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The Groundwater Project Foreword

The United Nations Water Members and Partners establish their annual theme a
few years in advance. The theme for World Water Day of March 22, 2022, is “Groundwater:

4

making the invisible visible.” This is most appropriate for the debut of the first
Groundwater Project (GW-Project) books in 2020, which have the goal of making

groundwater visible.

The GW-Project, a non-profit organization registered in Canada in 2019, is
committed to contribute to advancement in education and brings a new approach to the
creation and dissemination of knowledge for understanding and problem solving. The

GW-Project operates the website https://gw-project.org” as a global platform for the

democratization of groundwater knowledge and is founded on the principle that:
“Knowledge should be free and the best knowledge should be free knowledge.” Anonymous
The mission of the GW-Project is to provide accessible, engaging, high-quality,

educational materials, free-of-charge online in many languages, to all who want to learn
about groundwater and understand how groundwater relates to and sustains ecological
systems and humanity. This is a new type of global educational endeavor in that it is based
on volunteerism of professionals from different disciplines and includes academics,
consultants and retirees. The GW-Project involves many hundreds of volunteers associated
with more than 200 hundred organizations from over 14 countries and six continents, with
growing participation.

The GW-Project is an on-going endeavor and will continue with hundreds of books
being published online over the coming years, first in English and then in other languages,
for downloading wherever the Internet is available. The GW-Project publications also
include supporting materials such as videos, lectures, laboratory demonstrations, and
learning tools in addition to providing, or linking to, public domain software for various

groundwater applications supporting the educational process.
The GW-Project is a living entity, so subsequent editions of the books will be

published from time to time. Users are invited to propose revisions.

We thank you for being part of the GW-Project Community. We hope to hear from
you about your experience with using the books and related material. We welcome ideas

and volunteers!

The GW-Project Steering Committee
October 2020
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Foreword

This book is focused on the use of isotope analysis of groundwater samples to better
understand the origin, travel time, residence time (often referred to as ‘groundwater age’)
and recharge of groundwater. Isotopes serve as indicators or inherent tracers that occur
within all groundwater systems. The analyses are done on groundwater molecules or on
dissolved constituents in the water. The methods for sampling wells and springs are not
complicated and there are many commercial and other laboratories across the globe
available for analysis of the most useful isotopes. Isotopes in the study of groundwater
systems began in the 1950’s and there is now a large literature showing how they can be
helpful. Given and relatively low cost per analysis and the many ways in which isotope
data provide useful insights unobtainable in other ways, isotopes should be viewed as
indispensable ‘tools” for nearly all types of groundwater investigations. However, in
standard practice, isotopes are not yet used to full advantage. An objective of the
GW-Project is to correct this situation by providing education about isotopes in many books
in various levels of detail. Peter Cook, the author of this book that provides a broad
overview of as the starting point for this topic, is a leader in the field who has co-authored

many of the seminal papers across a broad spectrum of isotope applications.

John Cherry, The Groundwater Project Leader
Guelph, Ontario, Canada, October 2020
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Preface

This book addresses the use of environmental tracers and environmental isotopes
for identifying groundwater sources and quantifying rates of groundwater recharge,
discharge, flow, and mixing. Its goal is to present the application of the techniques in a form
that can be readily understood and appreciated by groundwater professionals who do not
have a background in the use of isotopes or other environmental tracers. The aim is to raise
awareness of the potential of these tools, not to present all of the information that is
required for their application in particular studies. Consequently, the details of sampling
requirements, which sometimes involve specialized equipment, are not discussed. For most
of the examples, the techniques were successfully applied. However, not all studies are so
successful. Some of the limitations of the various tracers that contribute to failed studies are

briefly discussed toward the end of this book and are widely discussed elsewhere.

