulic gradients on
the hydraulically calculated ages. It should immediately be added here that
the younger hydraulic ages (compared to isotopic ages) in some deep confined
aquifers have been attributed to the presence of “zones of imperceptively slow
moving groundwater” or stagnant groundwaters that are stored in an isolated
part of the aquifer (Mazor and Native, 1992, 1994; Torgersen, 1994). Zones of
imperceptively slow-moving groundwater are much older than the overall
groundwater surrounding them, and hence exert an elevating influence on the
age of groundwater (they increase groundwater age). Hydraulic age calcula-
tions, however, are incapable of taking into account the presence of dead
volumes of water, which slow down the groundwater movement in the nearby
vicinity.

Example The application of groundwater age information to show shoreline
fluctuation has been vividly shown by Love et al. (1994) for Gambier Embay-
ment of Otway Basin in Southeast Australia. Gambier Embayment contains
up to 5,000-m-thick mixed marine and terrestrial sediments forming two
aquifers, unconfined Gambier aquifer and confined Dilwyn aquifer. By ana-
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lyzing 52 water samples and extensive measurement of hydraulic parameters
of the two aquifers, Love et al., (1994) calculated the groundwater age by the
C method at 12,800 years and by Darcy’s law method (hydraulic age) at
49,000 years. The results from the two methods were hugely different. To
explain these large differences, Love and his colleagues reviewed all possible
sources of discrepancy such as initial "*C activity, openness of the groundwa-
ter system, and the effect of isotopic exchange. They substantially counted for
all these possibilities, but still a large difference remained for the two methods,
i.e., "“C ages and hydraulic ages. Their conclusion was that the discrepancy is
due to increased hydraulic gradients during late Pleistocene-Holocene era
caused by sea-level lowering. On page 177 they write,

Because both aquifers are hydraulically connected to the sea, low sea level in the
past would have resulted in increased groundwater velocities and a correspon-
ding short groundwater residence time. The hydraulic calculated travel time
is based on present relatively high sea-level. Much lower sea level recorded
during the Pleistocene glaciations (as much as 150m lower) have consequently
increased hydraulic gradients, which corresponds to increased drainage rates.
Because "“C has a mean life time commensurate with that of the water residence
time, it will record the variations in groundwater velocity over time. However,
the Darcy calculation based on the present day water level will underestimate
the average gradient because it represents a present day snapshot of the ground-
water system and is not applicable when boundary conditions change signifi-
cantly. In essence, the “C data integrate the effect of changing hydraulic heads
on the groundwater flow regimes over the last 30,000 years. (Reprinted from
Love et al., 1994, with permission from Elsevier)

3.15.2 Calculating the Timescale of Seawater Intrusion

In very recent research using *H and “C age data, Sivan et al., (2005) show
that Mediterranean seawater penetrated the coastal aquifer of Israel between
15-40 years ago and moved inland to a distance of 50-100m. Sivan and col-
leagues were able to classify chemical reactions associated with various stages
of seawater intrusions and how groundwater and seawater mixed during the
intrusion.

3.15.3 Disposal of Wastes into the Deep, Old Saline Groundwater Systems

Due to concern over environmental impacts of waste disposal systems, new
sites and pertinent hydrogeologic conditions are continuously being evaluated.
One main factor in evaluating a site for disposal of waste is its hydraulic con-
nection with the surrounding environment. Deep old aquifers, which due to
their high salinity values have no other use, can be considered as a possible
disposal site (Freeze and Cherry, 1979). These aquifers represent little risk to
the environment especially hydrosphere because their age suggests that they
have been isolated from the hydrosphere for a very long time.
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3.15.4 Management of the Dryland Salinity in Australia

In Australia, the clearing of native Eucalyptus vegetation and its replacement
with shallow-rooted crops and pasture have resulted in reduced rates of rain-
fall interception and soil water usage by plants, and increased recharge. This
has led to a rise in the water level of shallow unconfined aquifers and the
potentiometric surface of the deep confined aquifers. Rising shallow ground-
water dissolves the salts stored in the soil profile and carries them upward to
the vicinity of ground surface where osmosis phenomenon is capable of con-
veying both water molecules and solutes to the surface. Water molecules are
then evaporated, but solutes are left behind on the soil surface. The final and
adverse outcome of this hydrological perturbation is widespread soil saliniza-
tion in the nonirrigated agricultural land, locally known as dryland salinity,
which in turn leads to stream salinization.

Different types of relationship between groundwater salinity and ground-
water age in four shallow aquifers in the upper Macquarie Valley, New South
Wales, Australia, shown in Figure 3.10, were used by Kazemi et al., (1998b)
and Kazemi (1999) to investigate the time scale of dryland salinity process. On

Suntop Watershed .
Buckinbah Creek Watershed

10000 F .
2 8000 | R2=0.92 7 6000 R=0.85
. 5
§ 6000 | 24000
g 4000} £ 2000
2000 | o
o | 0
0 5 10 15 20 25 30 0 10 cre ]220 30 40
CFC-12 age (year) -12 age (year)
Snake Creek Watershed Troy Creek Watershed
16000 1 16000
s ] ¢ "
12000 =
S 1 R=0.02 § 12000 = 0.50
= 8000, — £ 8000
&8 1 . Q * 3 *
4000 + ¢ 24000 R
7 *
0 - 0 : : :
0 10 20 30 40 10 20 30 4

CFC-12 age (year) CFC-12 age (year)

Figure 3.10. Various relationships between groundwater age and groundwater salinity
in four salinized watersheds in New South Wales, Australia (after Kazemi, 1999).
The difference in the degree of correlation is attributed to variation in the salinization
stage of these watersheds, i.e., some watersheds underwent salinization after others.

See Chapter 4 for more information.
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the basis of these relationships, various watersheds are divided into three cat-
egories: (1) those that are at the early stages of salinization; (2) those already
highly salinized; and (3) those that have passed their salinization peak and are
starting to return to pristine, undisturbed conditions. Groundwater ages (1)
show a positive correlation with groundwater salinity in the first type of water-
sheds, (2) show no correlation with groundwater salinity in the second type of
watersheds, and (3) show a negative (reverse) correlation with groundwater
salinity in the third category of aquifers (see Figure 3.10 and Chapter 4).

3.15.5 Hydrograph Separation

Rademacher et al., (2005) studied the relationship between the chemical and
isotopic composition of groundwater and residence times to understand the
temporal variability in stream hydrochemistry in Sagehen basin, California,
USA.The mean residence time of groundwater feeding Sagehen Creek during
base flow was estimated at 28 years, reducing to 15 years during the snowmelt
periods. The residence-time data have shown that groundwater is not a single,
well-mixed chemical component but rather is a variable parameter. This has
implications for hydrograph separation because most current models of water-
shed hydrochemistry do not account for chemical and isotopic variability
found within the groundwater reservoir.
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AGE-DATING YOUNG
GROUNDWATERS

This chapter describes the techniques used to date young groundwaters (0-60
years old) including *H, *H/*He, *‘He, *Kr, CFCs, SFs, and *Cl/CI. Indirect and
less used methods such as 8'®O are also briefly discussed. Rn-222 is discussed
separately in Chapter 8, because the involved timescale is much shorter than
the methods we describe here. The principle, characteristics, limitations,
requirements, relevant formulas and equations, advantages, working examples,
field sampling and laboratory measurements and associated costs of each
method are spelled out (at the end of the chapter, advantages and disadvan-
tages of all the dating methods are presented in Table 4.5). Some new CFCs
data of the authors’ unpublished works are reported. Interpretation of multi-
tracer age data and the necessity for this approach are also discussed. This
chapter is inevitably imbalanced. Some of the dating methods discussed here
are well-established techniques with plenty of references. Some others,
however, are quite new. For instance, there are a large number of references
for tritium method, even in general groundwater textbooks. Also, with regard
to CFCs and "H/’He methods, substantial reviews by Plummer and Busenberg
(2000) and Solomon and Cook (2000), respectively, do not leave much space
for our maneuver. However, methods like SFs and ®*Kr are not sufficiently
covered in the literature, because of their recentness. At the start of this
chapter, there is a general discussion that applies to all the three chapters
dealing with various age-dating techniques (Chapters 4 to 6). Hence, it is rec-
ommended for study before proceeding to the next two chapters of 5 and 6.

Groundwater Age, by Gholam A. Kazemi, Jay H. Lehr, and Pierre Perrochet
Copyright © 2006 John Wiley & Sons, Inc.
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AGE-DATING YOUNG GROUNDWATERS

4.1 IMPORTANT POINTS

At the beginning of this chapter a number of important points, applicable to
this chapter as well as the next two chapters, are discussed:

1. There is not much discussion on various, sometime lengthy, correction
methods applied to some age-dating approaches because

a.

the corrections made most of the time do not change the dates
obtained to a great extent, i.e., the corrected ages and the uncorrected
ages are not much different. If the uncorrected and adjusted ages are
vastly different, then there is some question on the validity of the cor-
recting exercise as well. Wigley (1976) rightly emphasizes this
problem by pointing out that the “largest adjustments (corrections)
are those which are subject to greatest uncertainty.”

a variation of a few percentages or even higher does not usually
change the overall outcome gained by applying age-dating tech-
niques. For example, a 2,500-year-old sample is not really much
different from a 3,000-year-old sample in terms of hydrogeological
conclusions made on the base of its age. This statement has been
strongly echoed by Freeze and Cherry (1979), where at the end of
their discussion on the necessity to correct "C ages (p. 292) they
dismiss the perception that extensive corrections may devalue the *C
technique as a powerful hydrologic tool and write “detailed age esti-
mates are often not necessary for a solution to a problem.” It has also
been suggested by many others that corrections will not affect the
basic conclusions (e.g., Carrillo-Rivera et al., 1992).

in most of studies, obtaining a relative age is satisfactory. For instance,
the variations in age along a flow line to calculate flow rate or to
determine the flow path, etc.

there is some inherent uncertainties in the correction techniques. In
the other words, the corrections need to be corrected or the correc-
tion, sometimes, leads to dates that are certainly wrong (Lloyd, 1981).
Plummer and Sprinkle (2001) compared a number of adjusting
models on 24 water samples and compared the results with
NETPATH results. They found that all the previous adjusting models
led, to some extent, to the ages that are different from NETPATH
ages. Even two different assumptions in NETPATH led to ages that
are in cases considerably different.

it is safe to say that the '“C dating method is the only technique that
requires extensive corrections. However, the phenomenon of excess
air and the calculation of subsurface production rate are also chal-
lenges in a number of groundwater dating studies.

lengthy correction exercises are counterproductive and may detract
the readers from the main content of the text and sometimes leads to
disinterest and dissatisfaction.
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g. as with all other nature-related sciences (biology, medical sciences,
soil sciences, etc.), there are large, complex natural variations and
many complicated phenomena that are never truly quantified and
understood by scientists. Groundwater dating is no exception. In
fact, it has been suggested very recently (Voss, 2005, p. 5) that
“Hydrogeology is mostly a descriptive science that attempts to be as
quantitative as possible regarding description but without the
possibility (in many or most cases) of guaranteeing the accuracy of
predictions.”

h. as with all other disciplines dealing with groundwater, such as mod-
eling, pumping tests, flow net analysis, etc., there is a large uncertainty
involved in groundwater age-dating. Again excerpts from Voss (2005,
p. 6) reads, “Hydrogeologic science is not well suited to quantitative
prediction . . . some hydrogeologic problems cannot be solved.”

2. It is more and more realized that a groundwater dating exercise should
be undertaken using a number of tracers conjunctively, i.e., multitracer
dating. Perhaps one could say a minimum of two dating techniques in
two adjacent categories (e.g., young and old or old and very old) is
required for a purely unknown aquifer, e.g., tritium and carbon-14, or
carbon-14 and chlorine-36, etc. Application of two or more tracers for
the same age range, i.e., SFs and CFCs are also recommended, especially
for water table aquifers where ages are usually young. One major advan-
tage of such an approach is that the difference between groundwater
ages calculated by different methods can help to better understand
some of the chemical or hydrodynamic processes that occur in the
groundwater.

3. It is always a useful exercise to calculate the hydraulic age using simple
Darcy equation especially for aquifers that are dated for the first time.
This is an independent check on the accuracy of the dating results
because it is based upon a different principle, which requires knowledge
of the recharge area. It is also a worthy practice to check the dates
obtained against the geological and hydrogeological settings of the
aquifer such as age of the formation, aquifer depth, presence of confin-
ing units and flow system, chemistry of water, etc.

4. Radon-222 with a half-life of 3.8 days is often considered as a dating
isotope. We have, however, refrained from describing it here in Chapter
4 and left it to the last chapter (Chapter 8) as a special or a potential
method. The main reason for such differentiation is the much shorter
half-life of Rn-222 as compared to other isotopes used in dating young
groundwaters. If we wanted to include it here, then we should have added
another chapter called “Age-Dating Very Young Groundwaters,” which
would have included methods like microbial and bacterial techniques as
well.

5. Dating methods for young groundwaters are typically applicable to
unconfined shallow aquifers only, while those methods for dating very
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old groundwaters are often for deep, confined aquifers. It is, therefore,
safe to argue that only dating methods for old groundwaters (Chapter
5) can be used for both confined and unconfined aquifers.

4.2 TRITIUM

The hydrogen atom is believed to have been created during the “Big Bang”
by proton-electron combinations (Ottonello, 1997). It is the lightest and the
most abundant element in the universe. At standard temperature and pres-
sure, hydrogen is a colorless, odorless, nonmetallic, univalent, and highly flam-
mable diatomic gas. It is present in water and in all organic compounds and
living organisms. Tritium’s commercial uses include medical diagnostics, sign
illumination (especially exit signs), watch and drug industry, and many other
small-scale applications. In the nuclear industry, the main consumer of tritium,
tritium’s primary function is to boost the yield of both fission and thermonu-
clear weapons.

Hydrogen has three isotopes: 'H (common hydrogen or protium, H); *H
(deuterium, D); and *H (tritium, T). Protium has one proton, deuterium has
one proton and one neutron, and tritium has one proton and 2 neutrons. Deu-
terium (also referred to as heavy stable isotope of hydrogen) and protium are
stable, but tritium is radioactive with a half-life of 12.43 years (some references
give 12.3 years). In seawater, the relative abundances of hydrogen isotopes are
H (99.984%),D (0.016%),and T (5 x 10°%) (Mazor, 2004). Tritium is the only
environmental tracer that is part of the water molecule itself. All other tracers
are solutes, i.e., they are dissolved in water. If tritium replaces one of the hydro-
gens in the water molecule, H,O, the result would be what is called tritiated
water, THO. Tritium content of a water sample is expressed as TU, where one
TU represents one THO molecule in 10"® H,O molecules. In simpler terms,
one TU means one mg THO in 10’ tones H,O. This is equal to 6.686 x 10"
tritium atoms/kg and has an activity of 0.1181 Bq/kg (3.193pCi/kg) or 7.1 dis-
integration per minute per liter of water. Tritium dating method is the first
technique developed to date groundwater, and that was in 1957 by Begemann
and Libby. However, as we explain in greater detail below, it is near its expiry
date and we, therefore, limit our discussion to main points only. Tritium is also
used in oceanography, meteorology, dispersion and diffusion studies, influx of
leachate from the landfills, and much more.

4.2.1 Production of Tritium

Tritium is produced in at least five different ways:

1. By cosmic-ray bombardment of nitrogen and deuterium in the upper
atmosphere (Testa, 2005):
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UN+n—12C+3H

H+?H—->3H+ H

The amount of this production is estimated at 0.5 + 0.3 atoms/cm?s.
Before the onset of atmospheric nuclear weapons tests, the global equi-
librium tritium inventory was estimated at about 3.6 kg or 35 mega curies
(some references give different figures). This leads to a rainfall tritium
concentration of 3-6TU in Europe and North America and 1-3TU in
South Australia (Solomon and Cook, 2000). Such estimations, however,
are not quite accurate, and various references argue for a range of 0.5-20
TU pre-bomb rainfall. It is albeit clear that because of higher geomag-
netic latitude, rainfall tritium content in the Northern Hemisphere is
more than that in the Southern Hemisphere.

2. Through thermonuclear tests, which started in 1952, and, though banned,
still form a significant source of tritium in the atmosphere and other
spheres. In all textbooks, graphs are presented that illustrate temporal
concentration of tritium in the rainfall as early as 1953 (in Ottawa,
Canada, for example), reaching its peak in 1963 and 1964 in the North-
ern and the Southern Hemispheres, respectively, and declining since then
to an almost natural level in the Southern Hemisphere. One such graph
is illustrated in Figure 4.1, to show the concentration of tritium in the
precipitation in Vienna, Austria. To better understand the effect of
bombs on tritium level, we quote from an early reference (Barrett and
Huebner, 1960, cited by Clebsch, 1961, p. C-124):
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Figure 4.1. Concentration of tritium in the atmospheric precipitation at Vienna,
Austria. [TAEA/WMO (2004). Global Network of Isotopes in Precipitation. The GNIP
Database. Accessible at: http://isohis.iaea.org.]



86 AGE-DATING YOUNG GROUNDWATERS

The first increase in tritium concentration due to bomb testing resulted in a
concentration of tritium in precipitation of 66 + 1 T-units at Chicago on
November 18, 1952. In the periods March—July 1954 and March-September
1956, tritium in Chicago rainfall exceeded about 100 T-units and between
December 18, 1957, and July 29, 1958, the tritium level in Chicago rain and
snow (and presumably in Nevada precipitation) ranged from a minimum of
54.0 T-units to a maximum of 2,160.0 T-units.

3. A newer source of tritium in the environment is the byproduct (or as a
special product) of nuclear reactor operations (IAEA, 2004b). The
amount of tritium produced, its behavior, its pathways to the environ-
ment, and its chemical form depend on the reactor design. The majority
of tritium produced is in gaseous waste (e.g., reactor off-gases and dis-
solver off-gases at reprocessing plants), but it may be considerable in the
liquid effluents from some nuclear facilities (IAEA, 2004b).

4. Watch industry wastes (e.g., in incinerator plants where old watches are
burnt) release a huge amount of tritium to the environment. In Switzer-
land, for instance, such source of tritium is so high that using tritium as
a tracer for dating becomes virtually impossible (H. Surbeck, University
of Neuchatel, personal communication).

5. By neutron radiation of lithium in rocks (Andrews and Kay, 1982):
Li+n—3iH+a

The amount of such type of production becomes significant where
lithium-and neutron-producing radio elements such as thorium and
uranium are abundant. One example is granitic rocks, in which tritium
production can lead to up to 2.5TU in the fracture fluids (Andrews and
Kay, 1982). For average Earth crustal rocks, however, rock-produced
tritium is less than 0.2TU (Lehmann et al., 1993).

For industrial, nuclear (main consumer), and commercial usages, tritium is
produced through bombardment of lithium with neutrons. The demand for
tritium is rather low. As an example, total U.S. tritium production since 1955
has been approximately 225kg, an estimated 150kg of which have decayed
into *He, leaving a current inventory of approximately 75kg of tritium
(Albright et al., 1993).

4.2.2 Sampling, Analysis, and Reporting the Results

The volume of sample needed to measure tritium concentration depends on
the method we choose for the analysis. All methods require a maximum of
half a liter of sample, but one-liter bottles are preferred to allow repeated
measurements if necessary. There is no special precaution except to avoid
watches and compasses, which contain some tritium. Further, samples with a
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high amount of radon-222 should be degassed because *’Rn is also an emitter
of beta particles and can cause interference. In some cases, “?Rn is removed
by dissolving it in an immiscible organic solvent (which is added to the sample)
and separating the water and the solvent afterward. Radon-222 is 10 times
more soluble in the solvent than in the water, so all >’Rn are dissolved in the
solvent only. Another approach is to store sample for a few days to allow for
the complete disintegration of *?Rn atoms because of the short half-life of 3.8
days. Generally, four different methods with various detection limits are in
practice for measuring *H content of water samples:

1. Liquid scintillation counting, LSC, or direct counting with a detection
limit of about 8-10TU involving distillation of the sample and counting
the disintegrations. A liquid scintillation analyzer is shown in Figure 4.2.
The sample volume required is 20mL, but a larger volume should be col-
lected. This method is generally employed as a first step to determine
the feasibility of more precise tritium measurements by other tech-
niques. It is applicable to high tritium environments such as leachate
from landfills. The cost is about USD 150 per sample.

2. Low-level counting: This method involves electrolytic enrichment and
radiometric measurement of *H concentration. The detection limit of this
method is about 1 TU and needs a 250-mL sample. Cost is about USD
300 per sample.

3. Ultra low-level counting. This method uses the same principle as low-
level counting, but includes double enrichment as well as extended
counting time. The sample volume required is 500 mL and sample bottles
should be flushed clean with argon. The detection limit of the method is
about 0.1 TU, and the cost of analysis is about USD 450.

4. Helium-3 ingrowth method. This method also has a general detection
limit of 0.1 TU. Some laboratories, The Lamont-Doherty Earth Obser-
vatory, for instance, claim a detection limit of up to 0.01TU, and some
references report a detection limit of as low as 0.005TU (Bayer et al.,
1989). Water samples for helium-ingrowth analysis are degassed on a
vacuum line and stored in a sealed glass bottle for some long time, say
a few months up to a year, after which the *He atoms generated by the
decay of *H is measured by a mass spectrometer.

The result of tritium analysis of the water samples are usually reported in
tritium units. They can be reported in activities as well, e.g., 1 Bq/L. Activities
are convertible to TU by dividing to 0.1181.

4.2.3 Dating Groundwater by Tritium

Tritium, whether natural or artificially produced by thermonuclear tests, is
incorporated in the meteoric water molecules by oxidation, becomes part of
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Figure 4.2. Liquid scintillation analyzer at the Centre of Hydrogeology, University of
Neuchatel, Switzerland. The detection limit of this instrument is about 8 TU. Computer,
shown in the top figure, is connected to the analyzer for processing the analyses. A
sample vial is shown in the bottom figure.

them, and moves within various compartments of the hydrologic cycle such as
surface water, oceans, soil water, and groundwater. Atmospheric tritium, there-
fore, reaches groundwater at some stage. Theoretically, it should be possible
to use tritium to date groundwater in two different approaches:

1. by analyzing the decay of natural tritium in the subsurface environment;

2. by locating the position of bomb pulse tritium underground or finding
its signature in the water sample.
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Dating Groundwater by Analyzing the Decay of Natural Tritium in the Sub-
surface Environment This approach is, in theory, similar to dating ground-
water by other radiotracers “Clocks” such as *C, but it may not be practically
possible. This is because of the short half-life of tritium and because natural
production of tritium in the atmosphere is low and does not accumulate to
form an easily traceable quantity. In any case, tritium in the recharging water
starts disintegrating into *He when it enters the subsurface environment:

iH— 3He+p

Therefore, with the passage of time, the concentration of tritium in the ground-
water decreases according to the decay law.

C=Cylne™ or *H=">3Hjne™

To date a groundwater sample, we have to measure the concentration of
tritium in the sample (C or *H), but we also have to find out what was the con-
centration of tritium in the recharge water, or the initial value (C, or *Hy).
Note that A is the decay constant of tritium of 0.056 year™.

Example: Tritium content of a water sample from the Northern Hemi-
sphere, collected in 1991, is 0.5TU. What was the age of this sample if we
assume a pre-bomb tritium concentration of 4TU in the local rainfall?

0.5=4¢%% =37 years

The age of the sample, i.e., 37 years, shows that it was recharged in 1954 (1991
— 37 =1954). We know that Northern Hemisphere rainfall tritium content was
higher than 4TU in 1954. Therefore, one of the two following scenarios may
prevail:

a. The sample is a mixture of pre-1952 and post-1952 recharged waters.

b. The sample is pre-1952 recharge water, but in our calculation we
assumed an incorrect initial value. An initial value (C,) of 5TU will
increase the age of the sample to 41 years and will change the recharge
date to 1950 (1991 — 41). In such a case, there will be no paradox in
reporting the age of the sample as 41 years.

We should immediately add here that we will not be able to positively date
such a sample if we do not find extra information (e.g., from other dating tech-
niques) that could help us to reject one of the above-mentioned possibilities.
For example, the presence of SF; in the sample is an indication that the sample
consists of some post-1952 water component and scenario “a” is accepted, but
the age determined would not be quite correct. We should also point out that
a number of references (Mazor, 2004; Clark and Fritz, 1997) argue that a
tritium level of 0.5TU is an indication of pre-bomb age, but as we just showed

it really depends on the assumed initial value.
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Dating Groundwater by Locating the Position of Bomb Pulse Tritium Under-
ground or Finding Its Signature in the Water Sample 1t is possible to date
groundwater if we can (1) locate the position of the bomb-peak tritium or (2)
find high tritium samples that we can confidently relate to the thermonuclear
era. For (1) we need to measure the vertical concentration of tritium in a
profile such as in a piezometer nest. The age of the groundwater would then
be the “date of sampling—1963 (in Northern Hemisphere) or date of sam-
pling—1964 (in Southern Hemisphere).” This approach, which will give us a
quantitative age, works well at a flow divide where downward flow prevails;
horizontal flow causes the loss of a distinct peak due to dispersion. For (2) we
have to have water samples whose tritium concentration is over 10 TU. Such
samples are certainly younger than 54 years (2006 — 1952 = 54), but their
precise age cannot be determined. This occurs for the majority of cases.

At the end of this section we should point to the fact that although ther-
monuclear testing facilitated the practice of dating young groundwaters until
about 1990, but it has prevented using naturally derived tritium as a dating
tracer. This unfortunate situation will last for another 4 decades, until the impact
of thermonuclear tests on the tritium in the environment is completely erased.
By the year 2046, 99% of the 1963 bomb-peak tritium atoms will be decayed.
We will be then able to again use naturally derived tritium as a dating tracer
because we will have a near-precise initial value, which is the natural level of
cosmogenic production. This statement will hold true if further bombs are not
tested or exploded and if other significant widespread sources of tritium are
not created. In such case, the dating range of the tritium methods is from 1.9
to 41 years if 10% and 90% of the initial atoms disintegrate into helium.

4.2.4 Advantages and Disadvantages

Advantages
1. Tritium is a well-established and a well-known method with plenty of
references.

2. Laboratory facilities are worldwide and the cost of analysis is relatively
small.

3. Tritium can still be regarded as a supplementary dating method.
4. Tt is the only tracer that is part of the water molecule.

Disadvantages
1. The method is approaching its expiry date.
2. Due to the strong latitudinal variation, it would be difficult to precisely
determine the initial value even if the bomb-peak tritium effects on the
environment are completely vanished.

4.2.5 Case Studies

The common perception is that tritium has been used in numerous case studies
to date young groundwaters. This is not, however, the case and it is safe to
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argue that tritium studies leading to positive groundwater age determination
are not ample. Basically, spatial and temporal variations in the input function
have substantially lowered the dating capacity of tritium. Generally, it indi-
cates whether groundwater was recharged before or after bomb peak of
1963-1964 (Smethie et al., 1992).

Kirkwood-Cohansey Aquifer System—Southern New Jersey Coastal Plain,
USA The Kirkwood-Cohansey aquifer, New Jersey Coastal Plain, is an
unconfined aquifer with a shallow unsaturated zone. Figure 4.3 shows the con-
centration of tritium in a vertical profile measured by Szabo et al. (1996) in
1991. Although the samples were collected from three different sites (albeit
close), it is easy to locate the position of bomb-peak tritium at the depth of
about 23 m. The age of the sample from this depth would, therefore, be 28 years
(1991 — 1963 = 28). From the figure, it is interesting to note that the *H/°He
age of this sample was estimated at 24.4 + 1m, not much different from the
tritium age. Further we can see that the *H/°He ages increase with depth, while
the same can be inferred from the tritium graph alone, i.e., samples shallower
than 23 m are younger, and samples deeper than 23 m are older than 28 years.
Tritium-helium ages are, however, more quantitative.

New Mexico Aquifers, USA One of the earliest studies using tritium as a
dating tracer is on a few New Mexican aquifers by von Buttlar (1959). Through
this study, groundwater samples collected in different months in 1956 and 1957
were analyzed for tritium content. The related data are presented in Table 4.1.
As it is seen from the table, in the Alamogordo area, tritium content of the
groundwater samples is much lower than that of the surface waters. Despite
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Figure 4.3. Vertical concentration of tritium and *H/*He ages (filled triangles) in Kirk-
wood-Cohansey aquifer system, New Jersey Coastal Plain. The age of bomb peak
tritium sample is 28 years, and its *H/*He age is 24.3 years (raw data from Szabo et al.,
1996). Sampling date is 1991.
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TABLE 4.1. Tritium Concentration in Various Groundwaters, Two Surface Water,
and One Ice Samples in New Mexico, USA

Alamogordo area Deming area Artesia area
Sample  Nov. 1956  May 1957  Nov. 1957 Aug. 1957 June 1957
1 14.4S 11.6S 60.6S 5.8 1.5%
2 5.8 1 6.5 8.6 1.7+
3 13.1S 18.7S 528 7.2 5.1%
4 3.2 4.6 11.6 9 6%
5 20.1 23.8 23.3 9.3 3.5 (April 1957)
6 4 4 (April 1957)
7 6.6 3.2 (May 1957)

S: Surface water sample. The source of Sample 5, Alamogordo area, is not accurately known.
* These samples are from one well but from different depths of 320, 73, and 27.5m.
** Jce sample.

Source: von Buttlar, 1959.

the limited number of groundwater samples, their tritium content suggests that
the aquifer did not receive substantial recharge from the then recent rainfalls
or surface waters (i.e., ages of the samples were more than 5 years). However,
interesting sharp increase in the tritium content of sample 4 from May to
November 1957 indicates that some recharge had occurred during this period.
Similarly, with regard to the Deming area, von Buttlar (1959) suggests that no
appreciable post-bomb tritium is found in the samples. In contrast, Artesia
area samples show a different picture. Their lower tritium content suggests
ages of about 10 years or over. Further, samples taken from different depths
(designated by *) clearly show that bomb tritium reached shallower part of the
Artesia aquifer. For us, it may now be easier to interpret the data and con-
clude that groundwater samples in the Alamogordo (average 9TU) and
Deming (average 7.2 TU) areas were a mixture of pre- and post-bomb waters,
while the Artesia area samples were all but one pre-bomb waters. However,
we are still unable to precisely determine the age of the samples because of
the uncertainty in the initial value.

4.3 °‘HPHe

The fading of the tritium dating method has led the scientists to revive an old
technique, namely *H/°He, to replace it. As pointed out in Chapter 2, the
*H/’He dating method was proposed long ago by Tolstikhin and Kamensky in
1969, but it was not widely practiced or recognized until 1990 because of the
difficulty in sampling and in measuring the *He content of the groundwater
samples and because of the availability of the tritium method, which covers
almost the same age range. The description about helium and its isotopes is
given in full in Chapter 6, where we discuss helium-4 as a tool to age-date very
old groundwaters.
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4.3.1 Sources of *He

There are four sources for *He in the groundwater:

1. Atmospheric: The solution of atmospheric *He in percolating rain- and
snow water. This is called atmospheric helium and includes the excess
air component.

2. In situ: Production of helium from the fission of °Li by neutrons. This is
called nucleogenic helium (in fact, *H is produced but it decays to *He).

SLi+n— iH+o - iH— 3He+pB

3. Tritium decay: A portion of *He in the aquifer is generated by the dis-
integration of tritium. This is called tritiogenic helium. The increase in
the concentration of helium, which is directly related to the decay of
helium, is shown in Figure 4.4.

4. Mantle: Mantle releases some *He, which may end up into the ground-
water system.

All of the above sources have their own particular *He/*He ratio and lead to
specific *He/*He ratios in groundwater. This is how heliums of different sources
are differentiated. In young (and in most cases shallow) groundwaters, the con-
tribution of nucleogenic and mantle helium is insignificant. However, it is still
a difficult task to separate the atmospheric helium from the tritiogenic helium
if there is considerable excess air component, though excess air can be quan-
tified by measuring dissolved gases in water. Furthermore, if other sources of
helium such as nucleogenic and mantle are significantly present, dating by
*H/’He becomes practically impossible.

C/C,

0 10 20 30 40 50 60
Groundwater age (year)

Figure 4.4. Decay of tritium atoms and increase in *He atoms in the groundwater
system.
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4.3.2 Sampling, Analysis, and Reporting the Results

To avoid contamination with air helium, samples for *He analysis are usually
collected in 10-ml copper tubes sealed with stainless steel pinch-off clamps.
Helium is then separated from all other gases dissolved in the sample and is
analyzed by a mass spectrometer. The unit to report tritium concentration
is TU and the unit to report *He concentration is also TU. One TU of *He
represents one “He atom per 10" hydrogen atom and is approximately equal
to 2.487 pcm® *He per kg of water. In the other words, one TU of *H decays
to produce 2.487 pcm® *He per kg of water at STP. Often in the literature, the
concentration of *He in the groundwater samples is reported as %6 *He:

Rsample -R

%&°He = 2 %100

at

where Ry is the *He/*He ratio (units in cm’ STP/g H,O) of the water sample,
R is the *He/*He ratio in the atmosphere, which is 1.384 x 107°. Analytical
precision for *He is about +1%. The cost of analyzing of one groundwater
sample for "H/’He dating is about USD 600. Note must be made that “He is
always simultaneously measured with *He, because sampling and sample
preparation are the same (no further cost) and also because “He is needed to
precisely determine the tritiogenic *He.

4.3.3 Dating Groundwater by *H/’He

The tritium-helium method measures the relative abundance of tritium and
*He in a groundwater sample. The amount of *He from the decay of tritium is
measured along with the amount of tritium remaining in the water. That sum
is equal to the amount of tritium that was present at the time of recharge, or
the initial value. Mathematically we write:

3HO = 3H + 3Hetri and 3H = 3Holn e_M

Combining these two equations, we obtain:

3 3 .
*H=(H+He e >lne™=—— 0 5= l111( Hew , 1) (4.1)
(‘H+He,;) A\ CH

It is seen from the equation that in order to measure the age of a groundwa-
ter sample, we simply need to measure its tritium and *He,; simultaneously.
There is no need to have the initial value of *H, i.e., C, or *H,.

Example: The concentration of tritium and tritiogenic helium in a ground-
water sample are 53TU and 24.6 TU, respectively. What is the age of this
sample?
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3 .
= lln(&+ 1) —>t= Lln(%+ 1) =17.86(1.46) = 6.8 years
A *H 0.056 53

The preceding example is a simple-case scenario, but in real world we have to

1. Measure the ‘He content of the sample to calculate *He/*He ratio in
order to determine the atmospheric component of helium.

2. Measure the excess air component of helium. This may require measur-
ing some noble gases like neon, whose concentration in the groundwater
is controlled solely by excess air and atmospheric dissolution.

3. Calculate the mantle and the nucleogenic components of helium if these
are thought to be significant.

Jenkins (1987) proposed Equation 4.2 to calculate the tritiogenic helium (in
TU) from the atmospheric helium:

*He i = 4.021 x 10" *He qampte (Rampte = Ratm ) +' Heeq Rum (1—-0)]  (4.2)

where “Heg,mp is the “He content of the sample (cm® STP/g H,O), Rompie is the
‘He/*He ratio of the water sample, R,, is the *He/*He ratio of atmospheric
helium, 4Heeq is the “He concentration in solubility equilibrium with the atmos-
phere (cm’ STP/g H,0), and a is the effect of fractionation of *He and ‘He
and is about 0.983.

Example: The concentration of “He and “He in a water sample are 20.64 x
10 and 5.27 x 10*cm’ STP/g H,0, respectively. What is the concentration of
tritiogenic helium in this sample?

Known Parameters:

Run=1384x10"  “He,=4.75x10" cm*STP/g H,0
*He,, = 6.56 x 10™* cm® STP/g H,0

We first calculate Rgmple to be 3.92 x 107° and substitute it in the equation:

He i = 4.021 x 104[5.27 x 109(3.92 X 10° - 1.38 x 10) +4.75x 10
x1.38x107°(1-0.983)]

*He; =4.021x0"[5.27 x 107 (2.54 x107°)+6.57 x107*(0.017)]
*He; =4.021x10"[13.39 x 10 +11.5x 107'°] = 54.1 TU
There are more complex equations to calculate *He of each source, i.e., radi-

ogenic, mantle, etc. Refer to Solomon and Cook (2000) or Kipfer et al. (2002)
for such equations.
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Points to Observe

1.

Produced tritiogenic *He atoms must remain in the aquifer, i.e., they
should not diffuse from the saturated into the unsaturated zone. These
atoms are carried to the water table by diffusion against the downward
movement of the natural groundwater flow; therefore, *He confinement
is a function of the vertical flow velocity and diffusion coefficient
(Schlosser et al., 1989). Significant loss of *He occurs if the vertical veloc-
ity of water infiltration through the unsaturated zone is less than 0.25—
0.5m/year.

. Decay of the tritium commences in the unsaturated zone, but only those

*He atoms produced in the saturated zone are preserved, i.e., "He atoms
produced in the unsaturated zone escape to the atmosphere. Therefore,
zero "H/’He age is at the water table and in the case of a thick, unsatu-
rated zone, "H/’He ages will be much younger than the true ages (age as
defined in Chapter 1). In case of a fluctuating water table, zero *"H/’He
age is set at the seasonal low water table position (Cook and Solomon,
1997).

. Excess air impact on the *H/°He ages is —5 years per cm’kg™" of excess

air for very young water, reducing to —0.25 years per cm’kg™" for water
approximately 25 years old; however, recharge temperature’s effect is
less than 0.5 years per "C (Cook and Solomon, 1997).

. Dispersion and mixing also have a profound effect on the *H/°He dating

results. We deal with these types of processes effects on the dating exer-
cise in Chapter 7.

. In ideal circumstances, the method is remarkably accurate for ground-

waters up to 40 years old.

4.3.4 Advantages and Disadvantages

Advantages

1.

2.
3.

In average situations (medium-thickness unsaturated zone, limited
sources of helium, etc.), the resolution of this method is high.

Data collected can be used for both *H/He and tritium methods.

This method will be applicable for a long time, i.e., its effectiveness is not
reduced in the future as is the case with some methods like CFCs, tritium,
etc.

. This method does not need the initial value, a parameter that is funda-

mental and problematic for many of the dating methods.

Disadvantages

1.

2.

Sampling and analysis are expensive and laboratory facilities are not
available worldwide.

It is a difficult exercise to separate tritiogenic helium from the other
heliums.
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3. The method is excessively sensitive to excess air.
4. The ages obtained do not include the travel time in the unsaturated zone.

4.3.5 Case Studies

As stated before, since 1990, *H/°He dating has received widespread applica-
tion, particularly in combination with other techniques such as CFCs and *Kr.
Some case studies include Schlosser et al. (1988) research on Liedern/Bocholt,
West Germany; Ekwurzel et al. (1994) study of unconfined surficial aquifers
in Atlantic coastal plain sediments of the Delmarva Peninsula, USA; Szabo
et al. (1996) investigation of Kirkwood-Cohnasey aquifer system in southern
New Jersey Coastal Plain; Nativ et al. (1997) research on the Antalya Plateau,
Turkey; Johnston et al. (1998) study of Waterloo Moraine region; Aeschbach-
Herrig et al. (1998) dating of a fractured rock aquifer northwest of New York
City; Beyerle et al. (1999) research on the River Toss bank infiltration into
Linsental aquifer in northeast Switzerland; Selaolo et al. (2000) work on East
Kalahari, Botswana; Rademacher et al. (2001) age-dating of spring waters in
Sagehen basin, Nevada County, California, USA; Plummer et al. (2001) study
on Shenandoah National Park, Virginia, USA; Swanson et al. (2001) study of
the springs of Nine springs watershed, south central Dane county, USA;
Dowling et al. (2003) investigation of Ganges-Brahmaputra Flood plain,
Bengal Basin; Price et al. (2003) study of surficial aquifer system beneath
Everglades National Park, south Florida; Katz (2004) work on karstic springs
of Florida, USA; and Corcho Alvardo et al. (2005) research on the Island of
Funen, Denmark. Here, we describe one of the less usual cases, the Bengal
Basin study.

Ganges-Brahmaputra Floodplain: BENGAL Basin More than 30 ground-
water samples were analyzed for *H/’He ages by Dowling et al. (2003) to assess
the recharge rate and subsurface hydrology of the flood plain of the Ganges-
Brahmaputra floodplain in the Bengal basin. The samples were collected along
a 250-km length NW-SE transect as shown in Figure 4.5(a) and from various
depths of up to 320m [Figure 4.5(b)]. Two aquifer systems are present in the
floodplain with complex hydrology but mainly of deltaic sediments. Salt water
from the Bay of Bengal intrudes both upper and lower aquifers. Similarly,
methane and ‘He from the deep natural gas reservoir diffuse into the lower
aquifer. The main aim of the dating study was to prove whether the aquifers
are under active recharge or not. Tritium-helium ages of over 100 years in the
lower aquifer were confirmed by “He measurements, which also showed ages
of over 1,000 years for the same samples. As shown in Figure 4.5(a), upper
aquifer hydrodynamic pressure leads to the displacement of groundwater in
the lower aquifer (arrows). Dowling et al. (2003) used *H/°He ages in the upper
aquifer to show that it receives active recharge. To compensate for this
recharge, substantial volume of freshwater must be discharged into the Bay of
Bengal. Further, age data calculations led to two different rates for downward
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Figure 4.5. (a) Horizontal location of the sampling points for *H/"He dating in Ganges-
Brahmapura flood plain. (b) Vertical position of the sampling points and the ages
(Dowling et al., 2003).
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movement of the infiltrating rain water [Figure 4.5(b)], one with a velocity of
3m/yr and one with 0.4m/yr. The large difference in these velocities suggests
that complex interfingerings of high- and low-conductivity layers exist within
the subsurface, which is consistent with the floodplain settings. The recharge
to the lower aquifer was estimated at 10-100cm/yr with an average of 60 + 20
cm/yr. The interesting finding of the study, however, was that bomb tritium was
found in depths of up to 150 m.

44 HELIUM-4

We will discuss “He as a dating tracer for very old groundwaters in Chapter 6.
Its main usage is in that area. However, some researchers (Solomon et al.,
1996) have shown that “He can be used to date young groundwaters as well.
Such a technique has not received any further attention as yet. Therefore, here
we briefly deal with *He as the fundamental is the same as what we describe
in detail in Chapter 6, where also general information about helium and its
isotopes is provided.

Helium-4 enters groundwater from different sources including atmosphere,
in situ production, inflow from the crust, inflow from the mantle, and release
from the aquifer sediments. The basis of dating young groundwater by *He is
the accumulation of such isotope in the groundwater as a result of the release
from the sediments. Helium-4 in the sediments is within the crystal lattices and
enters groundwater through solid-state diffusion. If we want to know the age
of the groundwater, we should measure both the transfer rate of “He (from
crystal lattices into groundwater) as well as the concentration of those “Hes
(in the groundwater) that are from sediment release source. It is a very diffi-
cult task to compute each of these, especially the transfer rate. Solomon et al.
(1996) suggest using laboratory experiments or calibrating groundwater ages
from other methods to calculate the transfer rate, but they acknowledge that
considerable uncertainties surround this approach. Further, Solomon (2000)
argues that some sediment may not release their residual “He and this may
affect the applicability of “He dating method in certain environments. The
aquifer studied by Solomon et al. (1996) consists of fluvio-glacial (tillits)
deposits containing pebbles of the Precambrian crystalline basement.

4.5 KRYPTON-85

Krypton is a colorless and inert gas belonging to the 8th group of the
Mendeleyev table (the so-called noble gas or rare gases, (Ozima and Podosek,
2001), discovered by Sir William Ramsey and his student Morris William
Travers in 1898. It is now realized that krypton forms some compounds such
as KrF,. The total inventory of krypton in the atmosphere, the main reservoir
of such gas, is 4.516 x 10"®cm?® STP (Verniani, 1966). Krypton is highly soluble
in water, together with xenon. Typical abundances of atmospheric krypton in
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groundwater range from 7.61 to 12.57 x 10®c¢m® STP/g and from 2.26 to 3.80
x 107® in seawater (Ozima and Podosek, 2001).

Krypton has the atomic number and atomic weight of 36 and 83.8, respec-
tively. It has 26 isotopes ranging in atomic number from 71 to 95. Six of these
are stable: *Kr (0.35%), *Kr (2.28%), ¥Kr (11.58%), ¥Kr (11.49%), *Kr
(57%), and ¥Kr (17.3%). All others are radioactive with half-lives of mil-
liseconds to a few hours with the exception of ¥Kr and *'Kr, whose half-lives
are 10.76 and 229,000 = 11,000 years, respectively. Krypton-81 has since long
been proposed as a groundwater dating tool (see Chapter 6). Krypton-85 is
used for dating young groundwaters. Krypton and argon are the only elements
whose isotopes are used for dating different-range groundwater ages; ¥Kr for
dating young groundwaters and ®'Kr for dating very old groundwaters; argon-
39 for old groundwaters and argon-40 for very old groundwaters. Note that
*He, °H, "0, and **Cl (and possibly '*I) are also used for different age ranges,
but these are the same isotope of the element for different age ranges. Because
of the well-known sources and sinks of ¥®Kr and its chemical stability, it is a
good tracer for testing the global tropospheric transport models. In addition,
many scientists are interested in the growth of ®¥Kr in the atmosphere as a
measure of the worldwide nuclear activity. As an example, it was possible to
monitor the nuclear activities of the former Soviet Union by measuring ¥Kr
content of the atmosphere (Clark and Fritz, 1997). Krypton-85 has also been
used to investigate deep water mass formation in the ocean (Smethie et al.,
1986).

4.5.1 Production of ¥*Kr

Natural production of *Kr takes place in small amounts in the atmosphere by
spallation and neutron activation of stable *Kr.

SKr+n— 5Kr+vy

Manmade ¥Kr is formed when plutonium and uranium undergo fission. The
main anthropogenic sources of ¥Kr to the atmosphere are, therefore, nuclear
weapon testing and nuclear reactors used for both commercial energy pro-
duction and weapons plutonium production. The nuclear weapons tests in
1945-1963 contributed about 5% of the total *Kr in the atmosphere (WMO,
2001). In nuclear reactors, most of the *Kr produced is retained in the fuel
rods. When these fuel rods are reprocessed, the *Kr is released to the atmos-
phere. Most *Kr is produced in the northern hemisphere, specifically in North
America, Western Europe, and the former Soviet Union. The atmospheric
concentration of ¥*Kr in Freiburg, Germany, is shown in Figure 4.6. In addi-
tion to Freiberg, recent stations in Poland, USA, Spain, South Africa, Austria,
Australia, and Antarctica, measure the atmospheric concentration of *Kr
(Weiss et al., 1992). The present background concentrations of *Kr in the
atmosphere are about 1 Bg/m® and are doubling every 20 years (WMO, 2001).
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Figure 4.6. Atmospheric concentration of *Kr and SF, (Corcho Alvardo et al., 2005,
reproduced with modification with the permission from Elsevier). Krypon-85 meas-
urements are from Freiberg, Germany, and SF; data are average values for various
coastal sites in the Northern Hemisphere.

4.5.2 Sampling and Analyzing Groundwater for *Kr

The main obstacle in preventing extensive use of ¥Kr as a dating tool is the
extensive sample preparation and analysis. The volume of sample required is
large (in excess of 100 liters) and depends on the krypton concentration of the
water sample. The full procedure to analyze groundwater samples for *Kr
includes the following various steps:

1.

2.

Degassing: Gases dissolved in the sample must be extracted from the
liquid.

Separation of gases: Having done step 1, we will have a mixture of
various gases. We have to separate each gas; in this case we have to sep-
arate ¥Kr from the rest. In a lot of cases, not all gases can be extracted
from the water sample, and not whole krypton from the rest. To check
the percentage of krypton extracted from the sample, it is compared with
the amount of expected krypton in the sample based on the solubilities
of krypton. Separation of krypton from other gases is carried by gas
chromatography.

. Counting: The separated krypton is place in a counter and its activity is

measured using low-level gas proportional counting facilities. The count-
ing time is about 2-3 days to one week per sample, and a few samples
are counted simultaneously. One such equipment, presently installed at



102 AGE-DATING YOUNG GROUNDWATERS

the Underground Laboratory of Physics Institute, University of Bern, is
shown in Figure 4.7. For more detail about the analytical facilities, see
the website of the mentioned lab at http://www.climate.unibe.ch/~jcor/
Group/Procedure_description.html.