In this book, emphasis is given to techniques that provide information on
groundwater residence times, as these facilitate estimation of groundwater flow rates. The
focus is on water quantity rather than quality, so the use of compound-specific isotopic
techniques to determine sources of anthropogenic contamination is not considered. Also,
the use of isotopes to determine geochemical reactions and pathways is not the focus of this
book, although some of the examples demonstrate how residence time indicators have been
used in conjunction with measurement of contaminant concentration to determine rates of
plume movement or changes in contaminant concentrations over time. This book is focused
on the saturated zone, thus does not discuss the use of environmental tracers to estimate

soil evaporation or rates of plant water use.

While not the focus of this book, these other topics are of great interest. Isotopes and
environmental tracers are being used more widely in groundwater science, and this book

aims to facilitate the continuation of this increased use.

viii
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1 Introduction

The most direct way to obtain information on groundwater flow is to follow (or
trace) the movement of a dissolved substance within groundwater. This approach is most
straightforward when a substance is added to the groundwater that was not originally
present, and this tracer is added only for a short period of time. Substances like this that
are deliberately added for the purpose of studying groundwater movement are referred to
as artificial tracers and are not discussed here. However, because groundwater movement
is often very slow (sometimes only a few meters per year or less), artificial tracers are of
limited use for understanding large groundwater systems. Fortunately, there are several
environmental tracers that can provide similar information. Often, these environmental
tracers have been added to the groundwater by natural processes operating over long
periods of time. Measurement of these tracers can therefore provide information on
processes that have operated over large spatial and temporal scales. This is particularly

useful for understanding natural flow systems in large basins.

Here, environmental tracers are defined as geogenic (natural to the Earth) or
anthropogenic (human created) isotopes, elements or compounds that are widely
distributed in the near-surface environment of the earth, such that variations in their
abundances can be used to infer environmental processes. Isotopes are a particular category
of environmental tracers and are variants of chemical elements that have the same atomic
number but differ in their mass number due to different numbers of neutrons in their
nucleus. An ideal tracer of water flow is one which is soluble, mobile, relatively unreactive,
and easily measured. However, while tracers that behave conservatively (that is, do not
cling to subsurface materials nor undergo chemical change) in the environment yield
information on water sources or transport processes, tracers that readily undergo chemical
reactions can be used to determine hydrochemical conditions in aquifers and reaction
pathways. Several environmental tracers also provide information on timescales of
subsurface processes. These include radioactive tracers, which decay at a known rate;
radiogenic tracers, which are produced and accumulate in the subsurface; and event markers,
which are neither produced nor consumed in the subsurface but have a variable and
well-known history as to when they entered the groundwater. These tracers can be used to
estimate the age of groundwater, which can be used to determine groundwater velocities.
Applications of environmental tracers in groundwater therefore include estimation of:

e Mixing between different water sources (Section 3.1);

e Processes and rates of groundwater recharge (Sections 3.2, 3.4, and 3.5);
e Groundwater flow rates (Section 3.3);

¢ Flow of groundwater to rivers (Section 3.6);

e Groundwater flow through fractures (Section 3.7);
e DPalaeoclimate and palaeohydrology (Section 3.8);
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e Sources of salinity and other contaminants (Section 3.9); and,
e Calibration of groundwater models (Section 3.10).

The starting point for interpreting environmental tracers is that transport is
dominated by advection (transport of a substance by the bulk motion of the groundwater),
rather than diffusion and dispersion. This assumption means that as the tracer moves along
a flow line water gets progressively older. Within a relatively homogeneous aquifer, it also
means that water gets older with depth (Figure1). There are, of course, several
qualifications and exceptions to this general principle, but it provides a good starting point

for us to think about the behavior of tracers.

Water Table Bore

7%

10 years

Figure 1 - Schematic illustration of the layering of groundwater age in a simple aquifer system. Groundwater
age increases in the direction of groundwater flow, and also increases with depth in the aquifer (Cook, 2020).
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2 Types of Tracers

2.1 Introduction

There are numerous tracers that have application to hydrogeology. Three groups of

tracers are described here:

e Tracers that provide information on the age of groundwater and that are
principally used for determining water velocities and aquifer recharge rates.
Types of tracers that fit into this group include radioactive tracers (Section 2.3),
radiogenic tracers (Section 2.4) and event markers (Section 2.5).

e Tracers that provide information on reaction processes and phase changes (e.g.,
evaporation, and condensation). Stable isotopes (Section 2.6) are one of the most
important tracers in this group.

e Tracers that are used for identifying water sources and groundwater flow and
mixing. In addition to the tracers mentioned above, this group of tracers
includes noble gases (Section 2.8) and ion concentrations. Ionic tracers (such as

chloride) are not discussed.