Note must be made that other analytical techniques such as laser-based reso-
nance ionization mass spectrometry, which may require 2-5 liters of the

Figure 4.7. Low-level counting facilities for **Kr and *Ar measurements at the under-
ground laboratory, University of Bern. An inside view of a counter holder is shown in
the top figure. This lab is the only one in the world to measure the *Ar content of
groundwaters and one of only a few that measures ¥Kr.
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sample, are under development to overcome the problem of large sample
volume (Thonnard et al., 1997). Krypton-85 measurements of the groundwater
samples are reported in disintegration per minute per cubic centimeter of
krypton at standard pressure and temperature (dpmcm™ Krypton STP). The
cost of analysis is currently about 700 Swiss francs (approximately USD 550)
per sample, not including the cost of sampling (R. Purtschert, University of
Bern, personal communication, 2005).

4.5.3 Dating Groundwater with ¥Kr

Krypton-85 disintegrates by beta decay to stable **Rb. In this respect, it can
be used as a “clock” or a radioactive tracer.

%Kr— $Rb+p"

However, its use in age-dating is more based on its nearly linear increasing
concentration in the atmosphere as shown in Figure 4.6. Atmospheric *Kr is
dissolved in rainwater and is carried out to the unsaturated and then saturated
zones. The higher the concentration of *Kr is, the younger the groundwater
age is. Also, due to the short half-life and minimal natural production in the
Earth, the absence of *Kr verifies that groundwater is older than 1950. If *Kr
is combined with an additional radioactive isotope with a similar half-life (such
as *H), additional confidence in the results can be gained. Krypton-85 is com-
monly used with tritium because the two tracers have similar half-lives but
completely different input functions. Tritium input has been decreasing since
the 1960s, but ¥Kr concentration has been on the rise. Its short half-life and
increasing concentrations in the atmosphere make ¥Kr a potential replace-
ment for *H as tritium levels continue to decline.

To quantitatively date a groundwater sample, we should plot the sample on
a chart using sampling date and the *Kr activity such as Figure 4.8(a). The
chart is a logarithmic plot of *Kr in the atmosphere, on which some diagonal
lines represent the radioactive decay of ¥Kr upon entering the groundwater
system. A simpler chart, like Figure 4.8(b), can also be used to directly relate
measured activity of the water sample to its age, but this needs upgrading every
year, i.e., each year the scale of the horizontal axis needs to change.

Example: The concentration of ¥Kr in a water sample, collected in 1989, is
38.5dpmcm™ krypton STP. What is the age of this sample?

With the assumption that this sample was collected from a west European
aquifer, we will first plot the sample on the chart in Figure 4.8(a). We then
diagonally extend the sample position to reach the krypton concentration
curve. The date corresponding to the point on the curve is then drawn, which
is the recharge date of the sample. In this case, the recharge date is just after
1985 (say 1985.5), and the age of the sample is 3.5 years (1989 — 1985.5). Note
that for samples from other regions, a relevant atmospheric krypton curve
must be used.



104 AGE-DATING YOUNG GROUNDWATERS

100 =
10 =
= ~ ~ ~
Recharge date ™ ~ S o ~ S S
T of the sample S ~ > ~ ~
o) ~ S ~
~ ~
1 I | \ ~ o~ | S
1955 1965 1975 1985 1995 2005 2015 2025
100

T TTTTTT
o

—
(=]

—

8Kr concentration in groundwater
(dpm cm™ STP Kr)

0_1||||||||I||I||||||I||||I||||I||||I||||
50 45 40 35 30 25 20 15 10
Groundwater age (years)

Figure 4.8. (a) Logarithmic plot of ¥Kr concentration at Freiberg, Germany, and how
groundwater samples are dated. To draw the diagonal lines, atmospheric concentration
of ®¥Kr at any particular date is taken as C, in the decay equation, and C is taken as 1.
The date corresponding to C (= 1) is then calculated. Lastly, Cydate on the curve and
C date on the horizontal axis are connected by diagonal lines. Black circle represents
the position of the example sample on the chart, which is diagonally extended to reach
the krypton curve. The recharge date is then identified, from where the sample age is
calculated. (b) Relationship between groundwater age and ®*Kr activity for samples
collected in 2004 based on the activity of *Kr in the atmosphere of the Northern
Hemisphere (modified after Divine and Thyne, 2005).
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4.5.4 Advantages and Disadvantages

Advantages

1.

Because the *Kr method is based on an isotopic ratio (*Kr/Kr), it is
much less sensitive to degassing than the other dating methods for young
groundwaters. This makes this method insensitive to excess air and
recharge temperature problems. Also, in organically degraded aquifers
where significant amounts of CH, and CO, may be produced, the gen-
erated gases do not change the *Kr/Kr ratio (Kipfer et al., 2002).

In anoxic environments and in CFCs and SF.-contaminated areas, ¥Kr
may prove to be superior because of low contamination possibility.
Some studies (Smethie et al., 1992) have shown that ¥Kr ages are insen-
sitive to dispersion, which could be a substantial advantage of this
method if it is confidently proved in future research.

The method continues to be applicable well into the foreseeable future
because atmospheric concentration of *¥Kr is still on the rise.
Geochemical inertness of ¥Kr.

Disadvantages

1.

The main disadvantages in using *Kr are large sample-size requirements
and high costs due to the specialized measurement methods. There are
only a few laboratory facilities worldwide.

In uranium-rich rocks aquifers, some proportion of *Kr is from the in
situ production (Lehmann et al., 1993). For instance, the annual produc-
tion rate of ¥Kr in Stripa granite is 1.4 x 102atoms/cm’ rock.year, 20
times higher than what is produced in the Milk River sandstone aquifer
(Lehmann et al., 1997). This may mask the atmospheric component of
%Kr or make it difficult to be distinguished.

In aquifers with thick unsaturated zones, there is a significant time lag
for transport of ®¥Kr to the saturated zone (Cook and Solomon, 1995).
This leads to overestimation of groundwater ages.

4.5.5 Case Studies

A limited number of aquifers have so far been subjected to *Kr age-dating.
A (partial) list of these aquifers includes three different aquifers in Poland
(Rozanski and Florkowski, 1979), Borden aquifer, Ontario, Canada (Smethie
et al., 1992), unconfined surficial aquifers in Atlantic coastal plain sediments
of the Delmarva Peninsula, USA (Ekwurzel et al., 1994), an aquifer in Ober-
rheingraben near Offenburg, Germany (Heidinger et al., 1997), shallow uncon-
fined aquifer, Rietholzbach catchment, Northern Switzerland (Vitvar, 1998a),
quaternary multilayer aquifer of Singen, Germany (Bertleff et al., 1998, and
Mattle, 1999), and quaternary sand aquifer of the Island of Funen, Odense,
Denmark (Corcho Alvarado et al., 2005).
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TABLE 4.2. Comparison of Groundwater Ages (in Years) from Various Tracers for
Four Samples from the Delmarva Peninsula

Sample 5Kr CFC-12 CFC-11 *H/’He
KE Be 52 7.7 8.4 8.1 7.1
KE Be 61 14.4 21 20.8 17.4
KE Be 62 5.4 3.6 32 3.1
KE Be 163 5.7 9.2 9.3 7.8

Source: Ekwurzel et al., 1994.

Unconfined Surficial Aquifer, Delmarva Peninsula, USA Sufficial aquifer,
underlying 90% of the Delmarva Peninsula, is a shallow Pleistocene alluvial
unconfined aquifer with a thin (average thickness of 2.5m) unsaturated zone.
It consists of four parts: well-drained northern part; poorly drained and low-
hydraulic-gradient central part; fine-grained lowlands of northwestern shore;
and poorly drained, shallow water table southern part. About 38 samples from
this aquifer were dated by *H/*He, CFC-11, and CFC-12 methods (Ekwurzel
et al., 1994). However, only four of these samples were subjected to ¥Kr dating
mainly because of the difficulty in sampling a large volume of water. The
results are shown in Table 4.2. Groundwater ages from this study were used
to calculate the recharge rate to the aquifer. The results showed considerable
agreement with the previous recharge estimates. In addition, the good agree-
ment between the ages from various tracers also led Ekwurzel and colleagues
to conclude that some hydrogeological parameters such as mixing, dispersion,
sorption-desorption processes, and gas loss to the atmosphere are at insignif-
icant levels. It should be noted that all of the above dating methods are at their
best when the thickness of the unsaturated zone is shallow, which was the case
in the Surficial aquifer.

4.6 CFCs

The following paragraph, extracted mostly from a comprehensive paper by
Badr et al. (1990), is a brief yet valuable introduction to chlorofluorocarbons
(CFCs).

Before 1930, the commonly used refrigerants were ammonia (R717), carbon
dioxide (R-747), ethyl chloride (R-160), isobutane (R-600a), methyl chloride (R-
40), methylene chloride (R-30), and sulfur dioxide (R-764). Due to either toxic-
ity or fire hazards of the above, the need for a safer refrigerant became clear.
The new refrigerant had to be non-flammable, with a normal boiling point of
between —40 and 0°C, highly stable and low in toxicity. In response to these
requirements, the CFCs family of refrigerants was developed. Dichloro-
monofluoro-methane (R-21) was the first CFC developed with attractive
thermodynamic properties for its use as a refrigerant, but due to its low toxicity,
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stability, and inertness, it had never been in commercial use as a refrigerant. By
1974 approximately one million tones of CFCs were being produced worldwide.
CFCs have been among the most useful chemical compounds ever developed
[there is no known natural source of CFCs; Lovelock (1971)]. In addition to their
uses as the working fluids in refrigerators and air-conditioning systems, they have
also been employed, since 1950, as blowing agents for foams and plastics, aerosol
propellants, solvents for cleaning precision and delicate electronic equipment as
well as for dry cleaning, in sterilizers for surgical instruments and catheters, and
as working media in Rankine-cycle engines for waste-heat recovery systems. A
major cause of environmental concern for CFCs is their long atmospheric life-
time. The lifetime of CFC-11, CFC-12, and CFC-113 is 45, 100, and 85 years,
respectively. (Montzka et al., 1999)

Hydrochlorofluorocarbons (HCFCs) are now replacing CFCs, and recent data
suggest that the growth rate of CFCs concentration in the atmosphere has
begun to decrease (Schoeberl, 1999). At a few stations worldwide, the con-
centration of CFCs in the atmosphere is measured regularly. The atmospheric
concentrations for CFC-11, CFC-12, and CFC-113, those species that are used
to date young groundwaters, are illustrated in Figure 4.9. Industrial use of
CFC-12 started in the 1930s, CFC-11 in the 1950s, and CFC-113 in the 1970s
(Plummer and Busenberg, 1999). Atmospheric concentrations of these species
show little spatial variation, with only 10% variation observed between
average concentrations in Ireland, Oregon, Barbados, Samoa, and Tasmania
(source: Cunnold et al., 1994, in Cook and Solomon, 1997).

The use of CFCs in hydrology began when Thompson et al. (1974) discussed
the usefulness of a special type of fluorocarbon known as freon 11 as a tracer
in both ground- and surface water hydrology. They found a good agreement
between CCLF data and hydrologic and tritium age data. Brown (1980) also
examined the use of fluorocarbons as groundwater tracers through soil column
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Figure 4.9. Concentration of CFCs in air at Niwot Ridge, Colorado, USA (data from
Ed. Busenberg, pers. communication).
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studies. There was no significant use of or development in CFCs dating tech-
niques during the 1980s, possibly due to the availability of other methods like
the tritium method and the low resolution of the available CFCs sampling and
analytical techniques. From 1992, the application of CFCs in groundwater
studies especially for age-dating and determination of rainfall recharge
became important; e.g., Busenberg and Plummer (1992). A review of CFCs’
sources, distribution, and applications in tracing and age-dating groundwater
is given by Hohener et al. (2003).

4.6.1 Sampling and Analyzing Groundwater for CFCs

In sampling groundwater for CFCs analysis, due care must be exercised to
avoid the sample from contacting air. The average CFC concentration in the
air is about 300 times that of the groundwater. Therefore, any small contami-
nation of air will have a very large impact on the concentration of CFCs in
the groundwater sample. Several sampling methods are currently in use,
including a sophisticated sampling apparatus like that developed by CSIRO
(Commonwealth Scientific and Industrial Research Organization), Australia
(Figure 4.10). A six-mm nylon tube attached to a stainless steel bailer is sent
downhole to obtain the sample. Both nylon tube and bailer are initially flushed
with ultrahigh-purity (UHP) nitrogen to remove any air from the system. The
sample containers are 62-cm’ borosilicate glass ampules, which are flushed,
prior to filling, with UHP nitrogen for two minutes. After filling, the ampules
are flame sealed using a propane oxygen torch. Another method of sampling
is to use low-flow peristaltic pumps with Vitron tubing in the pump head con-
nected to copper tubing downhole in the well. The third method is to use
downhole Bennett pumps (a nitrogen gas bladder pump used by the USGS)
to bring samples to a sample container. There are also three types of sample
containers, including the glass ampule as described above (also used by the
USGS), the copper tube method, and the new USGS glass bottle method. The
glass ampule method gives the best precision followed closely by the new glass
bottle technique and lastly by the copper tube technique. The latter is subject
to air bubble problems due to bubbles sticking to the inside of the copper tube,
resulting in the contamination of the sample (L. Sebol, personal communica-
tion, Golder Associates, Canada). The CFCs content of the water samples is
measured using a purge-and-trap gas chromatography with an electron
capture detector (ECD). For this, we need standard calibration gases that are
usually provided by limited institutions. CFCs analyses are reported in pg/kg
of water. The cost of analyzing groundwater for CFCs is about US $200 includ-
ing rent of sampling equipment and consumable materials. Usually triplicate
samples are needed to weed out bad data.

4.6.2 Dating Groundwater by CFCs

Atmospheric CFCs, dissolved in percolating rain- and snow water, reach the
groundwater system after passing through the unsaturated zone. Groundwater
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Sealing ampoule
when it is filled O
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Nitrogen
Source

Phase 1

1) Bailer is filled with the UHP nitrogen

2) Bailer is lowered into the borehole

3) Bailer tube is diconnected from the UHP source to allow water to
move in as nitrogen slowly moves out

4) Bailer tube is reconnected to the UHP source and is pressurized

5) Bailer is pulled up to the ground surface

6) Bailer is connected to the tripod

Phase 2

1) Sample ampoule is connected to the tripod

2) UHP nitrogen flows into the bottom of the ampoule for two minutes
to evacuate the air

3) UHP nitrogen flow is discontinued

3) Water from the bailer flows into the ampoule

4) After filling the ampoule with the sample, it is sealed off using torch

Groundwater flow
-~

Figure 4.10. Apparatus (developed by CSIRO, Australia) to sample groundwater for
CFCs analysis consists of bailer, tube connected to the bailer, UHP nitrogen source,
tripod, ampoule, and torch. The diagram illustrates that sampling takes place through
two phases.
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CFCs ages are obtained by converting measured CFCs concentrations in the
groundwater sample to equivalent air concentrations using known solubility
relationships (Warner and Weiss, 1985, for CFC-11 and CFC-12, and Bu and
Warner, 1995, for CFC-113) and the recharge temperature (Cook and
Herczeg, 1998). Therefore, the first step is to measure the CFCs concentration
of groundwater (usually less than 400 pg/kg). The second step is to determine
the air temperature at which the rainfall recharge occurred. This is usually
average summer temperature (for regions with summer-dominated rainfall),
average winter temperature (for regions with winter-dominated rainfall), and
mean annual air temperature (for regions with year-round rainfall). More
accurate recharge temperatures can also be obtained by measuring the dis-
solved gases for each sample location. The mean air temperature does not
allow for decadal shifts in temperatures; for example, air temperatures in
North America have been rising since the 1960s. The third step is to calculate
the solubility of the CFCs at the considered temperature (summer, winter or
annual) with the use of the Warner and Weiss (1985) relationship. Solubilities
are also available in a number of textbooks and websites. The final step is to
use all three steps and the following formula to obtain the equivalent atmos-
pheric concentration (or sometimes called “apparent atmospheric concentra-
tion”) of CFCs:

CFCs,,
S x MW

EAC= (adapted from Cook and Herczeg, 1998)  (4.3)

where EAC is the equivalent atmospheric concentration, CFCs,, is the con-
centration of CFCs in the groundwater, S is the solubility in molkg™" atm™, and
MW is the molecular weight of CFCs with unit of g/mol (137 for CFC-11, 121
for CFC-12, and 187 for CFC-113). The EAC is then compared to the graphs
of CFCs concentrations in the atmosphere (Figure 4.9) and the year that the
recharge occurred is determined.

Example: The concentration of CFC-12 in a water sample collected in 1997
is 100 pg/kg. What is the age of this sample? The mean annual local air tem-
perature is 10°C.

The solubility of CFC-12 at recharge temperature of 10°C is 5.48 x 10~ mol
kgatm™.

EAC =100/0.00548 x 121 =EAC = 100 _ 151 pptv
0.00548 x 121

By comparing the EAC obtained with graph in Figure 4.9, we see 151 pptv
equals the concentration of CFC-12 in year 1972. Therefore, the age of the
sample would be 25 years (1997 — 1972). In this sample, we have assumed neg-
ligible excess air and sampling location of North America. If the excess air
component is appreciable, we have to correct the measured groundwater
CFCs value and then apply the preceding equation. As mentioned earlier, we
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need the concentration of some noble gases such as argon or neon for this
purpose. If excess air is present in the sample and we ignore it, we would cal-
culate an age that is younger than the real age of the sample.

The second approach to more precisely date a groundwater sample is by
using the ratios of various CFC species, i.e., CFC-12/CFC-11, CFC-12/CFC-
113, etc. Graphs can be produced (from the data used for Figure 4.9) to show
these ratios over time. Therefore, theoretically we have one particular value
for each ratio in any specific date. For example, the atmospheric CFC-11/CFC-
113 ratio in 1983 is about 6. To date groundwater through this approach, we
have to calculate the CFCs ratios in the groundwater sample. Therefore, we
need to analyze the sample for at least 2 species. Then, we relate the ratio in
the groundwater sample to the same ratio in the atmosphere (the date the
ratio in question was the same in the atmosphere). The issues with this
approach are (1) the temporal variations in ratios are relatively small with the
exception of CFC-12/CFC-113, (2) if one species is degraded, then this
approach become invalid, and (3) different years have the same ratio, espe-
cially years immediately after 1945 and years after 1990. At the end of this
section, it should be pointed out that “TRACER,” an Excel-based program to
calculate groundwater ages based on CFCs and tritium data, has been devel-
oped by Bayari (2002).

4.6.3 Limitations and Possible Sources of Error in CFCs
Dating Techniques

Error in the Estimation of Recharge Temperature and Excess Air 1f the air
temperature at the time of recharge is overestimated, then the solubility of
CFCs that are calculated will be greater than the real values. This leads to over-
estimation of groundwater ages. It should be mentioned that the error associ-
ated with the estimation of recharge temperature is minimal for waters
recharged before 1985 (Busenberg and Plummer, 1992).

Excess air is the air bubbles trapped during the recharge process. The CFCs
content of these air bubbles is slowly dissolved in the groundwater, leading to
a rise in the CFCs concentration of groundwater. This results in the underes-
timation of groundwater ages. However, excess air is not a serious problem for
water recharged prior to 1990, but it is a source of considerable errors for post-
1990 waters because of the decline in the air CFCs concentration since then
(Plummer and Busenberg, 2000).

Thick Unsaturated Zone (More than 5 Meters) and the Associated Error
The assumption in the CFCs technique is that the concentration of CFCs
immediately above the water table is the same as the CFCs concentration in
the air. If there is a thick unsaturated zone and the soil water content is high,
then the CFCs may be dissolved preferentially into the soil water. Conse-
quently, the CFCs concentration above the water table differs from the CFCs
concentration in the air. Furthermore, there will be a lag between the time that
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rainwater, containing CFCs, leaves the Earth’s surface and the time that it
enters the groundwater. This phenomenon leads to overestimating the ground-
water age.

Contamination During Sampling There is always a possibility that ground-
water could be contaminated during sampling. Apart from air contamination,
CFCs may enter the sample through sampling equipments.

Microbial Degradation of CFCs in the Aquifer This is perhaps the most
common problem for using CFCs. Oremland et al. (1996) and a number of
subsequent researchers have shown that the CFCs are degraded by microbial
activity, especially in the soil zone, which is true for soils with high organic
content. Earlier studies (Katz et al., 1995; Oster et al., 1996) suggested that
CFC degradation is microbially driven in anoxic groundwaters associated
with sulfate-reduction or methanogenesis. However, Hunt et al. (2004) have
shown that degradation of CFCs could also occur by microbial reduction of
iron. CFC-11 is the most degraded of CFCs. Degradation leads to an old bias
in age, i.e., the measured ages are older than the real ages. If the CFCs are
decomposed to a large extent, then it is difficult to obtain the true age of the
groundwater.

Sorption and Desorption of CFCs from the Aquifer Matrix, Diffusion, and
Dispersion Russell and Thompson (1983) showed that the CFCs are
adsorbed to and released from the dry soil particles. This has two implications
for the CFCs dating technique:

1. The rainwater infiltrating through the soil zone adsorbs some CFCs from
soil particles (in addition to the CFCs gained from atmosphere) and
hence it is enriched in CFCs.

2. Some of the CFCs content of infiltrating rainwater may be absorbed to
the soil particles and hence it is depleted in CFCs. Due to the different
sorptive properties of each of the three CFCs, sorption affects each one
differently. CFC-113 is the most affected one.

In the saturated zone, the CFCs are adsorbed to the aquifer matrix. Some time
later, the adsorbed CFCs may be released to the groundwater system. Diffu-
sion and dispersion of CFCs in the groundwater lead to underestimation of
CFCs concentration of groundwater and hence overestimation of the ground-
water age.

Mixing of Water with Different Ages The problem of mixing of groundwa-
ters from different sources and different aquifers that surrounds most of the
hydrological calculations affect the CFCs technique, too. Groundwater in
fractured-rock aquifers are the most problematic because of the large differ-
ence between the age of fractured water and the age of matrix water (Cook,
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2003). This problem may present the biggest challenge to the CFCs dating
technique but could be alleviated, to some extent, by comparing the CFCs ages
with the hydraulic ages or ages obtained from other techniques. Similarly,
Plummer and Busenberg (2000) describe the principles by which to separate
the old and the young fractions of a groundwater sample by various ratios of
different CFCs species and by ratio of SF¢ to CFCs. The reader is referred to
page 462 of their publication for this purpose.

Uncertainty in the Estimation of Atmospheric Input Function There is
always some uncertainty in the estimation of historical concentration of CFCs
in the atmosphere at a particular site, especially if the site is far from CFCs
measurement stations. This could lead to underestimation or overestimation
of groundwater ages. However, the near-homogeneous concentration of CFCs
in the atmosphere over long distances reduces the uncertainty.

Table 4.3 lists all the processes just described and others and their effects
on the ages calculated by CFCs method.

4.6.4 Advantages and Disadvantages

Advantages
1. Presence of CFCs is a good indicator of post-1945 waters. CFC-113 indi-
cates post-1965 water.

2. Input function is relatively well known because spatial variations in
atmospheric CFCs concentration are relatively moderate.

3. Itis possible to date the sample by EAC of one species and also by ratio
of various species.

4. Concordant ages from various species may help to understand the geo-
chemical processes in the aquifer.

5. Cost of analysis is cheap compared to all other methods.

Disadvantages
1. The method is losing its applicability (post-1990s).
2. Many parameters such as excess air, recharge temperature, degradation
of CFCs, etc., can influence the accuracy of the ages.
3. Great care is needed for sampling, and large errors may be introduced
if proper guidelines are not followed.

4.6.5 Case Studies

Shallow Agquifers in Eastern Australia We described in Chapter 3 that
groundwater ages from four salinized watersheds, Buckinbah Creek Water-
shed (BCW), Suntop Watershed (STW), Snake Creek Watershed (SCW), Troy
Creek Watershed (TCW), of Eastern Australia (Figure 4.11) were used by
Kazemi (1999) to help understand and manage the problem of dry land salin-
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TABLE 4.3. Summary of Processes That Can Modify CFCs Ages

Property Environment Description of process Effect on
most affected apparent age
Recharge Shallow water Temperature at the water table
temperature table during recharge
Overestimated Too young
Underestimated Too old
+2°C, <1970, £1 year or less
+2°C, 1970-1990, £1-3 years
+2°C, >1990, >3 years
Excess air Rapid, focused Addition of air trapped and Too young
recharge; dissolved during recharge.
fractured rock Significant for post-1990
recharge
Recharge Mountain Water recharged at high
elevation recharge altitude dissolves less
CFCs because of lower
barometric pressure
Overestimated Too young
Underestimated Too old
+100m not important
+1000m, <1987, + few years
Significant for post-1990
recharge
Thickness of Unsaturated Air in deep unsaturated zone
unsaturated zone >10m is older than that of the
zone modern troposphere
0-10m, error <2 years Too old
30m, error 8-12 years
Urban air Eastern USA, CFC mixing ratios in urban Too young
Western and industrial areas can
Europe, urban exceed regional values
areas
CFC Urban and CFCs added to water from Too young
contamination industrial areas, local anthropogenic sources, (impossibly
sewage effluent in addition to that of young)
air—water equilibrium
Microbial Anaerobic No degradation in aerobic No effect
degradation environments, environments
sulphate Sulphate reducing, and CFC-11,
reducing, fermentation: CFC-11 and CFC-113
methanogenic CFC-113 degraded, CFC-12 too old
quasistable
Methanogenic: CFC-11 > Too old
CFC-113 2 CFC-12
Sorption Organic rich Sorption of CFCs onto Too old

sediment, peat

particulate organic carbon
and mineral surfaces
CFC-113 >» CFC-11 > CFC-12
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TABLE 4.3. Continued

Property Environment Description of process Effect on
most affected apparent age
Mixed waters Production wells, Mixing of young and older
fractured rock water in water pumped from
open intervals in wells
Apparent age of young Too old
fraction in mixture
Apparent age of old fraction Too young
in mixture
Hydrodynamic All groundwater Generally small effect for CFCs
dispersion environments 1975-1993 Too old
<1975 Too young

Source: Plummer and Busenberg, 2000, with kind permission of Springer Science and Business Media.
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Figure 4.11. Locality map of the four salinized watersheds in eastern Australia that
were subjected to groundwater dating by CFCs (Kazemi, 1999).

ity. Here, we present the relevant data in Table 4.4. To check the reliability of
CFCs ages, “C measurements were also conducted on some of the samples
from BCW (see also Section 5.3). As discussed, different relationships between
age and salinity of groundwater were interpreted as an indication of the dif-
ference between salinization stages of these watersheds. Groundwater ages
also showed that due to scattered local recharge, groundwater does not
become older along the flow line. Further, a negative correlation between the
age of groundwater and the maximum fluctuation in the water table in differ-
ent piezometers in the BCW (Figure 4.12) shows that older groundwaters do
not fluctuate as much as younger groundwaters. This is very good control on
the accuracy of the ages and also a novel conclusion from the age data.
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TABLE 4.4. Concentration of CFCs in Groundwater from Four Watersheds in New
South Wales, Eastern Australia

Buckinbah Creek Watershed
Site EC CFC-12 CFC-12age CFC-11 CFC-11 age DWT SD

uS/Cm Pg/kg (years) Pg/kg (years) (m) (m)
P15 2,835 47 29 0 N.C. 1.58 3.25
P19 1,052 112 21 108 N.C. 1.18 2.3
P39 1,352 137 18 107 N.C 3.27 4.18
P40 1,853 83 24 39 N.C. 0.54 5.47
P37 2,008 108 21 43 N.C. 3 6.72
P41 5,042 26 33 40 N.C. 0.55 4.68
P42 6,562 23 34 24 N.C. 0.88 5.18

Suntop Watershed

P104 6,900 100 21 106 27 0.53 6.1
P106 6,860 N.M. N.C. 401 10 0.5 5.8
P105 4,540 114 19 89 29 245 4.4
P110 4,150 N.M. N.C. 42 33 -0.35 5

P108 9,160 48 28 27 35 2 4.7
P509 4,150 122 18 196 23 2.4 8.7

Troy Creek Watershed

P120 5,780 41 30 51 32 0.68 4.08
P116 13,400 151 12 143 25 0.03 4.95
P130 5,010 103 21 99 28 3.8 6.96
P102 2,160 105 21 131 26 1.7 6.03
P101 6,100 135 17 186 N.C. 1.05 6
P111 1,500 48 29 45 N.C. 4.5 13.1

Snake Creek Watershed

P65 5,230 93 22 150 25 0.13 3.65
P62 8,800 50 28 16 36 0.3 72
P63 9,010 91 22 92 28 0.65 4.4
P56 13,830 44 29 21 36 0.45 6.2
P57 6,800 40 30 28 N.C. 1.7 3.7
P58 4,530 18 36 0 N.C. 1.8 5.8

DWT: depth to water table; SD: sampling depth; N.C.: not calculated; N.M.: not measured.
Source: Kazemi, 1999.

Crystalline Bedrock Aquifer, Finnsjon, Sweden The concentrations of CFCs
and tritium in the crystalline bedrock aquifer, Finnsjon, Sweden, were deter-
mined by Bockgard et al. (2004). The specific goal was to investigate the accu-
racy of CFC dating in such an environment where CFCs degradation due to
anaerobic conditions and mixing may complicate the dating process. The
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Figure 4.12. The correlation between maximum water-level fluctuation during a 3-
year period and groundwater ages in various piezometers in the Buckinbah Creek
Watershed, eastern Australia.

overall goal was to develop methods for quantitative estimates of groundwa-
ter recharge into Swedish fractured-rock aquifers. The studied aquifer, located
140km north of Stockholm, consists of granodiorite, with a mean fracture fre-
quency of 3 fractures/m. The depth to water table in the shallow local aquifer
ranges from 0 to 3m, but samples were collected from depths of up to 42m.
Altogether 10 samples from 4 boreholes, analyzed for CFCs and tritium,
showed CFC-11 values of less than 0.07, with one exception of 4.6 pico mole
L™ (pmL™), CFC-12 values of 0 to 4.12pmL™, and CFC-13 just above the
detection limit in some samples. Tritium values range from below detection (2
samples) to as high as 18.7TU. Bockgard et al. (2004), based on these values,
calculated the percentage of old groundwater (CFC and tritium-free) in all
samples, which ranged from 57% to 99%.The conclusions from this study were
that (1) CFC-11 and CFC-113 degraded in the aquifer but CFC-12 did not and
(2) mixing of old and young waters and complicated flow paths led to the ambi-
guity in age data with respect to the determination of flow path and flow veloc-
ity. It was possible to see an increasing trend in groundwater age with depth
in only one borehole.

Various Studies Cook et al. (1996) used CFCs age data in County Musgrave
on Eyre Peninsula and the Clare Valley, both in South Australia, to determine
the recharge rate to the shallow groundwater. The results showed that the
recharge rate to the aquifer was about 20-50 mm per year. Szabo et al. (1996)
dated the shallow groundwater in the Southern New Jersey coastal plain using
CFCs and *H/°He. They found an excellent correlation between ages obtained
from the two methods and also with those obtained by a groundwater flow



118 AGE-DATING YOUNG GROUNDWATERS

model. The residence times of groundwater seepage to streams at the New
Jersey Coastal Plain were determined by Modica et al. (1998) using CFCs data.
They found a negative correlation between the age of groundwater and its
nitrate concentration.

4.7 SF;

Sulphur (or sulfur) hexafluoride, SF, is a colorless and odorless gas used in
the electric power industry (to insulate high voltage lines, circuit breakers, and
other equipment used in electricity transmission), in the semiconductor indus-
try, in the production of magnesium and aluminum for degassing melts of reac-
tive metals, in blood products, in running shoes, in the Princeton University
Plasma Physics Laboratory, and as intraocular gas tamponades for a wide
range of complicated vitreoretinal diseases, as well as in many other applica-
tions. It is the most potent greenhouse gas of all those defined under the Kyoto
Protocol, with an estimated atmospheric lifetime of 1,935 to 3,200 years. Indus-
trial production of SF¢ began in 1953 with the introduction of gas-filled high-
voltage electrical switches. Concentrations of SFy in air have rapidly increased
from a steady-state value of about 0.02 to 6 parts per trillion during the past
40 years. The rising concentration of SFg in the atmosphere at Niwot Ridge,
Colorado, USA, is shown in Figure 4.13. SF; is primarily of anthropogenic
origin but also occurs naturally in minerals, rocks, and volcanic and igneous
fluids. The silicic igneous rocks appear to be the source of the SFg (Plummer
and Busenberg, 2000). The solubility of SFyis low, the lowest in all environ-
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Figure 4.13. Concentration of SF; in air at Niwot Ridge, Colorado, USA (data from
Ed. Busenberg, pers. communication).
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mental gas tracers. It is 4.08 x 10~ and 2.46 x 10 mol Kg"atm™ at 10 and 25°C,
respectively (Cosgrove and Walkley, 1981). SF; is a conservative tracer for
groundwater studies and behaves identically to bromide (Wilson and Mackay,
1993). In addition to its use in dating young groundwaters, SFy is applied (1)
to estimate longitudinal dispersion coefficients in rivers (Clark et al., 1996),
(2) in the study of groundwater nitrate pollution (Zoellmann et al., 2001), (3)
to estimate gas exchange rate in streams (Wanninkhof et al., 1990) and (4) as
a natural atmospheric tracer (Zahn et al., 1999).

4.71 Sampling and Analyzing Groundwater for SF;

The precautions described for CFCs sampling are also applicable to sampling
for SFs. An analytical procedure has been developed by USGS’s CFC labora-
tory for measuring concentrations of SFs in groundwaters to less than 0.01
femtomol per liter (fmol/L). Such a technique, which consists of an extensive
sample preparation part, is shown diagrammatically in Figure 4.14. A gas chro-
matograph with an electron capture detector is used to analyze groundwater
samples for SFg analysis. SFy analysis results are reported in fmol/L or pptv.

4.7.2 Dating Groundwater with SF;

Atmospheric SF, is dissolved in rain and snow. Like other atmospheric-derived
gas tracers, the amount of the dissolution is a function of the concentration of
SFsin the air and the air temperature. The higher the atmospheric concentra-
tion, the higher the amount of the dissolution. Infiltrating rain- and snow water
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Figure 4.14. Diagram of apparatus for extracting SF from groundwater: (a) bottle for
collection of SFssample, (b) apparatus for equilibrating a headspace with the gases
present in groundwater, (c) apparatus for extracting SF¢into a headspace, and (d) trap
for the collection of SFssamples at the well site (redrawn from Busenberg and
Plummer, 2000).
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carry dissolved SFyinto the unsaturated zone and finally to the saturated zone.
Therefore, we can date a groundwater sample based on presence and con-
centration of its SFs. Concentration above background level indicates post-
1970 water. The higher the concentration, the younger the age. However, a
number of points could detract from this simple principle:

1. At the time of recharge, groundwater should be in equilibrium with the
atmospheric SF,. This means that the inclusion of excess air could rep-
resent a source of error in the calculations.

2. If there are subsurface and onsite additions of natural or anthropogenic
SF¢ (such as from volcanic rocks or near urban areas), then age calcula-
tions can include usually lengthy processes of computing the accumula-
tion rates, etc. However, if the excess contribution in the vadose zone is
measured, an average correction can be applied.

The dating range of this method is X-1970, where X is the date the ground-
water is sampled for dating; e.g., in year 2010, the dating range of the method
would be 0-40 years. However, due to low atmospheric concentrations during
the early days of SFs production as well as the difference in various parts of
the world, some may adapt year 1965 as the first year to count the age. The
step-by-step procedure to calculate the age of a groundwater sample by SFs
method is

1. Measure the concentration of SFyin the groundwater sample.
2. Calculate the recharge temperature by
a. computing the mean annual air temperature, or

b. measuring the concentration of noble gases, if possible Ne, N,, Ar, and
Kr and calculating the recharge temperature from them, or

c. if neither a and b is available, use the annual average temperature of
the groundwater.

3. Calculate the excess air component by having the recharge temperature
from step 2.

4. Correct the measured concentration of SFy (step 1) for the excess air
component; note that the corrected value is always less than the meas-
ured value unless there is no excess air.

5. Convert the corrected SFsconcentration (step 4) to the equivalent of air
concentration by using air temperature (step 2) and calculated solubili-
ties of SF; at various temperatures using Henry’s law in the same manner
as is done for CFCs.

6. Finally, find in which year the concentration of SF¢in the atmosphere
equaled what you obtained from step 5. Use Figure 4.13 for this purpose
for samples collected in North America; otherwise, it is best to use
another global monitoring station (there are other stations in both the
Northern and Southern Hemispheres with atmospheric SF4 data avail-
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able online at the NOAA website). Note that a robust graph has been
(and can be) produced that combines steps 4 and 5 into 1 (Fulda and
Kinzelbach, 2000). This graph shows the concentration of SFy in water
with time since 1960.

Example: The concentration of SFysin a groundwater sample is 0.8 fmol/L, the
recharge temperature is 10°C, and the sample was obtained in 2006. What is
the age of this sample? Brief calculations are:

F = 1+ excess air/solubility of SFy at the recharge temperature =1+0.2=1.2

SF;concentration corrected for excess air would be 0.8/1.2 =0.67 fmol/L. After
calculating the EAC and referring to Figure 4.13, the recharge date of this
sample would be 1983, or its age would be 2006 — 1983 = 23 years.

4.7.3 Advantages and Disadvantages

Advantages
1. The concentration of SFyin the atmosphere continues to rise and the
method is, therefore, going to hold effective until this trend is stopped
or reversed. This is in contrast to the CFCs method, which has lost some
credibility due to the declining trend in the CFCs atmospheric concen-
tration since the early 1990s approximately.

2. The atmospheric input is relatively well known, and the subsurface addi-
tion of SF; is thought to be insignificant.

3. The narrowness of the dating range is a plus in those situations where
precise time scales are of interest.

Disadvantages
1. Groundwater ages obtained by the SFs method do not include the travel
time of groundwater in the unsaturated zone. If this time is long, the ages
obtained are substantially different from what is defined as groundwa-
ter age in Chapter 1. Although this deficiency may hold true for other
methods, because the age range of this method is narrow (0-35 years),
it becomes more pronounced.

2. As just stated, the age range of this method is narrow.

3. The method, being recently introduced, has to be proven by more case
studies to see if subsurface or natural production of SFg, microbiologi-
cal degradation, and other unfriendly causes restrict and reduce the
applicability of the method.

4. The main anthropogenic source of SFgis in the middle latitude of the
Northern Hemisphere, and this may present some doubt on the appli-
cability of the methods in the other parts of the world where measure-
ments of atmospheric concentration of SFsmay not be sufficient.
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5. Low concentrations of SFs (due to its low solubility), in general, make
the sampling and the analysis a delicate task. They also make the method
very vulnerable to the excess air problem because solubility of SFs
changes significantly with the temperature.

6. Researchers (Santella et al., 2002) have shown that concentration of SFy
in air over large urban centers is up to twice that of SFy in clean air, and
this anomaly may extend up to 100km from the urban centers. This
makes SF; dating of urban and near-urban groundwaters complicated,
and most likely impossible, unless a correction is applied using meas-
urements of vadose zone air SF concentrations provided that the excess
has been relatively stable over time.

4.7.4 Case Studies

SF¢dating is the latest introduced groundwater dating method and, thus, case
studies involving this technique are a handful as yet. Most relevant studies are
summarized here.

Locust Grove, Maryland, USA The most comprehensive study of SF; in
groundwater to date is by Busenberg and Plummer (2000) at Locust Grove,
Maryland, part of the Atlantic coastal plain sand aquifer. Some 44 samples
from 4 piezometer nests at various depths were analyzed to show that the con-
centration of SFs in groundwater ranges from 0.02 to 1.73 fmol/L, which cor-
responds to an age range of about 2.6-47 years. SFs ages were compared with
CFC-12 and CFC-113 ages, which showed good correlation except for very
young waters (less than 10 years old) and old waters (more than 30 years old).
This discrepancy was then attributed to two fundamental inadequacies of
these methods:

1. CFCs method is unable to date correctly groundwaters recharged after
1993 because the concentration of this gas in the atmosphere stopped
rising after the Montreal Protocol, which imposed restriction on the pro-
duction and use of CFCs.

2. The SFs method is not able to satisfactorily date groundwaters recharged
prior to 1970 because of the low atmospheric concentration of SFg
(Figure 4.13).

Busenberg and Plummer (2000) also show that at all four sampled piezome-
ter nests, groundwater SFg ages increased with both depth and distance along
the flow path (increasing from the recharge area).

Busenberg and Plummer’s paper also includes a brief report on the SFs
content of water from springs near the top of the Blue Ridge Mountains,
Shenandoah National Park, Virginia (reported in full by Plummer et al.,2001);
Eastern Snake River Plain aquifer, southeast Idaho; Middle Rio Grande
Basin, New Mexico; and springs and groundwater from igneous and volcanic
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areas of various parts of the USA such as the Chesapeake Bay watershed. The
number of analyzed samples reached 3,000, with some showing very high con-
centrations of SFs—greater than air—water equilibrium and not explainable
by a single atmospheric source. Take note of the extensive measurement of
SFs concentration in groundwater in the Chesapeake Bay watershed by
Lindsey et al. (2003), through which over 100 spring samples were analyzed,
with the maximum recorded SF; concentration of 59.6 fmol/L.

Upper Limestone Aquifer, Stuttgart/Bad Cannstatt, Germany Eleven well-
water samples from 80-m-thick upper limestone aquifer, in Stuttgart/Bad
Cannstatt, Germany, the second mineral water system of Europe, were ana-
lyzed for SF, by Fulda and Kinzelbach (2000). Samples were collected along
a transect extending from the recharge area of the aquifer to some 20km
downstream. The concentration of SF, declined from 2.2fmol/L at the
recharge area of the aquifer to virtually zero at the end of the transect.
Groundwater ages were, therefore, estimated to range from 1 to more than 20
years, respectively. Starting from the recharge area, groundwater ages showed
an exponential increase, as expected, except for one sample that was proba-
bly contaminated during sampling.

Tertiary Basalt Aquifer of Hessia, Germany Zoellmann et al. (2001) pub-
lished the result of an analysis of SFy in six public and observation wells in
Hessia, Germany, during various times from 1992 through 1995. SFs concen-
tration ranges from 1.14 to 6.25fmol/L. These data, in conjunction with tritium
measurements, were modeled to study the transport processes in the saturated
and unsaturated zones in order to predict nitrate level in wells for different
land-use scenarios. Bauer et al. (2001) added some more analysis to the same
SF, and “H results (by Zoellmann et al., 2001) and combined them with *Kr
and CFC-113 to conclude that excess air plays a considerable role in the inter-
pretation of gaseous tracers and to show that CFC-113 is retarded in the
aquifer as opposed to SF,; and *Kr.

Permian Sandstone Aquifer of Dumfries, Scotland The Permian sandstone
(Locharbriggs Sandstone) and breccia (Doweel Breccia) aquifer of Dumfries
produces 11 x 10°m? of water annually, which accounts for 11% of the ground-
water abstracted in Scotland. MacDonald et al. (2003) analyzed 15 samples
from this aquifer, collected from depths of 30 to 183 m, for SFs and CFCs. SF,
values ranged from less than 0.1 to 2.1 fmol/L. On the basis of CFCs and SFs
data, groundwater from the Dumfries aquifer was divided into old and modern
components, older than 50 years (no detectable SF) and younger than 10 years
(maximum SFg concentration), respectively. The percentage of modern portion
ranges from 2 to 100% and occurs more in the Locharbriggs Sandstone. This
study showed a positive correlation (R* = 0.7) between percentage of modern
water in the sample and the concentration of nitrate. MacDonald and his col-
leagues also predicted that with the decline of old groundwater components
in the aquifer, its nitrate concentration will rise.
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Karstic Springs of Florida, USA Katz (2004) measured the concentration of
SFs in 22 samples from 12 large karstic springs in Florida. The SF; values
ranged from 1.55 to 4.55pptv (four samples were discarded because of sam-
pling contamination), corresponding to ages of 16.3 to 2.8 years, respectively.
Katz’s study showed that (1) CFC-113 ages agree with SF, values, but (2) both
these tracers have sources other than atmosphere. This is why the ages
obtained by these two methods were not concordant to *H/’He ages, which, in
fact, were found to be the most reliable.

Quaternary Sand Aquifer of the Island of Funen, Odense, Denmark The
Quaternary sand aquifer, near the Island of Funen, Odense, Denmark, is a thin
sandy aquifer confined by glacial tills from above and below. Four samples
from three sites were analyzed for SF¢ by Corcho Alvarado et al. (2005) and
showed SFg contents of below detection limit to 1.6 pptv. The aim of this study
was to combine SF,analysis with a number of other dating tracers such as *Kr,
*H, *He, CFCs, and **Cl to characterize and date the aquifer. The mean age of
the samples (from all tracers) were determined to be 17,22, 23 and 27 years.

4.8 *CrCl

The general information about chloride (chlorine), its isotopes, sources, and
analytical facilities, is given in Chapter 6, where it is discussed in more depth
for its application in dating very old groundwaters. Here, we aim to explain
how *ClI can be used to identify and date young groundwaters, a less signifi-
cant application of such tracer. Atmospheric *Cl is dissolved in rain- and snow
water and enters the water cycle. Its concentration in the atmospheric precip-
itation is reversely proportional to the amount of rainfall—the higher the rain-
fall, the lower the concentration of *Cl. In contrast, **Cl concentration is
directly proportional to the atmospheric reservoir of **Cl, itself, a function of
natural and anthropogenic production rates. As rain and snow fall on the
ground surface and become surface water or recharging groundwater, their
*ClI content is further affected by the evapotranspiration. Such phenomenon
enriches surface and recharge water in *Cl. Bentley et al. (1986a) suggested
the following equation (4.4) to determine the concentration of **Cl in the
surface and recharge waters:

[36a]=

FCL><31,536,000X( 100 ) (44)
P 100—E

where [**Cl] is the concentration of **Cl in atoms/L in the surface water or in
the recharge water, Fc is the fallout rate in atomsm™s™', P is the annual
precipitation in mm, and E is the evapotranspiration in percentage (of
precipitation). Note that the concentration of *Cl in recharge water is
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inversely proportional to rainfall amount while directly proportional to
evapotranspiration.

Example: Natural fallout rate of **Cl at a location where annual precipita-
tion and evapotranspiration loss are 300 mm and 80%, respectively, is 20 atoms
m~s™". What would be the concentration of **Cl in the recharge water?

20atomsm2s~! x 31,536,000 100
[36Cl] = X

300 100-80
=10,512,000, or 10.5 x 10° atoms/L

In addition to natural production by cosmic activation of argon, **Cl was pro-
duced in large quantities from activation of seawater **Cl by thermonuclear
tests during 1952-1958. The magnitude of this production, which is called
bomb pulse *Cl, reached several times that of the natural production rate. The
global average fallout rate for the integrated bomb peak was in the range of
2.8 x 10" to 7.1 x 10"”atomsm™. This happened in a short period of time
because, the estimated natural fallout rate is only 30.6m™s™ (Andrews et al.,
1994), or 9.6 x 10%atomsm™ year'. Investigation of a 100-m-long ice core
drilled at Dye-3, Greenland, shows that **Cl in snowfall reached its maximum
concentration in the late 1950s and early 1960s (Figure 4.15). Since ther-
monuclear explosions did not produce stable chloride ions, the *Cl/Cl ratio in
the atmosphere increased exponentially. Such highly concentrated atmos-
pheric precipitation with high *Cl/Cl ratio is a hydrologic marker that can be
easily traced and located. Accordingly, a high level of *CI/Cl in the ground-
water indicates that recharge to groundwater has occurred since this period
(i.e., between the late 1950s and early 1960s). Based on Bentley et al. (1982),
the maximum post-1954 recorded **Cl in rainfall is 183 x 10”atoms/L at Long
Island, New York (September 1957), in surface water is 167.5 x 10" atoms/L in
Truckee River, Nevada (August 1958), and in groundwater is a water well in
Arizona with 158 x 10”atoms/L (January 1979). This is while the maximum
recorded *Cl in pre-1953 groundwater is 11.7 x 10’ atoms/L and that is in the
Tucson City well in Arizona (Bentley et al., 1982).

4.8.1 Dating Groundwater by the *Cl/Cl Ratio and Case Studies

The procedure to date groundwater by **Cl/Cl is partly similar to dating with
*H. The job is to locate the position of the bomb-peak *Cl plume. We should
start with studying the record of post-bomb **Cl concentration in the local air.
Then, we must construct a vertical profile of *Cl concentration in the ground-
water by measuring *CI/CI in samples from at least one piezometer nest. The
best case and the lucky scenario would be to find a groundwater sample with
a distinguishably high *Cl/CI ratio, which reflects bomb **Cl. Finally, we can
find the time lag between the peak **Cl/Cl ratio in the air and the peak *Cl/Cl
in the groundwater (which is the sampling date). A major obstacle for this
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Figure 4.15. Chlorine-36 concentration in an ice core drilled at Dye-3, Greenland. Peak
bomb concentration in late 1950s and early 1960s is evident. The age scale was deter-
mined by counting the seasonal variations in oxygen-18 content (Elmore et al., 1982,
reproduced with permission from Nature publishing).

method is the recirculation of bomb *Cl in the environment. Initially, it was
thought that the **Cl emanated from the thermonuclear tests was washed out
from the atmosphere in a relatively short time after the release, probably
before 1980. All studies, including measurements on the Dye 3 ice core, sup-
ported this theory. However, the latest research involving *Cl in young
groundwaters by Corcho Alvarado et al. (2005) has shown that it is difficult to
estimate the local **Cl/Cl input function. The uncertainty in estimating input
function is attributed to the recirculation of the bomb *Cl in the various com-
partments of the environment. Such a problem has also been realized by
Cornett et al. (1997), who found that **Cl concentrations in rivers and lakes in
eastern North America are higher than those expected from natural produc-
tion and fallout from the atmosphere, because of the continuous cycling of
weapon °Cl through the biosphere. The other major problem that faces this
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method is the local scale of the explosions and the concern in extending such
local inputs to areas far from the explosions. This is more appreciated if we
bear in mind that considerable percentage of produced *Cl was washed out
quickly before being able to spread. As a result of these two issues, and in spite
of the fitness of *Cl/CI for dating young groundwaters, not many case studies
have been reported in the literature. Nevertheless, Phillips (2000) argues that
availability of other dating methods such as CFCs and *H/*He, which can cover
the same age range, has led to the light use of the weapon *Cl in detailed
tracing studies. This explanation may not hold true, because CFCs and *H/*He
methods came into widespread practice only in the 1990s, while there is not
much dating exercise with *Cl/Cl even before the 1990s. Cook and Solomon
(1997) describe two issues as the main problems for **Cl/Cl method: (1) the
practical difficulty in preparing a detailed vertical concentration profile and
(2) the weakening of the input signals by diffusion and dispersion processes.
High costs of analysis and unavailability of analytical facilities could also form
significant local problems. The best use of *Cl/CI ratio is perhaps where it is
used in conjunction with tritium and other young age tracers to better con-
strain the ages obtained. Such an example is the study by Corcho Alvarado
et al. (2005), where **Cl is used in conjunction with CFCs, *"H/*He, SFg, and K.

Borden Agquifer Case Study, Canada Measurement of *Cl in Borden
Aquifer, Canada, by Bentley et al. (1982) showed that the *Cl peak was found
about 17m deep below ground surface (Figure 4.16). As can be seen from the
figure, except for one sample, the tritium concentration of the samples is cor-
related with their **CI values. With the atmospheric peak in 1955 (Figure 4.15)
and sampling date in 1981, it has taken bomb *Cl about 26 years to reach a
depth of 17m. This would give an average velocity of 0.65m/yr (17m/26yr). It
should be pointed out, however, that Bentley and his colleagues refrained from
reporting an age for the groundwater samples because of the uncertainty in
the flow patterns.

Gambier Limestone, South Australia Herczeg et al. (1997) measured the
%CI1/Cl ratio of 17 groundwater samples from the Gambier limestone aquifer
of South Australia in order to assess the magnitude of small recharge sites to
the aquifer. They measured **CI/Cl ratios of up to 6 times greater than that of
natural fallout in groundwater in the vicinity of the recharge sites where the
water table was only less than 2m below the ground surface. This showed post-
bomb recharge but also showed the sluggish nature of both the recharge
process and groundwater movement (the facts that bomb **Cl moved less than
2m vertically and it was not flushed away from the recharge point by moving
groundwater). It was, however, impossible to precisely date the groundwater
samples because of the difference between the residence time of *Cl and that
of groundwater, the uneven effect of the root zone on the concentration of
%Cl and CI', the recycling of weapon *Cl, and the contribution of atmospheric
dusts to the soil and groundwater **CI budget.
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Figure 4.16. Vertical profile of **Cl and *H concentration in groundwater samples,
Borden aquifer, Ontario, Canada (Bentley et al., 1982, reproduced with permission
from Nature publishing).

Other Case Studies In the study of East Midland Triassic sandstone aquifer,
UK, Andrews et al. (1994) found that the bomb peak of *Cl is entirely con-
tained within the unconfined part of the aquifer and has not reached the
deeper confined zones.

Murad and Krishnamurthy (2004) measured the *Cl content of groundwa-
ter samples along with other chemical constituents to show that recharge to
the two studied aquifers in the eastern United Arab Emirates is post-1950. The
Eastern Gravel Plain aquifer that occurs near the coastal area and the inland
Ophiolite aquifer have *CI/CI values in the range of 13.3-17.4 x 107" and
20-118 x 107", respectively. These values indicate the presence of bomb *CI.

A nationwide study conducted by Davis et al. (2001) has shown that bomb
Cl is still being discharged from some of the U.S. springs, which is a decisive
indication of the residence time of these springs. The abstract (p. 3) of the work
reads, “Chlorine-36 from testing of nuclear devices is still being flushed out
of four of the spring systems that were sampled. Thus, more than 45 [2001 —
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1952 = 49] years have passed since *Cl was introduced into the aquifers
feeding the springs and the system, as of yet, have not been purged.”

High (bomb) *Cl/Cl ratios of the water samples from the fracture fluids in
the unsaturated zone at the Yucca Mountain tuffs enabled Levy et al. (2005)
to show that faults have been a pathway for fast flow, which reached as much
as 300m into the mountains.

49 INDIRECT METHODS

As we also show in Chapter 5, some of the techniques to date groundwaters
should be regarded as indirect because these do not lead to quantitative ages
directly; rather they provide some clues to constraint the age of some ground-
waters. Further, these approaches require information about parameters other
than groundwater such as geology, climate, and atmospheric precipitation. We
might be able to guess the age of a young groundwater system by shallowness
of the depth, localness of the flow system, oxidizing nature of the water, activ-
ity of microbes and bacteria in the groundwater, etc. We briefly touch these
noncommon approaches to date young or very young groundwaters in
Chapter 8.

The use of the stable isotopes of the water molecule, especially 8O to esti-
mate the age of groundwater, is a well-established technique, though it is, in
fact, limited to calculating the residence time of groundwater only. This takes
place by measuring the stable isotope content of spring waters and of precip-
itation over a long period of time. Identification of paleowaters based on the
stable isotopes of water is discussed in Chapter 5.

4.9.1 Stable Isotopes of Water

The stable isotope content of atmospheric precipitation, rain or snow, is deter-
mined by many factors including air temperature, elevation, geographical posi-
tion, etc. Summer precipitations are generally isotopically heavier when
compared with the precipitation that occurs in winter. Also, storms have iso-
topic signatures different from the long rainfall extended over a period of time.
Further, we could see a temporal increase in the heavy isotope component of
rainfall as a result of global warming and climate change. In principle, it should
be possible to estimate the age and especially the residence time of ground-
water if the weighted half-year (winter and summer) average concentration of
stable isotope in precipitation differs strongly. This difference is carried out to
the groundwater system, where it will be preserved for a relatively short time
and short space, and later recovered by water sampling. The amplitude of the
variations (how much winter and summer rains are different in terms of iso-
topic composition) is a key factor in the application of such technique in the
estimation of the residence time of groundwater. Also, recognizable differ-
ences may exist in the oxygen-18 content of precipitation in different years,
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say annual or bi-annual, etc. If such differences are preserved and manifested
in the groundwater system, we should be able to determine the residence times
up to a few years. In summary, determination of the residence time of ground-
water is based on the preservation and recognition of temporal changes in the
stable isotope content of the precipitation.

Burgman (1987) proposed Equation 4.5 for calculating the residence time
of springs from the amplitude of the seasonal variations of isotopic content of
spring waters and rain waters.

T=12nx(1-A4)"/A (4.5)

where T is the residence time, A is the ratio of the amplitude of seasonal vari-
ation in the spring water to the same for rain water (which is of course always
less than unity), i.e.,

A = variation in spring water/variation in rainwater

Example: The seasonal amplitude in the stable isotope content of local pre-
cipitation is 3.29% and that of the discharging spring water is 0.26%. What is
the residence time of this spring?

A=026/3.29=0.079
T=1/2nx(1-A)*/A—-T = 0.159 x (1-0.079) *3/0.079
=0.159 % 0.9597/0.079 = 2 years

The main task in using the preceding equation is the accurate determination
of the seasonal amplitude, because short-term and irregular variations may be
imposed on the seasonal variation. Also, it is a difficult task to determine which
spring water sample is related to which rainfall event. Long-term sampling and
analysis are required to overcome this issue.

Maloszewski et al. (1983) proposed a similar equation (4.6) to calculate the
mean transit time of recharge water in soil:

T=d(A/B) - 1]0‘5 (4.6)

where c¢ is the radial frequency of annual fluctuations, or 0.017214 rad/day,
and A and B are the amplitudes of rainfall and soil water isotopic variations,
respectively.

Lately, a number of researchers have concentrated on the calculation of the
residence time using stable isotope contents of rain- and spring waters (Vitvar,
1998a; Frederickson and Criss et al., 1999; Rademacher et al., 2002; Winston
and Criss, 2004; McGuire et al., 2005). Equation 4.7 has been developed for
this purpose.
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where 8'"®Oyy, is the oxygen-18 content of the springwater sample, §; and P; are
the 80 value and amount for a given rain event, t; is the time interval between
the storm and the spring sample, and 1 is the aquifer residence time. This equa-
tion should be solved for each rainfall and spring sampling event and, there-
fore, large calculations are needed. For long residence times (7), the calculated
880, will be very close to a volumetrically averaged isotopic value of the
rainfall; for too short residence times, only the most recent rain event will have
any significance (Frederickson and Criss, 1999). A main difficulty with using
such an equation is the large volume of data required. Time series analysis of
springwater samples, precipitation, and sometimes soil water for stable iso-
topes are required. Also, in groundwater systems where annual recharge is
small compared to the reservoir volume, and where interflow and delayed
return flow are significant, the preceding equation fails to provide a reason-
able estimation of residence time.

4.9.2 Case Study

Bluegrass Spring, Meramec River Basin, Eastern Missouri, USA Bluegrass
spring, with an average discharge rate of 8.5L/s (ranges from 1.4 to 280L/s)
and average temperature of 13.3°C, issues from the base of the Plattin lime-
stone, Meramec River basin, eastern Missouri. Numerous water samples from
this spring were analyzed for oxygen-18 contents from 1996 to 2003 and
bimonthly local precipitation samples for a longer time (Winston and Criss,
2004; Figure 4.17 here). The average oxygen-18 content of Bluegrass spring
based on over 5 years of measurements is —7.0%, identical to the average value
of the local precipitation. The difference is that precipitation values range from
—1.0 to —16%, while spring values range from —5.0 to —9.0% only. Therefore,
the isotopic content of Bluegrass springwater is a subdued reflection of the
isotopic content of the precipitation. Figure 4.17 clearly demonstrates the fluc-
tuating nature of the springwater as far as the oxygen-18 values are concerned.
Using Equation 4.7 and fluctuation observed for precipitation and spring
waters, Winston and Criss obtained a residence time of 2 years for the Blue-
grass spring.
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TABLE 4.5. Advantages and Disadvantages of Various Methods
Method Advantages Disadvantages
*H Well-established and known The method has reached its
method expiry date
Can be used as an additional tracer  Difficulty in knowing precise
for checking other methods initial value even if bomb
It is revivable in 4 decades from tritiums are completely
now disintegrated
*H/*He Initial value is not required Expensive sampling and analysis
High-resolution ages Limited worldwide laboratories
The method will not expire Difficulty in differentiating
Data collected can be used for between various sources of
other purposes helium-3
Travel time in the unsaturated
zone is not counted
Excessively sensitive to excess air
‘He Could be a supporting method for  Its validity still needs to be
other tracers approved
®Kr Insensitivity to degassing problems  High sampling and analysis cost
Limited subsurface contaminating and unavailability of analytical
sources facilities
Insensitivity to dispersion Subsurface production in U-rich
The method will not expire soon rocks
CFCs Simplicity and low cost of analysis =~ The method continues to lose its
Good results if sorption and applicability
degradation processes are absent  Degradation of CFCs
Good indicator of post-1945 waters CFCs contaminating sources (not
atmospheric)
Sampling delicacy
SF, The method will continue to be Not well known yet
applicable into the future It may not be applicable in some
Well-known input function regions due to local
Short but precise age range production of SFq
Narrow age range
Difficult to apply in and close to
urban centers
ICI/CI Good indicator of post-bomb Not many case studies available
waters Qualitative nature
The method will not expire soon
Stable Sampling and analysis are routine It needs ages from other
isotopes  Can be used as a check for other methods for calibration
of water methods It requires extensive data sets

and calculations
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Figure 4.17. Temporal variations in the oxygen-18 content of Bluegrass Spring water,
Meramec river basin, eastern Missouri (modified after Winston and Criss, 2004).



AGE-DATING OLD
GROUNDWATERS

The methods to age-date old groundwaters (60-50,000 years old) include
mostly “C, but less used and indirect methods such as *Si, *Ar, '*O, H, and
conservative and reactive tracers are also explained. In addition to presenting
some new data from salinized watersheds in Australia, various aspects of *C
dating such as initial value problem, *C modifying geochemical reactions, half-
life variations, and Sanford correction for diffusion in fractured-rock and
aquifer-aquitard environments are discussed. The principle, characteristics,
limitations, requirements, correction factors applicable to each method, rele-
vant formulas and equations, advantages, working examples, field sampling
and laboratory measurements, and associated costs of each method are also
spelled out (at the end of the chapter, advantages and disadvantages of all the
dating methods are presented in Table 5.3). With regard to '*C, however, there
are at least three major book chapters (Clark and Fritz, 1997; Kalin, 2000;
Mazor, 2004) that discuss the topic in detail. This has caused us to refrain from
going deep into all aspects of the method because it would inevitably be a
repetition of the previous books. We have therefore limited our discussion to
major aspects.

Silicon-32 (#5 ~ 140 years) and argon-39 (f,5 = 269 years) have been classi-
fied as old groundwaters-dating methods because their half-lives are much
longer than those of isotopes for dating young groundwaters. Also, it was
intended to have a correspondence between human average life expectancy
and the age of young groundwaters. Silicon-32 and *Ar dating methods have

Groundwater Age, by Gholam A. Kazemi, Jay H. Lehr, and Pierre Perrochet
Copyright © 2006 John Wiley & Sons, Inc.
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been applied to very limited extent, and the related publications are only a
few. As a consequence, not much emphasis is needed to be placed here on
these methods. Another point worthy of note is that in a number of references
the “He method is referred to as a dating method that could cover old ground-
water age ranges (say from about 1,000 years and longer), in addition to both
young and very old groundwaters. Practically, however, this has not been
satisfactorily demonstrated as yet and we have therefore discussed the ‘He
method in the context of young and very old groundwaters only, i.e., Chapters
4 and 6.

5.1 SILICON-32

Silicon, discovered by Jons Berzelius in 1822, has the relative atomic weight
of 28 and 3 stable isotopes: **Si (92.27%), *Si (4.68 %), and *°Si (3.05%). It also
has a number of radioactive isotopes such as **Si, *’Si, *!Si, and *Si; but only
Si is of hydrologic and geoscientific interest. Despite being the second most
abundant element (after oxygen) in the Earth’s crust, forming 25.7% of the
Earth’s crust by weight, silicon isotopes are not widely used in geosciences
because the nature of Si compounds is such that the &°Si variations are small
and the fractionation processes are limited (Attendorn and Bowen, 1997). The
cosmic abundance of silicon, however, is only 0.05% by weight (Cameron,
1973, cited by Attendorn and Bowen, 1997).

The half-life of silicon-32 was and still is under intense investigation and
doubt; estimates range from 60 to 700 years (Alburger et al., 1986). The most
recent estimation, which is the weighted average of a number of earlier meas-
urements, puts it at 140 = 6 years (Morgenstern et al., 1996). However, one
could argue that this is not quite satisfactory because the latest related report,
i.e., Lal (2001), tends to adapt the 150-year estimate.

5.1.1 Production of *’Si

Silicon-32 is produced in the upper atmosphere by cosmic-ray spallation of
argon according to the reaction:

WAr+P— 3Si+P+20

The production rate of **Si, like that of other cosmogenic radionuclides, shows
latitude and seasonal variations, anticorrelation to solar activity, and highest
natural production in Antarctica (Morgenstern et al., 1996). Silicon-32 has also
been produced by thermonuclear tests, but this was washed out from the
atmosphere quickly within a few years afterwards. So far, there is no evidence
to suggest underground or other source of production for **Si. In the labora-
tory, silicon-32 is prepared by spallation from chlorine in a beam of protons
at 340-420MeV by a reaction of the type:
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#7Cl+P — $Si+2P+o Schink (1968)

Silicon-32 disintegrates to P through a beta emission reaction; the half-life of
P is 14.3 days:

13Si— LP+B +v

5.1.2 Sampling and Analyzing Groundwater for *’Si

The activity of *Si in the water samples is usually low, and hence a sample
volume of between 5 to 20m® is required to achieve satisfactory results. Due
to the low activity of **Si, its measurement in ground- and surface water
samples is undertaken by counting its daughter product (*’P) through a
five-step procedure described ahead (from Lal et al., 1970, and Morgenstern,
1995). The full description of the method can be found in Gellermann et al.
(1988).

1. scavenging of dissolved silicon by a ferric hydroxide precipitation from
the water samples (this process is undertaken in the field and only the
precipitate and 30 liters of water sample are transported to the lab),

2. radiochemically pure silica is then extracted from the ferric hydroxide
scavenge slime,

3. *Si decays to ¥P in the pure silica extract and reaches a secular equi-
librium within 1-3 months. A precise amount of carrier phosphate is
added two weeks before counting to make the total Mg,P,0, content of
the sample 62mg,

4. radiochemically pure sample of *’P is then re-extracted (milked), and

5. finally, the milked **P activity is counted over a period of about 40 days.
[Note that milking is a term used to describe counting of daughter prod-
ucts in a given sample because these products are counted one by one
upon their creation, just like milking a cow by which milk is drained
slowly.]

Presently, the Institute of Geological and Nuclear Sciences (INGS), New
Zealand (http://www.gns.cri.nz/) is the primary laboratory where *Si activity
in water and sediment samples is measured. It has developed the accelerator
mass spectrometry, AMS, technique, which offers the major advantage of a
reduction in the sample size by at least 2 orders of magnitude (Morgenstern
et al., 1996). Because AMS techniques perform analysis on a small amount of
silicate, great care must be exercised in handling the sample and undertaking
the analysis. So far, the results of *Si analyses have largely been reported as
the activity, i.e., dpm/m® or milliBg/m®. Morgenstern et al. (1996) report that
AMS measurement yields the results both in activity and in *Si/Si ratio. This
ratio varies from 107" to 107, depending on the type and **Si content of water
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samples. Rainwater samples show higher ratios, while ground, surface, and
ocean water samples contain the lowest ratio. If we have the **Si/Si ratio and
the concentration of silicon, it would be possible for us to calculate the *Si
values in atoms/liter of water (see Section 5.2.2 for more detail).

5.1.3 Dating Groundwater by *Si

Since 1961, *Si activity in atmospheric precipitation has been measured at
three laboratories including Physical Research Laboratory, Ahmedabad,
India; University of Copenhagen, Denmark; and Bergakademie Freiberg,
Germany (Morgenstern et al., 1996). The activities are generally less than 10
milliBg/m® except largely for bomb-produced **Si during 1963-1965. Atmos-
pheric silicon-32 is dissolved in rain- and snow water in the form of silicic acid.
It is then deposited on the soil surface where it either infiltrates into the sub-
surface environment or is absorbed on the soil particles. [In contrast to most
hydrologic tracers, atmospheric **Si reaches the ground surface through dry
precipitation (attached to aerosols) as well.] Morgenstern et al. (1995) have
shown that about 50% of the deposited **Si is retained on the soil surface, and
the remaining is transported to the subsurface groundwater system. That
portion of silicon-32 that reaches groundwater decays to **P, and this forms the
basis of groundwater dating. Using the basic law of isotopic decay, the age of
a groundwater sample can be determined by having an initial *Si value of the
recharged water and the given sample *Si concentration:

Si = 2Sige ™

Theoretically, the silicon-32 dating method can date groundwaters whose ages
range from 21 to 465 years, if 10% and 90%, respectively, of the original silicon-
32 atoms have decayed. This is, however, an invalid suggestion since the effec-
tiveness of the method is under serious doubt. The reasons for such a statement
are explained as we proceed.

Example: If the **Si activity of a groundwater sample is 2 milliBg/m?, what
would be its age? Assuming the half-life of 140 years, and an initial value of 5
milliBg/m’, the age of the sample would be 185 years:

2 =57 0005 5 1 =185 years

It should be pointed out that both **Si and *Ar (Section 5.2) dating methods
were initially developed for ocean and glacier studies and were employed in
the field of groundwater hydrology thereafter. Silicone-32 is used for dating
of sediments, ice cores, and marine siliceous biota (e.g., glass sponges). It
is also useful for study of oceanic and atmospheric circulation (exchange
processes between stratosphere and troposphere). Attention has recently been
drawn to the potential application of silicon-32 for evaluating the recharge
processes in semi-arid regions (Einloth et al., 2001, 2003).
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5.14 Advantages and Disadvantages

Despite being proposed in 1966, *Si has not received widespread attention
and application as a groundwater dating tracer. Professor Devendra Lal, cur-
rently at Scripps Institute of Oceanography, California, USA, and formerly
from Tata Institute of Fundamental Research, Bombay, India, who has been
behind the idea of using *’Si as a tracer in various fields including groundwater
dating since the late 1950s (Lal et al., 1959, 1970, 1976, 1779; Nijamparkar
et al., 1966; Lal and Peters, 1967; Lal, 1999, 2001) concludes in his latest pub-
lications (Lal, 2001) that **Si is not a suitable method for dating groundwater,
though it is useful for calculating groundwater infiltration rates. In a personal
communication with the senior author, Lal writes, “Silicon-32 exchanges with
the soil and some *Si is lost as the water percolates down. So, it is not suit-
able for age determination, but it is an ideal tracer for measuring ground water
infiltration rates (since *Si is lost in transit and the rate of loss gives the infil-
tration rate).”

Silicon-32 may be used for dating if one or more of the following condi-
tions are met (Morgenstern, 2000):

1. the surface water containing *Si recharges directly into the aquifer
without passing through an unsaturated zone,

2. the initial value of **Si to the aquifer can be measured directly from
shallow wells in the recharge area, or

3. 3Si losses in the unsaturated zone are well understood.

Considering the above points and the fact that the geochemistry of silicon is
complex (Wagner, 1998), there is very little chance of revitalizing the silicon-
32 dating method. The sample volume required is also large, and not many
institutions worldwide have the laboratory facilities to analyze water samples
for *Si activity. In spite of all the shortcomings, the currently accepted half-
life of 140 years makes it the ideal tracer to cover the age gap between “C
and young dating methods. Lack of subsurface production and precisely
known atmospheric values of activity are the other advantages. Also, the
recent attempts by IGNS to analyze water samples by high-resolution mass
spectrometer requiring only one cubic meter of water sample may help sci-
entists to undertake more case studies and gain some insight into the processes
and overcome shortcomings of this method.

5.1.5 Case Studies

Case Study in Germany Silicon-32 concentration along with '“C and *H con-
tents of 26 samples from a variety of phreatic aquifers in Germany whose
lithology ranges from sand to karstic limestone were measured by Frohlich
et al. (1987) during 1977-1985. The *Si values ranged from 0.1 to 5.2 milliBg/m?,
with the exception of one sample, which contained 10.5 milliBq/m® of silicon-
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32. The results from this study gave mixed signals. The positive outcome was
that the activity of **Si showed negative correlation with groundwater ages cal-
culated by tritium, suggesting decay of **Si through time. On the other hand,
some young samples with appreciable tritium content were **Si-free. The con-
clusion from this study was that **Si can be used in phreatic sand and lime-
stone aquifers as an additional tracer, but it is not applicable in aquifers with
strong geochemical reactions in the unsaturated zone.

A Joint Case Study in Estonia and Germany From 1985 until 1989, seven
well-water samples from Devonian and Silurian marine carbonate aquifers in
western and northern Estonia and three karst spring samples from central
Germany were analyzed for their **Si content by Morgenstern et al. (1995).
Tritium ages and '“C content of the samples were also measured. Silicon-32
activities ranged from 0.1 to 2.4 milliBq/m?, showing some decrease to a depth
of 50m, below which samples contained only minor, undetectable *Si activity.
Tritium ages were only partially in agreement with **Si activities indicating that
the reduction in **Si concentration is via both radioactive decay and other geo-
chemical processes such as sorption. The conclusion from this research was
that (1) *Si is strongly sorbed during infiltration of rainwater by soil layers
and limestone, (2) **Si cannot yield meaningful groundwater ages in limestone
aquifers, and (3) **Si in some favorable circumstances may serve as an addi-
tional guide for the identification of very young groundwaters.

Case Study in India Lal et al. (1970) measured the **Si activity of 24 ground-
water samples from 6 different hydrological regimes in arid—semi-arid regions
of India, which ranged from 0.2 to 5 milliBg/m’. Considering the then-accepted
half-life of 500 years for **Si, Lal and his colleagues obtained *Si ages of
modern to 2,100 years for the samples, generally younger than the correspon-
ding "C ages. At that time, the results of the two methods were regarded as
in good agreement, and thus satisfactory. Nevertheless, if the presently
accepted half-life of 140 years is applied to those **Si results, they will become
“unacceptably too” younger than *C ages.

Case Study in New Zealand Measurement of *Si in a confined gravel
aquifer in the coastal alluvial basin of the Lower Hutt Valley, New Zealand,
by Morgenstern and Ditchburn (1997) showed a 1.2 milliBg/m® decrease in
the *Si content of groundwater from recharge area (4.5 milliBg/m®) to 4-km
downgradient (3.3 milliBg/m?). This study though demonstrated that **Si
content of groundwater in the Hutt Valley originates from the atmospheric
sources; it did not yield any concrete age result.

52 ARGON-39

Argon (Greek argos, meaning inactive), a noble gas with the relative atomic
mass of 39.948g/mol, was discovered by Lord Rayleigh and Sir William
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Ramsay in 1894. It is inert, colorless, and odorless and makes up about 0.934%
of the Earth’s atmosphere, the third abundant gas after nitrogen and oxygen.
Argon has 3 stable and 12 radioactive isotopes ranging in atomic mass from
32 to 46. All radioactive isotopes, but *Ar, have short half-lives of milliseconds
to days (Attendorn and Bowen, 1997). The most abundant isotopes of argon
in the terrestrial atmosphere are *Ar (99.6%), *Ar (0.337%), and *Ar
(0.063%). However, argons-37, -39, and -40 are the most extensively studied
isotopes of argon for their various applications in the fields of environment,
planetary, and earth sciences. Argon-39 has a half-life of 269 years, and its activ-
ity in the troposphere, measured for the first time by Loosli and Oeschger in
1968, is 0.107 = 0.012dpm/L of argon (Loosli and Oeschger, 1979). (1 disinte-
gration per minute, dpm, = 0.45 picocourie = 0.017 Bq.) The decay constant, A,
of argon-39 is 0.002577 year™'. The solubility of argon in water in equilibrium
with the atmosphere at 10°C and 1 atmosphere is 3.9 x 10*cm® STP/mL water.
This gives rise to a *Ar concentration of 8.5 atoms/mol (Lehmann et al., 1993).

5.2.1 Production and Sources of ¥Ar

Production of *Ar takes place:
1. In the atmosphere,

a. By cosmic-ray activity, primarily with **Ar with a rate of 0.1 dpm/L
NAr+n— HAr+2n

Such a reaction does not occur underground because it requires neu-
trons with energy in excess of 12.8MeV, and

b. Through nuclear weapon testing at a rate of less than 0.005 dpm/L
2. In the subsurface environment:

a. Through irradiation of *’K with fast neutrons in a neutron-capture,
proton-emission reaction,

BK+n— RAr+P
b. Via a less important reaction of *K,
BK+IL— RAT+v, (Florkowski and Rozanski, 1986)
c. By neutron activation of *Ar, and
BAr+n— RAT+Yy
d. Via alpha emission by calcium-42 (Zito and Davis, 1981)

RCa+n—o HAr+o
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5.2.2 Sampling and Analyzing Groundwaters for *Ar

Sampling groundwater for *’Ar analysis requires a huge volume of water, and
this is the major drawback of this technique, especially where groundwater
flow rate into boreholes and piezometers is slow. The amount of water required
depends on the concentration of argon in the sample, the degassing efficiency,
and the amount of the argon required (about 2 liters of argon is usually
needed). It is 15m’ (15,000 L) on average (Loosli et al., 1989) with a minimum
of 10m? (Pearson et al., 1991). Initially, all gases present in the water sample
are separated (degassing) by pumping water through an evacuated cylinder of
acrylic glass from where the gas is extracted with a vacuum pump followed by
two high-pressure compressors. Different gases in the extracted gas such as
argon, krypton, etc. are separated using distillation, gas chromatography, and
chemical procedures. Once argon gas is separated through the lengthy process,
its argon-39 activity is measured by low-level proportional radioactive count-
ing. This technique requires *Ar-background-free environment and careful
operation. A reference (Forster and Maier, 1987) indicates that about two
decades ago, the University of Munich in Germany started a program to
analyze water samples for *Ar, but this apparently did not progress. At
present, the primary and the sole place to measure *Ar in groundwater is the
Physics Institute, University of Bern, in Switzerland (see also Section 4.5). Its
web address (http://www.climate.unibe.ch/~jcor/Group/Procedure_description.
html) contains an illustrative description of the analysis procedure. This
website includes the latest development in the *Ar measuring protocol and
reports that progress is underway to use less amount of water samples to
perform *Ar analysis. The paper by Forster et al. (1992b) is another reference
to consult for a description of the analytical technique for *Ar analysis of
water samples. The cost of * Ar analysis was initially estimated to be about 3-5
times that of "“C analysis (Oeschger et al., 1974). It is now some 2,700 Swiss
francs for a combination of *Ar and *Kr, which are often measured together
(R. Purtschert, University of Bern, personal communication, 2005). The cost
of sampling and sample preparation (degassing, etc.) should be added to this.
We should add that a new method to measure the *Ar content of an ocean
water sample is currently being tested at the Argonne Tandem Linac Accel-
erator System (ATLAS), USA. This method is an AMS-based technique and
uses an electron cyclotron resonance positive ion source equipped with a
special quartz liner (Collon et al., 2004).
Argon-39 results of analysis are reported in four ways:

1. Activity: is the direct measurement of activity of *Ar in the sample, i.e.,
0.15dpm/L of water (or per liter of argon) or 0.0025bg/L. If the reported
activity is the activity in water, its quantity (value) is much less compared
to when it is reported in argon.

2. Atoms in groundwater, i.e., atoms/L or atoms/mL. Activity values can be
converted to atoms/mL if we have the concentration of argon in ground-
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water. The formula for this, which needs careful attention in harmoniz-
ing the units if used, is

¥Ar (atoms/L water) = Activity (dpm/L of argon)
x Ar (cm® Ar/cm?® water) x 204,020,779

Note that argon-39’s half-life in seconds divided by (In2 x 60) equals
204,020,779 [8,483,184,000/41.58 = 204,020,779]. The coefficient of 60 is
used to convert dpm to Bq.

3. Percent modern argon (pma): This unit is the ratio of the *Ar activity in
the sample to the argon-39 activity in the atmosphere and it is expressed
as percentage, e.g., 76% modern argon. 100pma is equal to 1.78 X
10°Bg/cm’ of Ar (1.05 x 10*dpm), or 1.67 x 102Bg/cm® of air.

4. Y Ar/®Ar ratio. This ratio expresses the number of Ar atoms to the
number of argon-40 atoms in the sample. In the atmosphere, this ratio is
8.1 x 107'®, which means the number of argon-40 atoms is almost 10"°~10'
times that of *Ar.

Example: The *Ar activity of a water sample is 0.09dpm/L of argon, and the
concentration of argon is 0.0004 cm® Ar/cm® water. What is the concentration
of ¥Ar in pma, the *Ar/*Ar ratio, and the concentration of argon-39 in
atoms/L of water?

The percent modern argon of this sample would be 0.09/0.107 = 84 pma.
The *Ar/*Ar ratio of this sample would be 0.84 x 8.1 x 10 = 6.8 x 107,

The concentration of *Ar in atoms/L would be 0.09 x 0.0004 x 204,020,779
= 7,345 atoms/L.

5.2.3 Age-Dating Groundwater by *Ar

Atmospheric *Ar is dissolved in the rain- and snow water molecules and
reaches the Earth’s surface. Upon entering the subsurface environment, the
communication between *Ar content of rainwater (now groundwater) mole-
cules and the atmospheric *Ar stops. From this point onward, *Ar decays to
¥K by a beta emission as

BRAr — VK+B +v
Therefore, as time goes by, the number of *Ar atoms in the groundwater
decreases, albeit if there is no subsurface addition of **Ar. The age of the

groundwater can then be determined using the simple decay equation:

39AI. — 39Aroew



ARGON-39 143

What we measure by analyzing water samples is ¥Ar; *Ar, is the initial
concentration of *Ar in the recharging rainwater (usually can be taken as
0.107 dpm/L because the atmospheric production is well known and constant),
A is the decay constant for *Ar (0.002577 year™), and ¢ is the age of the given
groundwater sample in year. Theoretically, ¥ Ar dating method can be used to
date groundwaters in the age range of 41 to 894 years, if 10% and 90%, respec-
tively, of the original atoms have decayed. This is, however, a rough suggestion
and the actual dating range and the effectiveness of the method depend on
the accurate estimation of subsurface production of ¥ Ar as well as on the pre-
cision and detection limit of the analytical facilities, which are not available
widely. In addition, it is becoming more evident that the application of this
method should be limited to sedimentary and carbonate terrains where sub-
surface production of *Ar is limited.

Example: Argon-39 activity in a groundwater sample is 0.08 dpm/L; what is
the age of this sample? Assuming no underground production and using the
decay equation:

0.08dpm/L =0.107 dpm/L e "% _ t =113 years

(In this example, the initial value has been taken as equal to the atmospheric
activity of *Ar.)

To properly calculate the age of groundwater, the in situ (underground)
production rate of *?Ar should be known. This is done through the following
procedure:

1. The elemental composition of the aquifer lithology, especially its U and
Th contents, should be determined. Also, distribution of the fractures and
porosity of the rock must be known.

2. Having obtained the above data and information, the in situ flux of neu-
trons needs to be calculated. This can be determined experimentally or
it can be calculated from the neutron production rate and the neutron
absorbing capacity of the rock (Andrews et al., 1989).

3. Important reactions responsible for the production of *Ar and their
characteristics such as reaction cross sections should be identified.

4. Production rate of the related radionuclides, i.e., *’K, etc. should be
calculated.

5. Production rate of *Ar is, finally, calculated.

It should be emphasized, however, that it is a difficult exercise to calculate the
subsurface production of *Ar because cross sections of the *K reaction (as
the dominant reaction) increase with increasing neutron energy resulting in
the significant influence of fast neutrons (Lehmann and Purtschert, 1997).
Moreover, the cross sections of some of the * Ar-producing reactions are not
accurately known (Andrews et al., 1989).
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Advantages and Disadvantages

Advantages

1.

2.

Covering the age gap between “C method and young groundwater
dating methods.

Relatively precisely known initial value of *Ar, a problem that sur-
rounds a number of other dating techniques.

. Limited amount of subsurface production of *Ar within the sedimen-

tary and carbonate rock aquifers and limited number of reactions involv-
ing YAr.

Measurement of *Ar in groundwater samples sheds some light on the
underground production rate of other nuclides such as ¥*Kr, *’Rn, etc.,
which are required in other dating methods. Due to the well-known
atmospheric inputs (item 2 above), underground production of *Ar can
be recognized and quantified. It is also possible to quantify *Ar sub-
surface production rate by measuring *’Ar concentration in the ground-
water. The latter has a half-life of just over a month and, therefore, in a
groundwater sample, it is wholly of subsurface origin, because atmos-
pheric inputs are totally decayed by the time that the sample is collected
and analyzed.

Disadvantages

1.
2.
3.

The large volume of water sample required.
The long time needed to degas the samples and perform the analysis.

Low values of ¥ Ar activity and the possibility of introducing error in the
analysis due to background values.

. High cost of the equipments for low-level and proportional radioactiv-

ity counting.

. Underground production of *Ar especially in groundwaters from crys-

talline formations with higher U and Th concentrations, which can com-
pletely mask the atmospheric *Ar inputs (Lehmann and Purtschert,
1997; Loosli et al., 2000).

The limitations of the *Ar method, some of which are now ratified, are better
described by Forster et al. (1992a). It is, however, pointed out that despite its
almost unsuccessful history in dating groundwater, **Ar/*’Ar dating is a well-
established method (Merrihue and Turner, 1966; Mitchell, 1968) for dating
rocks especially for dating small whole-rock samples of lunar material, par-
ticularly fine-grained mare basalts (Dickin, 1995). In all isotope geology text-
books, a chapter or a subchapter is allocated to *’Ar-* Ar dating technique. The
7 Ar/¥Ar activity ratio in the meteorites with a known orbit can be used to
determine the spatial gradient of the cosmic radiation in the solar system
(Florkowski and Rozanski, 1986). Argon-39 is also used for ice cores and ocean
water dating; the practice started before groundwater dating.
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5.2.5 Case Studies

The list of aquifers for which * Ar measurements have been conducted is given
ahead. Not all these studies resulted in the age determination of the concerned
aquifer.

e Zurzach thermal spring, Switzerland (Oeschger et al., 1974)

e Karstic aquifers near Ingolstadt; Thermal springs, Bad Gogging,
Baden and Wildbad (Germany); Thermal springs, Zurzach and Lostorf
(Switzerland) and Triassic sandstone aquifer, Lincoln, UK (Loosli, 1983)

e Bunter sandstone aquifer, Saar, Germany (Forster et al., 1984)

e Granitic Stripa groundwater, Sweden; Granitic Leuggern groundwater,
Switzerland (Loosli et al., 1989)

e Northern Switzerland and adjacent region, NAGRA program (Pearson
et al., 1991)

¢ Bocholt aquifer, Germany (Forster et al., 1992b)

e Milk River aquifer, Canada (Lehmann and Purtschert, 1997)

¢ Confined sedimentary aquifer, Glatt Valley aquifer, Switzerland (Beyerle
et al., 1998)

e Fontainebleau sands aquifer of the Paris Basin, France (Corcho Alvarado
et al., in press)

Most of the above case studies have been summarized in the relevant pub-
lished textbooks. The case of granitic Stripa aquifer, located 200km N-NW of
Stockholm, Sweden, is discussed here. Stripa granite has been under intense
international investigation since 1977 as part of a nuclear waste repository
study. (The entire August 1989 issue of Geochimica et Cosmochimica Acta was
allocated to report part of this international investigation.) Before that, Stripa
granite’s nearby meta-sedimentary rocks were home to a number of hematite
ore bodies, mined for about 400 years (Andrews et al., 1982). Groundwater in
Stripa granite occurs in two systems, a shallow system with a depth of less than
100m below ground surface and a deep system with a depth of up to 900m
below ground surface. Three groundwater samples from the latter system were
analyzed for argon-39 yielding very high activities of 0.36,0.83, and 1.71 dpm/L
of argon (Loosli et al., 1989). These values correspond to 51, 120, and 240
atoms/mL of *Ar. Such high values led the researchers to devise methods to
calculate the underground production rate of *Ar. It also resulted in no age
estimate except to report that the atmospheric argon-39 was entirely disinte-
grated and, therefore, the age of the Stripa groundwater is several hundred
years, i.e., 2-3 half-lives of *?Ar. Andrews et al. (1989) calculated the subsur-
face production rate of *Ar in Stripa granite at 1.3 atoms/(cm® rock.year), and
Lehmann et al. (1993) estimated that the concentration of *Ar in groundwater
would be about 1.3 x 10* atoms/cm? if all matrix-produced *’Ar atoms escape
into the groundwater. These studies suggest that quantifying the underground
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production rate of *Ar is a huge challenge that may never be satisfactorily
achieved.

5.3 CARBON-14

Carbon occurs in all forms of organic life and is the basis of organic chemistry.
Carbon’s different forms include one of the softest (graphite) and one of the
hardest (diamond) substances. The major economic use of carbon is in the
form of hydrocarbons, most notably the fossil fuels, methane gas and petro-
leum. The most prominent oxide of carbon is carbon dioxide, CO,, which is a
minor component of the Earth’s atmosphere and is produced and used by
living things. Carbon monoxide, CO, is formed by incomplete combustion and
is a dangerous colorless and odorless gas. The paths that carbon follows in the
environment are called the carbon cycle. For example, plants draw carbon
dioxide out of the environment and use it to build biomass. Some of this
biomass is eaten by animals, where some of it is exhaled as carbon dioxide.

The atomic weight and atomic number of carbon are 12 and 6, respectively.
Carbon has 15 isotopes ranging in mass from 8 to 20, but only three of these
occur naturally. There are two stable carbon isotopes: carbon-12, or "*C
(98.89%), and carbon-13, or °C (1.11%). In 1961, the International Union of
Pure and Applied Chemistry adopted the isotope carbon-12 as the basis for
atomic weights. Carbon-14, or radiocarbon, the naturally occurring radioactive
isotope of carbon, was discovered by Martin Kamen and Sam Ruben in 1940,
when they bombarded graphite with protons in the cyclotron at the Lawrence
Radiation Laboratory, University of California, Berkeley. There is only one
“C atom for every trillion (10"*) **C atoms.

5.3.1 Production of C

Sources of '*C and how they enter rain- and groundwater molecules are shown
in Figure 5.1 and are described as follows:

1. As aresult of cosmic radiation, a small number of atmospheric nitrogen
nuclei are continuously transformed by neutron bombardment into
radioactive nuclei of "*C. A neutron knocks a proton out of nitrogen and
takes its place.

UN+n— 2C+P

The amount of cosmic rays penetrating the Earth’s atmosphere varies
with the sun’s activity and the Earth’s transit through magnetic clouds
in the Milky Way Galaxy. This governs the amount of "“C produced and
the half-life used to date various materials. The average annual natural
production rate of '“C, which is temporally and spatially variable, is
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Figure 5.1. Various sources of "*C and how they mix and enter the subsurface envi-
ronment. An example of dating a pre-bomb groundwater sample is also illustrated.

7.5kg, and the total mass of "“C on Earth is about 75 tons (Wagner, 1998).
However, recent research by Lal et al. (2005) has shown that the cosmic-
ray production rate of *C at Summit, Greenland, was close to its esti-
mated long-term average production rate, except during three periods;
8,500-9,500 and 27,000-32,000 year B.P.,, when the production rate was
higher by about a factor of 2 and during 12,000-16,000 year B.P.,, when
production rate was lower by a factor of about 1.5. The "“C formed is
rapidly oxidized to “CO, and enters the Earth’s plant and animal life
through photosynthesis and the food chain. The rapidity of the dispersal
of “C into the atmosphere has been demonstrated by measurements of
radioactive carbon produced from thermonuclear bomb testing. '“C also
enters the Earth’s oceans in an atmospheric exchange and as dissolved
carbonate.
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2. A large amount of "“C was produced during the thermonuclear testing
in 1950s and 1960s enhancing the concentration of *C in the atmosphere
to double the natural level.

3. In the Earth, in situ production of hypogenic “C by neutron activation
of nitrogen or neutron capture by O is insignificant (Zito et al., 1980).
Considerable neutron fluxes are required for this purpose. In exceptional
circumstances such as in uranium ore deposits, hypogenic '“C production
may become appreciable.

5.3.2 Sampling, Analysis, and Reporting the Results

An earlier method of measuring '*C of groundwater samples depended on the
radioactive decay counting, which requires a large volume of the water sample.
As "C decays back to "“N, it emits a weak beta particle (b), or electron. For
the counting method, which is still in use, at least 2g of carbon should be
present in the water sample. The major carbon-containing species in the
groundwater is bicarbonate. We should, therefore, determine the volume of
sample required for '*C analysis by determining the sample’s bicarbonate con-
centration. This is done in the field prior to sampling for '“C. For example, if
the bicarbonate concentration of a groundwater is 205 mg/L, it contains 40.3mg
of carbon in each liter. Therefore, we need to collect a sample volume of SOL
to obtain 2g carbon. The carbon content of the groundwater sample can be
precipitated as BaCO; in the field and only the residue be sent to the
laboratory for analysis. This reduces the volume of sample and the cost of
shipment, but increases time in the field and requires experienced staff. The
problem of a large sample volume was overcome with the development of the
accelerator mass spectrometry, which literally extracts and counts the “C
atoms in the sample and at the same time determines the amount of the stable
isotopes '>C and "C. The AMS injects negative carbon ions from the analyte
into a nuclear accelerator. The negative ions accelerate toward the positive
potential where they pass through a thin carbon film or tube filled with low-
pressure gas. Nitrogen ions are so unstable that they self-destruct before
getting to the accelerator terminal leaving the "“C alone to be counted. The
molecules dissociate into their component atoms and the kinetic energy they
had accumulated is distributed among the separate atoms all different from
the "“C. Accelerating the ions to high energy also has the advantage of allow-
ing well-established nuclear physics techniques to detect the individual “C
ions. As a consequence, a measurement that may last 12 hours and require
several grams of sample using decay counting may take only 30 minutes and
consume only a few milligrams using AMS. The cost of analysis of water
sample using AMS is about USD 500, which includes the preparation cost as
well, i.e., if the sample is delivered to the laboratory in the form of water.
Finally, in sampling for *C analysis, care must be taken to avoid a long tem-
poral gap between sampling and analysis. Delay may lead to equilibrium
between air and the sample.
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Carbon-14 analyses are reported in percent modern Carbon, pmC. The
modern activity of C is set by convention as 13.56 decays per minute per
gram of carbon. The zero year for this activity is 1950 ap. Therefore, all samples
that have an activity lower than this are pre-1950 ADp, and samples greater than
this value are younger (Cook and Herczeg, 2000). This value is also consid-
ered to have an activity of 100% modern carbon (pmC). After 1950, atmos-
pheric thermonuclear testing doubled the amount of radiocarbon in the
atmosphere leading to initial values of up to 200 pmC, therefore making the
determination of modern activity of *C a big problem. Further complication
on the modern "C activity stems from the burning of fossil fuels, which has
the reverse effect of the thermonuclear testing.

5.3.3 Groundwater Dating by “C

Background Carbon-14 quickly became a favorite dating technique for
archaeologists because living organisms continually exchange “C with the
atmosphere until they die when the exchange ceases. Accurate archaeological
dating depends on the assumption that the atmosphere today contains the
same amount of *C as the atmosphere at the time of the organism’s death.
We actually can calculate the amount of "“C that was in the atmosphere for
the past 3,000 years by analysis of the molecular structure of tree rings whose
ages are quite certain, but beyond 3,000 years we are considerably less certain.
Ordinary "“C is found in atmospheric carbon dioxide (CO,) taken up by plants
which are eaten by animals. It was perhaps the first isotope used for age-dating
once living artifacts and materials by Willard F. Libby and his colleagues at
the University of Chicago in 1946. They developed a technique designed to
measure the ratio of *C to ?C. The method made it possible to estimate the
time that has elapsed since something is no longer exchanging carbon with the
atmosphere. A bone or leaf or tree or even a piece of furniture contains some
of it. The ratio in air remains relatively constant over short periods as it does
in living things constantly exchanging with the air around it. Once a plant dies,
no carbon is further exchanged and the continuous decay and changing C-">C
ratios give us a type of clock.