The following sections summarizes key principles of these different types of
environmental tracers. Sampling and measurement techniques are not discussed in this
book but can be found in several specialist texts (e.g., Fritz and Fontes, 1980; Clark and
Fritz, 1997; Cook and Herczeg, 2000; Clark, 2015). The most commonly used units for
measurement for many of the environmental tracers are summarized in Table 1. In general,
stable isotope abundances are reported as deviations from a standard, rather than absolute
values, whereas tracers used for groundwater dating can be reported in units of

radioactivity or concentration.
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Table 1 - Different approaches to reporting tracer concentrations in groundwater, together with the most
commonly used units for the most widely used tracers. (The examples include chemical elements, with the
number to the upper left indicating the number of protons in the nucleus. Rn is Radon, Kr is Krypton, C is
Carbon, Ar is Argon, H is Hydrogen (the form with 3 protons is called Tritium and the form with 2 protons is
called Deuterium), Cl is chlorine, Sr is Strontium, O is oxygen, CFC is Chlorofluorocarbon, SFs is Sulfur
Hexafluoride, Nz is Nitrogen gas, He is Helium. CFC and SFes concentrations in water are usually reported as
grams or moles of substance per kg of water. However, atmospheric concentrations are reported in parts per
trillion, by volume, often abbreviated as ppt or pptv.)

Reporting Method Example Units Abbreviation
222Rn
Radioactivity per water volume o Becquerels per litre Bg/L
Kr
¢ Percent modern carbon pmC

Radioactivity relative to standard
Oar Percent modern argon pmA

Tritium (3H) is measured in
tritium units (TU), where one
SH/AH tritium unit represents one atom

" . 18
Atom ratio to more abundant isotope  %8¢)/%5C| of tritium in 10™" atoms of

hydrogen.
87, /86
SIASY For other tracers, this ratio is
dimensionless and does not have
units.
2HIMH
Deviation of atom ratio from 18- 16 . 0
standard 0O/°0 Per mille (per thousand) %0
13126
Mass or molar concentration in CFC Picograms per kilogram pg/kg
water SFg Picomoles per kilogram pmol/kg
Atom concentration in water 36¢y Atoms per litre of water atoms/L
Volume of gas at standard N,
temperature and pressure (STP) per Ar Micro-cm® at STP per m® ucm® (STP) m®
water volume He

2.2 Groundwater Age

The age of groundwater refers to the time that has elapsed since a water particle
entered the saturated zone as groundwater recharge. This is also called the residence time of
the water particle in the aquifer. The advective travel time is the time required for a particle
of water to move from one location to another. Residence time and advective travel time
are equal when the starting point for the advective travel time is the point of recharge. The
mean age or mean residence time refers to a group of water particles. This might be the mean
age of a water sample pumped from a well (all the individual water particles need not have
the same age) or the mean residence time of water in the entire aquifer. This is perhaps best
understood by analogy to human age, where we can talk about the age of an individual or
the mean age of a group of individuals. The mean residence time of water in the aquifer

4
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(average age at discharge) is then analogous to the life expectancy of the population
(average age at death).

It needs to be recognized that while groundwater age may be estimated using
environmental tracers, it is only an estimate because measured tracer concentrations are
also affected by other processes. Therefore, some authors prefer to use terms such as
apparent groundwater age or piston-flow groundwater age so that this distinction is clear,

although these terms are somewhat cumbersome. However, it is useful to refer to tracer ages

in general, or for example to CFC-12 ages or '*C ages in particular, to differentiate between

the concept of age and the estimate obtained with a specific tracer.