By measuring the reduced ratio of '*C atoms to regular carbon atoms in an
artifact that was once alive, we can determine how long the *C has been decay-
ing, or how long it was since the living substance died. A piece of wood used
in the construction of a spear could also be dated. Carbon-14 dating is partic-
ularly useful to archaeologists for establishing the age of objects found in the
remains of ancient human settlements. The most famous example is the so-
called Shroud of Turin, which was claimed to be the burial cloth of Christ, but
C analysis gave a date of around 1300 Bc. Libby and his team initially tested
the radiocarbon method on samples from prehistoric Egypt. They chose
samples whose age could be independently determined. A sample of acacia
wood from the tomb of the pharoah Zosar was obtained and dated. Libby rea-
soned that since the half-life of *C was 5,730 years, they should obtain a "*C
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concentration of about 50% of that which is found in living wood. His values
on this and other woods that were dendochronologically aged proved to be
within 10% of his experimental calculation, which convinced him of the effi-
cacy of his method. Science published his paper (co-authored by his colleague,
Dr. Arnold), “Age determination by radiocarbon content: Checks with samples
of known age” in 1949. Within a few years radiocarbon dating laboratories
began to spring up and numbered nearly two dozen by 1960.

Dating Groundwater Atmospheric “C is dissolved in the percolating rain-
water, as shown in Figure 5.1 and reaches the groundwater table. In ground-
water, "*C starts decaying to nitrogen:

B"C— YN+~

If no further C exchange occurs, measurement of the remaining *C atoms
can be used to date groundwater following the first-order kinetic rate law for
decay:

C= Coe_}\'t

where C, is the activity assuming no decay occurs (initial activity or activity
at t = 0), and C is the observed or measured activity of the sample. The
groundwater datable by '*C ranges in age from 870 to 19,000 years if 10% and
90%, respectively, of the original atoms are assumed to have decayed.
However, ages up to 40,000 years or longer have been reported by this method.
This can be achieved if the right conditions are met. AMS technique has also
helped to increase the dating range of “C method by enabling lower detec-
tion limits.

Inherent Difficulties Associated with the "*C Dating Method

A. Initial value problem: The "“C content of the rainwater is modified
through a number of processes numbered from 1 to 6 in Figure 5.1 and
listed below. This makes dating by “C a delicate exercise. The final
outcome of these processes together is an unknown and difficult to
calculate initial value (C,), which could vary from less than 75pmC to
over 200pmC. The ideal situation for determining initial value, C,, is
to be able to measure the "*C concentration of a young but tritium-free
pre-bomb water in the upgradient area of the portion of the aquifer we
want to date. The classical approach to determine the initial value is by
tree rings for almost 7,000 years, with no way to accurately determine
it prior to 7,000 years ago (Priyadarshi, 2005).
1. Cosmic-ray production of “C.

2. Thermonuclear testing production of *C. In order to cope with such
problems, some references suggest (Hiscock, 2005) that any ground-
water with a "*C age of up to 500 years can be considered as young.
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3. Fossil fuel burning: Since the industrial revolution of the early 19th
century, large amounts of fossil fuels have been burned, causing an
increase of about 10% in the concentration of atmospheric CO,
(Mazor, 2004). This added CO, is devoid of “C and has therefore
lowered the “C/"*C ratio in the air by about 10%.

4. and 5. Plants and trees influence: Atmospheric "“C is incorporated
into vegetation by photosynthesis and later released in the soil by
decay and root respiration. Bacterial degradation of organic litter, as
well as organic substances released by living plants, pumps enormous
amounts of CO, into soils (Clark and Fritz, 1997). Plants, trees, and
animals utilize carbon in food chains taking up "“C throughout their
lives, they exist in equilibrium with the '“C in the atmosphere until
they die and cease the metabolic function of carbon uptake.

6. Soil zone influence: Although rainwater contains some CO, contain-
ing '“C from the atmosphere, it is the soil zone that gives recharging
groundwater its radiocarbon signal. Carbon-14 in groundwater
comes from the solution of carbon dioxide in the soil zone. Once the
water moves below the water table into the saturated zone, this solu-
tion ceases and a constant rate of decay can be expected.

B. Carbon-14 modifying geochemical reactions: In addition to the above
processes, which affect the initial value of '*C and make the interpreta-
tion of "“C measurements a challenge, a number of geochemical
processes also affect the dating results. Domenico and Schwartz (1990)
refer to the work of Reardon and Fritz (1978) in listing geochemical
processes in groundwater that can alter the *C quantities in ground-
water in ways not fully reliant on radioactive decay. These include

1. The congruent dissolution of carbonate minerals, which adds carbon
without “C activity to the groundwater, which results in a lower "“C
ratio for the sample.

2. The dissolution of carbonate or other calcium-containing minerals
accompanied by the precipitation of calcite, which could remove "*C.

3. The addition of dead carbon from other sources such as the oxida-
tion of old organic matter, sulfate reduction, and methanogenesis can
reduce the "“C activity of the sample.

4. Possible isotopic exchange involving CO, and carbonate minerals
could lower the "C activity, though this process is negligible at
normal groundwater temperatures. It becomes significant in geot-
hermal waters, however.

C. The impact of diffusion: Sanford (1997) developed a set of equations to
correct the ages obtained by the “C method for the effect of diffusion.
Sanford’s equation regards molecular diffusion as a significant process
affecting the transport of *C in the subsurface when occurring either
from a permeable aquifer into a confining layer or from a fracture (flow
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zone) into a rock matrix (stagnant zone). The *C age can be corrected
for diffusion using Equation 5.1:

) -

where ¢, is the corrected age, ¢, is the uncorrected age, k is the decay
constant of “C, and k’ is the diffusive rate constant. Depending on the
thickness of flow and stagnant zones, the ratio of k’/k varies and ranges
from 0.0001 to 1,000. A curve has been produced by Sanford (p. 359) to
calculate the k’/k for various environments. If the k’/k ratio is more than
1, the corrected age would be less than the uncorrected age. However,
if the k’/k ratio is much less than 1, the corrected age would be only
slightly different from the uncorrected age.

D. Half-life: To obtain true ages of groundwater samples, two adjustments
must be done on the ages obtained. The first is to correct the half-life
used for dating from 5,730 years to Libby’s 5,568 years. This causes
insignificant modification; for example, a 17,000-year-old age is reduced
to 16,519 years (17,000 x 5,568/5,730 = 16,519 years). The second adjust-
ment is to take into account the secular variations in '*C production and
to calibrate the ages to years before 1950 (a standard calibration curve
is needed to do this). For younger groundwaters, these two adjustments
do not result in substantial changes, but for older groundwaters changes
become appreciable.

How to Deal with the Complexities One can interpret ages from a single
sample or use ion and isotopic data from many samples using mass balance
modeling to sort out the major inputs and outputs of carbon. The simplest way
is to account only for the most important process affecting '“C activity, which
is the congruent dissolution of calcite. Domenico and Schwartz give the reac-
tion between water containing CO, and calcite as

CO, +H,0+ CaCO;(s) = Ca*™? + 2HCO;3

At equilibrium according to this reaction, half the bicarbonate would be gen-
erated from a source containing "“C (CO,), and the other half would be gen-
erated from a dead source like calcite.

A number of complex computer codes have been developed to account for
various mineral dissolution and isotopic exchange reactions. Fontes and
Garnier (1979) developed a simple one, while Wigley and others (1978) take
into account an arbitrary number of carbon sources such as the dissolution of
carbonate minerals and oxidation of organic matter, and sinks that include
mineral precipitation, CO, degassing and methane production, and the equi-
librium fractionation between phrases. Computer code such as “BALANCE”
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(Kimball, 1984; Plummer, 1984) and lately NETPATH (Plummer et al., 1994)
have been developed in order to account for sources and sinks for “C. Some
of the preceding models assume an open system, in which groundwater "*C
interacts and exchanges with the surrounding environment, and some assume
a closed system.

Here, in Table 5.1, we have reproduced the result of an extensive correct-
ing exercise on “C ages in the confined parts of the upper Floridan aquifer
using all available models including NETPATH (Plummer and Sprinkle, 2001).
This study showed that dissolution of dolomite and anhydrite with calcite
precipitation (de-dolomitization), sulfate reduction accompanying microbial
degradation of organic carbon, re-crystallization of calcite (isotopic exchange),

TABLE 5.1. Uncorrected and Corrected Ages of Upper Floridan Aquifer Using Six
Various Correcting Models

Unadjusted Tamers Ingerson- Mook Eichinger Fonts- Netpath Netpath

age (1975)  Pearson (1972)  (1983)  Garnier
(1964) (1979)
9,100 900 2,900 16,600 2,600 4,300
38,200 32,700 33,600 37,500 33,200 34,300 30,900 30,900
23,800 18,600 20,200 25,600 20,000 21,300 14,200 14,200
9,100 900 2,900 16,600 2,600 4,300 1,400 1,400
22,600 17,100 18,100 22,200 17,700 18,900 16,900 16,900
42,900 37,600 36,900 43,300 35,800 36,800 29,500 30,300
40,000 34,800 31,800 40,300 29,100 31,400 20,500 21,900
47,200 41,700 40,500 46,300 39,300 40,400 28,000 28,000
43,100 37,900 36,200 43,100 34,700 36,000 27,800 27,800
9,100 900 2,900 16,600 2,600 4,300
25,100 19,700 20,100 7,400 19,600 20,500 18,000 18,200
15,500 10,100 9,900 12,900 9,100 9,900 6,500 7,300
45,300 39,900 36,300 43,300 32,800 35,800 22,800 27,300
50,300 44,600 36,800 49,100 28,800 34800 -1,600 22,800
39,000 33,600 32,000 36,500 30,200 31,800 20,400 22,000
47,300 41,500 36,000 46,300 31,700 35,100 20,000 25,800
9,100 900 2,900 16,600 2,600 4,300
12,200 6,800 7,300 7,500 6,800 7,900 6,600 6,800
23,400 18,000 19,500 3,900 19,000 21,000 13,500 13,900
37,700 32,400 33,000 33,100 32,400 33,500 27,200 27,500
32,300 26,900 27,500 26,900 26,900 28,400 20,600 21,700
32,000 26,600 26,700 28,800 26,000 26,900 20,100 20,600
32,400 27,200 27,800 27,600 27,200 28,500 21,200 21,500
8,200 900 2,400 6,500 2,100 3,300 400 400
31,200 25,800 26,200 27,700 24,600 26,600 19,100 20,000
19,000 13,800 15,100 8,900 14,700 16,600 9,800 9,800
24,500 19,500 20,100 20,800 19,500 20,800 18,900 18,900

Source: Plummer and Sprinkle, 2001, with permission from Springer.
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and mixing of freshwater with some saline water are the reactions to control
the *C concentration of upper Floridan aquifer. As it is seen from the table,
NETPATH ages are generally younger than other models and unadjusted ages
are generally older than the rest. For unadjusted ages the initial value of
100pmC was applied, but for the models a lower initial value of about 40 pmC
was used.

At the end of this never fully explained “C section, we tend to agree with
Domenico and Schwartz (1998) when they write, “confident predictions can
be made only when the processes affecting the carbon chemistry are absolutely
defined—the exception rather than the rule...taking into account more
processes, when analyzing 'C results, will not necessarily lead to a highly accu-
rate age.” However, we would like to directly quote this statement as well
(Gonfiantini et al., 1998, p. 230): “In any case, the experience accumulated in
using "“C for groundwater dating is so vast, the hydrological systems studied
so numerous and the data available so abundant, that the experienced isotope
hydrologist should be able to make sound judgments on the value and use of
C data in any possible situation.”

5.3.4 Advantages and Disadvantages

Advantages

1. Carbon-14 is an old and well-established method that has been proved
and developed by considerable research during the last half-century. It
is applicable to a variety of materials and processes.

2. Sampling and analysis for this method are now routine and cheaper than
the majority of the dating methods.

3. It is, in one sense, the only method available to date old ground-
waters and to fill the dating range between young and very old
groundwaters.

4. The deficiencies, the principles, and the positive points of the methods
are all well known.

Disadvantages
1. Itis an extremely difficult task to determine the correct initial value due
to the various processes that modify '“C signature of the percolating
rainwater.

2. A large number of geochemical reactions modify the concentration of
"C in the groundwater. It has been tried to alleviate this problem by
taking into account a large number of processes, but an appreciable
amount of uncertainty surrounds the validity of this approach and the
results obtained.

3. Having pointed out the above two major obstacles, it is safe to argue that
the "*C method is often a semiquantitative technique.
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5.3.5 Case Study

Buckinbah Creek Watershed, New South Wales, Australia A very interest-
ing and convincing "“C dating example has been undertaken by Kazemi (1999)
in the Buckinbah Creek Watershed, BCW (see also Section 4.6 for more infor-
mation). Located within the Macquarie River Basin of eastern Australia and
330km northwest of Sydney, BCW is 80km? in area (Figure 5.2) and has expe-
rienced some degree of dry-land salinization. Geologically, BCW is composed
of faulted volcanic, volcanoclastic, and carbonate rocks with a clay-rich soil
profile. Groundwater in the watershed occurs in the shallow regolith, which
locally is very saline, and in the underlying, deep, regional fractured aquifer.
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Figure 5.2. Carbon-14 groundwater ages (in year) in the deep aquifer, Backinbah
Creek Watershed, eastern Australia. Upstream of B, (dashed area) creek disappears in
the limestone causing *C age of the groundwater to be much lower than otherwise
should be. Age of Bs was estimated at modern, which was confirmed by its CFCs
content and its low depth (from Kazemi, 1999).
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TABLE 5.2. The Results of Groundwater Dating with '*C in the Buckinbah Creek
Watershed, Eastern Australia

Sample Bs B, Bs B, B,
Depth (m) 16.7 30 50 33 >20

“C (YrBP + 16) Modern <200 970 +110 3,670 + 130 12,760 + 300 3,470 + 140
8" C (%PDB) -14.8 -5.3 -13.9 -6.4 -10.4
1C (pmC * 10) 98.8+1.2 88.6+12 633x1 204+£0.8 649+1.2
EC (uS/Cm) 3,770 3,405 1,647 1,269 1,046

Source: Kazemi, 1999.

Hydrogeochemical and isotopic studies have shown that these two aquifers
have no or minimal interaction (Kazemi and Milne-Home, 1999). Ground-
water samples from the deep (B, to B,) and shallow aquifers (Bs), collected
in 1997 and 1998, were analyzed for "“C (Table 5.2) and some for CFCs as dis-
cussed in Chapter 4. Sample Bs, analyzed twice for CFCs content, was dated
by CFCs method as older than 1975. It has a CFC-12 concentration of less
than 100 pg/kg and CFC-11 concentration of 24 pg/kg. As seen from the table,
Bs has correctly been dated as modern by “C method as well. Shallowness
of Bs is another check to assure the correctness of the “C dating exercises.
Sample B, had no CFCs in it, something in perfect agreement with the '“C age
of 970 years. BCW study has shown that the two dating methods, '*C and CFCs,
fully support and complement each other. Further, it shows that multitracer
dating will greatly increase the hydrogeologists and groundwater profession-
als’ confidence. Also, for the *C ages, minimum correction procedure has been
applied because they agree very well with the hydrogeological settings and
with each other.

It is seen from Figure 5.2 that the age of the deep groundwater increases
from B, (located at the top of watershed) to B, (located close to the outlet),
representing a normal situation. However, the age of B, is less than that of B,
due to the diluting effect of recharge to the groundwater by creek water in
this area. Buckinbah Creek disappears midway between B, and B, into nearby
limestone cavities (hatched area in Figure 5.2) and mixes with groundwater
around B,. The interesting point here is that there is a negative correlation
between the ages of deep groundwater samples and their salinity levels (albeit
excluding B, due to the reason mentioned). This is due to the precipitation of
some minerals such as kaolinite, alunite, and gypsum as well as dilution by
recharging low-salinity water as groundwater travels along the flow path. The
dry-land salinity, a secondary manmade process that has affected the upper
parts of the BCW to a greater extent, as compared to the lower reaches, may
also play a role. It should be added here that groundwater age shows a posi-
tive correlation with groundwater salinity (the higher the salinity, the longer
the age) in the semi-arid region of Cariri region, Brazil (Mendonca et al.,
2005), something that is naturally expected.
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5.4 INDIRECT METHODS

As explained in Chapter 4, some approaches for determining the age and
residence time of groundwater have, in this book, been classified as indirect
methods. This is because these techniques do not directly yield a groundwater
age as such. In addition to sampling and study of groundwater, these methods
usually require some other measurements and tools such as rainwater sam-
pling, rock mineralogical studies, climatic information, and reference ages
obtained by other methods to provide reliable semiquantitative age estimates.
For dating old groundwaters, stable isotopes of water (deuterium and oxygen-
18) and conservative and reactive ions are discussed here. However, some
basic principles may help to identify old groundwaters. These include confining
units (confined aquifer are usually old), depth (deep aquifers are probably
old), permeability (the lower the permeability, the older the age), chemically
oxidizing or reducing (oxidizing groundwaters are young and reducing
groundwaters are old), and salinity (high-salinity waters in a similar situation
are older than low-salinity waters), etc. If one aquifer has all the indication
above, i.e., it is deep, confined, chemically reducing, saline, and not very per-
meable, then it is likely old.

5.4.1 Deuterium and Oxygen-18

The Quaternary Period, comprising the Pleistocene and Holocene eras, started
1.6 million years ago with Holocene covering the shorter part of last 10,000
years (Table 1.2). Evidence from deep sea sediments, continental deposits of
flora, fauna, and loess, and ice cores show that during the late Quaternary
period (the past one million years), a series of large glacial-interglacial cycles,
each lasting about 100,000 years, shaped the Earth’s surface climate (Imbrie
et al., 1992). The atmospheric precipitation in each of these cycles is unique
as far as its deuterium and oxygen-18 content are concerned (Figure 5.3).
Because water isotopes are near conservative, they preserve the signature of
atmospheric condition and carry it to the subsurface. Therefore, they can help
reveal the origin and age of groundwater. The basis of age determination of
old groundwater is this simple reason: “Pleistocene-recharged groundwaters
are isotopically lighter than Holocene and modern groundwater”. For
example, old European groundwaters are depleted in deuterium by ~12%
when compared to modern infiltration waters (Rozanski, 1985), and in the
Great Hungarian Plain, modern groundwaters possess an oxygen-18 values of
more positive than —10% (Deak and Coplen, 1996). Also, old groundwaters
(demonstrated by '“C values of less than 20pmC and tritium values of close
to background) in the central plain and littoral plain portions of the North
China Plain are isotopically 11% lighter than younger piedmont plain ground-
waters (Zongyu, 2005). In addition to the above difference, old groundwater
samples from a given aquifer are isotopically less variable as compared to the
shallow groundwater samples, which reflect the seasonal variations in the
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Figure 5.3. Deuterium content of atmospheric precipitation and oxygen-18 content of
atmosphere O, during glacial-interglacial cycles. The deuterium and oxygen-18 values
are based on the measurements from ice cores and entrapped air, respectively (modi-
fied after Petit et al., 1999).

isotopic composition of precipitation. Clark and Fritz (1997) also try to dis-
tinguish between isotopic composition of old groundwaters in the arid and in
the temperate regions. They argue that paleoclimate effect in the arid region
is manifested not only in the depleted isotopic composition, but also in the dis-
placed position of meteoric water line (MWL), which has a deuterium excess
of 15% to 30% (compared to deuterium excess of 8 for WMWL).

Some Case Studies, Confined Aquifer of Triassic Dockum Group Sandstone,
Southern Great Plains, Texas and New Mexico, USA Dutton and Simkins
(1989) document a case of a confined aquifer in New Mexico and Texas where
deep, old groundwater of Dockum Group is isotopically lighter than modern
water of Ogallala and Trinity and Edwards shallow aquifers (Figure 5.4). The
Dockum Group, 610m in thickness, is divided into lower Dockum with sand-
stone and conglomerate beds as the main lithology and upper Dockum, which
is muddy and acts as the confining bed for the confined lower Dockum aquifer.
It is overlain by Miocene Ogallala and Blackwater Draw Formations and
Edwards and Trinity Group, which together form the High Plains aquifer. Iso-
topic analysis by Dutton and his colleague showed that mean deuterium
(-59%) and oxygen-18 (-8.3%) content of Dockum water are significantly
lighter than mean deuterium (—41%) and oxygen-18 (-6.2%) of groundwater
in the Ogallala Formation. Depleted deuterium and oxygen-18 values of
Dockum are a reflection of a —3°C cooler recharge water, compared to the
Holocene or present-day recharge. After examination of the isotopic data,
geomorphic evidence, and limited “C ages, Dutton and Simkins concluded
that high paleorecharge elevations of 1,600-2,200m (700-1,000 m higher than
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Figure 5.4. Deuterium values (%) in lower Dockum groundwater (left) and cross
section of oxygen-18 values (%) of High Plains aquifer and Dockum group (right),
Texas and New Mexico, USA (modified after Dutton and Simpkins, 1989).

present-day recharge areas) and Pleistocene climatic variation led to isotopic
lightness of Dockum Group aquifer. The age of groundwater in Dockum was
then considered to vary widely, between 11,000 to 200,000 years. This case
study demonstrates that old groundwaters are isotopically lighter than young
groundwaters.

Groundwater in Cone Mine, Yellowknife, Northwest Territories, Canada
Similar to the Dockum Group, groundwater in the deep boreholes in Cone
Mine, Yellowknife, Northwest Territories, Canada, are isotopically lighter
(oxygen-18 = —28%) than modern groundwater (oxygen-18 = —18.9%). The
origin of heavy isotope waters was investigated by Clark and colleagues (2000)
to be glacial melt water injected into the subsurface during the ablation
(retreat) of the Laurentide Ice Sheet some 10,000 years ago.

Deep-Confined Basalt Agquifers of the Pullman-Moscow Basin of
Washington, USA The oxygen-18 values of these basalt aquifers are
depleted by 0.4 to 4.9 per mil relative to the overlying unconfined shallow,
recently recharged groundwaters (Larson et al., 2000). This suggests that
groundwater in the basalt is of Pleistocene age, something that has been also
proved by earlier radiocarbon dating studies.

San Joaquin Valley, Central California Davis and Coplen (1987) docu-
mented a special case in the San Joaquin Valley (surrounded by Sierra Nevada
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to the northeast and the Coastal Ranges to the southwest), central California,
where old groundwaters (8'*0 =-9%), located deeper, are isotopically heavier
than young groundwaters (8'*0O = —11%). This unusual situation has been
attributed to the tectonic uplift of the Central Coastal Ranges by about 1,100m
in the past 615,000 years (mid-Pleistocene). The higher altitude resulting from
the uplift brought about a cooler climate, compared to early Pleistocene, which
in turn led to isotopically lighter precipitation. In addition, before uplift, the
atmospheric precipitation from the Sierra Nevada with an oxygen-18 value of
about —10% used to mix in intermittent lakes (oxygen-18 = —-6% ) before being
recharged to the aquifer; this changed after uplift. Therefore, waters recharged
before 615,000 years ago were found to be isotopically heavier due to the then-
lower recharge altitude and mixing with heavy lake waters.

5.4.2 Conservative and Reactive Ions

Conservative ions can be employed to date groundwater where there is a sharp
difference between the concentration of these ions in the local rainfall and in
groundwater. These ions do not participate in the geochemical reactions, and
hence their concentration in the groundwater is largely controlled by the
atmospheric input and by the dissolution of in situ minerals. In addition, the
concentration of conservative ions in the atmospheric precipitation varies
through time because of change in the amount of aerosols in the atmosphere
(such as increase due to industrial activities) and because of variations in the
source and quantity of rain. If the concentration of a specific conservative ion
such as chloride in the groundwater is less than that in the local rainfall, then
the possibility that the given groundwater originated from a different type of
rain is high. Such rainfall occurred under wetter climatologic condition
associated also with less evaporation than the present ones. It is also possible
that the rain-bearing, moisture-laden clouds as the source of such rainfall
were originated from a different water body with its own specific characteris-
tics. To date groundwater, we need to identify the historic or geologic time
interval during which these types of atmospheric, as just discussed, precipita-
tions were prevalent. We then can relate the age of the groundwater to
these time intervals. However, it is obvious that we cannot actually calculate
an age for the given groundwater sample, but rather we can provide a rough
timeframe, i.e., whether the sample is late Pleistocene, early Holocene, etc.
Good information about the region’s paleoclimate and its effect on the
groundwater recharge is needed to have a better estimate of the age range of
the given aquifer. The ratio of various conservative ions such as Br/Cl, I/Cl,
F/Br are also helpful because these ratios are known and well-defined for
different types of waters (rainwater, seawater, etc.). The advantages of using
conservative ions as age-tracers are that (1) the sample collection is
straightforward and cheaply analyzable and (2) the laboratory facilities are
worldwide.
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In contrast to the conservative ions, reactive ions are involved in geo-
chemical reactions when present in groundwater and their concentration is,
therefore, time-dependent. Those reactive ions that do not precipitate under
aquifer conditions (i.e., they have high solubility), their quantity in the ground-
water system increases over time because of water—rock interaction. There-
fore, the higher the concentration of these ions, the longer the residence time
of the ambient groundwater. On this basis, we should be able to find a rela-
tionship between the age of the groundwater and the concentration of the
reactive ions. Not many elements are eligible to be considered for this purpose;
only those with high solubility and known-simple geochemistry such as
lithium, rubidium, and strontium are of potential candidates. Of course, few
independent checks such as radiocarbon ages are needed to translate the con-
centrations of reactive ions into ages, i.e., calibrate the data. As compared to
the conservative tracers, reactive tracers, which are mostly trace elements, need
specialized sampling and filtering techniques and analyzing facilities. A large
volume of data set and well-defined hydrogeological conceptual model is also
required if one needs to have reliable age estimates. However, this method of
age-dating, if widely adapted and fine-tuned, could find appreciable potential
in the groundwater dating discipline because of the simpler principles, cheaper
costs of analysis, and less interfering-limiting reactions as compared to isotopic
techniques. The age range for which this method is applicable is not quite clear
as yet, but it could fall within the upper level of old age range and lower level
of very old age range. These estimates are based on one case study from the
UK, described next.

Case Study in the UK The first attempt to use conservative and reactive ions
to quantitatively date groundwater is the study by Edmunds and Smedley
(2000) for the East Midlands Triassic (Sherwood sandstone) aquifer in the UK.
Sherwood sandstone, a coarse to very fine-grain typical red bed sandstone, is
120-300m in thickness and contains quartz and K-feldspar as well as post-
depositional dolomite and secondary calcites, which exert a strong influence
on the chemistry of the ambient groundwater. It is a single hydraulic unit and
is confined from above by a thick sequence of mud rocks and from below by
a sequence of Permian mudstones, marls, and dolomitic limestones. The for-
mation waters from the confining layers are more saline than the aquifer water
and, therefore, easily distinguishable in the case of leakage. The hydraulic
conductivity of Sherwood sandstone at outcrop is 3.4 m/day, but historic and
present-day flow velocities in the main aquifer are 0.6 and 0.2 m/year, respec-
tively. This suggests a reduction in the flow velocity downgradient, which
results in less recharge to the deeper part of the aquifer.

Edmunds and Smedley (2000) measured routine field parameters, major
ions, NO3, NHj, F, Br, I, trace elements, %O, *H, *C, and "“C of 45 samples
collected from 31 sites from Sherwood sandstone. They also had accessed and
re-evaluated a number of chemical parameters data sets that were compiled
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Figure 5.5. The relationship between “C ages and the concentration of reactive ions
in East Midland Triassic sandstone aquifer (Sherwood sandstone), UK. Note that all
horizontal axes are '*C ages such as in the bottom diagrams (reproduced from
Edmunds and Smedley, 2000).
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during the earlier studies of the same aquifer. Higher concentration of chlo-
ride and other halogens ions in present-day rainfall compared with that in the
East Midland aquifer enabled Edmunds and his colleague to define the bound-
ary between old groundwaters and young groundwaters. Old groundwaters of
the early Holocene or late Pleistocene age are characterized by low chloride
(£10mg/L) and light deuterium and tritium content. In contrast, young
groundwaters have high chloride concentration and show signs of pollution
due to industrial activities. The ratio of other halogens such as Cl/Br, F/Cl, etc.
has also helped the interpretations. As shown in Figure 5.5, there is a relative
correlation between the concentration of five reactive trace elements and
groundwater ages obtained by radiocarbon. Equation 5.2 was then developed
to deduce the age of the groundwater samples by taking into account the slope
and the interception of the regression line (Figure 5.5) as well as the concen-
tration of the element:

Chemical age = [element concentration — b, /b, (5.2)

where b is the intercept and b, is the slope of the regression line. For example,
for a sample whose Rb concentration is 5.53 ugl™, the Rb age would be 38 x
10° years:

Rbage = (5.53ugl ™ —1.69pugl™)/0.101ug 10~ years = 38 x 10° years

The intercept and the slope of the regression line for each element were
obtained from Figure 5.5. To obtain an age for each sample, the calculated
chemical ages from all five elements were averaged (cesium was not used in
the calculations because of very low R? of 0.11). Finally, it was concluded that
the freshwater of the aquifer could have an age of up to 100,000 years. Note
that not all samples were plotted on Figure 5.5 because the range of
carbon-14 ages (up to 40,000 years) did not allow more saline samples to be
plotted.
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TABLE 5.3. Advantages and Disadvantages of Various Methods
Method Advantages Disadvantages
Si Could cover the age gap Complex geochemistry
Could be used as a check for Limited analytical facilities
other tracers worldwide
Well-known atmospheric input Great loss in the unsaturated zone
The method is almost discarded
YAr Could cover the age gap Sampling and analysis difficulty
Relatively well-known C, Requires large volume of sample
Limited underground production  Limited laboratories worldwide
except in igneous rocks Possibility of introduction of error
A check for subsurface Underground production in
production of other tracers igneous rock aquifers
such as ¥Kr and *Rn
4C Well established Initial value problem
Worldwide analytical facilities Complex geochemical
Wide age range interpretation
The only well-recognized method Semiquantitative nature
to date old groundwaters Possibility of large differences in
results by various models
Indirect Worldwide analytical facilities Little known
methods Wide age range Rough and semiquantitative

As a check on other dating
method

Data can be used for other
purposes

Applicable in special
circumstances
Large volume of data sets required
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AGE-DATING VERY OLD
GROUNDWATERS

This chapter reviews the methods to estimate quantitatively the age of very
old groundwaters (beyond "“C dating range to tens of millions of years) includ-
ing “He, *°Cl, *Ar, *Kr, '*1, and uranium disequilibrium series, especially the
#4U/7%U method. The principles, limitations, requirements, relevant equations,
advantages, case histories, field sampling, and laboratory measurements of
each method are described. Included in this chapter are the specifications of
the potential aquifers that these methods are applicable to, such as deep sed-
imentary basins, regional flow systems, and groundwater in the Earth’s crust.
It also includes reasons why quantitative age measurements of very old
groundwaters have not been quite successful as yet. Table 6.7 lists the advan-
tages and disadvantages of each method. Note that *“He is also used for dat-
ing young groundwaters (Chapter 4), and some other potential—yet to be
proven—very old dating methods such as that based on *’Sr/**Sr are briefly
discussed in Chapter 8. With regard to **Cl and *‘He methods, there are sub-
stantial reviews by Phillips (2000) and Pinti and Marty (1998), Solomon (2000),
Mazor (2004), respectively, which are suggested for consultation if in-depth
understanding of these methods is sought. For all aspects of noble gases includ-
ing groundwater dating, Porcelli et al. (2002) is recommended for study and
research purposes.

Groundwater Age, by Gholam A. Kazemi, Jay H. Lehr, and Pierre Perrochet
Copyright © 2006 John Wiley & Sons, Inc.
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6.1 KRYPTON-81

General information about krypton and its isotopes is found in Section 4.5,
where ®Kr is described as a tracer to date young groundwaters. Krypton-81
has since long been proposed as a groundwater dating tool (Loosli and
Oeschger, 1969). It has, however, not been used as a tracer in other hydrolog-
ical fields.

6.1.1 Production of ¥Kr

Krypton-81 is produced in the upper atmosphere by cosmic-ray-induced spal-
lation of five heavier Kr isotopes (from *Kr to *Kr), e.g.,

BKr+P— $Br+P+a
and through neutron capture by *Kr:
YKr+n— 5Kr+y

So far, all research suggests that there is neither significant subsurface pro-
duction nor an appreciable anthropogenic source for *Kr. It can, therefore, be
viewed as a solely atmospheric tracer and an ideal one because of its long half-
life, largeness of the atmospheric reservoir, low direct yield from spontaneous
fission of **U (i.e., insignificant subsurface production), and shielding from
other decay products by ®Br (various references). Studies cited throughout
this section suggest some possible diffusion of ¥ Kr from the surrounding shale
formations into the groundwater reservoirs.

The inventory and/or concentration of ®Kr in different reservoirs are
(sources: Collon et al., 2000; Du et al., 2003)

In the atmosphere: 6.4 x 10* atoms
["Kr/Kr = (5.2 +£0.4) x 10 - (1.1 £ 0.05) x 107]
In modern groundwater: 1,100 atoms/L (= initial value for calculations

of groundwater ages)
In the world’s oceans: 1.2 x 10* atoms 880 atoms/L

6.1.2 Sampling, Analysis, and Reporting the Results

Analyzing groundwater for its ®Kr content is a huge task because there are
fewer than 1,100 ' Kr atoms in every liter of water. This low concentration rep-
resents an activity of only 1.1 x 10™'° becquerel, about one disintegration in
every 300 years. Therefore, *Kr atoms in a water sample should be counted
before they decay. Until now, groundwater samples have been analyzed for
their krypton content through four methods. (Note that low-level counting,
LLC, was initially used by Loosli and Oeschger in 1969 to detect *'Kr and
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measure its abundance in the atmosphere; it is no longer considered as a meas-
urement technique because of groundwater samples’ low * Kr concentration.)
All these methods have been used to a limited extent only. We therefore
refrain from describing them in detail because their reliability has not been
fully tested as yet and new techniques may come into use in the near future.
The latest technique, Atom Trap Trace Analysis, or ATTA, is only briefly
described. Similarly, sample requirements for ®Kr analysis are not dealt with
here because they vary depending on the analytical method chosen. Some
methods require up to 20m?® of a water sample, while some others require only
2m’. Groundwater samples are analyzed for ' Kr by

1. Laser resonance ionization mass spectrometry (RIMS) (Thonnard et al.,
1987; Lehmann et al., 1991).

2. Photon burst mass spectrometry (PBMS) (Fairbank, 1987; Lu and
Wendt, 2003).

3. AMS with a cyclotron (Collon et al., 2000).

4. Atom Trap Trace Analysis (ATTA). This method is explained in detail
by Chen (1999) and Du et al. (2003). The basis of this latest technique,
which may find widespread application in the future, is on selectively
capturing the atom of the isotope of interest by a magneto-optical trap
and detecting it by observing its fluorescence. The trapped atoms are
then counted. A control isotope such as *Kr or *Kr is simultaneously
counted by the system to subtract the noise and to act as a reference to
increase the reliability and accuracy of the analysis.

The results of ' Kr analyses are reported in a fashion similar to reporting deu-
terium and oxygen-18 isotopes. The ratio of water isotopes (*H, ®O) in a
sample is compared to that of Standard Mean Ocean Water (SMOW). In the
case of *'Kr, the ¥ K/Kr ratio in the water sample is divided by the same ratio
(i.e., ®K/Kr) in the air, so the result would be as follows:

R _[SlKr/Kr]Sample
R_air_ [SlKr/Kr]

air

This ratio can be directly inserted into the radioactive decay equation as C/C,
to yield ages. It is similar to percent modern carbon unit. Krypton-81 analysis
can also be reported in atoms/L and ' K/Kr. These units are convertible to each
other if we know the concentration of krypton in the sample.

6.1.3 Age-Dating Groundwater by *'Kr

Once atmospheric precipitation enters the aquifer through rainfall or snow-
fall recharge, krypton-81 starts decaying to bromide-81, a stable isotope of
bromine.
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9 Kr+ e — YBr+ly

Therefore, as time goes by, the concentration of ®Kr in the groundwater
decreases in accordance with the radioactive decay principle. To age-date a
groundwater sample, one needs the initial concentration of ¥Kr (Kr,) in the
recharge water and its present concentration in the groundwater (Kr), i.e.,
SlKr — 81Kr0 e—?»t.

Example: Concentration of *Kr in a groundwater sample is 900 atoms/L.
What is the age of this sample?

900 atoms/L = 1,100 atoms/L x e —
900 / . 900

A=-In /3.03 x 107° = 66,297 years

t=-In
1,100 1,100

Example: If krypton-81’s R/R,;; of a groundwater sample is 40%, what is the
age of this sample?

_ In04 3 In0.4
A 3.03x107°

=302,722 years

Krypton-81 technique suits dating groundwaters whose age ranges from
35,000 to 761,000 years, assuming 10% and 90%, respectively, of the initial
atoms are decayed to *'Br. However, these ranges need to be verified in
practice.

6.1.4 Advantages and Disadvantages

Advantages
1. Subsurface and anthropogenic sources of *Kr are minimal and
trivial.

2. Chemical reactions involving ¥ Kr are limited because of its inertness.

3. It could be the only reliable method to quantitatively date very old
groundwaters.

Disadvantages
1. The method, although proposed long ago, has not received widespread
application because of the technical difficulty in analyzing groundwater
samples.
2. At present, worldwide laboratory facilities for analysis are limited to one
to two institutions.

3. Worldwide, there are not many extensive deep regional freshwater
aquifers, similar to the Great Artesian Basin of Australia, to which this
technique can be applied.
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6.1.5 Case Studies

Three aquifers have so far been investigated by *'Kr dating technique:

Milk River Aquifer, Canada Milk River aquifer is an extensively studied
(Applied Geochemistry, Volume 6:4), 30-60-m thick Cretaceous sandstone
located within the Milk River formation, southern Alberta, Canada. It is a
deep regional aquifer confined from above and below by thick shale forma-
tions. The dominant recharge area for the aquifer is Sweetgrass Hills, Montana,
where described Cretaceous sandstone crops out. In the dating study by
Lehmann et al. (1991), only one sample from well no. 9 of this aquifer was suc-
cessfully analyzed for ' Kr content though four samples were collected and
processed for this purpose. This sample had *Kr/Kr (R/R,;)% of 82 + 18%.
The age of this sample calculated on the basis of the presently known half-life
of 229,000 years would be about 66,000 years:

t=-1n0.82/3.03 x 10~° = 65,564 years

If the lower limit of the *'Kr/Kr ratio is taken (i.e., 82% — 18% = 64%), then
the age would be 147,000 years and the upper limit of the ratio (i.e., 82% +
18% = 100%) would give a zero age.

t=—In0.64/3.03x 10 = 147,443 years

However, if the then-accepted *'Kr half-life of 210,000 years is used in the cal-
culations, the upper limit of the age of the sample would reduce to 135,000.
This is slightly lower than Lehmann and his colleagues’s estimate of 140,000
years, showing a small inaccuracy in their calculations. **Cl and hydrodynamic-
derived ages for the same sample are about 100,000 years.

Great Artesian Basin, Australia Great Artesian Basin (GAB) is one of the
world’s few aquifers that has been studied by all dating techniques. Collon et
al. (2000) measured the *Kr/Kr ratio of four samples from the GAB at [1.54,
1.7,2.19, and 2.63] x 107", By taking into account an initial value of 5.2 x 1072,
ages of 402,000, 354,000, 287,000 and 225,000 years, respectively, were obtained
(with error bar of 15%). These ages are shorter than previously measured *Cl
ages. Lehmann et al. (2003) used *'Kr ages of this study to calibrate **Cl and
*He dating methods and to gain an insight into the rate of the underground
production of these tracers. They found that for two samples, whose initial *Cl
values are high, “He accumulation rate is low (0.2 x 10"°cm?*STP/cm® water
year). Therefore, it is possible to date these samples using the **Cl dating tech-
nique. Nevertheless, for the other two samples with low initial **Cl, “He pro-
duction rate is 10 times higher, and **Cl groundwater dating is problematic.
Therefore, it was concluded that the success of “He and **Cl dating techniques
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depends on the dominant process by which the concentration of these isotopes
in the aquifer is controlled.

Nubian Sandstone Aquifer, Sahara, Egypt (Sturchio et al., 2004) The
Nubian Aquifer in the Dakhla Basin of the western desert of Egypt underlies
the very arid northeast corner of the Sahara Desert. It contains ~50,000 km?
of groundwater in a thick (up to 3,000m) sandstone formation with thin
interbedded shales. Six samples from this aquifer, analyzed for ' Kr content by
Sturchio et al. (2004), yielded *'Kr/Kr (R/R,;;) % ratios of 52.6, 36.5, 4.8, 30.6,
22.8 and 12.8. With a simple radioactive decay model (no subsurface addition,
no anthropogenic sources), these ratios results in ages of [2.1, 3.3, 10, 3.9, 4.9,
and 6.8] x 100,000 years, respectively. Four of these ages showed very good
agreement with **CI/Cl ratios of the samples, i.e., the higher the *Cl/CI ratio
of the samples, the lower the *'Kr ages. **Cl/Cl values of the other two samples
were either affected by the initial value problems or by subsurface production
of *Cl Krypton-81 ages were also supported by the hydrogeological setting
of the aquifer and by hydrodynamically estimated ages. This study, which was
highly promoted as the first study to demonstrate the existence of a one-
million-year-old groundwater, is also the first of its kind to use the ATTA tech-
nique to measure ' Kr content of the groundwater samples.

6.2 CHLORIDE-36

A halogen and a World War I war gas, chlorine was discovered by Carl Wilhelm
Scheele in 1774. (Note that chlorine is the element and chloride is the ion. In
nature, chlorine is found only as the chloride ion. Hence, chloride and chlo-
rine are often used interchangeably.) It has an atomic weight of 35.45 and an
atomic number of 17. Chlorine is abundant in nature, is necessary to most
forms of life, and is a powerful oxidizing, bleaching, and disinfecting agent.
About 1.9% of the mass of seawater is chloride ion. Chlorine can be manu-
factured via the electrolysis of a sodium chloride solution such as a brine. Com-
pounds of chlorine include chlorides, chlorites, chlorates, perchlorates, and
chloramines. In natural waters, the chloride ion behaves conservatively, does
not participate in many geochemical reactions, is highly soluble and mobile,
and often constitutes the most dominant ionic species.

Chlorine has 16 isotopes whose mass numbers range from 31 to 46, but only
three of these occur naturally. The remaining 13 have half-lives shorter than 1
hour and this is why they do not occur in nature. The three abundant isotopes
of chlorine include two stable isotopes, chlorine-35 and chlorine-37, with
75.53% and 24.47% abundances, respectively (Marques et al., 2001), and one
radioactive isotope, **Cl, with a half-life of 301,000 + 2,000 years (some refer-
ences give * 4,000 years; e.g., Attendorn and Bowen, 1997). The natural
mixture of these three isotopes makes up environmental chlorine. Chlorine-
36, in this book, is treated as a tracer to age-date young (Chapter 4) and very
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old groundwaters only. However, it has a number of other scientific applica-
tions such as geochronological study of young volcanic rocks (Leavy et al.,
1987), estimation of groundwater recharge (Cook and Robinson, 2002; Cecil
et al., 1992), calculation of dispersivity (Cecil et al., 1999), mixing study of
water bodies (Calf et al., 1988), dating of ice and sediments, vadose zone
tracing, salinity balance studies, and geothermal system research (Cecil, 2000;
Phillips, 2000). A complete coverage of the *Cl subject is given in the Ph.D.
thesis by L. D. Cecil (2000), which can be accessed by contacting the Univer-
sity of Waterloo or the author at the USGS. Cecil’s thesis shows that up to
1997, the list of global research using **Cl as a tracer in various geologic and
hydrologic environments stood at 60 references.

6.2.1 Production of **Cl

Chlorine-36 is produced through the following processes. Some of these
processes are illustrated in Figure 6.1, which also shows other sources of **Cl
in groundwater.

1. In the atmosphere, by cosmic-ray splitting of **Ar and neutron activa-
tion of *°Ar,

NArT+P > 8Cl+n+a
XAr+n— ECl+P

The amount of **Cl produced through these processes depends mainly
on the geographic latitude and is greater in middle latitudes. For
example, the fallout rate of **Cl at Stripa in Sweden at 57°N latitude is
14 + 3 atomsm™ s (Bowen, 1988); the mean atmospheric flux of *Cl
over the United States is 19.6 £ 4.5 atomsm™s™'; and the mean global
Cl flux is 30.5 + 7 atomsm2s™" (Moysey et al.,2003). It is estimated that
splitting of “’Ar and activation of **Ar are responsible for 67% and 33%
of total natural atmospheric production of *Cl, respectively (Cecil,
2000). Some **Cl are also injected into the atmosphere by transportation
of marine aerosols. The residence time of **Cl in the atmosphere is about
one week. In addition to spatial variations, atmospheric **Cl production
may have also varied temporally over long time scales (Love et al.,2000).
2. Weapon testing of fusion devices starting in late 1952 and extending
through mid-1958 has led to the production of up to 70,000 atoms
m~s™ (Bentley, 1986). The reaction occurring through this activity is

PCl+n— $Cl+y

Chlorine-36 produced by this phenomenon is used as a marker to age-
date young groundwaters that are less than 50 years old (see Chapter 4).
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1) YAr+P—*Cl+n+o

2) H,0
H,03%¢y H,0
H,0

Nuclear reactors
3) and nuclear waste
disposal facilitiea

36Cl

Earth Surface

H,0
H,0%cC] H,0
H,O

Figure 6.1. Aboveground and underground sources of **Cl and how rainwater obtains
its *Cl content as it enters and moves in the aquifer.

3. From nuclear power and nuclear fuel re-processing facilities. Chlorine-
36 together with iodine-129 are the only two elements that can escape
from the nuclear fuel waste disposal repositories and enter the sur-
rounding environment. Almost all other radionuclides will remain
trapped, either in the fuel itself or within a very short distance of it
(Wiles, 2002). Tt has also been recently suggested that the operation of
two nuclear reactors in the United States has led to the production of
*Cl (Davis et al., 2003).

4. By neutron activation of stable *Cl at the Earth’s surface or in the
shallow subsurface (epigenic = insignificant) and in the deep subsurface
(nucleogenic = significant):

BCl+n— H¥Cl+y
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The rate of production of **Cl through this process varies depending on
the type of rocks, minerals, and solutions, and the availability of neutron
sources (neutrons are produced as a result of bombardment of rocks with
alpha particles as well as through spontaneous fission of #*U). In general,
it is higher in rocks with higher uranium and thorium contents such as
uranium ore deposits and is lower in lithologies like basalt and sand-
stone. For instance, the **Cl production rate at the top of Murray Group
Limestone was calculated by Davie et al. (1989) (using Equation 6.1) to
be 0.09 atoms/cm’/year.

36 2
P36:£XLXNAX loge
VCa MW los

(6.1)

where Ps is the production rate of **Cl, **Cl/*’Ca is the equilibrium ratio
of *Cl to “Ca, p is the density of the limestone, MW is the molecular
weight of limestone, N, is Avogadro’s number, and ;5 is the half-life of
Cl. The equations to calculate the in situ production rate of **Cl in the
aquifer are well documented; for a detailed description, the reader is
referred to Bentley et al. (1986b) and Phillips (2000).

5. In basalt, rhyolite, sandstone, and carbonate rocks, the following reac-
tions can contribute to in situ production of **Cl (Cecil, 2000):

HK+n— ¥Cl+a (Neutron capture reaction)

HCa+u — F¥Cl+ao (Muon capture reaction)

The latter reaction is of minor importance, especially in the higher alti-
tudes (Zreda et al., 1991).

6.2.2 Sampling, Analysis, and Reporting the Results

To analyze water samples for **Cl content, the following steps are undertaken
(Davie et al., 1989; Cecil, 2000; Davis et al., 2003): A specified volume of water
sample, depending on its chloride concentration, is collected. The selected
volume should contain a minimum of 1-2mg of chloride, but up to 25mg may
be required. In some studies, sample volumes of up to 4 liters have been col-
lected. If samples are too low in chloride, preconcentration must be under-
taken. Collected samples are then prepared for target loading. This means
preparation of about 8-10mg of pure AgCl and pressing it into the copper
sample holders. The samples are prepared for target loading through addition
of AgNO; solution to the samples to precipitate AgCl. The precipitated (AgCl)
is then purified by dissolving it with NH,OH. Next, Ba(NOs), is added to pre-
cipitate unwanted sulfur as BaSO,. HNO; is added next to neutralize the solu-
tion and in the last stage, the AgCl is reprecipitated with AgNO; for target
loading. If the CI” concentration of the sample is very low, a **Cl free carrier
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must be added to it. The carrier may be AgBr of very low sulfur and chlorine
content (because the most common interference for **Cl measurements is from
sulfur-36). The prepared water samples are then analyzed for **Cl content
using an accelerator mass spectrometer (AMS). Usually standard and blank
samples are tested to identify the reproducibility and accuracy of the meas-
urements. Davie et al. (1989) report that **Cl measurements by AMS have
good reproducibility of about 6% and a sensitivity for *Cl/Cl of a few parts
in 10”. Before 1979, **Cl in environmental samples was measured by counting
beta-particle emissions during radioactive decay, a difficult practice due to the
*Cl long half-life. This method required tens of grams of chloride and count-
ing times as long as a week. With AMS the counting times is about 30 min with
10% precision. Sensitivity has also improved with AMS. B-counting methods
have a sensitivity of about one **Cl atom in 10" CI atoms, and AMS methods
have a sensitivity of about five atoms of *Cl in 10" CI atoms (some references
claim 2 atoms in 10'® atoms; e.g., Phillips, 2000). Presently, cost of analysis for
*Cl at PRIME Lab, Purdue University, is about 350 USD, not including sample
preparation.
The measured chloride-36 is reported in two ways:

1. As aratio of *CI/Cl x 10" (the number of **CI atoms to the total number
of chlorine atoms). The multiplication factor (10") is used because the
actual concentration of **Cl is very small.

2. As atoms of **Cl per liter of water using the following equation (Davis
et al., 2003):

*Cl (in atoms per liter) =1.699 x 10 x BX R (6.2)

where B is the concentration of chlorine in mg/l and R is the (**Cl/total
Cl) x 10" ratio. Therefore, to determine the concentration of **Cl, the
concentration of CI” in water samples must be measured with conven-
tional methods such as silver nitrate titration, ion selective electrode, and
ion chromatography.

Example: The **Cl/Cl x 10" of a water sample is 150 and its chlorine concen-
tration is 80 mg/L. What is the **Cl concentration in this sample?

*Cl (in atoms per liter) =1.699 x 10*x Bx R
*Cl (in atoms per liter) = 1.699 x 10* x 80 mg/L x 150 = 2.04 x 10® atoms/liter

6.2.3 Groundwater Dating by *Cl

The principle of this method is simple. It is based on the radioactive decay of
*Cl in the subsurface groundwater system. Above the Earth’s surface, **CI
(atmospheric **Cl) with an initial value, **Cl,, enters groundwater by rainwa-
ter infiltration. After time ¢, it decays to *°S and **Ar
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$Cl— B{Ar+p +v
$Cl— {S+B +v

and reaches a new concentration, **Cl, according to the decay equation
C= C067M

If one knows the initial concentration, C,, and the present concentration, C,
then one can calculate the length of time that the **Cl has resided in the sub-
surface groundwater system. For example, if the concentration of *Cl in a
groundwater sample is 6,000 atoms/liter and its initial concentration (in the
infiltrating rainwater) was 8,000 atoms/liter, then the time “#” or age of the
groundwater would be 124,926 years. This means that the water molecule that
contains the **Cl in question entered the groundwater system 124,926 years
ago. Chlorine-36 dating method is capable of dating groundwaters with an age
range of 46,000 to 1,000,000 years if we assume that 10% and 90%, respec-
tively, of the original **Cl atoms are disintegrated.

However, many inaccuracies and problems surround C, and C values, the
initial and the present concentration of **Cl, respectively. We do not accurately
know what the concentration of **Cl in rainwater was when it entered the sub-
surface system. This is the biggest obstacle for the *Cl dating method (Love
et al. 2000). Davis et al. (1998) explain 6 ways to estimate the C, value and
argue that all these ways contain weaknesses and inaccuracies. These
approaches include

1. Calculation of theoretical cosmogenic production and fallout,

2. Measurement of **Cl in the present-day atmospheric precipitation and
use it as C,,

Assuming that shallow groundwater contains a record of Cj,
Extraction of **Cl from vertical depth profiles in desert soils,
Recovering **Cl from cores of glacial age, and

oSNk w

Calculation of subsurface production of *Cl for water that has been iso-
lated from the atmosphere for more than one million years.

As with regard to the measured C, the situation is not satisfying, too. The
assumption in using the decay equation is that the **Cl atoms that enter the
subsurface groundwater system behave as an isolated packet when they
migrate through the flow system (piston flow theory). As explained above, *Cl
is not only produced in the atmosphere, but it is also produced in the subsur-
face. There are other subsurface sources of **Cl such as what is called dead
chlorine: “chlorine present in the fluid inclusions, ancient formation waters,
saline water from the compacting clays, and chlorine from salt beds and evap-
orites.” In addition, subsurface mixing (mixing of low and high *CI waters),
cross-formational flow, diffusion between aquitard and aquifer, and dilution
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and evaporation processes complicate the task of finding which C should be
used in the decay equation: the C measured in the laboratory or the C obtained
when the contributions/effects of all the above factors have been eliminated.
It should be pointed out that apart from *'Kr, **Cl is the only method to
quantitatively age-date very old groundwaters using the radioactive decay
principle. Also, the expectation was/is that **Cl plays an increasing role in
dating very old groundwaters, especially for studying water dynamics in
regional aquifers and in impervious rock formations (Gonfiantini et al., 1998).
However, it is safe to report that only in a very few cases, groundwater ages
were satisfactorily determined by this method. In many instances, the **CI
dating study was not successful due to many factors such as the uncertainty in
the estimation of *Cl,, the effect of dilution/evaporation processes on the
value of C, and the much longer half-life of **Cl as compared with the age of
groundwater (Turner et al., 1995; Davie et al. 1989; Yechieli et al., 1996). Other
counterproductive factors include relatively recent full introduction of the
method (virtually after 1980), limited number of well-defined regional aquifers
worldwide for which this method is appropriate, many analytical considera-
tions and unavailability of equipment in a large number of countries, difficulty
in interpreting the results (initial value problem, local interferences, many
sources of **Cl, etc.), and inherent inadequacies (for example, Park et al., 2002,
show that if chlorinity of the water sample exceeds ~75-150mg/kg, the **ClI
method cannot be used for groundwater dating). These may be reasons why
an important textbook like that by Mazor (1991) does not include a section
on **Cl to describe it as an age-dating tool, though the method was introduced
before 1991. A valuable paper to describe the principles and the limitations of
age-dating very old groundwater by **Cl is that by Park et al. (2002).

An Exceptional Case Study The age of groundwater in the Cigar Lake
uranium ore deposit, Saskatchewan, Canada, was calculated using a principle
different from radioactive decay (Cornett et al., 1996). Here, the concentra-
tion of **Cl in the matrix of ore deposit and in the groundwater within the ore
deposit were measured. Equation 6.3 was then used to calculate the age of
groundwater:

1
t= %[1 - gi} (Cornett et al., 1996) (6.3)

where ¢ is the age, A is the **Cl decay constant, Cy, and C, are the *CI/Cl ratio
in groundwater and in deposit’s rock matrix. The basis of Equation 6.3 is that
*Cl content of groundwater increases (called **Cl ingrowth) when it comes in
contact with the uranium ore body (uranium ore body produces a high amount
of *Cl through neutron capture of *Cl and *K; see above). Therefore, the
longer the contact time, the higher the concentration of **Cl in groundwater.
In order for Equation 6.3 to be applicable satisfactorily, the following condi-
tions must be met:



CHLORIDE-36 177

The background *Cl content of the groundwater before it comes in
contact with the ore deposit must be subtracted from C,, so that only
*Cl ingrowth is included in the calculations.

The **Cl production and groundwater flow occur continuously, i.e., they
happen nonstop.

The *Cl is subject to the average neutron flux, i.e., heterogeneity in the
ore and in the neutron flux are insignificant.

The *Cl input, from other sources into the ore or into the groundwater,
is small.

. Because this method is based on the transfer of chloride from the ore

body into the groundwater, the movement rate of chloride must take
place at the same rate of groundwater.

This way of dating groundwater by *Cl is similar to dating by ‘He and “Ar
methods, which are described in the following sections.

6.2.4 Advantages and Disadvantages

Advantages

1.

The laboratory facilities, though still expensive and limited, are, com-
paratively speaking, more widespread than *Kr or some other very old
dating methods.

2. The long half-life of **Cl makes this method suitable for dating very old

groundwaters.

3. Measured *Cl values may be used for other hydrologic applications, in

addition to their use in dating.
Disadvantages

1. The too much, above-mentioned ground sources for *Cl as well as the
initial value problem.

2. Underground production and sources and sinks for *Cl. This has
prompted Phillips (2000) to suggest limiting the dating range of *Cl to
500,000- to 1,000,000-year-old groundwaters only.

3. There are not many aquifers for which this method can be applied,
because it is suited for deep regional aquifers only.

4. This method is not applicable to saline waters with chloride concentra-
tion of more than 150mg/L.

5. High cost of analysis and sample preparation, and inadequate laborato-

ries worldwide.

6.2.5 Case Studies

Although the *Cl method was proposed in the 1960s, it has not seen consid-
erable development and expansion. Before 1980, there was difficulty in meas-
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TABLE 6.1. Case Studies Involving *Cl Dating Method

Nubian Sandstone aquifer, Sahara, Egypt
Great Artesian Basin, Australia

Paleochannel groundwater, Kalgoorlie,
Australia

Clare Valley, South Australia

Ngalia basin aquifers of central Australia

Murray basin, Australia

Milk River aquifer, Alberta, Canada

USA nationwide

Nevada test site

Columbia Plateau flood basalts

Aquia aquifer, Maryland Coastal Plain, USA

Carrizo Aquifer, southern Texas, USA

Hydrothermal waters—Eastern Clear
Lake area—USA

Northern Switzerland

Midlands sandstone aquifer, UK

Dead Sea

Mazowsze Basin, Poland

East Africa Rift Zone

Stripa site, Sweden

Germany

Australia and Canada

Canada

Sturchio et al., 2004

Bentley et al., 1986b; Torgersen et al.,
1991; Love et al., 2000

Turner et al., 1995

Cook, 2003; Cook et al., 2005
Cresswell et al., 1998 and 1999
Davie et al., 1989; Kellet et al., 1993
Phillips et al., 1986, Notle et al., 1991
Davis et al. and Moysey et al., 2003
Rose et al., 1997

Gifford et al., 1985

Purdy, 1991; Purdy et al., 1996
Bentley et al., 1986a

Fehn et al., 1992

Pearson et al., 1991

Andrews et al., 1994

Yechieli et al., 1996

Dowgiallo et al., 1990

Kaufman et al., 1990

Andrews et al., 1986

Lodemann et al., 1997
Fabryka-Martin et al., 1987, 1988
Cornett et al., 1996

uring *Cl concentration. After that, there were problems of subsurface pro-
duction, *Cl sinks, and initial value. Table 6.1 lists worldwide aquifers that have
been subjected to dating by the **Cl method. From these aquifers, GAB and
Milk River are the most studied aquifers as far as the **Cl method is concerned.
It is interesting to note that nearly all publications dealing with **Cl dating
have been produced by a group of authors, which may be an indication of the
complexity of the topic and the need of teamwork to obtain compelling results.
A brief introduction to some of the case studies follows Table 6.1.

Great Artesian Basin, Australia: Southwest Margin (Love et al., 2000) and
Deep Jurassic Aquifer of Eastern Margin (Bentley et al., 1986b) Love et al.
(2000) analyzed *Cl in groundwater samples from 21 flowing and pumped
boreholes from the southwest margin of the GAB. The data and the calculated
ages based on three different equations (6.4, 6.5, 6.6) are given in Table 6.2.
After applying the three different correcting schemes and reaching large dis-
crepancies, Love and his colleagues (p. 1572) support what we stated in the
previous section: “estimates of absolute groundwater ages using **Cl data are
subject to large uncertainties because of problems of estimating the initial con-
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TABLE 6.2. Results of Groundwater Dating by **Cl in the Southwestern GAB, Australia

Sample

*C1/Cl
x 1075

*Cl x 10°
atoms/L

Age x
1,000 years'

Age x
1,000 years’

Age x
1,000 years®

Lambina Homestead
Warrungadinna

Lambina Soak

Marys Well 3
Murdarinna 2

Midway Bore
Oodnadatta Town Bore 1
Watson Creek 2
Duckhole 2 (24701)
Appatinna Bore*

C. B. Bore

Ross Bore

Evelyn Downs Homestead
Woodys Bore Windmill
Robyns Bore 2

Rick Bore 2

Paulines Bore

Nicks Bore

Leos Bore

Fergys Bore

Lagoon Hill Drill Hole 15

Northern Transect (NW to SE)

129 1,888

132 2,520

108 2,026

102 1,162 94

109 1,186 63
89 934 160
52 594 410
25 439 790
31 444 670

134 780

Southern Transect (W to E)

115 1,030
54 1,478
54 1,296
47 1,914 460
41 1,691 530
37 1,295 580
40 1,149 540
46 1,135 470
53 1,012 400
61 969 340
29 461 710

58
47
160
380
550
540

46
110
230
280
320
330
710

190
290
490
620
620

30
150
200
200
250
270
600

*: Data from this shallow groundwater sample were used to determine the initial value.

Source: Love et al., 2000.

centration of *Cl prior to nuclear weapons testing and correcting for source
or sinks of chloride.” The three equations, from Bentley et al. (1986b), used by
Love and his colleagues to correct for these two major problems (initial value
and real present value) are given below.

1. Age calculated by

1. R-R,
f=——lIn e
7\' RO _Rse

(6.4)

where R, is the secular equilibrium **CI/Cl ratio and R = *Cl/Cl.

2. Age calculated by

1, Cln R-R.

t= —m =

- X CIET RO _Rse

(6.5)
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where Cl, is the chloride concentration measured in groundwater, Clgy
is the estimated chloride concentration governed by evapotranspiration
only and free of subsurface CI™ addition (i.e., chloride concentration in
recharge water).

3. Age calculated by

=t E=Ce (6.6)
A Cy—-Cy

Equations 6.4 and 6.6 are similar with the exception that in Equation 6.6, **CI

values in atoms/L are used instead of **CI/Cl in Equation 6.4.

The age of deep Jurassic confined aquifer in the GAB was estimated by
Bentley et al. (1986b) to be (1,200 + 500) x 10° years (much older than the
hydraulic age). Through this study, which is the first major **Cl dating research,
Cl content of 26 groundwater samples were shown to range from 1.4-55.7 x
107 atoms/L.

Murray Basin, Australia One of the earlier studies dealing with **Cl in
groundwater is that by Davie et al. (1989), through which *Cl of limestone
groundwater in the Murray Basin of Australia was measured. Eighteen
samples were analyzed, showing **CI values of 85 to 7,200 x 10° atoms/L.
Murray’s samples **CI/Cl ratio are low (13-43 x 107"), generally lower than
those reported by Davis et al. (2003) for shallow groundwaters of the United
States, which might reflect either the inevitable additive impact of nuclear det-
onations in North America or geologic-geographic differences. Davie et al.’s
study showed that the ratio of *CI/CI in the aquifer increases along the flow
path most probably because of the significant localized recharge, which con-
tains high **CI/Cl concentration.

Paleochannel Groundwater, Kalgoorlie, Western Australia Paleochannels,
river channels covered by overburden locally known as regolith, in the
Kalgoorlie region of Western Australia are a significant source of brackish
groundwater for the region’s extensive mining activities. Sometimes the geo-
chemistry of paleochannel’s groundwater aids mining exploration. By analyz-
ing 17 samples from water wells and seeps, Turner et al. (1995) showed that
the *Cl/Cl ratios and **CI content of the paleochannel groundwater range from
32 to0 129 x 107, and 1,460 to 79,000 atoms/L, respectively. They were not able
to date the paleochannel, because the half-life of **Cl, compared to the age of
groundwater, is too long.

A Significant Case Study in the USA Davis et al. (2003) measured the con-
centration of **Cl in many groundwater samples throughout the United States
to determine what they call the “pre-anthropogenic levels” (natural = Pristine
= background level) **CI concentration of groundwater. This study, which was
subsequently completed by Moysey et al. (2003), is perhaps the most com-



HELIUM-4 181

prehensive study worldwide of **Cl in groundwater so far, through which a
total of 183 water samples from unpolluted wells and springs were analyzed.
Davis at al. (2003) showed that natural ratios of **Cl/Cl are lowest near the
coast and increase to a maximum in the central Rocky Mountains of the US
(less than 50 x 107" in Florida to more than 1,200 x 107" in the Rocky Moun-
tains). They attribute this pattern to an inland decrease in the stable chlorine
content of the atmospheric precipitation, i.e., the increase in the ratio of *Cl/Cl
inland is due to the inland decrease of stable chlorine, not an increase of **Cl.

6.3 HELIUM-4

Helium was discovered in 1868 by J. Norman Lockyear. It is an inert and non-
toxic gas with an atomic number of 2 and an atomic weight of 4. Its boiling
and melting points are the lowest among the elements. It is the second most
abundant element in the known universe after hydrogen and constitutes 23 %
of all elemental matter measured by mass. In the Earth’s atmosphere, how-
ever, the concentration of helium by volume is 5.24 parts per million only
(Verniani, 1966). Helium is the 71st most abundant element in the Earth’s
crust. There are tiny amounts of helium in mineral springs, volcanic gas, and
iron meteorites. The greatest concentrations (trace amounts up to 7% by
volume) of helium on the Earth are in natural gas fields, from which most com-
mercial helium is derived (Rogers, 1921).

There are eight known isotopes of helium, ranging in mass from 3 to 10, but
only *He and “He are stable. The unstable ones have half-lives of less than mil-
liseconds. “He is an unusually stable nucleus because its nucleons are arranged
into complete shells. In the Earth’s atmosphere, the concentration of *He is
5.24ppmv (very close to total helium) and there is only one *He atom for every
730,000 “He. The *He/*He ratio in the atmosphere (R,) is thus 1.384 x 107 (this
value is slightly different in various references). Rocks from the continental
crust have typical *He/*He ratios of 0.02-0.03 R,, while the depleted mantle
has an average value of 8 R, (Graham, 2002) and subcontinental mantle 6.5
R, (Dunai and Porcelli, 2002). Helium is unusual in that its isotopic abundance
varies greatly depending on its origin. Rocks from the Earth’s crust have
isotope ratios varying by as much as a factor of ten; this is used in geology to
study the origin of such rocks. Heliums-3 and -4 are both used in age-dating
groundwater. In addition, the concentration of helium-4 in the soil gas and in
the pore fluids has been used to locate areas of deep groundwater discharge
into watersheds (e.g., Gascoyne and Sheppard, 1993). Helium-3 is also used to
help quantify the renewal rate and mixing dynamics and environmental states
of the lakes through experiments on sediment pore waters (Strassmann, 2005).

6.3.1 Production and Sources of ‘He

As shown in Figure 6.2, there are four different sources of ‘He in
groundwater.
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Figure 6.2. Sources of “He in a confined aquifer. ‘He, = atmospheric helium, ‘He,, =
ancient helium, ‘He, = radiogenic helium, ‘He, = crustal helium, “He,, = mantle helium.
Note that radiogenic helium and crustal helium are produced by the same mechanism.

1. Atmospheric helium: Like all other noble gases, a chief reservoir for ‘He
is the atmosphere. Atmospheric helium is dissolved in rainwater and is
carried into the groundwater. As stated, the ratio *He/*He in the air is
1.384 x 107, but due to small fractionation, it reduces to 1.36 x 107 when
helium dissolves in precipitation (Benson and Krause, 1980). Hence, the
concentration of *He in recharging groundwater is about 48 ucm® (STP)
kg™ (Solomon, 2000). A portion of atmospheric *‘He in groundwater is
the result of excess air entrainment during recharge. This leads to higher
*He concentration in recharging water. To date groundwaters, we must
separate “He resulting from solubility and “He from excess air. This is
done by measuring neon concentration in groundwater and comparing
helium to neon ratios in air (0.2882) with that of those in the ground-
water sample.

2. Radiogenic helium or crustal helium. Helium-4 is produced from aquifer
matrix and from the sediments grains by alpha decay of uranium and
thorium; the alpha particles that emerge are fully ionized ‘He nuclei:

WU %WPb+8iHe  3U— HTh+iHe
U WPb+73He  Th— 2Pb+6:He

Helium produced within the Earth’s crust through the above reactions
enters groundwater system, too, the so-called crustal flux of helium
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(Torgersen and Clarke, 1985). Some references prefer to refer to this
type of helium as terrigenic helium similar to mantle’s “He (Kipfer et al.,
2002). Typical *He/*He ratios for the continental crust are 2.77 x 10~ —
4.1 x 10, or 0.02-0.03 R,.

3. Mantle or terrigenic helium. There has recently been strong evidence to
suggest that “He produced deep in the Earth’s mantle can find its way
to enter relatively shallow groundwaters. For example, Kulongoski et al.
(2005) have shown that seismicity and fracturing are important in trans-
port of mantle helium through fault zones to the upper crust and
shallow-level groundwaters. As mentioned above, the ratio of *He/*He
in the mantle helium is on average 6.5-8 R,, but it can vary from 4 to 37
R, depending on the location (Sapienza et al., 2005). However, Porcelli
and Ballentine (2002) propose the value of 6.5-6.7 R, for calculating the
mantle contribution of helium in crustal fluid.

4. Helium-4 atoms that were entrapped in the crystal lattices of sediments
or rock strata in the course of deposition may enter groundwater through
solid-state diffusion process (Solomon et al., 1996; see Chapter 4).
Ancient *He is the name for this type of helium.

The ratio of *He to “He (*He/*He) is a key indicator to differentiate among
*He from any of the above-mentioned sources and in groundwater dating. Sim-
ilarly, the ratio of *‘He to “’Ar (*He/*Ar) varies depending on the source of
helium; the higher this ratio, the more significant the role of radiogenic sources
in the concentration of ‘He.

6.3.2 Sampling, Analysis, and Reporting the Results

Like all noble gases, the main point to observe when sampling groundwater
for helium is to avoid mixing it with air. Air helium could diffuse into the
sample. Also, correct sample pressure has to be maintained to avoid helium
degassing from the water samples (Solomon, 2000). The main method used for
sampling for *He is that using the copper tube welded at both ends with
clamps. A copper tube is impermeable to helium, and samples can be stored,
without contamination and degassing, for a year. Further, the malleability of
copper allows convenient sample opening for degassing it in an extraction line
(D. L. Pinti, University of Quebec, personal communication, 2005). Use of the
copper tube is an almost standard method for sampling those substances that
are present in the atmosphere in high quantity and in the groundwater in small
quantity.

Sampled groundwater is degassed in a vessel under high vacuum and the
helium is purified from reactive gases (N,, CO,, water vapor, hydrocarbons) in
ultrahigh vacuum extraction and purification lines (Beyerle et al., 2000; Pinti
and Marty, 1998b). At the end, separated helium is analyzed using quadrupole
mass spectrometry or noble gas mass spectrometry (Marty et al., 1993). The
unit to report “He concentration is the cm®STP/g of water or the cm®STP/L
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of water. Less appropriate units of mole/g or mole/L are still in use in the
literature.

6.3.3 Age-Dating Groundwater by ‘He

Helium accumulates in the groundwater from the in situ radioactive decay of
the uranium and thorium in the aquifer matrix, as well as from any flux into
the groundwater from the underlying crust and mantle (Torgersen and Clarke,
1985; Marty et al., 1993; Zhao et al., 1998). Therefore, the concentration of
helium in the aquifer increases with time. If the rate at which the in situ pro-
duction and crustal flux have supplied helium to the flowing groundwater is
known, then it is possible to calculate the length of time that the groundwa-
ter of known helium content has resided in the aquifer. The equation for such
a purpose is

_ 4Herad
JHe

t (Kipfer et al., 2002) (6.7)

where ‘He,,q and Jy. are the measured concentration and the production rate
(accumulation rate) of “He in groundwater, respectively. It is relatively simple
to measure the concentration of “He in groundwater. But it takes a consider-
able amount of efforts to calculate the accumulation rate of helium, i.e.,
Jue. To calculate the accumulation rate, the following procedure must be
undertaken:

1. The sources of helium must be identified, whether there is only one in
situ, crust, or mantle source or two or all of these sources.

2. In situ production rate must be calculated by

Jyo=2r (Cyx Py +Cry X Pry) % (%) (Modified from Kipfer et al., 2002)

pw
(6.8)

where p, and p,, are the densities of the aquifer material and the water,
Cy and Cp, are uranium and thorium concentration in rocks (ug/g),
and O is the porosity of aquifer. Production rates from uranium and
thorium decay are Py = 1.19 x 10 cm?®STP per ugy ' yr' and P, = 2.88
x 10 cm?STP per pugy ' yr'. Equation 6.8 is based on 100% transfer of
produced *He into groundwater, which comes true after an equilibrium
time between rock and fluid in the order of thousands of years. A number
of other equations have been developed to calculate the in situ produc-
tion rate of “He. Ballentine et al. (2002) report that the accumulation rate
of radiogenic “He in groundwater from the decay of uranium and
thorium in aquifer rocks is typically 10"°~10""7 mole g year™.
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3. Crustal and mantle sources of helium need to be calculated as well, and
this is the main obstacle for quantitatively dating groundwater by “He.
Some researchers doubt the influx of crustal helium in groundwater and
argue that upward moving crustal helium escapes into the Earth’s
surface (Torgersen and Clark, 1985). Some others (Mazor, 2004) argue
that all crustal- and mantle-produced helium is dissolved in the aquifer
immediately above the crust, and the chance of helium escaping to the
upper aquifers is zero. If this assumption is accepted, then the “He
content of the upper aquifer can be attributed to atmospheric and in situ
sources only. There are some intermediate views as well. For example,
Pinti and Marti (1998) identified at least three sources of “He in the Paris
basin.

Note The age range of the *He method is 10* to 10° years, and due to the
semiquantitative nature of the method, it is referred to by some authors as
age-indicator rather than as a dating method. In addition to the problem of
calculating the accumulation rate of “He, other issues like mixing of ground-
water with different “He concentration (and hence different ages), excessive
*He content due to excess air phenomenon, and sampling related errors sur-
round dating by “He. A recommended exercise is to check the *He ages against
(1) ages obtained by other methods, (2) depth of the confinement, (3) tem-
perature of the aquifer, (4) concentration of radiogenic helium and “Ar and
geological setting (Mazor, 2004).

6.3.4 Advantages and Disadvantages

The helium-4 dating method has the potential to be applied to a wide range
of ages, i.e., from thousand-year-old groundwaters to millions of years old, and
also to young groundwaters. There is plenty of information about the method
in the literature, and the method has been applied to a large number of
aquifers worldwide. However, the many sources of “He make the method
prone to considerable error, and vulnerable, especially if no other calibrating
ages are available.

6.3.5 Case Studies

Helium-4’s dating research until 1998 is presented in Table 6.3. As seen from
the table, helium ages are either older or much older than ages obtained by
other dating techniques. This discrepancy is due to the heterogeneity of the
aquifers, possible role of mantle-derived ‘He, and mixing of water with dif-
ferent ages (Pinti and Marty, 1998). However, Mazor and Bosch (1992) dis-
agree with such reasoning and argue that the hydraulic ages are younger than
the real ages, not the other way around, i.e., the “He ages are closer to the real
ages. The youth of the hydraulic ages is, then, attributed to the hydraulic dis-
continuities and immobilized sections in the deep aquifers. Let us now briefly
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TABLE 6.3. Helium-4 Groundwater Dating Case Studies Until 1998

Aquifer Formation age and Hydrologic or ‘He age  Ref.
lithology isotopic age (x10°yr)
Age (x10°yr)  Method

Precambrian Precambrian, 11 uC 4-200 1
Shield, Canada leucogranite

East Bull Lake, Precambrian, 10 “4C 120 2
Ontario, Canada Gabbro-anorthosite

Stripa, Sweden Precambrian, granite 25 HC,°H 0.38 3

Stampriet, South Ordovician, 2.7-38 ‘H 0.027-0.38 4
Africa sandstone

Uitenhage, South Ordovician, 0.4-35 H 0.35-35 4
Africa quartzite

Retford, UK Triassic, sandstone 2 e 0.004 5

Gainsborough, UK  Triassic, sandstone 36 lc 0.06 5

Wallal, GAB, Jurassic, sandstone 35.6 4C,’H 6 6
Australia

Wiringa, GAB, Jurassic, sandstone 20.6 4C,°H 14 6
Australia

Paris Basin, France Mid-Jurassic, 2-1,000 4C,*H 10-140 7

limestone

Innviertel, Molasse ~Miocene, marl & 30-40 4C,’H 0.46 8
Basin, Austria shale

Strugeon Falls, Pleistocene, 0.250 CFCs,*H  0.07 9
Ontario, Canada sandstone

1: Bottomley et al. (1984) 2: Bottomley et al. (1990) 3: Andrews et al. (1982) 4: Heaton (1981) 5: Andrews
and Lee (1979) 6: Torgersen and Clarke (1985) 7: Marty et al. (1988) 8: Andrews et al. (1982) 9: Solomon

et al. (1996).

Source: Modified from Pinti and Marty, 1998, with the permission of the Geological Society, London.

discuss the latest case studies from the Kobe area of Japan and Paris Basin of
France.

Kobe Area, Southwest Japan As shown in Figure 6.3, the age of deep
groundwaters (brine) mixed with percolating meteoric water in the Kobe area,
Japan, has been determined by a revised version of the “He dating method
that takes into account the ratio of *He/*He, the production rate, and the con-
centration of *He and “He. The calculated ages of the samples are 25, 33, 48,
62,78, 110, and 230 [x1,000] years. The following equation, which accommo-
dates all these parameters, has been used for this purpose:

Ry PPw

Rox j (P(“He) - F(4H°))

h

= C(4He)0(1 - Morikawa et al.(2005)  (6.9)
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Figure 6.3. Helium-4 ages (in million years) of deep groundwater in the Kobe area,
Japan (reproduced with modifications from Morikawa et al., 2005).

where C(*He), is the concentration of “He in flux out of the reservoir per units
of weight (cm*STPg ™ H,0), R, is the helium isotopic ratio (*He/*He) in flux
out of the reservoir, R,y is the helium isotopic ratio (*He/*He) in water with
extra component, p is porosity of the reservoir, p,, is the density of water
(gem™), P(*He) is the in situ production rate of *He (cm? STPcm™yr™), F(*He)
is the crustal “He flux from the bottom of the reservoir (cm*STPcm™2yr™), and
h is the thickness of the reservoir (cm).

The in situ production rate of “He, P(“He),was calculated by Equation 6.10:

P(*He)=(1-p)-pr - {1.2x107"°[U]+2.9x10™[Th]} Morikawa et al.(2005)
(6.10)

where [U] and [Th] are the concentration of the the U and Th of aquifer rock
in ugg™, respectively.

Paris Basin, France The Paris Basin, a multilayered, well-studied basin, has
been subjected to a number of “He dating research (Marty et al., 1998, 2003;
Pinti and Marty, 1998). In the eastern recharge area of the basin, the deeper
Trias sandstone aquifer, which lies above the crystalline basement, is separated
from the overlying Dogger aquifer by an aquitard layer consisting of about
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Figure 6.4. Startigraphic setting of Paris Basin, France (reproduced from Marty et al.,
1993).

600m succession of shales and clays (Figure 6.4). Marty and others (2003) used
the helium isotopes dating technique to show that in the eastern recharge area,
Dogger aquifer is stagnant and has been extremely well isolated from the Trias
over the past several million years. In contrast, Trias water has been flowing,
since the Miocene age, at a present-day velocity of 4myr™. They have shown
that “He content of the Trias aquifer is higher than what could be derived from
atmospheric, crust, and in situ sources. Another major source, such as the
mantle, is needed to account for such high concentration of helium and
*He/*He ratios. The mantle-derived flux of “He and *He were calculated at 1.5
x 10"?molm~yr™', respectively. The age data from this study proved that mass
transfer across aquitards (say, for example, transfer of *‘He from Trias to
Dogger) is extremely small and is limited to the fractures only.

Pore Waters in the Opalinus Clay, Mont Terri, Switzerland Helium-4 con-
centrations of up to 1 x 10~*cm®STP/g pore water were measured across the
Opalinus Clay and adjacent formations at Mont Terri, Switzerland, which were
thought to result from in situ production (Riibel et al., 2000). The *He ages of
pore water samples were determined to range from 200 to 277,000 years, which
showed a very good correlation with the flow distance, i.e., the longer the flow
distance, the higher the pore water ages.

6.4 ARGON-40

The description about argon is given in Chapter 5, the section on argon-39.
Argon-40, a stable isotope of argon with an abundance of 99.6%,is 295.5 times
that of argon-36 in the atmosphere. It is dissolved in the atmospheric precip-
itation and is subsequently carried to the subsurface by recharge processes.
Overall, groundwater contains about (4 to 5) x 10*cm’*STP Ar per cm® of
water from the solution of atmospheric argon (Pearson et al., 1991). The
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atmospheric ratio of *Ar/**Ar (295.5) is a reference to find if there is a source,
other than the atmosphere, for “’Ar in the aquifer. In addition to atmospheric
reservoir, the main source for *’Ar is the decay product of potassium-40. About
11.2% of naturally occurring “’K with a half-life of 1.25 x 10° years decays to
stable “’Ar* (“*” is indicative of radiogenic argon) by electron capture and
positron emission reactions.

K+ e > RAr+hv (electron capture)

HK - RAr+.Je (positron emission)

Therefore, the concentration of “’Ar increases with time. The production rate
of “Ar is calculated through the following equation:

Aratomsg'yr'=102.2[K]  (Ballentine and Burnard, 2002) (6.11)

where [K] is the concentration of potassium in rocks in ppm. The continental
crust has been estimated to contian 2.59% potassium, of which about
0.01167% is “’K, or approximately a total of 5 x 10*! grams of “’K.

6.4.1 Sampling, Analysis, and Reporting the Results

The procedure to sample groundwater for “’Ar analysis is similar to sampling
for helium and other noble gases. The most common problem that has to be
avoided during sampling is exclusion or inclusion of air. Therefore, leak-tight
equipment must be used. The websites of the Noble gas laboratory of the
University of Utah (http://www.inscc.utah.edu/~ksolomon/) and that of the
EAWAG (http://www.eawag.ch/research_e/w+t/Ul/methods_e.html) contain a
good description of the sampling procedure and precautionary principles that
must be observed. Sample analysis include extracting gases from the water
sample, separating and purifying extracted noble gases, and quantitative deter-
mination of each gas by mass spectrometers. The results of “’Ar analysis are
reported as the ratio of *Ar/*°Ar, which is most often higher than the atmos-
pheric ratio of 295.5. They are also reported in cm®STP “Ar per g of water or
cm’STP “Ar per cm® water.

6.4.2 Age-Dating Groundwater by “Ar and the Obstacles

There are some suggestions in the literature that *’Ar is a potential tracer to
help date very old groundwaters (Pearson et al., 1991; Clark and Fritz, 1997;
Osenbriick et al., 1998; Mazor, 2004). The basis of such arguments is that the
concentration of “’Ar in groundwater increases in accordance with the age of
groundwater. The higher the concentration of “’Ar in the groundwater, the
longer the groundwater age. Therefore, we would be able to date groundwa-
ter if we know the concentration of *’Ar and its annual production rate. The
“Ar/*°Ar should reach at least 303 in groundwater to conclusively indicate
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underground production of “Ar*. It may take a minimum of about 10° years
to reach such a level (Metcalfe et al., 1998). The main obstacle in this regard
is the retention of produced “Ar in the parent rocks, i.e., a large fraction of
the produced “’Ar* atoms are retained in the rock matrix. In other words, the
amount of “’Ar* produced in the rocks that can reach the groundwater is very
low. This is because minerals retain argon rather than helium; very deep waters
in a high thermal gradient basin may be warm enough to exceed the closure
temperature of minerals and release the produced **Ar*. Another obstacle is
the slow and insignificant rate of underground production of “’Ar as compared
to the atmospheric input. The third problem facing this method is that in some
measurements, it has been revealed that the **Ar/**Ar ratio in some ground-
waters is higher than the potential result of underground production
(Tolstikhin et al., 1996). Careful hydrogeologic analysis is therefore needed to
find out the source of this extra component. In the case of aquifers in North-
ern Switzerland (Tolstikhin et al., 1996), intrabasin sources of helium and
argon, i.e., diffusion of helium and argon from older waters into younger
waters, was found to be the cause of excessive “’Ar/**Ar ratio. In spite of these
difficulties, it should be, however, pointed out that “’ Ar-*’K technique is a well-
established dating technique for rocks in geological contexts.

6.4.3 Case Studies

The ratio of “Ar/**Ar in groundwater has been measured for deep brines of
the Palo Duro Basin, Texas (Zaikowski et al., 1987; “Ar/*Ar of up to 2,090
has been reported in this study, which is the worldwide maximum measured
so far); Stripa granite, Sweden (Andrews et al., 1989); Great Artesian Basin,
Australia (Torgersen et al., 1989; Beyerle et al., 2000); Permian sediments
and underlying crystalline basement, northern Switzerland (Tolstikhin et al.,
1996); Milk River aquifer, Canada (Andrews et al., 1991); pore waters in the
Opalinus Clay, Mont Terri, Switzerland (Riibel et al., 2002, ““Ar/**Ar of up to
334; Ballentine and Sherwood-Lollar, 2002). Note that not many of these case
studies led to conclusive ages. However, the main scientific contribution made
by “’Ar measurement is in the form of a *He/*Ar ratio, i.e., the amount of the
‘He/*Ar ratio is a key parameter to estimate helium groundwater ages. Here,
we describe the case of Morsleben in northern Germany (Osenbriick et al.,
1998) where pore waters from a 735-m core (from a cap rock over a salt dome)
of Triassic sedimentary rocks were analyzed for *‘He, “’Ar, and **Xe. The core
from top to bottom consists of

1. Keuper claystones and dolomite with a thickness of 300m,
2. Claystones with remnants of gypsum and anhydrite divided by a 40-m-
thick compacted sandstone (290m in thickness), and

3. Limestone and dolomite from the Muschelkalk + a salt layer of 10m
(145m in thickness).
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Osenbriick and his colleagues measured the “’Ar/*Ar ratio of 29 pore water
samples from the described core, which range from 295 at the top of the core
(70m below surface) to 657 close to the core bottom. The high content of “Ar
in the pore waters from the depth below 450m were considered to have been
produced inside K-rich salts in the salt deposits and entered the cap rock by
diffusion. Therefore, this study did not conclusively show the applicability of
“Ar in dating, but rather *Ar results helped to interpret and analyze ‘He
analysis, together yielding an age of 6 million years for saline pore fluids. The
*He/*Ar is useful because it can show whether both “He and “’Ar are released
in the fluids (the *He/*Ar production ratio in the rocks equals that in fluids)
or Ar is retained in minerals (in this case, the resulting ‘He/*Ar is much higher
than the production ratio in the crust or the aquifer).

6.5 IODINE-129

Iodine, a halogen with the atomic number of 53 and atomic weight of 126.9,
was discovered by Barnard Courtois in 1811. It was the first element recog-
nized as being essential to humans; and the disease of endemic goiter, which
results from iodine deficiency, was the first to be related to environmental geo-
chemistry (Fuge, 2005). It has been estimated that nearly 30% of the world’s
population is at risk for some from of iodine deficiency disorder (Dissanayake,
2005). In the water, iodine exists mainly in two states, I” and 103, both of which
behave conservatively. Seawater is the biggest reservoir of iodine (average
concentration of 60ug/L), sedimentary rocks have much higher iodine content
as compared to igneous rocks, and the transfer of iodine from marine to the
terrestrial environment is via the atmosphere (Fuge, 2005). The residence time
of iodine in the ocean and in the atmosphere is about 350,000 years and 18
days, respectively. Iodine has 37 isotopes, whose atomic weight ranges from
108 to 144, but only iodine-127 is stable, forming almost 100% of the mass.
Short-lived isotopes of I, *'I, and "I, released from human nuclear-related
activities, represent some threats to human health, with '*’I posing the great-
est risk. It has been estimated that in the Chernobyl accident, 35 MCi of "'l
were injected into the atmosphere (Fuge, 2005). The most useful radioactive
isotope of iodine is '*I. It has a half-life of 15.7 + 0.04 million years and it is
one of 34 known radioisotopes with half-lives of greater than one million
years. In radioactive waste disposal business, '*I is recognized as a bad
radionuclide because its very long half-life makes it persist and because it is
anionic and is therefore not delayed by any of the mineral barriers (Wiles,
2002). In many ways, '*I is similar to **CL. It is a soluble halogen, is fairly non-
reactive, exists mainly as a nonsorbing anion, and is produced by cosmogenic,
thermonuclear, and in situ reactions. As is the case with *Cl/CL, **I/I ratios in
nature are quite small, 10" to 107". The possibility of using '*I as an envi-
ronmental tracer was suggested a long time ago (Edwards, 1962), but our arena
of discussion is limited to the very old groundwater-dating application of '*I,
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which was realized much later. Iodine-129 was also used in rainwater studies
following the Chernobyl accident. Anthropogenic '*I such as those produced
by radioactive wastes may also serve as a dating tool for young groundwater
and may help to estimate groundwater recharge. Recently, Schwehr et al.
(2005) have demonstrated the possibility of using I (together with '*'I) as a
hydrological tracer for past river flow condition. Xenon-129, the daughter
product of 1, is fundamental to give an estimate in the closure of main geo-
chemical reservoirs on Earth (crust-mantle-atmosphere) and on the differen-
tiation of our planet (D. Pinti, personal communication).

6.5.1 Production of '*I

Iodine-129 is produced in seven different ways:
1. By spallation of stable Xe isotopes in the stratosphere, e.g.,
UXe+P - 'ZI+P+a

2. By cosmic-ray spallation of Ce, Ba, and Te isotopes and importing the
produce through cosmic dust and meteorites (Fabryka-Martin et al.,
1989),

3. By volcanic emission of '*I which was produced as a result of the fission
of uranium isotopes in the Earth’s interior,

4. In the lithosphere, from spontaneous fission of uranium-238 and
neutron-induced fission of uranium-235, the former reaction being the
main contributor,

5. From aboveground nuclear testing during 1960s and early 1970s; peak
I/I during this period reached about 1077,

6. From the Chernobyl accident in 1986 (about 1.3kg), and

7. From nuclear power and nuclear fuel re-processing facilities. [odine-129,
together with **Cl, are the only elements that can escape from the nuclear
fuel waste disposal repositories and enter the surrounding environment.
Almost all radionuclides will remain trapped, either in the fuel itself or
within a very short distance of it (Wiles, 2002). It is estimated that about
8% of "I produced in the radioactive waste may be released to the
groundwater (Wiles, 2002).

Notes
a. The natural atmospheric production of "I (i.e., items 1-3 above) leads
to a steady-state isotopic '*I/I ratio of 1.1 0.4 x 1072 or 2 x 10* atoms/L
if iodine concentration in rainfall is assumed to be 3ppb (Fabryka-
Martin et al., 1987). This value is considered as pre-bomb recharge water
concentration (initial value),
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b. The lithospheric production of '*I depends on the uranium content of
the given rocks. Sedimentary rocks produce insignificant amounts, while
uranium-bearing rocks such as igneous rocks produce I, some of the
produced '®I decays. Therefore, the amount of '*I available for migra-
tion into groundwater depends on the balance between production and
decay. Also, not all "I present in the rock can migrate into groundwater.
Having said these, it is obvious that calculating the amount of lithos-
pheric production, and subsequent migration, is a huge task. A number
of equations and a thorough, albeit incomplete, discussion can be found
in Fabryka-Martin et al. (1985, 1989). One of these equations is repro-
duced here (6.12) to alert the reader of the complexity of the parame-
ters needed to calculate the rate of such production. The production rate
P of "I atoms per unit volume of rock is calculated by

= SNk Yipg(1-6)
ou

— AN (6.12)

where

Ny = concentration of I in unit bulk volume of rock (atoms/cm?),
fu = fractional concentration of uranium in rock (g/g),

Ay, = spontaneous fission decay constant (yr),

Y120 = spontaneous fission yield at mass 129,

N, = Avogadro’s number (6.02 x 10* atoms/mole),

o, = molecular weight of Z*U (g/mole).

Moran et al. (2002b) summarize the inventory and flux of '*I in the environ-
ment as in Table 6.4.

TABLE 6.4. Inventory and/or Flux of I

Resevoir/Source Inventory (kg) Flux

Natural inventory in the surface 100 (of this 0.5g is
environment in the atmosphere)

Atmospheric bomb tests 100

Chernobyl reactor accident 1.3

Savannah River Nuclear fuel 2.8kg/year (1964-65)
reprocessing plant, USA decreased to 0.7

in the late 1970s

Three other major and a few minor Unknown amount
fuel reprocessing plants in the
USA

Fuel reprocessing plants at Sellafield, 2,360 between 1966 3-9% of this was
England, and Cap de La Hague, and 1997 (= 420 escaped to the

Europe Curie) atmosphere
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6.5.2 Sampling, Analysis, and Reporting the Results

Normal filtering of the samples is necessary to avoid particulate matters.
Sample volume required depends on the iodine concentration; about 1-2mg
of iodine is needed, but higher amounts are preferred to handle them confi-
dently and to be able to perform replicate analysis. However, because iodine
concentration in groundwater is usually low, sample volumes are generally not
small. Water samples to be analyzed for '*I have to be prepared for target
loading by AMS (earlier, measurement of '*I was undertaken by neutron acti-
vation analysis). A good reference regarding analytical procedure for meas-
urement of "®I of groundwater sample is that by Schwehr et al. (2005). The
following steps are to be followed to extract the iodine from the water sample
for AMS loading (from Moran et al., 2002b, and Fehn et al., 1992):

Pre-concentration of the sample by rotary vacuum distillation,
Addition of a 2-4-mg low "I carrier ("*I/I of about 1077),
Acidification of samples by adding HNO;,

Addition of 5-15mL of CCl, (carbon tetrachloride),

Oxidization of I to I, as well as the dissolved organic matter with about
5-mL H,0, (hydrogen peroxide),

6. Addition of 20-30mL of 1 mole NH,OH-HCI (hydroxylamine
hydrochloride) to reduce any 1053,

7. Back-extracting sample iodine by using a 0.1M NaHSOi;/H,SO,
(sodium bisulfite/sulfuric acid) acid solution,

Nk

8. Addition of 2mg of CI" and co-precipitation of Agl and AgClI using
AgNO;,
9. Dissolution of AgCl using NH,;OH (ammonium hydroxide), and
10. Centrifuging the remaining Agl, rinsing it with deionized water and
drying it.

About 80% of the iodine is extracted from the water sample using the above
procedure. The final prepared sample is an Agl pellet weighing 2-5 mg, which
can be loaded to AMS for '*I analysis. Only a limited number of laboratories
worldwide, as cited in Table 2.2, have the capacity to analyze water samples
for '"”I. The cost of "I analysis by AMS at PRIME Lab, Purdue University,
USA, is USD 350 if samples are prepared by the customer. Sample prepara-
tion, however, costs almost USD 500 if only one sample is submitted, but it is
reduced with an increase in the number of samples.

In the hydrological studies, '*I concentrations are usually reported as the
ratio of '¥I to the total I, i.e., "I/l (note that I is virtually all iodine-127). Due
to the smallness of this ratio, it is multiplied by a coefficient, i.e., "I/ x 10%.
However, the coefficient is not well established as yet, whether it is 10" or 10"
(unlike chlorine-36, which the coefficient is usually 10"). Here, in the calcula-
tions, we have chosen 10". Iodine-129 analysis results can be reported in
atoms/liter as well. '*I/I value is converted to atoms/L using Equation 6.13:
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I(in atoms per liter)=4,700 x B x R (6.13)

where B is the concentration of iodine in the sample in pg/L and R is
1T x 10",

Example: If the "I/ x 10" in a water sample is 41 and the concentration
of I" is 14ug/L, what would be the concentration of '*I in the sample?