Environmental tracers that can be used for estimating groundwater age can be
divided into radioactive isotopes, event markers and radiogenic tracers. The most commonly
used of these tracers, and the approximate age ranges that they can be used to estimate are

illustrated in Figure 2.

36C| =
81Ky o
14¢ 1
3SAr ==
°H [
CFC-11 =
CFC-113 s
CFC-12 =]
SFg =
85Kr =1
3H/PHe s —
222Rn =
‘He . . —
3 = | 1 3 5 7
10 10 10 10 10 10
Age (years)
Figure 2 - Approximate age ranges over which different environmental
tracers can provide information on groundwater age. Radioactive tracers are
indicated in red, event markers in blue and radiogenic tracers in green. Note
that while 3Cl and “C can be used to determine groundwater ages over
long timescales as radioactive tracers, they can also be used as event
markers for water from the 1950s and 1960s, due to elevated concentrations
in the atmosphere at that time from atomic bomb testing. While “He can

potentially be used to date groundwater over a large age range, radiogenic
tracers are limited by accurate estimates of production rates (Cook, 2020).

2.3 Radioactive Tracers

A radioactive tracer is any of several species of the same chemical element with
different masses that have an unstable nucleus that dissipates excess energy by
spontaneously emitting radiation in the form of alpha, beta, and/or gamma rays. If
radioactive decay is the dominant process causing changes in the concentration of a tracer,
then these changes can be used to infer timescales of groundwater movement. If the
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concentration of the radioactive element that serves as the tracer in groundwater recharge
has been relatively constant, then its concentration will decrease exponentially over time
(Figure 3). Assuming no other process is reducing the concentration of the element, the age
of a groundwater sample is given by Equation 1.
c
t=—I4m(—) (1)
Co

where:

¢ = measured concentration of radioactive tracer

¢p = initial concentration of radioactive tracer (same dimension as c)

A = decay constant (T™)

The decay constant and half-life are related by Equation 2.
—In (0.5

). h©3) o

t1/2

where:

t1/2 = half-life of radioactive tracer (T)

A number of different radioactive isotopes have been used to estimate the age of
groundwater in this way, including “C (ty 2= 5,730 years), S (t, /2= 140 years), S (t, /2=
88 days), *°Cl (t, /2=301,000 years), PAr (t, /2= 269 years) and SKr (¢, /2 = 229,000 years), with
14C the most commonly used. These isotopes are produced by cosmic ray interactions with

various elements in the atmosphere and dissolve in rain and enter the hydrologic cycle.
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Figure 3 - In the radioactive decay process, the concentration of the
radioactive element will be reduced to half of its initial value after one
half-life, and the concentration will continue to halve after every
subsequent half-life until it is no longer measurable. The equation in
the Figure is a re-arrangement of Equation 1 in the text (Cook, 2020).
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If the input concentration of a radioactive tracer is variable or not well known, it is

sometimes possible to measure the concentrations of both the radioactive parent (the

radioactive element that originally entered the groundwater) and the daughter product (the

element that is produced by the radioactive decay), and to sum these to determine the initial

concentration of the parent. This is generally only possible when the daughter product is

not itself radioactive. This is the basis of the *H/°He method of groundwater dating (the

parent *H decays to the stable daughter *He; Figure 4), but it cannot be used for some of the

other radioactive tracers (e.g., H¢c, %S, %, 39Ar) as their decay products are difficult to

measure, in some cases due to high background concentrations (elemental symbols are

defined in the caption of Table 1). A background concentration is the concentration of a

substance unrelated to that input by the source of the tracer (e.g., '*C decays to stable

nitrogen, which is widespread in the environment).