12](in atoms per liter) = 4,700 x B x R =4,700 x 14 x 41 = 2,697,800 atoms/L

Note that I concentration in groundwater can also be reported as radioactive
activities, i.e., mBq/L or dpm/L, but this has not seen serious adaptation in the
literature.

6.5.3 Age-Dating Groundwater by '*I

Todine-129 decays by beta emission to '*Xe,

P HXe+p +V
After entering the groundwater system, I starts disintegrating into '*Xe. If
there is neither subsurface production nor leaching of '*I from the surround-
ing formations, as time goes by, the concentration of '*I in the groundwater
decreases following the decay principles. To calculate the age of groundwater,
we need to have the concentration of "1 in the recharging water (initial value)
and in the sample and substitute these two in the simple decay equation:

1291 — lZ‘)IOeflt

For dating groundwaters, the initial I/ value of 1.1 + 0.4 x 107", correspon-
ding to 2 x 10* atoms/L, is adapted. For dating pore waters, the initial *I/T
value of 1.5 x 1072, which is that of the recent sediments below the zone of
bioturbation (Moran et al., 1998), is used.

Example: If the concentration of '*I in a groundwater sample is 14,000
atoms/liter, what is the age of this sample?

129
t=—In I /l = —lnM 4.41x107%=8,080,514 years
297, 20000

With such assumptions (no subsurface production or addition), '*1 suits dating
groundwaters whose age ranges from 2,400,000 to 52,000,000 years (assuming
10% and 90% of the original atoms are decayed), effectively covering the
waters recharged during the entire Tertiary age. Fabryka-Martin (2000) put the
upper limit of the age range at 80,000,000 years, which is based on the disin-
tegration of 97% of the original atoms, a condition that may not be analyti-
cally possible to fulfill.
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Note We can neglect the subsurface production, when and if "I concentra-
tion in the sample is below the aforementioned initial value. In the study of
brines and hydrothermal fluids, subsurface production is usually assumed to
be negligible. In freshwater aquifers, however, subsurface production and
leaching from surrounding formation may be the dominant factors in con-
trolling the concentration of '*I. In such cases, as time goes by, the concen-
tration of I in the groundwater increases. Therefore, the higher the
concentration of "I, the older the groundwater. To date groundwater, we
would then need to calculate the annual underground production rate. To dis-
tinguish between anthropogenic sources and natural subsurface production of
12T we need to measure some other tracers such as tritium. If bomb tritium is
present in the groundwater, then the high concentration of "I (above initial
value of 2 x 10* atoms/L) is either due to subsurface production or a result of
anthropogenic sources. If bomb tritium is absent, anthropogenic sources are
ruled out and the high concentration can be confidently attributed to the
subsurface production. Moran et al. (1995) attempt to produce a curve that
integrates both the decay curve and the underground production curve of '*1.
The main problem, however, is how to satisfactorily calculate the annual pro-
duction rate.

6.5.4 Advantages and Disadvantages

Advantages
1. Iodine-129 is the longest half-life isotope in the dating business; it is thus
suitable to date very old groundwaters in the range of tens of millions
of years and also to date very old brines and formation waters.

2. The geochemistry of iodine is simple, because it is near conservative.

3. Due to long residence time of iodine in the ocean and its long residence
time in the atmosphere, pre-anthropogenic 'I/I ratio for the entire
hydrosphere is spatially and temporally constant and that local or short-
term variations are smoothed out (Moran et al., 1995). This means that
a verified universal initial "®I/I (natural) ratio can be adapted for age
calculations.

Disadvantages

1. Not many aquifers worldwide are that old to have the criteria to be dated
by this technique.

2. Uncertainties in the initial value of "®1/I because of significant temporal
changes in the cosmogenic production rates and rate of release by vol-
canic activities (Fabryka-Martin, 2000).

3. Laboratory facilities are limited and the cost of analysis is, therefore,
high.

4. Subsurface production of I is difficult to quantify, while it is sometimes
the dominant source of 1.
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6.5.5 Case Studies

129I

Nankai Hydrate Field, Japan Due to the long half-life, the majority of
age-dating studies have dealt with pore waters associated with gas hydrates,
oil field brines, and hydrothermal systems (Fehn et al., 1990, 2000; Moran et
al., 1995). Fresh groundwaters have been studied to a limited extent by this
technique. Here, we discuss a dating study of the pore waters sampled from
two deep boreholes (BH-1 and Main) in the Nankai hydrates field, 50 km off
the mouth of the Tenryu River, central Japan (Fehn et al., 2003). Gas hydrates
deposits of the continental slopes contain very large quantities of hydrocar-
bons mainly in the form of methane. Pore waters associated with such deposits
are rich in iodine. The close association of iodine with organic matter and the
strong iodine enrichment found in pore waters associated with gas hydrates
suggest a similar origin (organic-rich source formations) for both iodine and
methane (Fehn et al., 2003). Therefore, the origin and age of the pore waters
(through "I dating) would provide some clues about the origin of the hydro-
carbons (methane). Table 6.5 presents the result of '*’I dating on 12 pore water
samples, 5-15mL in volume, squeezed from sediment cores sampled in the
Nankai field. The core samples were recovered from different depths of the
two boreholes. Iodine-129 ages showed that the pore waters are older than
both the host sediments and the subducting marine sediments whose ages are
less than 2 and 21 million years, respectively. Pore water age data, therefore,
led Fehn and his colleagues to conclude that methane in the gas hydrate
deposits is neither derived from the present host sediments nor from the
current subducting sediments; rather it is related to the release and long-time

TABLE 6.5. The Results of "I Analysis of the Pore Waters in Nankai Hydrates
Field, Japan

Hole Depth (mbsf*) I (uM) PIT (x10%) Age (x10° years)
BH-1 26 120 276 £ 52 38
BH-1 31 130 520 £ 120 24
BH-1 102 100 1,490 + 130 0
BH-1 120 230 298 + 50 37
BH-1 170 220 390 =70 31
BH-1 170 220 330 £ 120 34
BH-1 173 230 181 £ 41 48
BH-1 216 220 180 + 100 48
BH-1 247 190 280 = 70 38
Main 209 200 470 £ 120 26
Main 210 200 400 £ 310 30
Main 223 190 350 £ 190 33
Seawater 0 0.4 1,500 £ 150

*: Meter below surface
Source: Reproduced with GSA permission from Fehn et al. 2003.
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recycling of fluids from marine formations of early Tertiary age. In this study
the "I/l marine input ratio of 1,500 x 107 has been adapted as the initial
value of "I to calculate the age of the samples.

Great Artesian Basin of Australia The Great Artesian Basin, or GAB, is a
world-known mega-aquifer, there is no need to describe its general charac-
teristics here once more. lodine-129 analysis of nine water samples along two
separate flow lines of the GAB were undertaken by Fabryka-Martin et al.
(1985) in 1982. The water samples were collected close to the recharge area,
which is characterized by low iodine and "I concentration (Group A) and
from the deeper part of the aquifer, which has higher concentrations of iodine
and '"®I (Group B). In both groups, however, samples had '*I concentration
higher than that of the recharge water. lodine-129 content of Group A samples
ranges from 0.5-2.7 x 10° atoms/L and Group B samples from 2.8-25 x 10°
atoms/L). As pointed out earlier, normally '*I concentration in the recharge
water is 2 x 10* atoms/L. The conclusion was that underground production of
T is the dominant process in the GAB. Consequently, Fabryka-Martin and
her colleagues were not able to deduce the age of the samples using '*1 iso-
topic decay principles. In a recent study (Lehmann et al., 2003), '*I content of
four water samples from the GAB were measured at 2.4, 1.5, 1.1, and 2 (x10°)
atoms/L. These measurements were used to interpret the *Kr and **CI dates
and showed that "I in the GAB originates from both the pore water of the
confining layer of shale and from the atmosphere. Therefore, no '*’I ages were
calculated.

Generally, it is safe to argue that no study has so far resulted in the
quantitative age estimation of fresh groundwater resources. The method per-
formance has been, however, satisfactory for brine and thermal springs. A list
of aquifers and various oil and gas fields studied by the I method is pre-
sented in Table 6.6.

Two major recent studies concerning 'I are those by Moran et al. (2002b)
and Cecil et al. (2003). The former discusses the concentration of I in some
major rivers in North America and Western Europe and the emission of I
by nuclear fuel reprocessing facilities. The latter determined the '*I back-
ground concentration in the Snake River plain aquifer in Idaho, USA, to be
5.4 x 107 Curies/L, by analyzing '*I content of 52 ground- and surface water
samples. Such background value is needed to evaluate and quantify the impact
of radioactive waste disposal practices at the Idaho National Engineering and
Environmental Laboratory (INEEL), on the concentration of ™I in the
environment.

1291

6.6 URANIUM DISEQUILIBRIUM SERIES

Uranium was discovered in 1789 by Martin Klaproth. Its discovery caused
little interest until 1869, when Henry Becquerel discovered radioactivity
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TABLE 6.6. Worldwide Case Studies Involving the I Dating Method

Aquifer/field Age (x10° years) Reference

Milk River aquifer of Alberta, No age obtained Fehn et al. (1992)
Canada

Stripa groundwater, Sweden No age obtained Fabryka-Martin et al. (1989)

Great Artesian Basin, Australia No age obtained Fabryka-Martin et al. (1985)

Gulf Coast brines, Southern 8+4 Fabryka-Martin et al. (1985)
Louisiana, USA

Oil field brines from the U.S. 53-55 Moran et al. (1995)

Gulf Coast basin (Texas,
Louisiana, and Gulf of
Mexico)

Deep marine brines in the 80 (minimum) Bottomley et al. (2002)
Canadian Shield

Hydrothermal fluids of eastern 0.01-0.1 Fabryka-Martin et al. (1991)
Clear Lake, California, USA

Gas hydrates of Blake Ridge 55 Fehn et al. (2000)
in the Atlantic Ocean

Gas hydrates field, Nankai, 24-48 Fehn et al. (2003)
Japan

in uranium salts. Since then, uranium has become an important element.
Uranium oxide has been used since Roman times for yellow pigments in glass.
Uranium is of great importance as a nuclear fuel. Although only mildly
radioactive, uranium compounds are toxic. Much of the internal heat of the
Earth results from the radioactive decay of uranium and thorium (together
with potassium). Uranium’s atomic weight and number are 238 and 92, respec-
tively. Uranium has 24 isotopes, all radioactive, ranging in mass from 218 to
242, but only 9 of them have half-lives of longer than days. Naturally occur-
ring uranium nominally contains 99.28305 by weight **U, 0.7110% **U, and
0.0054% **U. Uranium decay series include a chain of a series of atoms start-
ing from **U (parent) to *Pb (final product). Uranuim-238 with a long half-
life of 4.51 x 10° years has been used to estimate the age of igneous rocks and
the Earth (Patterson, 1956). Hydrologic application of uranium disequilibrium
in the groundwater has long been recognized (Osmond et al., 1968; Kaufman
et al., 1969). In addition to dating groundwater, uranium disequilibrium phe-
nomena can be used to study chemical erosion and the source of solutes in
the rivers (Vigier et al.,2005), to solve the question of deep groundwater inflow
into surface waters (Durand et al., 2005), to determine the source of fluvial
sediments like alluvium (Yeager et al., 2002), to monitor changes to ground-
water flow regime over time (Clark and Fritz, 1997), and to quantify mixing
of surface water and groundwater (Briel, 1976).

Uranium-238 decays to uranium-234 through a three-step alpha and beta
decay:
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35U = 2 Th+ 0 — 34Th — 3Pa+B - 3iPa— ZHU+B

The product, uranium-234 with a half-life of 2.46 x 10° years, disintegrates also
into thurium-230 by alpha decay reaction.

U - 3 Th+o

Therefore, as *U atoms decays to **U, **U simultaneously disintegrates to
»0Th. As a consequence, on the one hand, **U atoms are increased, and on
the other hand, they are decreased. So, in a closed geologic system where there
is no extra source or sink for any of these two isotopes, after about 1,000,000
years, there will be a radioactive equilibrium between #*U and its parent **U,
1.e., their alpha activity ratio is 1.00. The reason for such conclusion is that after
10° years (almost four times that of the half-life of **U) almost all initially
existed 2*U atoms are decayed and there will be no further **U atom to decay
unless they are freshly produced by **U disintegration. However, if there is a
source or a sink for any of these two isotopes (or the age of the system is less
than 1,000,000 years), this equilibrium will not happen. This principle forms
the basis of what is called uranium disequilibrium series, which is used for
hydrological applications. A sink for #*U (or if the system age is less than 10°
years) will lead to a **U/**U ratio of higher than unity. This is the case for
most natural waters and oceans (Osmond et al., 1968). Uranium-234 is more
mobile and is leached easier from where it is produced, as compared to **U.
The reasons for such behavior include (1) nuclear recoil-induced bond break-
age, (2) displacement of the #*U within the crystal structure, and (3) oxidation
of #*U to 6" valence as a result of recoil within the lattice (Osmond et al., 1968,
and various other references). Another, possibly important, factor is the direct
alpha recoil of #*U from the solid into the aqueous phase (Kronfeld et al.,
1975).

6.6.1 Sampling, Analysis, and Reporting the Results

Groundwater samples just need to be free from particulate matters and hence
may not need filtering through 0.45 micron filters (Osmond and Cowart, 2000).
Collected water samples are analyzed for their uranium and **U/**U ratio by
either alpha spectrometry or more recently by mass spectrometric analysis.
The former is cheaper, is time-consuming, and needs high sample volumes of
up to 20 liters. The latter is quicker, expensive, and more precise. The result
of analysis is reported in uranium concentration in pg/L and in the ratio of
B4U/A8U, or simply called activity ratio, or in brief AR.

6.6.2 Dating Groundwater by UDS

Disequilibrium of **U/®U and its variability in groundwater is due to the
passage of groundwater through various geological formations and different
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hydrogeochemical conditions. It is also partly due to the different leaching rate
of #*U and **U. Because **U is leached easier, groundwaters have **U/*U
ratios higher than 1. In terms of *U/**U ratio and uranium content, three dif-
ferent zones can be recognized in a regional flow system (Ivanovich et al.,
1991):

1. Oxidizing recharge zone where uranium content is high and **U/**U is
moderate.

2. Redox front (the point of intersection of oxidizing and reducing ground-
waters) where both uranium content and **U/**U are high.

3. Deep aquifer zone, which is characterized by constant, low-uranium con-
centration and steady decrease of the Z*U/**U ratio.

The basis of dating groundwater by **U/?*U is the decrease in the activity
ratio of #*U/**U from recharge area toward downstream (downgradient), i.e.,
from zone 1 to zone 3. This happens because **U decays with a faster rate
than 28U due to its shorter half-life. However, the two main downturns of this
principle are

1. Addition of #*U along the flow path (recoil of *Th downgradient may
add to *U content of groundwater), and

2. The fact that age obtained through this principle is the age of uranium,
not the age of groundwater because uranium travels downgradient at a
slower rate than water molecules due to retardation and adsorption on
the aquifer matrix (Osmond and Cowart, 2000).

To overcome these problems, a phenomenological model was developed by
Ivanovich et al. (1991) to account for the evolution of uranium isotopes by
taking into account dispersion, radioactive decay, and the first-order kinetic
nature of sorption processes.

If a simple **U isotopic decay is assumed, the age of groundwater may be
determined by Equation 6.14.

— J (modified after Osmond and Cowart, 2000) (6.14)

where A is the decay constant of **U, C is the *U/**U ratio of a deep ground-
water sample, and C, is the same ratio upflow near the redox front (initial
value).

Example: The AR (or C) of a groundwater sample is 1.5. If the AR (or Cy)
of groundwater at the redox front of the aquifer is 2.5, what is the age of this
sample?

t=— ! ln[ 15— 1} =-354,903 x In0.33 = 389,901 years
28x10° [25-1
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The range of groundwater age datable by this method is thought to be from
10,000 years to 1.5 million years (Ivanovich et al., 1991), but this is just a rough
suggestion and has yet to be proved. To be able to date groundwater success-
fully, one needs to know the configuration of aquifer porosity, the distribution
of uranium and geochemical conditions in the aquifer, and the liquid to solid
distribution coefficient of the uranium and its spatial variability in the ground-
water and in the aquifer matrix. Kigoshi (1971) and Andrews et al. (1982) pro-

TABLE 6.7. Advantages and Disadvantages of Various Dating Methods

Method Advantages Disadvantages
SIKr No subsurface and Limited laboratory facilities
anthropogenic sources for It has not been fully
SIKr demonstrated as yet
Limited geochemical reactions
The only method to
quantitatively date very old
groundwaters
C1 Relatively large number of Subsurface sources for *Cl
laboratories worldwide Initial value problem
Well-known case studies The method is not applicable to
Data can be used for other brackish and saline
scientific applications groundwaters
‘He The method has been used in Calculating *“He accumulation
a large number of aquifers rate is a huge task
and oil well fields Many sources for ‘He
It covers a large age range Lengthy and delicate sample
from thousands to millions preparation procedure
years
In addition to age information,
the data can be used for
other scientific purposes
YAr It could prove to be a The method has not been used
supplement to the ‘He extensively and is yet to be
method verified
“Ar data can be used in “He
method for confidence
building
2] Subsurface sources of 1 that
are difficult to quantify
Uranium It could be a supplementary The method may be considered
disequlibrium method as obsolete, but may also be

series

Measured data have
applications other than
dating

revived with the invent of the
sophisticated analytical
facilities
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posed Equation 6.15 to account for some of the factors that prevent the use
of simple decay equation:

o 1 In [U]sx(C-[U],)-0.235[U],pSR
Y (Co-1)[U],-0.235[U],pSR
modified after Metcalfe et al. (1998) (6.15)

where [U]; is the uranium content in groundwater (ug/kg), [U], is the natural
uranium content of the rock (ug/g), S is the surface area (cm?’/mL), and R is
the recoil range of **Th = 3 x 10, The rest of the parameters are as in the
decay equation.

6.6.3 Case Studies

Dating groundwater by the **U/?*U method has been applied to only a limited
number of aquifers worldwide. These include the Carrizo sand aquifer, Texas,
USA (Cowart and Osmond, 1974), Stripa granite, Sweden (Andrews et al.,
1982), Triassic Bunter sandstone aquifer of east Midland, UK (Andrews et al.,
1983), and Milk River aquifer, Canada (Ivanovich et al., 1991). Here we briefly
report the result of the last case. Twenty-one groundwater samples were col-
lected from the Milk River aquifer and analyzed for uranium, *'U and **U.
The uranium values range from 0.008 to 14ug/kg, **U activities from 0.02 to
19dpm/kg (disintegration per minute per kilogram), and **U activities from
0.005 to 10.3dpm/kg. The **U/?*U activity ratio in the Milk River aquifer
decreased from about 10.8 at the recharge zone to about 3 some 60km down-
stream. Applying Equation 6.14 the age of groundwater at 60km downstream
is estimated at

fom 1 1n|: 3-1 } =-354,903 x In 0.2 = 246,000 years
28%x10° 110.8-1

This age estimation is based on a simple decay model. However, using a pheno-
menological model (described above), the age of groundwater in the Milk
River aquifer was determined to be younger. At the end of this subchapter we
should remind the readers of the fact that dating groundwater by uranium dis-
equilibrium series has not received any attention during the past 15 years.
Therefore, it is safe to say that it can no longer be regarded as a dating method.
The advent of mass spectrometric analysis of uranium isotopes, which are
quicker and more precise, may, however, revive this method to some extent.
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MODELING OF
GROUNDWATER AGE AND
RESIDENCE-TIME DISTRIBUTIONS

In this chapter, we try to mathematically describe how groundwater ages
obtained by various methods—as described in the previous chapters—can be
different from or similar to the real ages of each groundwater molecule/par-
ticle we sample in any dating study. Such a chapter is unprecedented in the
groundwater textbooks, especially those that target Earth science specialists.
Therefore, in contrast to all other chapters, it is necessary to start with a broad
overview of the subject and to proceed step by step to help the average reader
have a general impression of the content of the chapter.

The migration of groundwater particles through an aquifer is governed by
the physical transport processes of advection, dispersion, and diffusion, which
are described by the well-known flow and transport equations (see, e.g., Freeze
and Cherry, 1979; Wang and Anderson, 1982; Huyakorn and Pinder, 1983; de
Marsily, 1986; Fetter, 1999). As an intrinsic property of these moving particles,
their respective age can therefore be assimilated to an extensive quantity
evolving in space depending on the structure of the flow field, itself dictated
by aquifer heterogeneity and recharge and discharge conditions. Hence, in any
aquifer, groundwater particles move at various speeds along flow paths of
various shapes and lengths. The morphology of the flow paths characterizes
the geometric nature of a given flow system and determines the time water
and rock are in contact. In regional systems, ages or residence times are often
found between very short and very large values. The major consequence of
this is that a groundwater sample taken in the aquifer, or at any of its outlets,

Groundwater Age, by Gholam A. Kazemi, Jay H. Lehr, and Pierre Perrochet
Copyright © 2006 John Wiley & Sons, Inc.
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includes a range, or a distribution of particle ages. Hence, full groundwater age
information at a given location must be represented by a frequency distribu-
tion, in the statistical sense, and not by a single value. This distribution may
possibly exhibit a complex shape and cover a wide variety of age values
depending on the aquifer nature and its hydrodispersive components. For
example, multimodal, asymmetric, and skewed distributions are expected in
cases of multilayer aquifers, fracture porosity, and fault systems. Figure 7.1
illustrates the residence-time variations in relation to the many possible flow
paths leading to the discharge zone of a regional multilayer system. Depend-
ing on where infiltration takes place, these flow paths may reach different
depths, and imply extremely different travel times to the outlet, affecting water
chemistry and mineralization accordingly.

Groundwater age-dating by various tracers described in Chapters 4-6 gen-
erally gives us an average value for a given sample. This value as described in
Chapter 3 is certainly very instructive and useful but gives no information at
all on the actual age distribution and its possible complex features, which
remain unknown. In fact, many age distributions can have the same average
value (statistical mean, or first moment), and this average is sometimes far
from the modes of the unknown distribution, namely the most frequent age
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Figure 7.1. Illustration of a regional hydrogeological system with the different possi-
ble flow paths and travel times from the recharge to the discharge areas.
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occurrences in the sample. Using the mean ages to evaluate aquifer charac-
teristics such as recharge rates and flow velocities should therefore be made
very carefully, and in principle only for relatively simple hydrogeological con-
figurations for which standard age distributions can be enforced. For other,
more complex flow systems, the mean age interpretation may lead to erro-
neous conclusions with sometime severe consequences when water quality and
water protection issues are addressed.

To date, the only ways to determine groundwater age and residence-time
distributions are those of mathematical modeling based on the solution of age
transport equations. To perform accurately, these approaches require full
hydrodynamical description of the aquifer under investigation and the knowl-
edge of its flow field. In general, the flow field is derived from the solution of
the steady-state groundwater flow equations for calibrated hydrodynamical
data sets. The calibrated flow field is then used as input, as well as other
hydrodispersive parameters, to calculate the age transport processes and the
resulting age distributions.

The following sections provide an overview on groundwater age modeling
techniques from the 1960s up to the present state-of-the-art, and some
mathematical basics on groundwater age transport, groundwater age, and
residence-time distributions, as well as illustrative typical examples.

7.1 OVERVIEW AND STATE-OF-THE-ART

To quantify the distribution of ages in aquifers, several types of mathematical
models have been developed during the past decades, and research in this field
is progressing rapidly. The classical age modeling practice consists of using
simple analytical models, commonly called lumped-parameter models, to
interpret environmental tracer data. This type of approach has been exten-
sively used and is still very popular (e.g., Maloszewski and Zuber, 1982, 1993;
Campana and Simpson, 1984; Balderer, 1986; Richter et al., 1993; Amin and
Campana, 1996). With lumped-parameter models, simple specific age distri-
butions describing piston flow, exponential mixing, combined piston-
exponential mixing, or dispersive mixing are assumed beforehand, sometimes
very arbitrarily. The inverse problem is then solved by fitting the model
response to tracer measurements by adjustment of some parameters (see
Figure 7.2). This procedure calls for significant simplifications, which are often
not justified, such as neglecting the reservoir structure, as well as the spatial
variability of infiltration rates (Campana, 1987) and aquifer flow and transport
parameters. Amin and Campana (1996) proposed to model the mixing process
effects by means of a three-parameter gamma function ranging between no
mixing (piston-flow model) and perfect mixing (exponential model).
Lumped-parameter models are often used to make inferences on ground-
water flow velocities, aquifer turnover time, and recharge rates. However,
sound verifications of the reliability of such models can hardly be found (e.g.,
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Figure 7.2. Comparison between turnover times at the Lutry spring (Switzerland),
obtained with the classical linear (LM), piston-flow (PM), exponential (EM) and dis-
persive (DM, with three sets of parameters) models (adapted from Etcheverry, 2002).
The solid line indicates the absolute difference between the modeled values and the
average age measured at the spring by the *H method (in Tritium units).

see Haitjema, 1995; Luther and Haitjema, 1998; Etcheverry and Perrochet,
2000). Haitjema (1995) provided some guidelines for the use of lumped-
parameter models and derived an analytical solution of the exponential model
for semiconfined stratified aquifers. Luther and Haitjema (1998) claimed that
the conditions for the validity of the exponential model (horizontal flow and
homogeneous aquifer with respect to porosity ¢, recharge rate i, and saturated
thickness e) can be extended to configurations where the ratio ¢e/i (namely
the only free parameter in the exponential model) remains constant through-
out the aquifer. This ratio is the system turnover time, or average residence
time, which means that a water sample taken anywhere in the reservoir must
give a mean age corresponding to the aquifer turnover time. Such a configu-
ration and these uniform mean age conditions may hardly be found in nature,
making the assumptions of Luther and Haitjema (1998) rather limiting. As
demonstrated by Etcheverry (2001) a simple linear variation of the thickness
e significantly influences the shape of the theoretical exponential age distri-
bution. Classically, and for simplicity, age transport has also often been
assumed driven by the only process of advection. In doing so, average ages can
indeed be calculated easily, either analytically if the flow configuration is
simple, or numerically by postprocessing the results of a groundwater flow
model with particle-tracking techniques. Given a known velocity field, parti-
cle-tracking algorithms basically track down a certain number of released
particles along path lines and during selected times. This can be done either
forward by following the flow lines downstream or backward by following the
flow lines upstream. However, the resulting advective ages ignore the effect
of dilution, dispersion, and mixing on age transport (Cordes and Kinzelbach,
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1992) and often reveal to be ill posed in complex heterogeneous systems
(Varni and Carrera, 1998), for which the three-dimensional implementation is
subject to severe technical problems. Moreover, particle-tracking techniques
do not allow the calculation of residence-time distributions, since the moving
groundwater volumes are not associated to the simulated ages. Nevertheless,
the particle tracking method is very popular and may provide some help to
validate dating methods, mainly isotopic methods, which consider the disinte-
gration of radioactive isotopes as the age index (Smith et al., 1976).

An example of advective age simulation by particle tracking is shown in
Figure 7.3(a), representing a plan view of a horizontal aquifer with a pumping
well. Backward particle tracking is applied from the well, and isochrone
markers at specific times (black dots) give an idea of the life expectancy of
water particles in the well capture zone (i.e., the time left before absorption
of these particles by the well). The advective capture zone of the well can
therefore be delineated by the envelope of all isochrone markers. Following
this approach, water particles are either in or out of the capture zone.
However, it is clear that water particles also move laterally under dispersion
and diffusion processes and, thus, depending on their distance to the well, may
eventually exit or enter the capture zone. When comparisons are made
between modeled and measured ages, the importance of accounting for age
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Figure 7.3. Example of groundwater age simulations in a shallow horizontal aquifer
including a pumping well (modified after Cornaton, 2004). (a) Hydraulic heads and
advective life expectancy calculated by the back-tracking method. (b) Advective-
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diffusion and dispersion has been pointed out by many authors (e.g., Sudicky
and Frind, 1981; Maloszewski and Zuber, 1982, 1991).

More elaborated quantitative approaches consider groundwater age as an
extensive property, where transport through an aquifer can be described by
volume-averaged field equations of the advective-dispersive type (e.g.,
Spalding, 1958; Harvey and Gorelick, 1995; Goode, 1996; Ginn, 1999). Com-
paring various modeling results with the experimental data of a complex
system, Castro and Goblet (2005) found that the mean age field resulting from
advective-dispersive age mass transport (Goode, 1996) was the most consis-
tent. Varni and Carrera (1998) derived a set of recursive, temporal moment
equations that were also compared to radiometric age measurements. Accord-
ing to Harvey and Gorelick (1995), the first four moments (characterizing the
mean, the variance, the skewness, and the kurtosis of a breakthrough curve,
respectively) may provide sufficient information to evaluate the entire age dis-
tribution at a given location. However, this finding only holds in cases where
the principle of maximum entropy applies. Since many natural systems are
likely to reveal multimodal age distributions of complex shapes, within the
reservoir and at the discharge zones, this approach to construct entire age dis-
tributions (a priori unknown) remain somewhat uncertain, or nonunique. For
instance, it is fairly obvious that calculations of mean age, or of age variance,
at a given location (with first and second temporal moment equations) do not
represent the full age picture since many different age distributions may
exhibit the same mean and variance. Examples of mean age and mean life
expectancy simulations including dispersion and diffusion effects are given in
Figure 7.3(b) and (c). The mean age and mean life expectancy fields are
obtained by two solutions of the advective-dispersive mean age equation
(Goode, 1996), with forward and backward flow field, respectively. The mean
life expectancy field in Figure 7.3(c), where the isolines indicate the time
required by groundwater particles to reach one of the two outlets, can be com-
pared to the advective backward particle-tracking solution in Figure 7.3(a),
and the effects of dispersion on the size of the well capture zone can be
assessed. However, none of these advective or advective-dispersive calcula-
tions provides any insight on the entire age or life expectancy distributions at
a given location. For example at the extraction well, where many groundwater
fractions with different ages mix, the knowledge of the entire age distribution
shown in Figure 7.3(d) is of particular interest. However, approaches based on
temporal moment analysis are not suitable for this purpose, and improved
models must be enforced to achieve this task in a deterministic manner for
any arbitrary hydrogeological configuration (Cornaton, 2004; Cornaton and
Perrochet, 2005a, b).

Travel time probabilities have also been a subject of high interest in many
studies characterizing solute transport in subsurface hydrology (e.g., Dagan,
1982, 1987, 1989). The travel time probability is commonly defined as the
response function to an instantaneous unit mass flux impulse (Danckwerts,
1953). In their transfer function approach of contaminant transport through
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unsaturated soil units, Jury and Roth (1990) model tracer breakthrough curves
with one-dimensional travel time probability functions. Shapiro and Cvetkovic
(1988) and Dagan and Nguyen (1989) derived the forward travel time proba-
bility for a mass of solute by using the Lagrangian concept of particle dis-
placement in porous media. Using a stochastic, longitudinal exponential model
for the travel time density function, Woodbury and Rubin (2000) combined
this approach with full-Bayesian hydrogeological parameter inference by
inverting the travel time moments of solute breakthroughs in heterogeneous
aquifers.

The derivation of forward and backward models for location and travel
time probabilities has become a classical mathematical approach for contam-
inant transport characterization and prediction (e.g., van Herwaarden, 1994;
van Kooten, 1995; Neupauer and Wilson 1999, 2001). The spreading of a
contaminant mass is analyzed by following the random motion of solute par-
ticles, and, to do so, the advection-dispersion equation is assimilated to the
Fokker—Planck, or forward Kolmogorov equation. The expected resident con-
centration of a conservative tracer is taken as the probability density function
for the location of a particle, at any time after entry into the system. LaBolle
et al. (1998) recall that the standard diffusion theory, which relates the dynam-
ics of a diffusion process to Kolmogorov equations, may apply at local scale
to advection-dispersion equations if the porosity and the dispersion tensor are
functions varying smoothly in space. To solve these equations, random-walk
procedures are often chosen as alternatives to more standard discretization
methods (see, for example, Kinzelbach, 1992; LaBolle et al., 1998; Weissmann
et al., 2002).

The derivation of adjoint state equations to define backward location and
travel time probabilities was recently revisited by Neupauer and Wilson (1999,
2001). They derived specific forward and backward probabilities to predict
contaminant sources from concentrations measured at monitoring and extrac-
tion wells. Compared to the forward modeling approach used to predict the
future evolution of contamination when the source is known, the backward
modeling approach reveals to be useful when the contamination has been
detected and the possible sources have to be identified.

Following a different line of research, Eriksson (1961, 1971), followed by
Bolin and Rhode (1973), introduced the reservoir theory in the field of envi-
ronmental problems. Originating from chemical engineering, this theory con-
siders a reservoir globally and is particularly useful to address residence-time
issues. In essence, when applied to conservative particles flowing through a
bounded system, the theory links the distribution of particle ages in the inte-
rior of the system to the residence-time distribution of the particle population.
However, in spite of its fundamental features and capabilities, this approach
has not received much attention in hydrogeology until recently (Etcheverry
and Perrochet, 2000; Etcheverry, 2001). These authors proposed a method to
directly calculate the groundwater residence-time distributions at the outlet
of an aquifer of arbitrary heterogeneity by combining the age mass transport
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equation of Goode (1996) to the reservoir theory. One significant advantage
of the method is that full temporal information is recovered at the outlet based
on the solution of only two steady-state equations. Moreover, based on the
internal organization of ages in the entire reservoir, the method minimizes the
loss of age information due to mixing in the vicinity of local outlets where flow
paths converge. The potential of this approach was investigated further by
Cornaton (2004) and Cornaton and Perrochet (2005a, b) who generalized the
reservoir theory to hydrodispersive systems with multiple inlets and outlets,
and combined it to forward and backward Laplace-transformed equations for
location and travel time probabilities. Achieving a particularly high computa-
tional efficiency, these recent works open a range of new research and appli-
cation perspectives, not only in the field of age-dating, but also in associated
contaminant hydrogeology issues involving large time scales. Facing the math-
ematical modelers’ community, sustainable aquifer management with respect
to climatic changes, accurate delineation of well-head protection zones, risk
and safety assessments of nuclear and chemical waste repositories, among
others, are now all 21st-century crucial issues in which groundwater age, life
expectancy, and residence-time distributions play a major role in the long term.

7.2 BASICS IN GROUNDWATER AGE TRANSPORT

This section introduces the basics for modeling groundwater age and
residence-time distributions by combining the reservoir theory to determinis-
tic mathematical flow and transport models. This is made using a formalism
kept as simple as possible, so that the reader can understand the principles of
the method with standard mathematical knowledge and calculus techniques.
However, notions on the modeling of groundwater flow and transport
processes, whose presentation is not the scope of this chapter, are recom-
mended and can be found in influential textbooks such as those by Freeze and
Cherry (1979), Wang and Anderson (1982), Huyakorn and Pinder (1983), de
Marsily (1986), and Fetter (1999).

7.2.1 The Reservoir Theory

The reservoir theory was introduced in environmental sciences by Eriksson
(1961, 1971) to address atmospheric and surface hydrology issues. In the
groundwater context, this theory can be developed from the divergence
theorem applied to particle age-fluxes through a bounded domain
(Etcheverry, 2001; Cornaton, 2004). This global approach enables us to quan-
tify the intrinsic relation between age and residence-time distributions in any
hydrodispersive and mixing flow regimes, and for multidimensional configu-
rations of arbitrary heterogeneity. However, the essential features of the reser-
voir theory are more easily derived and interpreted for averaged steady-state
flow systems, as generally assumed in groundwater modeling practices. In addi-
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tion, the notion of local average ages is adopted in the following sections. This
last restriction is enforced for the sake of mathematical simplicity without
altering the generality and the usefulness of the approach to handle full, locally
dispersed age and residence-time distributions.

Relation Between Internal Ages and Residence Times The simple system in
Figure 7.4 represents a homogeneous aquifer of total pore volume V,, and total
discharge rate Q,. The various flow paths taken by water infiltrating over the
inlet imply a range of residence times over the outlet and a range of ages in
the aquifer. Given one particular, average age contour 7 in the system, ground-
water volumes can be arranged in a cumulative manner, so that the function
V(1) represents the resident volumes where ages are smaller than t. Similarly,
over the outlet, the discharge can be arranged in a cumulative manner, so that
the function Q(t) represents the volumetric rate of water leaving the system
after a residence time smaller than 1. Considering now mass balance, the total
recharge entering the system during the interval t, namely the infiltrated
volume Q,t, must correspond to the sum of the groundwater volume V(1) and
the volume exfiltrated, during the interval, with a residence time smaller than
7. Hence, the relation between Q(t) and V(1) can be written as

O,1= V(r)+}Q(t)dt (7.1)
0

Inlet Outlet

0, o) 0,-0(V)

. Pt

V(1) : volume ,o"f water with
an age less than T

V,- V() : volume of water with
: an age larger than ©

—————————— hydraulic heads s path lines isochrone T

Figure 7.4. Sketch of a reservoir with hydraulic heads, flow lines, and age contour for
age 7. The water in the dark gray area has an age and a residence time smaller than 7.
The water in the light gray area has an age smaller than 7, but a residence time larger
than 7.
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An equivalent relation based on age-mass balance over the pore volume
V() is

T
©. -0+ [ *2a-v(y (72)
0

where the terms in the left-hand side represent, respectively, the age-mass flux
through the age contour 1 and through the outlet. There is no input mass-flux
through the inlet since the average age there is zero. In the above equation,
the function V(t) represents the age-mass production rate generated by the
groundwater particles with age smaller than 7, and the function dQ(t)/d7t is the
flux-average frequency distribution of the residence times over the outlet.

Using mass balance again, another way to relate the functions V(1) and
Q(7) is to consider that the difference between the total recharge Q, and the
partial discharge Q(7) is the discharge occurring after a residence time greater
than 1 (i.e., the groundwater flux through the age contour 7, or the flux of par-
ticles reaching the age 7). This corresponds to the instant rate of increase of
the cumulated volume V(1) around time T and is simply expressed by

_av()
oot

Qo - Q(T) (73)

where dV(t)/dt is the volume-averaged frequency distribution of the ages in
the aquifer. It is easily seen that Equation 7.3 is the time derivative of either
Equation 7.1 or 7.2. Equation 7.3 defines a general relation between the func-
tions V(1) or Q(7), indicating that either one of the functions can be deter-
mined when the other is known. This relation is of a fully deterministic nature
and can be expressed in a more compact form. Considering that the maximum
value of these cumulated functions are V(t =) =V, and Q(t = «) = Q,, and
replacing the time symbol by ¢, the age and residence-time probability density
distributions, y(f) and ¢(f), can be respectively defined by the standardized
expressions

_ 1 V() T _
W=y 5 = (7.4)
and
1 90(t <
ot) = @%, g o(t)dt =1 (7.5)

These two distributions describe the frequency of time occurrences with
respect to fractions of aquifer pore volumes and discharge rates and, there-
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fore, are real statistical distributions that may be used to perform probabilis-
tic inferences. For example, in a sample collected at an aquifer outlet, the frac-
tion of the particles with a residence time between ¢, and f,, or, alternatively,
the probability that one particle in the sample has a residence time in this
interval, is

b

P(ty<t<ty)=[g(t)dt (7.6)
I

Differentiating Equation 7.3 with respect to time and substituting the defini-
tions (7.4) and (7.5) yields

_ Vo ow(n)

°)=-5 "a (7.7)
This equation relates the statistical distribution of groundwater ages y(¢) in
the reservoir to that of the residence times at its outlet @(¢). Replacing, in the
above developments, the notion of age by the notion of life expectancy would
lead to exactly the same results. Since the residence time corresponds to both
the age at the outlet and the life expectancy at the inlet, it is clear that the dis-
tribution of groundwater ages in the reservoir, y(?), is also the distribution of
groundwater life expectancies in the reservoir. Equation 7.7 is the major con-
stitutive statement of the reservoir theory and can be used to gain insights into
some relevant age-related aquifer characteristics.

Characteristic Times The turnover time, T,, expresses the ratio of the total
groundwater volume in the aquifer (or pore volume in saturated conditions)
to its total discharge

— VO
Q,

T (7.8)

and appears as the only scaling factor in Equation 7.7. Substituting Equation
7.4 into Equation 7.3 yields the relation

0, - Q(t) = VOW(t) (79)

which, since Q(z = 0) = 0, indicates that the initial value of the age distribu-
tion, or life-expectancy distribution, is always (¢ = 0) = Q,/V, = 1/1,, namely,
the inverse of the turnover time. Moreover, the cumulative functions V(¢) and
Q(t) are, by definition, nondecreasing functions of time. This implies, from
Equations 7.4 and 7.5, that y(¢) and ¢(¢) cannot be negative and, from Equa-
tion 7.7, that dy(t)/dt cannot be positive. Hence, the statistical distribution of
ages in an aquifer, y(¢), always starts with the value 1/t, at ¢ = 0, is never
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Figure 7.5. Examples of regular statistical distributions of groundwater ages in the

aquifer y(7) and residence times at the outlet ¢(¢) with respective mean values. (a) T,
<1, and (b) 1, > 7.

increasing, and reaches zero at ¢ = o, or at the maximum age (necessarily
located at the outlet). On the other hand, the statistical distribution of resi-
dence times at the outlet, ¢(¢), can have a much less regular shape governed
by the evolution of y(¢), as dictated by Equation 7.7. Depending on the geom-
etry of the flow patterns in the aquifer, ¢(f) can show virtually any initial and
intermediate values, but must also vanish at ¢ = «, or at the maximum resi-
dence time (i.e., maximum age) detected over the outlet. Two examples of
simple age and residence-time distributions are given in Figure 7.5 with their
respective mean values T, and T..

The mean residence time of particles leaving the reservoir, 1,,1s a frequency-
averaged value corresponding to the statistical first moment of the residence
time distribution ¢(7). Making use of the fundamental relation (7.7) and con-
sidering that the integral of the function () is one by definition results, after
integration by parts, in

_T Low(r) Ve o 7 V.
= g 1)dt = 2 g = == o (tlp(t)|0 g w(t)dt]— o= (7.10)

Thus, the mean residence time of the particles flowing through the reservoir
is identical to the turnover time. Similarly, the average age in the aquifer is the
first moment of the age distribution (7). Integrating by parts and making
again use of the relation (7.7) results in

T aw() QO I 2 _ 1 2 2
T,= g w(t)dt _( (t)| g =, )_ngt o(t)dt = > (12 +6?)
(7.11)

where the statistical second moment of the distribution ¢(¢), in the second-to-
last term above, is expressed as the sum of the average residence time squared,
17, and of the variance of the residence time o7 (square of the standard devi-
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ation o,). It can also easily be shown with the above equation that the total
age mass produced in any steady-state reservoir is always the product V,t,.

Substituting the result (7.10), 1, = 7,, in Equation 7.11 yields the interesting
relation

To c?
T,= —(1 + & ) (7.12)

Hence, for systems with large turnover times, or relatively low hydrodisper-
sive properties (small variations of particles residence times at outlet, small
G,), the average age in the reservoir may be smaller than the turnover time,
or average residence time, with the lower possible value 1, = 1,/2 occurring in
the piston-flow configuration only (o, = 0). For systems with small turnover
time, or relatively high hydrodispersive properties, the average age in the
reservoir may be much larger than the average residence time.

In cases where T, < 1,, the functions y(¢) and ¢(¢) have typical shapes as
illustrated in Figure 7.5(a) and are characterized by the fact that no, or very
few, groundwater particles leave the reservoir soon after having entered it [i.e.,
¢(?) is relatively small at short times]. Reservoirs with modest transport veloc-
ities or inlet and outlet zones far apart belong to this category. Figure 7.5(b)
illustrates the typical shapes of the functions y(f) and ¢(f) for cases where
T, > T,. This category is encountered when most of the water particles enter-
ing a reservoir stay there only a short period of time, making T, small, while
the rest of the particles remain in the reservoir sufficiently long to make =,
comparatively large.

The particular case for which t, = 1,, although corresponding to very spe-
cific flow configurations, is frequently assumed in practice to interpret isotopic
age data or tracer breakthroughs. As seen from Equations 7.10 and 7.11, the
general condition to have 1, =1, =1, is

It(w(t)—w(t))dt=0 (7.13)

and a sufficient condition for that is y(f) = @(¢). Inserting this condition in
Equation 7.7 results in

_ . 99()
o(t)=-1, ~ (7.14)

which, after integration, yields the well-known and widely used exponential
distribution

o(r) = y(t)=—e™® (7.15)
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Hence, if either one of the two frequency functions can be shown to have an
exponential form, it follows that the other frequency function must be identi-
cal. In this very special case, both functions show equal mean and standard
deviation, with 1, = 1, = 1, = 6,. Exponential frequency distributions charac-
terize reservoirs in which age occurrences in a water sample appear with equal
probabilities regardless of the location. As a consequence, average age meas-
urements at any location in the reservoir should theoretically be identical and
correspond to the average residence time. One known flow configuration
tending toward this special case is that of a horizontal, vertically well-mixed,
shallow aquifer uniformly recharged over its whole surface.

Characteristic Volumes The specific groundwater volumes related to a given
range of ages or residence times are important quantities to consider when
addressing aquifer management strategies. Assessing the long-term evolution
of groundwater chemistry, or defining corrective measures aiming at restoring
groundwater quality after a contamination event, indeed requires appropriate
age and volume-related information. Provided the residence-time distribution
¢(t) and the total discharge Q, are known, this can be done in a relatively
straightforward manner by a simple analysis of the function Q(z), expressing
the cumulative discharge with respect to residence time. In effect, from
Equation 7.5, this function takes the integral form

T

0(1)= 0, [ (t)d (7.16)
0

This function is always zero at very early times and starts to increase when the
fastest particles are detected at the outlet (shortest residence time, #,,). The
total discharge Q, is reached when the slowest particles exfiltrate (longest
residence time, #,,,y)-

To illustrate the principles of groundwater volume evaluation, a simple
aquifer is skematized in Figure 7.6(a), with age and life expectancy isochrones,
flow lines, and specific groundwater volumes. The corresponding cumulative
discharge Q(t) is drawn in Figure 7.6(b) with the corresponding groundwater
volumes. It is seen that the volumes in the aquifer reduce to simple geomet-
ric planar forms in the diagram space, where they can be easily calculated.

Considering any given value of time, such as the value 1 indicated in Figure
7.6(b), the colored zones represent the groundwater volumes in the aquifer
having ages less than . Some of these volumes flow through the system in less
than 1 (V; and V,) and in more than t (V3 and V). V| and V; are groundwa-
ter volumes of ages less than £, but their residence times are, respectively,
smaller and larger than 1. V, and V, are groundwater volumes of ages between
tmin and T, but the residence times are larger than t for V, and smaller than t
for V,. The volume V5 is the groundwater volume with ages greater than 7, i.e.,
the remaining white area in Figure 7.6(a). The surface below the curve Q(),
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(a) (b)
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Figure 7.6. Groundwater volumes. (a) Simple flow system with age and life expectancy
isochrones, flow lines, and specific volumes. (b) Plot of the cumulative discharge Q(¢)
and evaluation of the specific volumes related to a given age T.

between f,;, and T, represents the volume of exfiltrated water (E,) having trav-
eled from the inlet to the outlet during an observation period . If the obser-
vation period iS fy., E, is the volume of exfiltrated water having traveled
through the entire system during the period, and in a time ranging between t
and t,,,x. E; and E, are obtained by

E = f Q()dt,  E,= | Q(t)dt (7.17)
T

4 min

Knowing these two quantities, any of the other volumes, which can have any
complex shape in a real situation, are readily determined by simple calcula-
tion of rectangular surfaces. The total surface above the curve Q(¥) is the total
pore volume V,, in the aquifer, corresponding to

tmax

Vo=V (tmx) = Qolmax = | Q(0)dt = Qutonas = Ey— Ex = Vi + Vo + Vi + Vi + Vs
tmin (718)

as indicated by Equation 7.1 for T = t,,.

A large variety of other specific volumes can be defined when more refined
information is required. For example, the volume of water exfiltrating at the
outlet with a residence time between f; and £, during an observation period of
any length At [the volume E,, in Figure 7.6(b)] is simply obtained, considering
Equation 7.16, by
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153

Ey = AtQ, [ o(t)dt = A(O(t,) - O(1)) (7.19)
L

The residence time distribution @(f) relates to the age over the outlet with
respect to discharge rates, as well as to the life expectancy over the inlet with
respect to recharge rates. Similarly, the function y(¢) is the age distribution, as
well as the life expectancy distribution, in the interior of the aquifer. Volu-
metric estimations combining these two properties can thus be made, such as
finding the volume of groundwater having ages between a, and a,, and life
expectancies between e; and e,. This volume, corresponding to the little red
zone in Figure 7.6(a), is

ar+e) a+e,
Via,<a<a, e,<e<e,) = j O(r)dt - J. O(r)dt (7.20)
a+e) a+e;

and can also be easily calculated from the cumulated discharge diagram Q(¢)
in Figure 7.6(b).

Reservoirs with Multiple Inlets and Outlets The theory presented and illus-
trated above on the basis of a very simple system applies to steady-state flow
systems of arbitrary geometry and heterogeneity. For a flow configuration
including several inlets and outlets, the age or life expectancy distribution y(t)
is relative to the pore volume of the whole system V,, and the residence-time
distribution @(7) is that of the total discharge (or recharge) Q, including all
outlets (or inlets). If a residence-time distribution is required for analysis at
only one of the outlets, for example at a given well or spring, then all the cal-
culations presented above must be performed on the subsystem related to that
outlet. Several mathematical techniques can be applied to delineate the
subsystems contributing to one given outlet, or, alternatively, the subsystems
invaded by the water infiltrated over one particular inlet. A particularly effi-
cient way to achieve this task in a general hydrodispersive context, and, at the
same time, perform the specific calculations required by the reservoir theory,
is to combine the analysis of reverse flow-field transport equations with the
concepts of fractional, or probabilistic, capture zones (Cornaton and Perrochet,
2005b). However, when the outlets are sufficiently apart from each other, or
when hydrodispersive and mixing processes are relatively small, the detailed
analysis of individual subsystems is not needed. For such cases, individual
outlet signatures with their specific mode and nonoverlapping bounds may
indeed be distinctly identified from the residence-time distribution calculated
globally for the total discharge. As illustrated in Figure 7.7, a global residence-
time distribution @(7) can be expressed as
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Figure 7.7. Illustration of a flow system with multiple outlets and subsystems. Global
residence time distribution @(¢) and signatures of individual outlet subsystems #,(z).

o()=3 m(1) (721)

where the terms m,(f) are the signatures (distinct in the present example, but
often overlapping in general cases) of each individual outlet 7, and # is the total
number of oulets of the global system. The integral of an individual signature
is

< Qoi
m (£)dt = =<2 7.22
g (¢)at 0. (722)

expressing the ratio between the discharge at the corresponding outlet, Q,;,
and the total discharge of the system Q,. Scaling m,(¢) by this ratio and taking
its first moment results in

&Ttmi(t)dt:Tt(p,»(t)dt:’coi, 0:(1)= Q. m;(t) (7.23)
Qoi 0 0 Qoi

where @,() is the scaled residence-time distribution at the particular outlet,
and t,,; is the turnover time, or average residence time in the subsystem con-
tributing to that outlet. The pore volume of the subsystem i, or the ground-
water volume contributing to the outlet i, is therefore V,; = Q.. For a system
with n outlets, it is then clear that

Y Qotor =X Q0 [ 1:(1)dt = Q, [t Y mi(t)dt = Q, [ to(t)dt = Qut, =V, (7.24)
0 0 0

where V, is the total pore volume of the system. It also follows that the average
turnover time of the system is the discharge weight average of the individual
turnover times
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1/O _ ZQoiTOi
QO 2 Qoi

(7.25)

To

Further manipulations can be made with the age or life expectancy distribu-
tions y;(7), and it can be demonstrated that Equations 7.1 to 7.20 also hold for
any aquifer subsystem. For instance, the important relation, in Equation 7.7,
between the age and residence-time distributions in a global system, becomes

o= ) 20 (726)

0, ot “ o

in the subsystems contributing to the discharge at a given outlet i.

Hence, all the features of the reservoir theory discussed, illustrated, and
interpreted previously for a simple aquifer with single inlet and outlet zones
similarly apply to systems with multiple inlet and outlet zones, either in indi-
vidual subsystems or in any combination thereof.

Analogies with a Human Population The age-related concepts introduced
in the above sections apply to any kind of reservoir, including that of the
human population, or of a population subgroup. If, over a total number of
people V,, V(1) is the number of people of an age less than T, measured in
years, V,y(1) is then the population age distribution measured as the number
of people in each year class. Q, is the birthrate, measured in unit per year, and
Q(7) is the yearly number of deaths among the part of the population that is
younger than 7. The relation (7.9), O, — O(7) = V,y(1), expresses here the fact
that, in a steady-state population, the number of deaths among people older
than T must be balanced by the number of persons reaching the age t each
year.

The characteristic times T, and 1, defined in Equations 7.10 and 7.11 can
also be easily understood when representing the average lifetime and the
average age of a population, respectively. The average lifetime, or turnover of
the population, is the total number of people divided by the birthrate. In most
industrialized countries, due to a relatively low rate of infant mortality, the life
expectancy, or average lifetime of a newborn is about 75 years (t,), whereas
the average age of the living people is about 40 years (t,). This is typical of
the case where 7, < 1,. The reverse is true in other countries where a high rate
of infant mortality does not prevent a significant number of people from reach-
ing large ages before dying. Moreover, and although birth and death are the
overall single inlet and outlet of a human reservoir, the relative importance of
various fatal diseases or accidents can be more specifically analyzed by appli-
cation of the theory to the corresponding population subgroups or individual
subsystems.
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Interpreting Mean Age in Large Aquifer-Aquitard Systems Age measure-
ments often result in an average value that represents the various ages of the
particles in a given water sample. When the sample is collected at a point in
the aquifer, this value corresponds to the average time needed for the parti-
cles to reach the sampling location after having infiltrated the aquifer. When
the sample is taken at an aquifer outlet, and includes a mixture of particles
having converged toward this outlet along different flow paths, the measured
average age value is the mean residence time in the aquifer subsystem con-
tributing to that outlet. The mean age, or mean residence time, is certainly a
first instructive quantity that may give some insights into global, age-related
aquifer characteristics, such as turnover time and qualitative age classification
of the water produced at a given location. Mean age data are also often used
in practice to evaluate hydrodynamical aquifer parameters such as recharge
rates and flow velocities. However, to do so, working assumptions have to be
enforced as to the aquifer structure and flow patterns. These assumptions often
result in oversimplified conceptual flow models, yielding thus a considerable
uncertainty about the results. Typical, simplified conceptual flow models fre-
quently used for mean age interpretation are the piston-flow model and the
exponential model. These models characterize only very few specific flow con-
figurations and they owe their popularity much more to their simplicity and
ease of use, rather than to their hydrogeological relevance. As a consequence,
enforcing such simplified models to interpret mean age data when the real
hydrogeological settings are unknown may often lead to severe errors, as illus-
trated below.

Figure 7.8 illustrates a simple conceptual model of an aquifer-aquitard
system. The aquifer is assumed horizontal and homogeneous with high per-
meability K, thickness e, and porosity ¢. The underlying aquitard is also
assumed homogeneous with low permeability K,, thickness e,, and porosity 0,.
The inlet and outlet zones are separated by the distance L, and the total
steady-state discharge rate through the system is Q,. If the average residence
time is measured at the outlet in the prospect of estimating the horizontal flow

Inlet . Outlet
9 9,
— — Aquifer K, e, 0,v — ——

T~

Aquitard K, e, O,

Impervious boundaries

Figure 7.8. Aquifer-aquitard system with single local inlet and outlet. Simple concep-
tual model for the interpretation of average ages and residence time.
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velocity v in the aquifer, then the conceptual piston-flow model will undoubt-
edly be chosen to interpret the data. Given this very simple configuration, and
the fact that the permeability contrast implies a constant and horizontal veloc-
ity in the aquifer, one may indeed expect that average groundwater ages in
the aquifer grow linearly with distance between the inlet and outlet zones.
Accordingly, age growth with distance would therefore simply be expressed
by

Ax)= % (7.27)

where x is the horizontal distance counted from the inlet (x = 0).

Hence, the average residence time 1, measured at the outlet, namely the
age of groundwater at the distance x = L, can be substituted in the above
piston-flow model [A(L) =1, = L/v] and the pore velocity v = L/1, is obtained.
Knowing the aquifer porosity ¢, the pore velocity can then be transformed into
a Darcy velocity g = ¢v, which, in turn, can be used to estimate the assumed
homogeneous aquifer permeability if the overall hydraulic gradient is known.
The standard piston-flow model in Equation 7.27 is, however, not suitable in
the present case because it ignores the age-mass exchanges occurring at the
interface aquifer-aquitard. Since the porosity, and thus the permeability of
the aquitard, are not zero, age-mass fluxes do exist between the aquifer and
the aquitard where an enormous amount of age mass is generated.

In effect, considering the general result of the reservoir theory derived in
Equation 7.10, the average residence time is the turnover time t, = V,/Q,. In
a two-component aquifer-aquitard system, the total pore volume V/, is the sum
of the pore volume of the aquifer and that of the aquitard. Hence, one can
write

(7.28)

To

— & — Vaquifer + Vaquitard — Vaquifer (1 + Vaquitard )
Qo Qo Qo Vaquifer
This relation clearly indicates the contribution of the aquitard pore volume to
the global aging process of the system expressed in the average residence time.
Since aquitards occupy very significant volumes in most hydrogeological set-
tings, the ratio between aquitard and aquifer pore volumes in the above equa-
tion can be relatively large. Beyond a few units, this ratio practically acts as a
multiplier of the sole quantity V,q/O, usually, and wrongly, taken as the

turnover time.
Applying this result to the example in Figure 7.8, in which Q, = eq = edv,
yields

1, =£(1+%j=£R (7.29)
1% ed v
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as the correct piston-flow model to enforce in this type of configuration. The
required correction R due to the aquitard volume clearly appears here as a
retardation factor. This factor is similar to the retardation factor characteriz-
ing the transport of sorbing solutes, and making the apparent transport veloc-
ity smaller than the real pore velocity of the water particles. Since, in the
piston-flow model, average age is used as an advective tracer, neglecting this
correction by setting R =1 in the above equation is analogous to analyzing the
advective migration of a sorbing tracer, but without accounting for the sorb-
tion processes that delay breakthrough times. This common, but erroneous,
interpretation of average residence times systematically results in velocity
underestimations often up to one or two orders of magnitude.

When groundwater age measurements are made in the aquifer between the
inlet and the outlet, a reasonable, piston-flow estimation of the pore velocity
between two observation points can be made with the formula

p=eTh g pog bl (7.30)
Tr,—T e(l)

where x, — x; is the investigated distance and 1, — 7, is the travel time (differ-
ence between the measured ages at the locations x, and x;). However, this
estimation is not entirely correct because the age isochrones in the aquifer are
not vertical. This is due to the massive production of age mass in the aquitard
and to gradual age-mass fluxes through the aquifer-aquitard interface. Hence,
significant and nonuniform vertical age gradients exist in the aquifer, making
the measurements 1, and 1, depth-dependent, and, therefore, not necessarily
representative of the average age at the locations x; and x,.

This last point is highlighted in Figure 7.9, showing the results obtained by
a full solution of the age transport equation. The average age contours in
Figure 7.9(a) indicate how age mass is produced in the aquitard and how it is
gradually released into the aquifer. Due to age-mass continuity at the
aquifer—aquitard interface, the age contours are far from being vertical in the
aquifer, although most of the discharge rate Q, flows through it. Average age
values measured at the observation points x; to x, in the aquifer are, there-
fore, local values representative of their sampling depth only. Thus, equal
sampling depths would at least be required to interpret these data in terms of
horizontal flow velocities by means of a piston-flow model.

Figure 7.9(b) illustrates the full age distributions modeled at the locations
x; and x,. In the linear-scale plot, two modes, or two signatures, are clearly
identified at each of the two sampling points, revealing the presence of two
contributing bodies. The magnitudes of these signatures indicate the respec-
tive, volumetric contributions of each of the bodies to the total age mass
detected at these points. These contributions necessarily evolve with distance
according to specific age mass increases in both the aquifer and the aquitard,
and to the rate of age-mass exchanges at the interface. Given the size of the
aquitard, and the downstream location of the sampling points x; and x,,
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Figure 7.9. Aquifer-aquitard system with single local inlet and outlet (modified after
Cornaton, 2004). (a) Mean age contours; (b) Age frequency distributions at locations
X3 and x4 in linear and log scales.

particles with ages reaching thousands of years are included in the samples,
albeit in much smaller proportions. This is particularly apparent in the log-
scale plot where the age distribution exhibits a long, and slowly decreasing tail.
Therefore, the average age at these sampling locations may well be far above
the time required by the water particles in the aquifer to travel from the inlet
to the locations x; and x,.

The average ages calculated at the four observation points (first moment
of the modeled age distributions) are now assimilated to a set of data avail-
able to evaluate flow velocities in the aquifer. In doing so, the relevance of the
piston-flow approach can be directly assessed by comparison of the inferred
velocities with the true model velocity. In the example of Figure 7.9, age
transport was modeled with standard hydrodispersive properties and with the
parameters K = 10~ m/s, e = 100m, and ¢ = 0.1 for the aquifer, and K, = 10®m/s,
e, = 600m, and ¢, = 0.3 for the aquitard. A hydraulic head gradient of 107
was specified between the inlet and outlet zones, separated by the distance
L =10,000m. With these conditions, and given the permeability contrast, the
model pore velocities turned out to be completely uniform over the aquifer
thickness at v = 315.4m/yr (v = 10" m/s), yielding the discharge rate Q, = 3,154
m®/yr per unit width. With the total pore volume V,=1.9-10°m?® per unit width,
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the turnover time, or average residence time of this aquifer—aquitard system
is T, = 602.4yr, and the retardation factor in Equation 7.29 is R = 19. The hor-
izontal locations of the four observation points are x; = 2,000m, x, = 2,500 m,
x3=7,000m, and x4 = 7,500m, each at the depth of 50m, and the average ages
calculated at these locations are 1, = 27.1yr, T, = 44.6 yr, 1; = 278.3yr, and 14 =
307.4yr. Combining these data and assuming piston flow, the evaluation of the
pore velocity v can be done by means of Equation 7.30, without and with retar-
dation correction.

Considering the model velocity v = 315.4m/yr as the correct theoretical
result, it is seen, in Table 7.1, that severe underestimations occur when the
aquitard is neglected (R = 1). The error grows with the distance from the inlet
according to growing age-mass releases from the aquifer, which are not
accounted for. Using the retardation factor R = 19 provides overestimated, but
more realistic values (except in the upstream part of the aquifer), with accu-
racy increasing with the distance from the inlet. Thus, with minimum additional
geological information, such as the thickness and porosity of the underlaying
aquitard in the above example, data interpretation could reach a more rea-
sonable accuracy, particularly when several measurements can be combined
in a systematical manner. The comparative analysis performed above can be
applied to other flow configurations and used to assess the validity of the expo-
nential, piston-exponential, or other simplified interpretation models, result-
ing in similar restrictions and relevance level. The fundamental problem with
standard interpretation models is that the average age is not necessarily the
appropriate input quantity, but is nevertheless assumed as such because it
is the only data available, or measurable. In fact, for a straight and accurate
evaluation of aquifer velocities, the appropriate value to consider is the time
corresponding to the first peak of the full age distribution, namely the most
frequent breakthrough time, or age mode, of the water particles. Considering

TABLE 7.1. Aquifer Pore-Velocity Estimation Based on Average Age Data and
Piston-Flow Assumptions, Without (R = 1) and With (R = 19) Retardation Effects
Due to the Aquitard

Distance [m] Average age (yr)  Velocity (m/yr), R=1 Velocity (m/yr), R =19

x; = 2,000 7 =271 73.8 1,402.2
X, = 2,500 T, =44.6 56.1 1,065.0
x3 = 7,000 T, =2783 252 477.9
x4 =7,500 1, =307.4 24.4 463.6
X, —x; =500 -1 =175 28.6 542.9
x; —x; = 5,000 T -1 =251.2 19.9 378.2
x4 —x; = 5,500 T, — 71 =280.3 19.6 372.8
X3 — X, = 4,500 T3 — T, =233.7 19.3 365.9
X4 — X, = 5,000 T — T, =262.8 19.0 361.5
X4 — x3 =500 T —T173=29.1 17.2 326.5

L =10,000 T = 602.4 16.6 3154
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TABLE 7.2. Aquifer Pore-Velocity Estimation Based on Age Mode and Piston
Flow

Distance [m] Age mode (y) Velocity (m/y)
x; = 7,000 T3 =22.6 309.7
x4 ="7,500 T,=242 309.9
X4 — X3 = 500 Ty — T3 = 1.6 312.5
Theoretical velocity 3154

Figure 7.9(b) and the age distributions modeled at the locations x; and x,,
the age modes at these two locations can be evaluated to t; = 22.6yr and 1, =
24.2yr (more than 10 times smaller than the average ages at these points),
yielding the difference At = 1.6yr over the distance Ax = 500m. As shown in
Table 7.2, average pore velocities obtained with these age modes and the
formula v = x/t are indeed in excellent agreement with the theoretical value.
However, direct age mode measurements do not exist and an approximation
of the latter can only be attempted by means of selected tracing experiments,
not always successful at large scales. Classical interpretation of groundwater
ages in terms of velocities in large, real systems remains therefore a difficult
task when geological information is not sufficient. Unless more detailed flow
models can be constructed and calibrated on the basis of measured age values,
results of this type often remain crude and relatively inaccurate approximations.

7.2.2 Determination of Age and Residence-Time Distributions

The determination of the age and residence-time distributions, y(¢) and @(z),
can be achieved in several ways depending on the flow structure in the aquifer,
the type of inlet and outlet zones, and the level of resolution at which the age
transport processes are analyzed. In some instances, it is sometimes easier to
calculate first the residence-time distribution at a given outlet and deduct the
age distribution in the aquifer from the relation given by the reservoir theory.
In some other highly heterogeneous situations, evaluating first the age distri-
bution in the aquifer provides more accurate residence-time distributions at
localized outlets, where mixing perturbations can be very important.

Age transport modeling principles are presented in the following sections.
Particular emphasis is laid upon advection-dominated systems, which make
the analysis much more straightforward. This is due to the fact that, whatever
the flow configuration, the advective age at a point in the aquifer is a single
value corresponding to the average age at that point. The methodology is also
briefly described for general hydrodispersive systems, and the notions of
forward and backward modeling techniques are introduced in relation to age
and life expectancy calculations.

Advective Systems A few classical, homogeneous flow configurations are first
examined. For these simple cases the problem of age transport can be explic-
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(b)
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Figure 7.10. Flow configuration sketches for analytical modeling of residence time
distributions. (a) piston-flow, (b) exponential, and (c) piston-hyperbolic models.

itly solved by closed-form analytical solutions. Figure 7.10 illustrates three
typical, ideal situations for which the residence time distributions, shown
in Figure 7.11(a), (b), and (c), are singular, exponential, and hyperbolic,
respectively.

In the first case [Figure 7.10(a)], an aquifer of length L is assumed with
uniform thickness e, porosity ¢, and Darcy velocity g. There is no recharge
between the inlet (x = 0) and the outlet (x = L) and, therefore, groundwater
particles penetrate the system in a piston-like manner and age growth is char-
acterized by A(x) = dx/q = x/v, where v is the pore velocity. This means that
the residence time is 1, = L/v for all particles, and that particle ages in the
range zero to T, are represented in equal proportions in the aquifer. This is
expressed by the age and residence-time statistical distributions
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Figure 7.11. Analytical age and residence time distributions y(#) and ¢(¢) and charac-
teristic times. (a) piston-flow, (b) exponential, and (c) piston-hyperbolic models.

! H(To - t)’ (p(l) = 6(1:0 - t)’ To= 7 (731)

vl =
where H(u) is the Heaviside step function [H(x) = 1 for u > 0, H(u) = 0 for
u < 0] and its derivative is 6(u), the Dirac delta function [§(u) = e for u = 0,
O(u) =0 for u #0]. Therefore, as illustrated in Figure 7.11(a), ages in the aquifer
are statistically described by the uniform distribution y(¢), yielding 1, = 1./2,
and this implies, after the general rule (7.7) of the reservoir theory, a singular
distribution of the residence times at the outlet [0y(¢)/dt = —oo at t = T, Y(¢)/t
=0 for t # 1)

The second case [Figure 7.10(b)] is that of a horizontal aquifer, with thick-
ness e and porosity ¢, recharged by a uniform surface infiltration rate i. The
flow rate through any vertical section at a location x must be equal to the
amount of effective infiltration over the area upstream from x. Assuming that
the Dupuit assumption holds in the present situation (horizontal velocity con-
stant over depth), the Darcy flux at any location is therefore g(x) = ix/e. Hence,
during their travel in the aquifer, the particles infiltrated at the location x are
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submitted to the accelerated pore velocity v(x) = g(x)/¢, and the travel time
T(x) needed to reach the location x = L is

L dx ed L dx ed. (L
T(x)= )jc = )jc —= Tm(—j (7.32)

X

At the distance L, the depth z at which this travel time is detected must be
such that the total flow rate over that depth must be equal to the total recharge
over the horizontal distance L — x. This is expressed by

q(L)zzézzi(L—x), x :(1—£jL (7.33)

e e

The relation, between the infiltration location x and the depth z at the dis-
tance L, can then be substituted into Equation 7.32 to yield the depth-
dependent age evolution

T(z)=-221 (1——) lim 7(z)=22 (7.34)

i e e—oo i

tending to vertical, piston-flow age for aquifer of very large thicknesses. Since
this equation depends on neither x nor L, it implies that groundwater ages
theoretically range between zero (at z = 0) and infinity (at z = e), at any loca-
tion. Moreover, it is easily shown that averaging the travel times over the
length L is equivalent to averaging the ages over the depth e. In effect, the
results

L . e
T — lj e¢ ( )dx = q) T(Z) = —1‘[@111(1—5)dz = @ (735)
Ly X ey ! e t

i i

indicate that both average values correspond to the ratio e¢/i, for any value of
L. Hence, the depth-averaged age is the same at any location, and the depth
z* at which this average value is encountered is readily deducted from Equa-
tion 7.34 by the solution of In(1 — z*/e) = —1, yielding z* = (1 — e ")e = 0.632e.
The interpretation of average age data in terms of upstream infiltration rates
should always be made on samples taken at this depth. Indeed, the average
value in a sampling profile should always be close to the depth z*, regardless
of the hydrodispersive mixing effects between flow paths that may render
Equation 7.34 locally inaccurate. If an outlet is located at x = L, both functions
T(x), in Equation 7.32, and 7(z), in Equation 7.34, express particle residence
times (i.e., life expectancy over the inlet or age over the outlet), and the
average residence time at the outlet, or system turnover time t, = V,/Q, is
again the ratio ed/i.



BASICS IN GROUNDWATER AGE TRANSPORT 231

The statistical distribution @(¢), characterizing the residence times in a water
sample collected at the outlet, can now easily be determined based on Equa-
tion 7.34. Reversing the latter to explicit the depth as a function of the resi-
dence time yields

A)=(1-e"™)e, 1,= el—q’ (7.36)

At the outlet, the Darcy flux is ¢ = iL/e at any depth and the cumulative dis-
charge with respect to depth is Q(z) = gz. Given that the residence time
monotonically increases with depth, Equation 7.36 can be directly substituted
and the cumulative discharge with respect to time becomes

O(t)=qz(t)=iL(1-e™™),  Q(e0)=Q,=iL (1.37)

Considering the definition (7.5), the occurrence of the residence times in the
sample is therefore described by the exponential distribution

i aQ(t) _ i —t/1o
R (7.38)

o(r) =
implying y(f) = ¢(¢) and 1, = T,, as discussed previously.

Replacing the linear outlet of this example by a well, and repeating the
above analytical development for the horizontal-radial flow configuration,
results in exactly the same distribution. In fact, the exponential model may
apply in all kinds of flow and outlet configurations, as long as the aquifer is
horizontal and satisfies the Dupuit assumption, is solely recharged by precip-
itations, and is relatively shallow with a uniform ratio ed/i.

The third case illustrated in Figure 7.10(c) represents a flow configuration
with deep, half-circular flow paths. The aquifer is homogeneous with respect
to hydraulic conductivity K and porosity ¢, and a hydraulic head difference
AH = H, — H, is specified between the inlet and outlet zones. The system can
be described by means of the radial distance r, with r, and R as inner and outer
radii, respectively. A given flow path at a radius r has thus a length nr. Along
this path, between the inlet and outlet zones, the constant Darcy flux ¢(r) and
the travel time #(r) are therefore the monotonic radial functions

_gAH _ onr _gmr?
q(r)=K p— t(r)= a0 = Al (7.39)

with the minimum and maximum travel times t.;, = #(r,) and t,,, = #(R). The
above function #(r) indifferently represents, at the distance r from the origin,
the life expectancy of the particles when they infiltrate over the inlet and their
age, or residence time, when they exfiltrate over the outlet.
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The total pore volume of the aquifer is V,, = ¢n(R*> — r3)/2 and the discharge
at the outlet, cumulated with respect to r, is

r

Q(r>=iq I %:@ (ro ) QF“”Z%%S)
(7.40)

Expressing r as a function of ¢ in Equation 7.39, accounting for the definitions
of tmin and f,,y, and substituting into Equation 7.40 yield

KAH KAHt KAH t KAH t..
t)= In = In , = In| ™= 7.41
Q) 2n (cbnzr%j 2n (tmin) Q 2n ( min) (7:41)

and the statistical distribution of the residence times at the outlet is

1 90(1) 11
Qo az - ln(tmax /tmin) t ’

o(t)= Fonin <1 < lax (7.42)

This function is of a hyperbolic nature between f,;, and t,,, and vanishes
for t < tp, and ¢ > fy,,. Its first moment, namely the turnover time, is T, =
(tmax - tmin)/ln(tmax/tmin)'

The age distribution in the aquifer can be obtained from the general rule
(7.7) of the reservoir theory, and it follows that

1 t 1
t)=—In(-—)=—, 0<t <ty 7.43
‘V( ) tmax _tmin ( min ) To ( )
and that
W(I) = ;ln(l}ni), tmm <t< tmax (744)
tmax - tmin t

with y(f) = 0 for ¢ > t,,.,. The first moment of this distribution is the average
age in the aquifer T, = (fyin + fmay)/4, greater than t, when £, /tmi, > 2€™. The two
functions ¢(¢) and y(7) are illustrated in Figure 7.11(c).

The analytical modeling approach described above can be applied to other
flow configurations with simple geometry and parametric fields, resulting in a
number of straightforward formulas. Although exact in the mathematical
sense, these practical formulas are of course restricted to the specific hydro-
geological situations where the underlying simplifying assumptions can rea-
sonably be justified.

For more complex flow configurations, or more detailed hydrodynamic
characterization, the age and residence-time distributions cannot be found
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analytically anymore, and discrete numerical modeling approaches are
required for this purpose. Finite difference or finite element techniques are
efficient tools to discretize a given system, accounting for all relevant struc-
tural information, parametric details, and flow conditions. The flow and age-
mass transport processes are then simulated by discrete solutions of their
governing partial differential equations, and the derivation of age-related
quantities is obtained by subsequent regionalization and analysis of the results.

At any point of spatial coordinates x, y, and z in an arbitrary hydrogeolog-
ical system, the fluid flux is defined by Darcy’s law in the vector form

q=-KVH (7.45)

where VH is the local hydraulic head gradient and K is the local permeabil-
ity tensor. These two functions vary in space and determine the local direction
and magnitude of the flux vector q. In a general case, the latter has three com-
ponents expressing the flux in each of the space dimensions. In a steady-state,
divergence-free flow regime this flux vector is submitted to the local mass
balance condition

V.q=0 (7.46)

where V is the partial differential gradient operator and the dot denotes a
scalar product (V- is the divergence operator). The equation governing steady-
state groundwater flow is therefore

V- (-KVH)=0 (7.47)

and its solution for specific boundary conditions (specified fluxes or hydraulic
heads on inlet and outlet boundaries) yields the spatial distribution of the
hydraulic heads H(x, y, z) in the system. The flow velocity field q is then
derived by application of Equation 7.45 and can be used as input in an age
transport equation.

Under advective conditions, the age-mass flux at a point is submitted to the
local age-mass balance condition

V-(qA)=0 (7.48)

in which the porosity ¢ is the volumetric age-mass production rate. Expand-
ing the left-hand side of this equation in AV -q + q- VA, and inserting the mass
balance requirement (7.46), results in

This equation governs steady-state advective age transport. It states that the
scalar product of the Darcy flux vector and the age gradient at a point must
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always be equal to the porosity of the medium at that point. Since the latter
is never zero, it follows that flux vectors and age gradients can never be locally
perpendicular. An alternative form of this equation in terms of pore velocity
is v-VA = 1, indicating that the magnitude of the age gradient along a given
flow path is exactly the inverse of the pore velocity magnitude, and that the
aging rate of flowing particles is necessarily one (i.e., one additional unit of
age per unit of elapsed flow time).

Enforcing the required condition A =0 on all inlet boundaries, the solution
of Equation 7.49 yields the spatial age field A(x, y, z) in the system. Including
all relevant internal age information, this spatial age distribution can then be
mapped for various interpretation purposes, and more specifically analyzed
in the context of the reservoir theory. On the system outlets, the distribution
A(x, y, z) only indicates the average age values, or average residence times
resulting from the mechanical mixing of numerous converging flow paths.
Thus, the full statistical residence time distributions at these outlets remain
apparently unknown at this stage, and this may look somehow logical since
only steady-state equations have been solved. However, the desired transient
information can indeed be recovered when considering the intrinsic statistical
relation between the outlet residence time and internal age distributions. The
latter, y(t), can actually be constructed based on a classification of the spatial
age data A(x, y, z), from which the former, ¢(f), can be derived.

In effect, recalling the general rule (7.7) of the reservoir theory and substi-
tuting in it the definition (7.4), the residence time distribution can also be
expressed by

_1.9°V()

o (7.50)

o(t)=

where it appears as the second derivative of the function V(¢), scaled by the
total system discharge. The function V(¢), as defined previously, represents the
cumulated resident water volumes having ages A smaller than a given value
of time. Knowing the spatial distribution of internal ages, this cumulated func-
tion is readily obtained by computing the integral

V(t)= [ oH(t - A(x, y, 2))dQ (7.51)
Q

over the model domain Q. This integration is performed for a range of increas-
ing discrete times, starting from zero and ending at #,,,, at which V() = V..
In the above integral, the value of the Heaviside function is 1 for the ele-
mentary water volumes 0d4Q2 having ages smaller than the working value of ¢,
and is 0 otherwise. The resulting discrete function is then differentiated twice
by means of an appropriate finite difference scheme, and the residence-time
distribution is found according to Equation 7.50. The size of the time incre-
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ment used in the calculation plays of course an important role in the final res-
olution of the function ¢(z).

In spite of its simplicity, this modeling procedure achieves good levels of
accuracy, particularly in heterogeneous systems. The fact that the cumulative
function V() includes the largest age in the reservoir, ensures that this age is
accounted for in the residence time distribution, minimizing thus the loss of
information due to mixing in the outlet vicinity. In addition, requiring only the
numerical solution of two steady-state equations, this approach is computa-
tionally very efficient for the analysis of large systems.

Forward and Backward Flow Fields The modeling notions introduced
above associate the age transport processes to any given groundwater flow
field governed by Darcy’s law and mass conservation. Dictated by the bound-
ary conditions specified on the inlet and outlet zones, these flow fields always
indicate downstream particle motion and are thus called forward flow fields.
Age transport calculations performed in these conditions, with A = 0 on inlet
zones, always result in increasing age values along the various flow paths until
an outlet is reached. Assuming now that a given flow field could be uniformly
and instantaneously reversed, the water particles at a given outlet would just
start to flow back into the aquifer, and, following exactly the same flow paths
in the reverse direction, would make their way upstream to the corresponding
inlet zones. The situation would then be similar to that of playing a movie back-
ward and, thus, of going back in time. Such a temporarily reversed, or back-
ward, flow field would certainly be used by hydrogeologists for tracing the
water particles back to their origin. In the process, valuable new insights would
be gained into the extension and overall transport properties of the aquifer
subsystems contributing to any given outlet.

Unrealizable by nature, these fictive physical prospects can, however, be
straightforwardly simulated and analyzed by simply removing the negative
sign in Darcy’s law (7.45). In doing so, the resulting flux vector at a point keeps
its original orientation, but points in the opposite direction toward higher
hydraulic heads. Hence, backward age transport calculations provide infor-
mation on the time required by groundwater particles to reach a given loca-
tion in the aquifer when flowing back from a given outlet. In this case, the
backward “age” calculated at a point is the life expectancy of the groundwa-
ter particles, namely the time that these particles will spend in the system when
flowing in the real, forward flow field before they reach the outlet. Therefore,
when a classical forward flow field q is known, the equation governing the
transport of groundwater life expectancy FE in the system is simply

—q-VE=6 (7.52)

This equation only differs from the age transport Equation 7.49 by the nega-
tive sign and by the required boundary conditions for its solution. In this case,
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in effect, the condition £ = 0 has to be enforced on all outlet boundaries. The
resulting life expectancy field E(x, y, z) can then be mapped and interpreted
to address numerous water-quality issues, such as those related to the design
of well heads protection zones or to the contamination risks generated by
waste repositories.

Moreover, given the similar and complementary nature of the age and life
expectancy, it can be shown that all the elements of the reservoir theory, essen-
tially discussed with respect to groundwater age so far, are also fully valid
when applied to life expectancy. For instance, the procedure described previ-
ously to determine the residence-time distribution at an outlet from the age
field A(x, y, z) produces exactly the same results when the field E(x, y, z)
is considered, and this is true for any arbitrary flow system or subsystem
(Etcheverry, 2001; Cornaton, 2004). This is due to the fact that forward and
backward flow fields generate exactly the same discharge and the same flow
paths, but in reversed directions. Consequently, age-mass fluxes at the outlets
are exactly balanced by backward life-expectancy-mass fluxes at the inlets.
Indeed, the cumulated function V() computed in Equation 7.51 can as well
be obtained with the domain integral

V(t)= [ oH(t - E(x, y, 2))dQ (7.53)
Q

and the resulting residence-time distribution @(¢) in Equation 7.50 is identical.
This also implies that the internal age and life expectancy distributions are
identical to the function y(z).

At a given point along a particular flow path, the age of groundwater par-
ticles represents the time that has elapsed since the particles entered the
system. At the same point, life expectancy represents the time left before the
particles exfiltrate the system. At that point, the sum 7 = A + E represents thus
the travel time of the particles between the inlet and the outlet, also called
transit time. This transit time 7 is obviously constant along the flow path and
can be associated to it as an invariant characteristic. The transit time, as defined
here, is therefore also the residence time of the particles that could be moni-
tored at the end of the flow path when the outlet is reached. When both spatial
distributions A(x, y, z) and E(x, y, z) are simulated, a very interesting opera-
tion is to add them up and analyze the resulting transit time spatial distribu-
tion. Mapping the field 7(x, y, z) produces isoline contours exactly matching
the corresponding flow paths throughout the system. Subtracting now the two
Equations 7.49 and 7.52 governing the differential evolution of the fields
A(x,y, z) and E(x, y, z) yields the local condition

q-VT=0 (7.54)

stating that the flux vector and the transit time gradient have to be always per-
pendicular. In effect, this is required to keep transit times, and transit-time-
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mass fluxes, constant along the flow paths. The above condition also indicates
that there is no transit-time-mass production in the system.

Extended at the scale of the reservoir, these considerations may be
expressed in a global form by analyzing the cumulated pore volume V() in
the reservoir, where the groundwater transit times, or residence times, are
smaller than a given value 1. Recalling the characteristic volumes defined in
Figure 7.6, this volume V(1) corresponds to the volume V(t) + V,(1), which
flows through the system in a time less than 1. Calculating the corresponding
surface on the diagram in Figure 7.6(b) results in the mass balance condition

Vi(1)=Vi(1)+ Va(7) T)T— ]ZQ (7.55)
0

where Q(7) is the cumulated discharge exfiltrating over the outlet with a res-
idence time smaller than 7, as defined previously. As stated by the above con-
dition, the groundwater volume V(1) must correspond to the flow rate Q(7)
applied to it during the period T minus the quantity of water exfiltrated during
that period with a residence time less than t.

Differentiating Equation 7.55 with respect to time, replacing the time vari-
able by ¢, and accounting for the statistical definition of the residence-time dis-
tribution () (7.5) yield

IVr(r) _ 90()

i, = 10:0(1) (7.56)

Expressing now the statistical description of the internal spatial field
T(x, y, z) by the classical definition

Yr(r)=—- yr(f)de=1 (7.57)

1 V() T
vV, ot i

and substituting this function into Equation 7.56 results in

WF%WM RN (7.58)

This fundamental relation initially formulated by Cornaton and Perrochet
(2005a) includes all the features of the reservoir theory in the most compact
form. Combining the outcomes of forward and backward transport models,
it relates the outlet residence-time distribution ¢(¢) to its internal counterpart
y(t). Both functions relate to residence times and provide complemen-
tary information. The distribution @(¢) characterizes the residence times
with respect to discharge rates at the outlets, while the distribution ()
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characterizes the residence times with respect to groundwater volumes in
the aquifer.

Compared to the standard rule (7.7) based on the internal age or life
expectancy distribution (), the above formulation is a great improvement.
It is simpler and provides residence-time distribution with much higher reso-
lution and accuracy. This is due to the fact that the spatial field T(x, y, z) is
always more regular than the fields A(x, y, z) or E(x, y, z), particularly in the
vicinity of outlets, and that there is no time differentiation between () and
¢(t). The cumulated function V() obtained by the domain integral

Va(t)= [ oH(t =T (x, , 2))dQ (7.59)
Q

is thus relatively smoother, and the substitution of Equation 7.57 into 7.58,
reading

RECIA0)

o(t)= 0.

(7.60)

indicates that V(¢) needs to be differentiated only once with respect to time
to yield the residence time distribution.

From Equation 7.58, the internal transit time distribution can be written
yr(t) = to(f)/7, and its first moment is

= gt\VT(t)dt = g Lo()di = (53 +0?) (7.61)

where 1, and o, are, respectively, the mean (always equal to T,) and the stan-
dard deviation of the residence-time distribution @(¢). Combining this result
to the mean age in the reservoir 1, in Equation 7.11 or 7.12 shows that t; =
27,. The mean transit time in the reservoir is therefore always twice larger than
the mean age (or the mean life expectancy) in the reservoir and, according to
Equation 7.61, is always greater than the turnover time, except in the partic-
ular piston-flow case for which t; = 1.

When combined to the reservoir theory, the transport processes simulated
with forward and backward flow fields provide all the required information to
efficiently determine the distributions @(¢), y(¢), and y(¢) for any arbitrary
system. Knowing these functions, various global properties of a given
aquifer system can be analyzed. For instance, the discharge rate exfiltrating
from the system with a residence time less than 7 is

()= Q. [ o(t)dt (7.62)
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The volume of groundwater in the system having ages, or life expectancies,
ranging between T, and T, is the volume delineated by the isochrones (isolines
or isosurfaces) of the spatial fields A(x, y, z) or E(x, y, z), and is

V(t)-V(u)=V, _[ y(t)dt (7.63)

and the volume of groundwater flowing through the system in a time smaller
than t (volume V; + V, in Figure 7.6) is

Va(0)= Vo [y () (7.64)
0

Other numerous statistical and probabilistic inferences can be made in a
similar manner. For example, the probability that a particle in a water sample
collected at the system outlet has a residence time ranging between t; and 1,
is

T, T,
P(t<t<1y)= J o(t)dt = -1, j alg—ft)dt =—1,(W(t2)-w(t)) (7.65)
1 1

and is P(t < 1y) = 1 — 1,y(1) if T, = 0.
The probability that a particle in the reservoir has, simultaneously, an age
ranging between a, and a,, and a life expectancy ranging between e; and e,, is

e, a+e,
Pla<t<m,e<t<e)= [ y()di— [ (o)t (7.66)
€, a,+e,

where a, + e¢; and a, + e, mark the range of possible transit times for that par-
ticle. Replacing the internal distributions y(¢) in this equation by its intrinsic
relation with the outlet residence-time distribution ¢(z), multiplying by the
pore volume of the system V,, and expanding the calculation, results in Equa-
tion 7.20, counterpart of the above equation for the volumetric estimations.

When the groundwater flow model of a given real situation can be con-
structed and calibrated based on relevant hydrogeological data, the resulting
age-related, spatial, and statistical distributions are easily obtained with very
modest additional work. These distributions can of course also help in the cal-
ibration phase of the groundwater model, when age field data are available.
The approach can also be used to simulate hypothetical hydrogeological
setups and verify the validity and limitations of some assumed, simplified age
and residence-time model distributions.
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Advective-Dispersive Systems In general hydrodispersive contexts, the
migration of water particles is governed by the processes of advection, dis-
persion, and diffusion. These processes imply that the age at a given location
is not the single value corresponding to the advective age anymore. Instead, a
range of particle ages has to be considered. Advective-dispersive ages at any
point in the system must therefore be described by a local age distribution,
denoted C,(x, t), where x is the location vector. Given that this local age
distribution describes the resident age fractions, it can be seen as an age
concentration.

For a given steady-state, divergence-free flow field (V- q = 0) the evolution
of the local age distribution C, through the system is governed by the advec-
tive-dispersive transport equation

where fractional age-mass fluxes include components of both advective (qCy)
and dispersive (-DVC,) natures. The latter is submitted to Fick’s law in which
D is the standard hydrodynamic diffusion-dispersion tensor characterizing
particle dispersion with respect to the flow direction. When the local distribu-
tion C, is known at every point of a given flow domain €, the global frequency
distribution of ages y(¢) in the system is obtained by the domain integral

y(t) = Vi gjz 0CA(X,1)dQ (7.68)

Differentiating this global distribution with respect to time yields

oy(r) _ 1 9(9Cs)
e gjz o (7.69)

which corresponds to the domain integral of the left-hand side of the trans-

port Equation 7.67, scaled by the total pore volume of the system. The above
equation may therefore also be expressed by

oy _ 1
) e~ [V.(qCA-DVC,)dQ 7.70
or Vofl; ((] A A) ( )

or, after application of the divergence theorem, by the boundary integral

a"’(t j qCs-DVC,)-ndl 71.71)
°r

where n is a unit vector normal to the domain boundary T'. This equation
relates the global internal age distribution y(¢) to the fractional age-mass
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boundary fluxes. The domain boundary I' is the union of all no-flow bound-
aries (I'°), as well as all inlet (I'") and outlet (I'*) boundaries.

Hence, the knowledge of the distribution C, at every point of the flow
domain requires the solution of the transport Equation 7.67 under a set of
boundary conditions specific to the age and residence-time problem. These
conditions have to preserve the continuity of age-mass fluxes at the outlet
boundaries, and to ensure that these fluxes may correctly be interpreted at
outlets in terms of residence-time distributions.

As demonstrated by Cornaton et al. (2004) and Cornaton and Perrochet
(2005a), the flux continuity requirement at the oulet boundaries I'* is satisfied
by an implicit Neumann condition, replacing the classical homogeneous
Neumann condition (DVC,-n = 0), and allowing the development of unper-
turbed, natural age gradients across any outlet. In addition, to make the solu-
tion C, and the outlet fractional fluxes correspond, respectively, to local age
and outlet residence-time distributions, an instantaneous age-mass, pulse-
injection Cauchy condition has to be enforced on the inlet boundaries I'". With
these two conditions, and given that there is no age-mass flux through the no-
flow boundaries I'°, Equation 7.71 becomes

-V, Blg_ft) = | q-nd(r)dl' + J (qCa-DVC,)-ndl' (7.72)
I- I+

where the Dirac function §(¢) is used to instantaneously mark the particle
fluxes recharging the system at ¢ = 0. Since the integral of the Darcy fluxes on
the inlet boundary is the total, steady-state recharge rate Q,, the first term on
the right-hand side of the above equation is —Q,0(¢) (the negative sign indi-
cating that the vectors q and n point in opposite directions on I'"), while the
second term fractionates the discharge rate Q, with respect to advective-
dispersive arrival times at the outlet boundary I'*. Scaling Equation 7.72 by
0, and rearranging the terms results then in

1

f (qCA-DVC,)-ndl' = —ga‘g—y) +8(¢) (7.73)
o T+ o

where the left-hand side is the global outlet residence-time distribution @(¢).
Given that 8(¢) = 0 for ¢ > 0, this equation finally reduces to

_ . ov() _Y
o(t)=-1%—", T 0.

(7.74)

which confirms that the major rule of the reservoir theory—derived previously
in Equation 7.7 following a different approach—also applies to advective-
dispersive systems. By extension, the evaluation of characteristic times and
volumes based on the global distributions ¢(¢) and y(¢) (Section 7.2.1) also
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applies in such systems, as well as the modeling strategies based on forward
and backward flow fields discussed previously. The considerations made above
for the local age distribution C,(x, f) can indeed be similarly performed for
the local life expectancy distributions Cg(x, ), based on the reversed flow-field
transport equation

a";% —V.(qCe+DVCy) (7.75)
and appropriate boundary conditions.

The general procedure required to accurately model outlet residence-time
distributions is to solve first the transport Equation 7.67 for the local resident
age fractions C(X, t), then calculate the global internal age distribution y(¢)
by the domain integral (7.68), and finally apply Equation 7.74 to find ¢(¢). In
doing so, the outlet residence-time distribution is fully defined as a property
of the reservoir internal structure and hydrodispersive properties. Following
this procedure, there is no need to record or count the arrival times of water
particles at the outlet, or perform the boundary integrals of age-mass fluxes.
Such operations may not only be sometimes difficult to implement technically,
but they are also at the origin of significant resolution losses.

In effect, at a system outlet, the age fractions C, are distributed along the
discharge boundary, implying mixing and superposition of the information
transmitted by each breakthrough curves, and the true minimum and
maximum residence times are often diluted. These effects particularly affect
outlets of relatively small sizes where the capture of individual breakthrough
curves or arrival times is easily ill-posed because of the numerical/physical
mixing of converging flow patterns. In other words, the temporal resolution of
a residence time distribution evaluated directly at an outlet is strongly depend-
ent on both the local spatial resolution (mesh refinement), and the way the
boundary fractional age-mass fluxes are integrated (line or surface integrals).
At equal temporal resolution, numerical methods based on this approach
require a much higher level of refinement in the neighborhood of the inte-
gration boundaries than the global approach presented here.

Compared to standard approaches, this modeling strategy achieves thus a
far more accurate evaluation of residence time distributions by capturing
inside the system the age information that is missing at its boundaries. More-
over,computational efficiency is another significant advantage of the proposed
modeling strategy, and this efficiency can further, and dramatically be
improved when transforming all working equations from the time domain
onto the Laplace space.

Additional fundamental findings concerning the modeling of age, life
expectancy, and residence-time distributions can be found in Cornaton and
Perrochet (2005a, 2005b). Based on forward and backward Laplace-
transformed equations for location and travel time probabilities, these recent
works use the concepts of fractional capture zones to generalize the reservoir
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theory to multidimensional hydrodispersive flow fields, with sinks and sources
(V-q #0), and with multiple inlet and outlet zones.

Simple manipulations of the transport Equation (7.67) can further be per-
formed to analyze and regionalize various statistical, age-related quantities,
such as average values, variances and other higher moments of the local dis-
tributions in advective-dispersive conditions (Harvey and Gorelick, 1995;
Goode, 1996; Varni and Carrera, 1998). Concerning average values, the local
age distribution C,(x, t) describes the statistical occurence of ages at a given
location and, by definition, its first moment is the local average age

A(x)= TICA(X, t)dt, oJ?CA(x, f)dt=1 (7.76)
0 0

When dispersion-diffusion effects are neglected, this local average age
is equivalent to the advective age discussed in the preceding sections, in
which case the local distribution is the singular Dirac function Cy(x, t) =
O(t — A(x)).