Where both parent and daughter concentrations are measured, the daughter is

stable, and background concentrations are low, then the age of a groundwater sample is

given by Equation 3.
c
t= —A‘lln< P )
Cp +Cq
where:
¢p = parent concentration
cq = daughter concentration (same units as ¢)
A = decay constant of the parent (T™)
3He = e ——
P B
= -
D //‘/
£ vl
3 X
= y \
" 4 m\
/
/
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Figure 4 - Schematic illustration of the decay of 3H and growth of 3He
over time. The ratio of 3He to 3H increases with time and can be used
to estimate the groundwater age. After 12.3 years, the half-life of 3H,
exactly half of the ®H has decayed to 3He (Cook, 2020).
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2.4 Radiogenic Tracers

Radiogenic tracers are atoms of a chemical element that are produced by radioactive
decay and may themselves be radioactive or stable. Information about groundwater
residence times sometimes can be obtained from the accumulation rates of radiogenic

isotopes with low background concentrations. This approach may be applied in aquifers

with relatively long groundwater residence times containing components of ‘He from
radioactive decay of U and Th (e.g., Mazor and Bosch, 1992; Solomon et al., 1996). The
technique requires independent estimates of the local production and release rates of the

radiogenic isotopes. However, obtaining enough measurements to understand potential

spatial variations in production rates is difficult. “’Rn is also produced through U and Th
decay, but its short half-life (3.8 days) means that secular equilibrium concentrations are
achieved after a relatively short time (~20 days). (Secular equilibrium means that the rate of

production is exactly balanced by the rate of decay, and so the concentration does not

: 222 . . .
change.) Thus, over longer timescales, ““Rn concentrations in groundwater are essentially

unrelated to residence time and primarily determined by the production rate (Figure 5).

**Rn is only produced by radioactive decay of *Ra (which is part of the U and Th

decay chain). Therefore, in principle, measurements of *’Rn can be used to date
groundwater over periods up to approximately 20 days. Helium can be present from other
sources. It has a significant concentration in the atmosphere, so is present in water that
recharges the groundwater system. Consequently, helium is most useful for dating
groundwater over longer timescales, when He produced from radioactive decay of U and

Th isotopes within an aquifer (referred to as radiogenic ‘He) is likely to dominate helium
from other sources, including diffusion from underlying strata.

When groundwater containing accumulated radiogenic tracers is removed from the
aquifer that contains the parent materials, for example by discharging to a stream, then
concentrations of these tracers no longer increase. ’Rn concentrations will decrease due to
radioactive decay, and concentrations of ‘He and *’Rn will decrease due to exchange with
the atmosphere. If these exchange rates are known, or can be measured, then concentrations

of these dissolved gases within surface water bodies can be used to determine the time since
groundwater discharged to the surface (Section3.6).
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Figure 5 - Schematic illustration of changes in
concentration of helium and radon with time after water
enters an aquifer system. Both are produced by
radioactive decay of other elements. However, as radon
is itself radioactive, the rate of increase in concentration
decreases over time, until eventually a constant
concentration is reached (after approximately 20 days).
Helium does not decay or degrade, so its concentration
continues to increase over time (Cook, 2020).

2.5 Event Markers

If the input concentration of an environmental tracer has been variable, but is well

known, concentrations measured in groundwater may be compared directly with the

known input concentrations to provide information on the groundwater age. ’H, %*Cl, ¥Kr,
CFC and SF; concentrations are commonly interpreted in this way. Of course, this method
is effective only over the period during which input concentrations have changed and in
which they have been measured or can be modelled reliably. It is therefore generally

limited to groundwater that entered the subsurface over the past 100 years. Concentrations

of °H, **Cl and "C increased in the atmosphere during the 1950s and 1960s as a result of

above-ground nuclear bomb testing and have decreased gradually toward natural levels
since then. ¥Kr, CFCs and SFs have been released to the atmosphere from various industrial

sources since the middle of the 20" century (Figure 6). CFCs were most useful as a
groundwater dating tool until the 1990s, as until that time atmospheric concentrations of
these compounds were increasing monotonically, and so a measured concentration in
groundwater could be uniquely assigned a groundwater age. However, international
agreements to reduce anthropogenic emissions of these compounds have reduced

atmospheric concentrations, so that measured concentrations can no longer be uniquely
related to a recharge date. For SF¢ and %Kr, however, atmospheric concentrations continue