When diffusive-dispersive effects are taken into account, the spatial evolu-
tion of the average field A(x) in the system is governed by a specific equation
obtained by taking the first moment of the transient Equation (7.67) and of
its boundary conditions. Multiplying each terms in Equation 7.67 by ¢ and inte-
grating over all times result in

| 1 99Cn 4 — v q[ (Cadt-DV [ (C (7.77)
o o 0 0

Using the definitions in (7.76), the left-hand side of this equation is inte-
grated by parts to give

j a"’aCA dt = ¢tCA| —0 j Cadt =—¢ (7.78)
0

while the first moment of the distribution C, on the right-hand side can
directly be replaced by the mean value A. The resulting advective-dispersive,
age-mass-transport equation is

V.(gA-DVA)=¢ (7.79)

which simplifies in Equation 7.48 when dispersion is neglected. To model the
proper average field A(x) with this equation, the implicit Neumann condition
(Cornaton et al.,2004) has to be applied on the outlet boundaries I'* to ensure
the continuity of the age-mass fluxes exiting the system, and a zero age-mass,
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Cauchy input flux [i.e., the first moment of the quantity q-nd(¢) in Equation
7.72] must condition the inlet boundaries T".

Similarly, the advective-dispersive average life expectancy field E(x) can be
calculated by the backward flow-field equation

~V.(QE+DVE)=6 (7.80)

and both fields A(x) and E(x) can be mapped and post-processed following
the procedure described for advective systems, and according to Equations
7.50,7.51, and 7.53 to approximate the global distributions ¢(¢) and y(¢) based
on these averaged quantities.

Finally, integrating either Equation 7.79 or 7.80 over the flow domain,
applying the divergence theorem, and accounting for the boundary conditions
on I'” and I'* yield the time-average form of Equation 7.72, or age-mass con-
servation equation,

[od@= [ (qA-DVA).nar (7.81)
Q T+

in which the left-hand side represents the total pore volume of the system V/,,
or total internal age-mass production rate, while the right-hand side is the total
advective-dispersive age-mass flux at the outlet. Dividing this total age-mass
flux by the discharge Q, yields, therefore, the average age over the outlet, or
average residence time 71, defined in Equation 7.10 by means of the reservoir
theory. Scaling Equation 7.81 by Q, yields then the average form of Equation
7.73, namely,

V. 1
Yo _ 2 [(qA-DVA)-ndr =1, 7.82
0. 0, 1@ Jndr=r (7

which confirms the well-known definition of the turnover time, 1, = T,, and
extends the notion to advective-dispersive systems.

7.3 SELECTED TYPICAL EXAMPLES

The theoretical age modeling elements and age modeling strategies presented
in Sections 7.2.1 and 7.2.2 are applied in the following simulation examples, in
which age and residence-time distributions result from the combination of the
reservoir theory to numerical solution of age transport equations. These exam-
ples aim at showing the large variety of age and residence-time distributions
that can be found in natural conditions. The response of these distributions
and of the corresponding characteristic groundwater volumes is illustrated and
analyzed in terms of sensitivity to reservoir hydrodispersive properties and
boundary conditions.
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7.3.1 Aquifer with Uniform and Localized Recharge

The behavior of an aquifer with good turnover properties, uniformly
recharged from the surface, is compared to that of an aquifer with distant inlet
and outlet zones in Figure 7.12. Both aquifers have the same homogeneous
structure and size, and diffusive-dispersive effects are ignored.

For the uniform recharge condition [Figure 7.12(a)], the internal age and
outlet residence time distributions in Figure 7.12(c) are quasi-exponential
functions, with more or less equal average values T, = T,, and, therefore, (¢) =
y(t) as discussed in Section 7.2.1. In this case, the characteristic groundwater
volumes V;(t) + Vy(¢) (see Figure 7.6 and related comments for definitions)
diverges rapidly from V/(), indicating that the minimum residence time at the
outlet approaches zero. When the recharge is localized far upstream of the
outlet [Figure 7.12(b)], the residence-time distribution @(7) in Figure 7.12(c) is
nil and the age distribution y(7) is constant until the minimum residence time
is reached. In this case the average residence time T, is slightly less than twice
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Figure 7.12. Synthetic models with frequency distributions and groundwater volumes
as indicators of recharge conditions (modified after Cornaton, 2004). Hydraulic heads
and flow paths for (a) the uniformly recharged aquifer, (b) the aquifer with distant inlet
and outlet zones. (c) internal age and outlet residence-time distributions, internal cumu-
lated groundwater volumes (V =V, + V, + V5 + V).
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the internal average age T, (a factor of two corresponds to pistonflow). This is
the situation 1, < 1, discussed in Section 7.2.1, for which the groundwater
volumes V;(¢) + V,(¢) and V(¢) remain identical until the minimum residence
time is reached. Past this time, the decrease of V;(¢) + Vy(¢) is immediate and
reflects the fact that most of the discharge rate is exfiltrated over a relatively
narrow residence time span, related to the good uniformity of the flow paths
in the aquifer. A narrow triangular-shaped function V;(f) + V,(¢) is typical of
aquifers with significant minimum residence times and bad turnover proper-
ties. For aquifer with good turnover properties this function shows a much
longer tail, according to the broader range of travel distances from the
recharge areas to the outlet.

7.3.2 Hydrodispersive Multilayer A quifer

The dispersive properties of a heterogeneous system are evaluated for the
four-layer-aquifer shown in Figure 7.13. The four layers are homogeneous with
thicknesses decreasing with depth, and permeabilities and porosities set in a
way to generate contrasted pore velocities [velocities v; in Figure 7.13(a)] and
transit times in each layer. Specifying layers with decreasing thicknesses and
increasing pore velocities is meant to create flux-averaged arrival-time peaks
of comparable magnitudes at the outlet. The later is located at the surface over
a relatively narrow zone where high mixing of arrival times is expected due
to flux convergence. This is illustrated in Figure 7.13(b), showing a linear evo-
lution of the mean age contours in each of the layer, as well as high-density
isochrones separating the four distinct age categories of the water converging
toward the outlet. Age and residence-time distributions are simulated for both
advection-dominated and dispersion-dominated conditions, enforcing strong
hydrodynamic dispersion parameters in the second case.
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Figure 7.13. Synthetic multilayer aquifer (modified after Cornaton, 2004). (a) Bound-
ary conditions and hydraulic head contours (H in m), (b) mean age contours (A in d).
Average pore velocities in m/d are v, =4, v, = 6.5, v; = 10.5, and v, = 23.5.
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With a total pore volume V, = 65,312m" and a total flow rate Q, = 403 m?/d,
the turnover time is 1, = 162d for the two cases, and the average age in the
reservoir shows only little sensitivity to dispersion (about 5%, around 1, =
100d). This is due to the fact that, even if the velocities are well contrasted
between the four layers, flow is generally fast in the whole system analyzed
here. In principle, dispersion acting parallel to the flow direction tends to make
the system older by generating residence-time distributions with longer tails,
and, therefore, with larger standard deviation o,. As stated theoretically in
Equation 7.12, this has a direct consequence on the average age t,. In an
inverse manner, dispersion acting perpendicularly to the flow direction has an
age-homogenizing effect by mixing water particles of adjacent flow paths. This
effect reduces the tailing (and the standard deviation) of the residence-time
distributions and tends to make the system younger.

The outlet residence-time distribution ¢(¢) in Figure 7.14(a), and the inter-
nal residence time distribution y+(¢) in Figure 7.14(b) are of particular inter-
est for the characterization of the internal flow dynamics. When the age
transport process is dominated by advection, the two functions clearly exhibit
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layer aquifer (modified after Cornaton, 2004). Sensitivity to dispersion. (a) Outlet
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as many peaks as the number of contributing layers. However, the magnitudes
of the peaks are different and discern the residence-time frequencies of the
outlet discharge from those of the system pore volume. It is also noted on these
figures that the turnover time 7, = 162d, which is also the average outlet res-
idence time, has one of the weakest frequencies of occurrence. This charac-
teristic value is therefore poorly representative because there are only very
few groundwater particles with the residence time 7, at the outlet. The fact
that the residence-time frequencies do not vanish between the four modes is
due to mild fractional age-mass exchanges between the layers and to the
delayed transition of the deeper waters through the upper layers in the vicin-
ity of the outlet. In this example, the first mode of ¢(¢), around 70d, expresses
the most frequent residence time with respect to discharge rate fractions, and
is representative of the flow in the fourth, bottom layer where pore velocity is
the highest. The contribution of this layer to the cumulative discharge at the
outlet can be estimated in Figure 7.14(c) at about 125m?/s, from the cumula-
tive function Q(r) at about ¢t = 100d. However, it is the third mode of y(z),
around 200d and corresponding to the second layer of the system, that shows
the most frequent residence time with respect to pore volume fractions,
because the pore volume of this layer is relatively high. The latter can be esti-
mated to about 40% of V, on Figure 7.14(d), by the increase of the cumulated
function V(t) + V,(¢) between the bounds of the third mode signature (about
150d and 2504d).

Using high diffusive-dispersive parameters results in important fractional
age-mass fluxes between the layers. Since there are no real aquitard or imper-
vious formations in this example, both functions ¢(¢) and y(¢) show a much
smoother aspect, making it impossible to distinctly identify the contributions
of the different layers. The cumulative discharge at the outlet and the cumu-
lative groundwater volumes are moderately affected by these internal mixing
processes, particularly the total groundwater volume V(¢) cumulated with
respect to ages in the system. This simple principle example points to the
complex nature of age and residence-time distributions in hydrogeological
systems, and calls for a very careful use of mean age data when the system
dynamics and its vulnerability have to be assessed. Generally, hydrodynamic
dispersion, heterogeneity, and long-distance induced mixing are assumed to be
the main sources of uncertainties for the interpretation of environmental
tracer data and age-dating methods. As shown here, the geological structure
and the hydraulic configuration of the system boundaries are indeed also at
the origin of very specific outcomes, for which mean ages may not be repre-
sentative, even in advection-dominated conditions.

7.3.3 The Seeland Phreatic Aquifer

The Seeland aquifer is located in the northwestern part of Switzerland, in Qua-
ternary deposits on the molassic plateau in the region of Bienne (Figure 7.15).
This alluvial, horizontal, and unconfined aquifer covers approximately 70 km?
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Figure 7.15. Situation map of the Seeland aquifer in the North-West of Switzerland
with hydrogeological information (after Cornaton, 2004).

and consists of a heterogeneous set of well sorted gravels, sandy gravels, and
silty sands. The average thickness is about 20 to 30 m, with a maximum at about
50m. This aquifer is recharged by precipitations and by bordering canals and
rivers, which also drain the system downstream. It is intensely exploited by
several pumping wells, and its surface is essentially devoted to dense agricul-
tural activities.

A groundwater flow model of this region was elaborated and calibrated
under both steady-state and transient flow regimes (Jordan, 2000) to support
the design of the protection zones and the production of vulnerability maps
for the pumping well SWG 1950, an important public water supply. Among
the various scenarios enforced to achieve this task, two were analyzed for
average and low-water conditions with, respectively, surface infiltrations of 1
mm/d (typical hydrological conditions) and 0.1 mm/d (low-water conditions).
Using the calibrated permeability field and transport parameters, and apply-
ing the methodology described in Cornaton and Perrochet (2005b), the frac-
tional capture zone of the pumping well (Figure 7.16) and the corresponding
residence-time information (Figure 7.17) were computed and analyzed in
terms of sensitivity to recharge conditions.

The fractional, or probabilistic, capture zones shown in Figure 7.16 indicate
the local groundwater fractions actually reaching the well under investigation.
Dispersive-diffusive processes may indeed divert groundwater particles across
various flow paths and, thus, inside or outside the purely advective capture
zone of the well. Particles located on advective flow paths leading to the well
have, therefore, a capture probability that decreases with the distance from
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Figure 7.16. Fractional capture zone (P-field) for the SWG 1950 pumping well for
surface infiltration rates of (a) 1 mm/d (average scenario), and (b) 0.1 mm/d (low-water
scenario). The color fringes indicate local volumetric water fractions reaching the well
(after Cornaton, 2004).

the well. Inversely, the distance from the well increases the capture probabil-
ity of particles not initially located on advective flow paths leading to the well.
Because they indicate capture probabilities between zero and one, fractional
capture zones generally look much wider than the classical advective capture
zones.

Knowing the capture probability field P(x) of a given well, the relative
pluvial and canal/river contributions to the well discharge rate Q,, can be eval-
uated, as well as the pore volume V, of the subsystem contributing to the well.
In the case of the present horizontal, unconfined aquifer with uniform surface
infiltration rate i, the pluvial contribution Qy, is

Q) =i [ P(x)dQ=iS,, (7.83)
Q

where S,, (domain integral of the probability field) is the effective surface of
the well capture zone. With spatially varying saturated thicknesses and porosi-
ties, e(x) and ¢(x), the pore volume of the well subsystem is

Vop = jP(x)q)(x)e(x)dQ (7.84)
Q
According to Equations 7.21 to 7.26 for systems with multiple inlets and

outlets, the results of the reservoir theory apply in this subsystem, for which
the age and residence-time distributions, ¢,(¢) and y,(?), are related by
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__ Vo 9w,() W, (1)
9p(1)= 0. o oo (7.85)

where 1o, = V,,/O,pis the subsystem turnover time.

As shown in Figure 7.16 for the constant pumping rate Q,, = 3,600 m?/d,
decreasing the infiltration rate increases the lateral extent of the capture zone,
as would be expected. The consequence of this is an increase of the contribu-
tions of infiltrating boundaries. In Figure 7.16(a), for the average hydrologic
conditions, the capture zone is relatively narrow and clearly shows the portion
of the ancient Aare river, on which P varies in the range 0-0.65, indicating that
only a fraction of the infiltrated waters reaches the well. In this case the effec-
tive surface of the capture zone in Equation 7.83 is S,, = 2.85km’ and the
pluvial contribution is Qy, = 2,850 m’/d, namely 79% of the extraction rate at
the well. This pluvial contribution is thus not enough to satisfy the demand at
the well and the remaining 21% (750m?/d) represents therefore groundwaters
originating from river infiltrations. The pore volume of the well subsystem in
Equation 7.84 is V,, = 1.04-10’m’, yielding the turnover time T,, = 7.9y.

Taking a sensibly different orientation for the low-water conditions in
Figure 7.16(b), the capture zone is wider and intersects inflowing portions of
the ancient Aare river, as well as some portions of the Binnen and Hagneck
canals (see Figure 7.14 for their location). In this case, the values S,, =
5.04km* and V,,, = 2.85-10"m’ indicate the pluvial contribution Qy, = 504 m’/d
and the subsystem turnover time 7t,, = 21.7yr. In such hydrological conditions,
the precipitations satisfy only up to 14% of the water demand at the well. The
remaining 86% must come from the river and the canals, and this explains the
significant turnover time increase. These basic information are important to
address water-quality issues and to anticipate the changes in water chemistry
that could result from a degradation of the recharge conditions.

Fractional capture zones such as those illustrated in Figure 7.16 for the
pumping well SWG 1950 could be obtained for all the other wells imple-
mented in the area, yielding the required individual information, and account-
ing for possible overlaps of the P-fields. For example, the three wells located
near the Hagneck canal generate their own capture zones with relatively high
P-values, and this necessarily implies an abrupt drop in the SWG 1950 P-field
in this area, as shown in Figure 7.16(b). The effect of another well, with a much
smaller extraction rate, can also be seen in the form of a very local, but steep
depression in the plotted capture zone for both scenarios.

For the average conditions, the information given by the well residence-
time distribution @,(f) in Figure 7.17(a) confirms a strong pluvial contribution
to the pumping well until about 6yr, with particularly high frequencies from
the origin up to about 3yr. The rest of the curve results from the mixture of
pluvial and river infiltrations and the third peak, at about 15yr, corresponds
to the mean arrival time of the Aare river waters. The standard deviation
around the mean residence time 1., = 7.9yr is 6,, = 6.5yr, yielding, from Equa-
tion 7.61, the volume averaged mean residence time tr, = 13.2yr. For the low-
water conditions, the residence-time distribution is clearly bimodal, attesting
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Figure 7.17. Frequency distributions and characteristic groundwater volumes for the
Seeland aquifer (after Cornaton, 2004). Sensitivity to surface infiltration rates. (a)
Residence-time distribution @,(f) at the pumping well SWG 1950 and internal age dis-
tribution ,(¢) (upscaled by a factor 1.8 for clarity) in the contributing pore volume,
(b) cumulated groundwater volumes V, = Vi, + V5, + V3, + V,, expressed as percent-
ages of V,, (here the subscript p refers to the subsystem corresponding to the fractional
capture zone of the pumping well).

of the main contributions of the canals and the river. The first peak is repre-
sentative of the infiltrations from the Binnen canal, while the second results
from the mixture of the Aare River and Hagneck canal infiltrations in the
southeastern end of the domain. In this case, T, = 21.7yr, 6,, = 11.3yr, and Ty,
=27.6yr.

The effects of the recharge conditions are also quite apparent in the age
distributions ,(#), which show the typical responses of a system where
uniform pluvial dilution dominates (i = 1mm/d), and of a system where
recharge mainly occurs at distant locations (i = 0.1 mm/d). In the contributing
pore volume V,,, the reduction of the infiltration rate by a factor of 10 makes
the mean age value increase from t,, = 6.6 yr to T,, = 13.8yr. The comparison
of these values to the respective turnover times indicates that T,, < 7., and that
the ratio 7,,/T,, decreases from 0.84 to 0.64, according to the change in aquifer
recharge type. Improving the mixing, or the dilution, of groundwaters with
young surface waters always tends to equalize T,, and T, (T.p/To, = 1 for perfect
mixing properties, exponential model), while 7,, tends toward the half of 1,,
for poor mixing properties (T.,/To, = 1/2 in the case of perfect piston flow) as
discussed in Section 7.2.1. In both average and low-water conditions, the tail
of the functions @,(¢) and y,(¢) is important and is due to the combined effect
of dilution and dispersion. These effects are also apparent in the characteris-
tic groundwater volumes shown in Figure 7.17(b). The curves V() and V5,(¢)
+ Vi4(¢) diverge at early times because of the specified surface infiltrations,
which imply short residence times in the vicinity of the well. In average con-
ditions, the function V5,(f) + V() does not show important tailing patterns
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because the origin of the boundary infiltrations is restricted to a relatively
narrow portion of the Aare River. This is not the case in low-water conditions,
in which the long tail of the curve Vi, (¢) + Vi,() is related to the large exten-
sion of the fractional capture zone collecting a variety of groundwater parti-
cles with very different infiltration locations.

In Figure 7.17(b), the curves Vi,(¢) + V,,(¢) also indicate that the ground-
water volumes reaching the well in less than about 30yr range between 100%
and 75% depending on the infiltration rate. For any intermediate hydrologi-
cal scenario in the range 0.1-1 mm/d, this means that groundwater occupying
up to 25% of the pore volume contributing to the pumping well need more
than 30yr to reach the well. Given that the order of magnitude of V., is of the
order of 10’m?, the corresponding groundwater volumes may be enormous,
and this has a direct implication in the time required to restore water quality
after a regional, diffuse contamination event.

The groundwater of the Seeland aquifer suffers from such diffuse con-
taminations. For instance, the threshold nitrate concentration of 40mg/l is
exceeded in many parts of the system, including the SWG 1950 pumping well.
Assuming that future hydrologic conditions may regularly lead to average
surface infiltrations ranging between the two simulated values, the residence-
time distributions at this well suggest that significant, late-time frequencies
could be found in the interval 25 to 50yr. Taking the indicative value of 30yr
discussed above, and considering that nitrates and other fertilizers were mas-
sively used up to the 1990s, before being gradually reduced or replaced, one
may indeed conclude to a large amount of residual polluted groundwaters. Sig-
nificantly declining nitrate concentrations at the well may therefore not occur
before a decade, when the relatively slow dilution mechanisms will be com-
bined to flushing boundary inflows accelerating the restoration process, which
may take another decade to reach a satisfactory level, and a few more others
to be complete.
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ISSUES AND THOUGHTS IN
GROUNDWATER DATING SCIENCE

This chapter deals with some new and important topics that have not been
covered in the previous chapters due to the specialized nature of each chapter.
First we describe the need to have more user-friendly groundwater dating
methods and list a range of potential dating techniques that might be devel-
oped further and employed to supplement those discussed earlier. How to
translate the results of age modeling exercises into real-world, practical appli-
cations is dealt with next. We then propose some new concepts and measures
that might be considered as the sign of the maturity of groundwater age
science. The future of groundwater dating will also be dealt with in the context
of the “Future of Hydrogeology,” i.e., whether groundwater age-dating is as
mature as hydrogeology or is a branch for which major advancement has still
to come. The Authors’ concluding remarks about the science of groundwater
age-dating are included in this chapter.

8.1 THE NEED FOR MORE DATING METHODS AND THE
CURRENTLY PROPOSED POTENTIAL METHODS

In this subchapter, we briefly point to some of the less used and specific
groundwater dating methods that may find wider applications in the future.
The general consensus among scientists is that the number of age-dating
methods is quite limited (Loosli et al., 2000). Since 50 years ago, some tech-
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niques for dating groundwaters have been developed, with some already losing
their credibility. Tritium and silicon-32 methods, for instance, are disappearing,
and Krypton-85, CFCs, and SF; have recently come into play. lodine-129 and
Cl have proved to suffer from some serious drawbacks, but the new ATTA
technique to measure ®'Kr content of groundwater samples have created
serious hopes in dating very old groundwaters by this isotope. Further, ‘He
and “’Ar techniques have been used to supplement very old dating methods.
In general, there are many more dating methods now than there were 20 years
ago, and there could be many more 20 years from now. The motivation for the
development in the field of groundwater dating is the serious need, felt by
the international scientific community, to know the age of groundwater. From
the viewpoint of the aquifer management, it is of crucial value to have more
widely and easily applicable cheap dating methods. It is also necessary to
extend the application of age data and to simplify the interpretation of the
presently costly research-level-only dating methods. We need to have reason-
ably precise age indicators for various age categories. For example, we need
methods for dating 0-100 years old, 100-1,000 years old, 1,000-10,000-year-old
waters, and so on. The ideal situation would be to have a set of methods to
enable groundwater professionals to date each and every single molecule of
water. One such technique should, for instance, be able to reveal the very last
moment that the groundwater molecule, the age of which is of interest, was
subjected to the sunlight. In other words, we should be able to find out when
the last time that the molecule of interest saw the light of the sun. In this
regard, researchers should concentrate to find out whether sunlight leaves any
recognizable impact on the water molecule. This is to some extent similar to
thermoluminocene dating of archaeological materials. Now we turn to briefly
discuss some of the potential dating methods that have been either proposed
or applied to only a minor extent.

Radon-222 Method As stated in Chapter 4, **Rn method can be grouped
along with other methods for dating young groundwaters, but it has been sep-
arated because the timescale (age) involved is much shorter than the other
isotopes. Radon-222 is mostly used to determine the quantity and location
of river discharge to streams (Cook et al., 2003), to delineate groundwater
recharge and flow paths, and to estimate groundwater apparent ages over short
timescales (Cecil and Green, 2000) and as a natural tracer to monitor the
remediation of NAPL contamination in the subsurface. A good discussion
about the hydrogeology of radon in an area near Conifer, Colorado, is pre-
sented by Lawrence et al. (1991), where they measured the concentration of
2Rn in 46 water wells and one spring.

Radon-222 with a half life of 3.8 days is a product in the decay chain of
uranium-238. It is generated by the disintegration of radium-226 (the imme-
diate precursor to radon in the decay chain with a half-life of 1,620 years)
through alpha—particle emission and it decays to polonium-218 by the same
alpha-particle emission reaction:
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2Ra—Rn+o0, 2ZZRn — 28Po+0

There are two sources for *?Rn in groundwater including (1) radioactive dis-
integration of dissolved radium and (2) direct release of radon from minerals
containing members of the uranium/thorium decay series. The short half-life
of ?Rn makes it suitable to date very young groundwaters whose age ranges
from 1 to 20 days. Groundwaters have higher concentration of *’Rn as com-
pared to surface waters because *?Rn content of surface waters escapes into
the atmosphere. This forms the base of dating groundwater by *?Rn. Recharge
waters with minimum or no *”Rn concentration start to acquire “?Rn from
the time they enter aquifer. This is called radon “ingrowth.” After equilibrat-
ing with the ambient groundwater, which happens in a period of about 20 days,
it is no longer possible to distinguish between newly recharged water and the
ambient groundwater on the basis of *?Rn concentration. Therefore, in dating
groundwaters with *?Rn, only zones of active groundwater circulation are of
interest. In such a situation, we need to measure the concentration of *?Rn in
the ambient groundwater at a distance far from the recharge area. We then
compare the concentration of “?Rn in the sample (to be dated) with that of
the ambient groundwater through the following radioactive decay equation:

C=C,(1-e™) (8.1)

where C is the concentration of *?Rn in the sample, C, is the concentration of
*2Rn in ambient groundwater, A is the decay constant of *?Rn (0.18 day™),
and ¢ is the age of groundwater.

Hoehn and von Gunten (1989) measured the age of infiltrated river water
in three unconfined aquifer in various locations in Switzerland by measuring
the concentration of *?Rn. The contamination of groundwater as a result of
river recharge is a concern in the majority of European countries, including
Switzerland. Therefore, it is important to know the velocity of the groundwater
to have an estimation of the migration rate of the contaminants. Hohen and
von Gunten showed that it takes River Glatt water 15 days to travel to a dis-
tance of 26 meters (from river bank) in an unconfined aquifer in River Glatt
Valley, Switerland. On the basis of “?Rn groundwater ages at various distances
from the River Glatt, the average groundwater flow velocity was estimated at
4.6 m/day.

Atmospheric Noble Gas Signals Noble gas solubility in atmospheric pre-
cipitation depends on the air temperature; the higher the temperature, the
lower the solubility. Infiltrating rainfall carries the dissolved noble gas into the
unsaturated zone and then to the saturated zone where it can be sampled and
its concentration analyzed and interpreted. It is possible to estimate ground-
water recharge temperature by measuring the concentration of dissolved
noble gases. If the original atmospheric noble gas signal is preserved in the
aquifer, it is possible to constrain water residence times by comparing the
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recharge paleotemperatures with independently derived paleotemperatures
(Pinti et al., 1997). The method works better at mid- and high latitudes, where
the temperature increase from Pleistocene to Holocene has been greater
(Gonfiantini et al., 1998). However, the main problem that limits and compli-
cates this particular application of noble gasses is the “excess air” or “super-
saturation” problem, air entrapped by the infiltrating rainwater molecules in
the unsaturated zone (Heaton and Vogel, 1981).

Chemical Timescale Chemicals dissolved in water may provide some clues
about the age and residence time of groundwater. In some circumstances, a
high concentration of chemicals is a rough indication of long ages. This has
been referred to as chemical timescale or time information derived by study-
ing the chemistry of the groundwater (Edmunds and Smedley, 2000). In addi-
tion to age information, the chemical timescale, supplemented by inert and
other quantitative indicators, provides a mean to evaluate aquifer homogene-
ity and/or stratification unrelated to the present-day flow regime (Edmunds
and Smedley, 2000). This means that a careful study of the chemical composi-
tion of groundwater may have dual use and replace some of the costly age-
dating methods that are not available in many countries.

Anthropogenic lodine-129 lodine-129 is a tracer to date very old ground-
waters as described in Chapter 6. However, a very high concentration of this
isotope in shallow groundwaters is associated with anthropogenic sources such
as radioactive waste disposal facilities. In such circumstances, groundwater
containing excessive 'I is thought to have recharged in modern times. For
instance, Schwehr et al. (2005) have shown that the concentration of "I in
shallow groundwater in Orange County aquifer, USA, is decreased with the
increase in the age of groundwater. Ages, measured by *H/He method and
121/""] ratio of nine samples were as follows:

DT 10 638 445 29 146 9 16 266 245 297 7.1
Age (year) 68 19 12 02 01 025 008 055 6 253

This data indicates that the source of I in the Orange County aquifer is
anthropogenic, which is why its concentration in older groundwaters is less.

Sulfur-35 Sulfur-35, a radioactive isotope of sulfur with a half-life of 87.4
days, is formed in the atmosphere from the cosmic-ray spallation of “’Ar. It
reaches the ground surface through wet and dry deposition. Cooper et al.
(1991), in a study on Imnavait Creek, Alaska, have shown that deposited *S
is mostly adsorbed within the watershed and does not enter the hydrologic
cycle. This is the main problem in using *S as a hydrologic tracer. However,
Michel (2000) argues that *S is a useful tracer to date less than one-year-old
groundwaters if the conditions—minimal biological uptake, and no water-rock
interaction—are met. So far the three successful studies involving *S in dating
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very young groundwaters are those by Michel and Turk (1996) on Flat Top
Wilderness region, Colorado, Sueker et al. (1999) on Colorado Front Range,
and Plummer et al. (2001) on Shenandoah National Park, Blue Ridge Moun-
tains, Virginia.

Strontium Isotopes Collerson et al. (1988) have shown that the ratio of
8Sr/*Sr isotopes in groundwater in the Jurassic aquifer of the Great Artesian
Basin of Australia increases linearly with the distance from the recharge area
and age of groundwater (from 0.7045 to 0.7118). Such an increase was attrib-
uted to the interaction between groundwater and igneous lithologies or
allochthonous material derived by dissolution of rocks having low Rb/Sr
ratios. On the basis of this research, we argue that the ratio of strontium iso-
topes could be used as an age indicator, but this needs research and further
ratification.

Dating Groundwater by Studying Aquifer Matrix In a study by Zwingmann
et al. (1998), the age of formation fluids was determined by dating hydrother-
mally formed illites in the Rotliegend sandstone reservoirs of northern
Germany. The basis of such kind of dating is the difference between the ages
of illites (which were formed by fluids) in different parts of the mentioned
reservoirs. Illite ages decrease from an average of 198 million years in the
vicinity of the fault system (as the source and conduit for fluids) to 177 million
years some 4 km away from the fault zone. This means that the fluids traveled
4km in 21 million years or 0.2 mm per year, or simply the age of the fluids was
calculated at 21 million years. In short, this method of dating is based on the
imprints of the moving fluids in different parts of the reservoir.

Graphical Analysis of Conductivity Time Series This method, which is
based on measurement of simple parameters, was applied by Hofer et al.
(2005) to date young groundwaters in a shallow aquifer in the Thur Valley,
Switzerland. The producing unconfined aquifer is hydraulically connected to,
and qualitatively affected by, the quality of the River Thur. Time series of elec-
trical conductivity values in the River Thur were correlated with the respec-
tive time series in the shallow aquifer. From the resulting diagrams, the travel
time of the infiltrating river water to the pumping wells tapping shallow
aquifer was calculated at 20 = 10 days. However, higher-resolution time series
of electrical conductivity values (hourly values during 10 months) resulted in
different ages of 34 and 16 days, depending on the weighting of short-term
fluctuations in the river-water conductivity. The large discrepancy between the
two sets of results clearly indicates that this technique is prone to high uncer-
tainty. This is why Hofer et al. (2005) confess that it is mostly to help decide
if the application of other sophisticated tracer methods is needed and which
tracers are most suitable to study the local groundwater dynamics.

Geologic History There are some groundwater age indicators that are
referred to as “Geologic history method of dating” (Cornman and Marine,
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dateless). These include obtaining information about previous ocean or sea
water level, information about past distinct climates (e.g., hot, dry, wet, etc.),
or information about a specific ion in groundwater that might have existed at
the Earth’s surface during a very special and short time period. Any one of
these factors may leave a recognizable signature on the groundwater which
could be attributed to a specific timeframe.

Mineralogical Techniques for Dating Quaternary Groundwater Flow The
following paragraph extracted from Metcalfe et al. (1998) describes how
mineralogical techniques may show the existence of groundwater flow during
Quaternary at a particular location. Mineralogical evidence such as mineral
distribution, mineral chemical variations, and mineral textures are used to
provide a record of groundwater flow at a particular locality after the ground-
waters themselves have left the area. The basis of mineralogical dating tech-
nique is twofold: (1) precipitation of minerals as calcite, quartz, and anhydrite
is time-dependent and (2) Quaternary groundwater flow ought to have
resulted in recognizable mineralogical changes. For example, reactions involv-
ing sulfide, oxide, and carbonate are predicted to occur in response to ground-
water movements. Also, periods of enhanced groundwater recharge, either
during glacial periods or during more temperate episodes, are expected to
carry oxidizing waters to greater depth than in periods of more subdued
recharge. Studies at Sellafield, England, show that mineralogical information
when used in conjunction with hydrogeochemical evidence has considerable
potential to provide a more continuous record of groundwater flow events
during the Quaternary geological period. We must emphasize that such tech-
nique is solely to show that a groundwater flow occurred at some locations
during some period of time. It does not provide us with the age of a ground-
water sample as we described before.

Other Methods A host of other potential methods are proposed throughout
the literature. These include agrochemicals, bacteriophages, HCFCs, Xe, *'Ne,
BC/MC, S/, ete.

8.2 TRANSLATING SIMULATION OF GROUNDWATER AGES
TECHNIQUES INTO PRACTICE—MORE APPLICATIONS FOR
AGE DATA

A number of researches have been devoted to mathematically simulate the
distribution of groundwater ages and residence times. These models are the
only means to obtain the distribution of various ages in a groundwater sample
or in a spring water. The link between these efforts and isotopic dating is
missing. There is a need to combine these two fields and to try to isotopically
date those aquifers whose residence time and ages have been modeled. This
will help to verify the model results and also to interpret the isotopic ages
more confidently. The final practical outcome would be a refined age concept
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and a more robust use of it. There is also a need to find out more usages for
groundwater age modeling exercises such as remediation of contaminated
aquifers, installation of monitoring networks, etc.

8.3 WORLDWIDE PRACTICES OF GROUNDWATER AGE-DATING

Table 8.1 lists countries, mostly those with over one million in population, in
which age-dating has been applied to at least one aquifer. It demonstrates that
fewer than 40 countries, out of 140 countries, have undertaken groundwater
dating. This statistic, which could suffer from some errors due to the difficulty
in accessing all published materials from all countries, clearly suggests that
groundwater dating is an unknown field in about 75% of the world countries.
Further, the table shows that only a few countries in Asia, Africa, and South
America have undertaken dating studies, in contrast to Western Europe and
North American countries in which age-dating is a common exercise. There-
fore, action is needed to publicize this discipline and to make this science avail-
able to all countries, especially those that rely heavily on groundwater.

8.4 PROPOSAL FOR GROUNDWATER AGE MAP—WORLDWIDE
GROUNDWATER AGE MAPS

Geological maps portray various rock types, unconsolidated sediments, and
some other geological features of the Earth’s surface, and the corresponding
ages of each. These maps usually include considerable information about the
local stratigraphic column as a means to constrain the age and the lithology
of various subsurface formations. Presently, geological maps are available for
most parts of the Earth’s surface, which means that the relative ages and to
some extent the absolute ages of the worldwide geological formations are now
well documented. In a smaller scale, quite a few other types of specific maps
have been developed within various subdisciplines of geology with themes
such as engineering geological maps, hydrogeological maps, environmental
geological maps, etc. In even smaller scales, within each of these subdisciplines,
other types of even more-detailed maps are being developed and prepared.
For instance, slope stability maps, groundwater vulnerability maps, and trans-
missivity maps all cover a very narrow field or a particular parameter. As the
sciences of hydrogeology and groundwater evolve and the need for precise
and detailed information about the groundwater resource becomes imminent,
more maps are to be produced to depict various angles of these invaluable
resources.

It is the purpose of this section of the book to propose one new type of
map, groundwater age map, on which the ages of the groundwater resources
are depicted. The preliminary steps to construct such a map include
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TABLE 8.1. List of World Countries with One or More Groundwater Dating
Studies (Countries Whose Population is Higher Than One Million Have Been
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Investigated)

Country Continent Country Continent
Afghanistan Asia Lebanon Middle East

Albania East Europe Libya Africa \
Algeria Africa Lithuania East Europe

Angola Africa Madagascar Africa

Argentina S & C America Malawi Africa

Australia Pacific Liberia Africa

Austria Europe Malaysia Asia

Bangladesh Asia Maldives Asia

Belgium Europe Malta Europe

Benin Africa Mauritius Africa

Bermuda Caraibes Mexico S & C America
Bolivia S & C America Mongolia Asia

Botswana Africa Malaysia Asia

Brazil S & C America Morocco Africa

Bulgaria East Europe Mozambique Africa

Burkina Faso Africa Myanmar Asia

Burundi Africa Namibia Africa \
C. African R. Africa Nepal Asia \/
Cambodia Asia Netherlands Europe \
Cameroon Africa New Zealand Pacific \/
Canada North America Nicaragua S & C America

Chad Africa Niger Africa V
Chile S & C America Nigeria Africa

China Asia North Korea Asia

Colombia S & C America Norway Europe

Congo Africa Oman Middle East V
Cook Islands Pacific Pakistan Asia V
Costa Rica S &C America Panama Pacific

Croatia East Europe P.N. Guinea Asia

Cuba Caraibes Paraguay S & C America
Cyprus Europe Peru S & C America
Czech R East Europe Philippines Asia

Denmark Europe Poland East Europe
Dominican R Caraibes Portugal Europe

East Timor Asia Puerto Rico Caraibes

Ecuador S & C America Saudi Arabia Middle East \/
Egypt Middle East Romania East Europe

El Salvador S & C America Russia East Europe y
Estonia East Europe Senegal Africa

Ethiopia Africa Sierra Leone Africa

Finland Europe Singapore Asia

France Europe Slovakia East Europe

Gabon Africa Somalia Africa

Gambia Africa South Africa Africa V
Germany Europe South Korea Asia
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TABLE 8.1. Continued

Country Continent Country Continent
Ghana Africa Spain Europe
Gibraltar Europe Sri Lanka Asia

Greece Europe Sudan Africa
Greenland North America Sudan Africa
Guadaloupe Caraibes Suriname S & C America
Guam (US) Pacific Swaziland Africa
Guatemala S & C America Sweden Europe
Guinea Africa Switzerland Europe
Guinea Bis. Africa Syria Middle East
Honduras S & C America Taiwan Asia

Hungary East Europe Tanzania Africa

India Asia Thailand Asia

Indonesia Asia Togo Africa

Iran Middle East Trinid. & Tob. Caraibes

Iraq Middle East Tunisia Africa

Ireland Europe Turkey East Europe
Israel Middle East UAE Middle East
Italy Europe Uganda Africa

Ivory Coast Africa UK Europe
Jamaica Caraibes Ukraine East Europe
Japan Asia United States North America
Jordan Middle East Uruguay S & C America
Kazakhstan Asia Venezuela S & C America
Kenya Africa Vietnam Asia

Kuwait Middle East Yugoslavia East Europe
Laos Asia Zambia Africa

Latvia East Europe Zimbabwe Africa

1. At a very general scale, there is a need to have a world map to show the
countries that have attempted dating of one or more of their aquifers.
The raw data for such a map could derive, for example, from Table 8.1.
This map will help potential international researchers or international
institutions to direct their efforts to those countries that are in most need
of such practices and that can also provide potential pristine research
sites.

2. In a slightly more detailed fashion, we have to have a single map or a
set of maps for each country that shows the aquifers that have been
subjected to dating exercises.

3. Finally, we have to construct a groundwater age map for each important
aquifer which could vary in detail as described in the next paragraph.

Practically, we should first of all attempt to classify aquifers, for example, all
aquifers in a country, into young, old, and very old. This will be useful for the
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management of groundwater resources in at least two respects, renewability
of the aquifers and their susceptibility to pollution. Such a map will illustrate
a country-wide picture of the recharging (renewable) and nonrecharging (non-
renewable) freshwater resources, and susceptible and non-/less susceptible
resources. The second step should be to determine the range of age of each
aquifer, for example, from 2,000 to 25,000 years or from 10-25 years. The third
stage would be a more detailed age measurement across the aquifers, which
would include age measurements in the recharge area, transmission zone, and
discharge area of the aquifers. The last and final step would be to build an
isochrone map of the important aquifers, which should take advantage of both
hydraulic ages and tracer determined ages.

8.5 WORKS THAT CAN AND NEED TO BE DONE TO ENHANCE
GROUNDWATER AGE SCIENCE

A number of initiatives are thought to result in a wider recognition and appre-
ciation of groundwater age science. These are outlined below.

e Advancement in the collection and measurements techniques for dis-
solved noble gas isotopes such as ¥Ar, ¥*Kr, and ¥Kr.

e Enhancement of the worldwide laboratory facilities especially in less
developed countries.

e Establishment of regional central laboratories.
e Establishment of an IAH working group.

e Arrangement of groundwater age conferences and forums. The details of
first such conferences which was held in 2005 in Tahoe City, California,
is given below.

The Fall 2005 Theis Conference

“Groundwater Age: Estimation, Modeling, and Water Quality Sustain-
ability”

Granlibakken Conference Lodge Center, Tahoe City, California, Sep-
tember 23-26, 2005.

However, this was a conference of local significance attended by U.S.
scientists only. Larger national and international forums need to be
organized to boost the hydrologists’ and geologists” knowledge about
the groundwater age subject.

¢ Inclusion of groundwater age in the curriculum of graduate courses in
isotope hydrology and geochemistry.

e Creating an association for groundwater age specialists.

e Construction of the world groundwater age map.

e Writing a book or books about “groundwater dating methods.” In this
book we have tried to cover the entire subjects associated with ground-
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water age. As a result, we have reduced our coverage of the dating
methods to avoid enlargement of the book. These is a need to devote a
full book entirely to dating techniques in order to allocate one chapter
to each method. Also, other chapters of the present book may need a
more thorough discussion to form a book of its own.

8.6 MAJOR PROBLEMS FACING GROUNDWATER
AGE DISCIPLINE

Apart from minor, easily solvable technical issues, groundwater dating busi-
ness faces three major problems that could be addressed only if an interna-
tional consensus and agreement among the scientists is achieved.

1. Dating laboratories are limited and the cost of analysis is often high.

2. The methods are generally complicated and they require sophisticated
interpretations as well as considerable extra information in order to yield
a reliable age.

3. Dating techniques are limited with some techniques being useful only in
special rare situations.

Unless all of the above difficulties are either fully addressed or alleviated,
groundwater dating will remain confined to a few countries and it will not gain
widespread recognition.

8.7 SOME THOUGHTFUL QUESTIONS—CONCLUDING
REMARKS AND FUTURE OF GROUNDWATER DATING

Here we raise some questions that need careful thoughts:

1. Groundwater dating was started 50 years ago, but it has not received
considerable attention and still remains relatively unknown. Do you
agree with such statement? If yes: What could be the cause/s? Is the
subject too detailed? Is it because it is not an applied science, i.e., too
academic? Are the dating methods too imprecise? Is it because of the
expenses involved?

2. Do we really need to know the age of a groundwater sample? Can we
really know the age of a groundwater sample? If we are to delete the
parameter of “age of groundwater,” is there another parameter to
replace it successfully? What would it be?

3. If you were to set up an age-dating laboratory, which dating method
would you feature and what are the criteria? Do you use a noble gas lab-
oratory, a radiocarbon laboratory, or a **CI? What would be your crite-
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ria, budgetary constraints, type of aquifers in your country, or the char-
acteristics of the dating method, i.e., its precision, complexity, range of
age, etc.?

4. If you are in charge of a world organization such as the Hydrology
section of the IAEA, which country would you help to establish a dating
laboratory? If you are in charge of a major dating laboratory, how would
you determine the cost of your services? Do you attempt to provide
cheap, affordable analysis to publicize the age concept and to make other
scientists aware of the benefit of this special piece of the scientific
sphere?

5. What is the application of groundwater age modeling practices? Do they
have any real-world applications, or are they just for academic hobbies?

Recently, a theme issue of the Hydrogeology Journal was devoted to the future
of hydrogeology. The overall conclusion was that hydrogeology is not precisely
a quantitative science (Voss, 2005). One might ask the same question here
about the future of groundwater dating? Will dating groundwater be a widely
exercised practice for the next 20 years? Will it grow and expand or decline
and shrink? Will scientists pay more attention to this field, or will it be replaced
by other disciplines? Will new dating laboratories be built, or will the present
ones remain unchanged or even reduced? Will new methods be invented?

Groundwater age-dating discipline was born 50 years ago. It has gone
through various cycles and has benefited from the talent of many scientists
worldwide. A number of applications are achieved with this discipline, but
there are a number of deficiencies, some rectifiable, some not. If one is to list
the fundamental difficulties that the age-dating concept has faced and is facing,
for sure the problems of “mixing” and “initial value” are ranked high above.
These two problems are an integral part of the concept, and it may not be an
easy task to remove them. This book is intended to present this discipline to
a wide range of audiences in the geo-environmental fields and to collect and
to disseminate all the information that is already available in the world liter-
ature in a single volume. It aims to create a driving force behind this subject
in order to enhance its usefulness to all interested parties.
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APPENDIX 2

SOME USEFUL INFORMATION FOR
GROUNDWATER DATING STUDIES
AND TABLE OF CONVERSION

OF UNITS

Atomic weight = Number of protons + Number of neutrons (A =Z + N).
For carbon-14, we write '¢C, which means that the atomic weight of
carbon-14 is 14 and it has 6 protons.

An « particle is heavy and consists of two proton and two neutrons and
has an energy typically between 4-7MeV (Million electron volt). A  par-
ticle is much lighter than o and is like an electron with an energy typi-
cally between 0.5 and 1.5MeV. Gamma (y) rays are photons like light or
x-rays and have energy of 0.1-1.5 MeV. Most gamma rays can be stopped
by 5-10cm of lead.!

Decay constant (A) = In2/half-life = —In0.5/half-life. A unit is time™.

[e = natural exponent = 2.718, In(e) = 1, Inl = 0, In(a x b) = Ina + Inb,
In(a/b) = Ina — Inb].

Mean life = 1/A = half-life/In2.

Activity = Number of atoms x A (second™). Standard unit for activity is
Becquerel.

Avogadro’s Number = 6.023 x 10 = Number of atoms per mole = 1 mole.
STP = Standard temperature and pressure = 0°C (273.15K, 32°F) and 1
atmosphere (101.325kPa, 760mm Hg).

Fmole = femtomole = 107" mole.

pptv = part per trillion by volume.
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e R, = Atmospheric ratio, i.e., ratio of isotopes of one element in the

atmosphere.

e “Ar* = Radiogenic argon-40, i.e.,* sign indicates radiogenic origin.

Multiply by To obtain

Curie (Ci) 10" Picocurie (pCi)

Curie (Ci) 3.7x 10" Becquerel (Bq)

Curie (Ci) 2.2 %102 Disintegration per minute (dpm)
Becquerel (Bq) 10° Millibecquerel

Becquerel (Bq) 1 Disintegration per second (dps)
Becquerel (Bq) 0.0166 Disintegration per minute (dpm)
Tritium unit (TU) 0.1181 Bg/Kg

Tritium unit (TU) 6.686 x 10'° Tritium atoms/kg of water
Tritium unit-*He 2.487 Picocm® *He/kg of water

MeV 10° eV

Femtomole/L 1 pptv

Gram/L 2.6868 x 10%/AW* Atom/L

1cm?® STP 2.6868 x 10* Atoms

! Wiles, D. R. (2002) The chemistry of nuclear fuel waste disposal. Polytechnic International Press,

Montreal, Canada.
* Atomic weight.



APPENDIX 3

CONCENTRATION OF NOBLE
GASES (USED IN GROUNDWATER
DATING) AND SOME IMPORTANT
CONSTITUENTS OF

THE ATMOSPHERE

Name Formula Percentage (by volume) in air
Nitrogen N, 78.08

Oxygen 0, 20.95

Water vapour H,O 0.1-4

Argon Ar 0.934 £ 0.01

Neon Ne 0.002

Carbon dioxide CO, 3.7 %10

Helium He (524 £0.05) x 10
Krypton Kr (1.14 £0.01) x 10°¢
Radon Rn 6x 102

CFC-11 CCLF 253 x 10712
CFC-12 CCLF, 534 x 10712
CFC-113 C,F;Cl, 81 x 10712*

Sulfur hexafluoride SF, 5.78 x 10712

Source: Mazor, E. (2004) Applied Chemical and Isotopic Groundwater Hydrology. Third edition,
Marcel Dekker, Inc, New York, 453 p.; Porcelli, D., Ballentine, C. J., and Wieler, R. (eds.) (2002)
Reviews in Mineralogy and Geochemistry, Volume 47: Noble Gases in Geochemistry and Cosmo-
chemistry. The Mineralogical Society of America, Washington, 844 p.

* Global average CFCs values and SFg average value at Nivot Ridge, CO, USA, in 2004 (data
from E. Busenberg, USGS).
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