to increase, so these tracers still have good resolution for young water samples. Other
atmospheric contaminants are also being explored as potential event markers (Busenberg
and Plummer, 2008; Beyer et al., 2017).
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One of the advantages of CFCs and SFs is that their atmospheric concentrations are
relatively uniform globally, and so the input concentration is usually known with a high
precision. ®Kr shows greater latitudinal variation. °H and **Cl show the greatest amount of
spatial variation of input concentrations, although the time of peak concentrations was

essentially the same at all locations.
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Figure 6 - Annually averaged atmospheric concentrations of some environmental tracers used as event
markers to determine ages of groundwater. Unlike Figures 4 and 5, groundwater age decreases towards
the right. Data are from Maiss and Brenninkmeifer (1998), Walker et al. (2000), Cook and Bohlke (2000),
Graven et al. (2017), Bollhofer et al. (2019) and HATS (Halocarbons and other Atmospheric Trace
Species Group) Global database (Cook, 2020).

2.6 Stable Isotopes

Stable isotopes are atoms of the same chemical element (i.e. the same number of
protons and electrons) with a different number of neutrons that do not undergo radioactive
decay, but they may be present as a result of radioactive decay. Ratios of different stable
isotopes of the same element can provide useful indicators of water sources and chemical
reactions.

The ratios of the less abundant to the most abundant stable isotope of an element

(e.g., °C/*C, *O/"0O, "N/"N) vary slightly between different materials and vary spatially
within the same material. Differences in abundance of the different isotopes are usually
caused by small differences in reactivity because of mass differences; lighter isotopes
typically being more reactive than heavier isotopes. Natural materials will therefore have
different isotopic abundances due to different source materials and different geochemical
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processes to which they have been exposed. Consequently, changes in isotopic abundance
of natural materials can provide information on sources of dissolved substances, and

chemical reactions that might have taken place after dissolution. The stable isotope ratios

of the water molecule (**O/'°O and *H/'H) are particularly useful in hydrology, as they can
provide information on condensation and evaporation processes. Manufactured chemicals
can have different isotopic ratios due to differences in source materials or manufacturing
processes. Fractionation is the name given to processes that affect the relative abundance

of light and heavy stable isotopes (light being the isotopic form with fewer neutrons).

Some of the key stable isotopes that have application to hydrology are listed in Table
2, along with their relative global abundances. The ratio of heavy to light isotopes can be
measured with high accuracy and precision, therefore differences between relative
abundances at a local level can be used to infer migration of groundwater and geochemical

processes occurring along the flow paths. Isotope ratios can be measured either on

individual ions of molecules, for example, BN/MN and 0/*0 of NOg3, 35/%25 or 0/*0 of

SOi', 30/*0 or *H/'H of H,O, or on groups of molecules, such as with BC/2C of total

dissolved inorganic carbon (TDIC). Usually, this ratio is expressed relative to a standard

using the delta (&) notation as shown in Equation 4.

Rsample —R

5= St 1000 %o 4)

Rstd
where:

R = ratio of isotope amount (usually less abundant to most abundant
isotope)
Thus, the &value of a sample which is identical to the standard would be 0 %o, positive
values indicate a greater proportion of the less abundant isotope than the standard, and
negative values indicate a lower proportion of the less abundant isotope (Table 1).

Table 2 - Relative global abundances of some
commonly used stable isotopes. From Rosman
and Taylor (1998).

Hydrogen (%) Carbon (%) Nitrogen (%)

'H 990885 '’C 98.93 N 99.632
24 00115 ¥c 107 N 0368

Oxygen (%)  Sulphur (%) Strontium (%)

" s 9493 %sr 056
O 99.757 4 86
0.76 Sr 9.86

17 S
O 0038 o o7
s S 4.29 Sr 7.00
O 0205 4 68
S 0.02 Sr 8258
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Two of the most widely used stable isotope ratios are those of hydrogen and oxygen
in the water molecule. Although there are two common stable isotopes of hydrogen and
three of oxygen, giving a total of nine isotopically different water molecules, only three are
commonly measured in natural waters: "H'H"O, '"H*H'°O and 'H'H"®O, with the first being
the most abundant form. Variations in 2H/'H and *O/"°O ratios in natural waters arise
mostly from isotopic fractionation during evaporation and condensation processes,
whereby the heavy isotopes of water preferentially remain in the liquid phase during
evaporation or pass into the liquid phase during condensation.

Rainfall everywhere in the world is depleted in the heavy isotopes of water relative
to seawater through a process known as Rayleigh fractionation. (Seawater is used as the
standard for §°H and §'°O measurement, so it has an isotopic composition of §°H = §'*0 =0

%o.) Because lighter isotopes evaporate more readily than heavier isotopes, clouds will
contain a greater proportion of light isotopes (and thus have negative values for § °H and

5'%0). The isotopic composition of rainfall will be heavier than that of clouds, but lighter
than the seawater which was the original source of the water vapor forming the clouds. As

air masses progressively move inland, rainfall becomes progressively lighter (Coplen et al.,
2000). Because “H and '*O are affected in similar ways, §°H and §'°O values in precipitation
are highly correlated. The global meteoric water line (GMWL) is an empirical relationship that
expresses the average correlation between §°H and & '°O values in precipitation, and is

given by Equation 5 (Craig, 1961).
8%H = 8680 + 10 ®)

Often, however, the stable isotopic composition of local rainfall differs from the global

mean, and so it is sometimes useful to define a local meteoric water line (LMWL,; Figure 7).
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Figure 7 - Monthly rainfall data for Ottawa, Canada, between December 1972
and February 2017, together with the Local Meteoric Water Line (LMWL),
calculated as a linear regression on the data. Data from IAEA/WMO (2018).
The global meteoric water line (GMWL), given by Equation 5 is shown for
comparison (Cook, 2020).

In many cases, the mean §°H and §'°0 composition of groundwater will be similar

to the mean amount-weighted 6°H and &'O composition of precipitation within its
recharge area. However, fractionation processes result in variations in isotopic composition
of precipitation, and sometimes these variations can be used to identify conditions under

which the groundwater recharge occurred (

Figure 8). Other factors being equal, the isotopic composition will be more depleted
in heavy isotopes during heavy rainstorms than during lighter storm events. So, if
groundwater recharge primarily occurs during large rain events, it may cause the mean
isotopic composition of groundwater to be more depleted than mean rainfall. Also, rainfall
at higher elevations will be more depleted than rainfall at lower elevations, and rainfall

during cold climatic periods will be more depleted than rainfall during warmer periods

(Ingraham, 1998; Mazor, 2004). Subsequent to a rainfall event, the %0 and *H composition
of water may be further modified by evaporation from the soil or from surface water bodies,
and these effects are most notable in more arid climates. Water samples affected by
evaporation are typically displaced to the right of the meteoric water line, and often fall on

a line of lower slope (

Figure 8), while transpiration does not significantly fractionate the stable isotopes.
The International Atomic Energy Agency (IAEA) maintains a network of rainfall collection
stations around the world, so there is a good database on the §°H and 6'*O composition of
precipitation for comparison with groundwater samples.
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Figure 8 - Schematic representation of the principal processes affecting the ?H and 80 composition of
groundwater. The slope of the evaporation line is usually between 4 and 6 for surface water evaporation, and
between 2 and 5 for soil evaporation (Barnes and Allison, 1988) (Cook, 2020).

Other stable isotopes that are widely used in hydrogeology include:

e Nitrogen (N/"N) and oxygen (**0/'°0) isotope ratios on NOj3, which are used to
determine sources of nitrate contamination in groundwater, and biogeochemical
processes that affect nitrate concentrations.

e Strontium isotope ratios (¥Sr/**Sr) for identifying water sources and geological
provenance of groundwater.

e Sulphur (*$/**S) and oxygen (**O/"°0) isotope ratios on SO,” are used to trace
natural and anthropogenic sources of sulfur, and biogeochemical processes that
affect sulfur and sulfate.

e Carbon isotope ratios (®C/*C) are used for determining chemical reactions
involving dissolved organic and inorganic carbon. §"°C ratios on dissolved
inorganic carbon are particularly useful for determining chemical reactions that
have affected '*C activity, and hence impacted the ability to use *C as a
groundwater age tracer. §"°C of organic materials can provide evidence for

identifying sources of contaminants.
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2.7 Noble Gases

Noble gases are a group of chemical elements that are stable (i.e. unreactive)
because their outer shell of valence electrons is full. They are also colorless, odorless,
tasteless and non-flammable. The six naturally occurring noble gases are the chemical
elements helium (He), neon (Ne), argon (Ar), krypton (Kr), xenon (Xe), and radon (Rn).
Radon and helium have been discussed above in the context of radiogenic tracers. The
common isotopes of the other noble gases are neither radiogenic nor radioactive, and
therefore represent the most stable of all tracers. In environmental applications,
concentrations of nitrogen are often interpreted together with noble gas concentrations, and
so it is also discussed here. (Although nitrogen is more reactive than the noble gases,

dissolved N, is relatively stable and nitrogen concentrations in water are more easily
measured than concentrations of many of the noble gases.)

The atmospheric abundances of the noble gases and nitrogen have been essentially
constant throughout geologic time, and so for most of these gases differences in
concentrations in water are principally due to differences in gas solubility in water, which
is a function of temperature, pressure and salinity (Section 2.8). Solubility is the amount of
a substance (the solute) that dissolves in a unit volume of a liquid (the solvent) to form a
saturated solution at a specified temperature and pressure. The exceptions are He and Rn,
which are produced by radioactive decay in quantities that sometimes overwhelm that
resulting from equilibrium solubility with the atmosphere. For the other noble gases (Ne,
Ar, Kr and Xe) and N,, concentrations in water provide information on the temperature

and pressure at the time of recharge.

Measurements of noble gas concentrations in groundwater have shown that
concentrations in water are often much larger than can be explained by equilibrium
solubility. Such ‘excess’ gas concentrations are referred to as excess air and believed to be
due to addition of air due to entrapment of air bubbles during recharge and their
subsequent dissolution (Heaton and Vogel, 1981). If all the air bubbles completely dissolve,
then excess air entrapment is not a function of solubility, and so gas ratios in excess air are
different to those due to equilibrium solubility. Measurement of at least two noble gases
typically allows both recharge temperature and excess air to be independently quantified
(Figure 9). In mountainous terrain, gas concentrations may provide information on
elevation (and hence location of recharge; Peters et al., 2018), whereas in large regional
aquifers measurement of gas concentrations in conjunction with groundwater dating can
provide information on paleo-temperatures (Aeschbach-Hertig and Solomon, 2013;
Section 0). A few studies have also suggested that excess air might provide information on

recharge processes (e.g., Massmann and Siiltenfuss, 2008; Hall et al., 2012).
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Figure 9 - Comparison of argon and nitrogen concentrations in groundwater as a function of recharge
temperature and excess air. Lines depict expected concentrations for water in equilibrium with the
atmosphere at temperatures between 5 and 30°C, and with up to 10 ml/kg of excess air. The sample
indicated by the circle would therefore represent a recharge temperature of 19°C with 6 ml/kg of excess
air. This plot assumes complete dissolution of excess air in groundwater. For partial dissolution models,
the reader is referred to Aeschbach-Hertig et al. (1999); Aeschbach-Hertig and Solomon (2013); and
Aeschbach-Hertig (2004) (Cook, 2020).

2.8 Dissolved Gas Tracers and Liquid-Vapor Partitioning

Several of the commonly used environmental tracers are gases at natural
atmospheric temperatures and pressures. However, all gases will dissolve in water, so they
can provide information on groundwater processes. Under equilibrium conditions, the
relationship between the concentration of gas in air and its concentration in water is given

by Henry’s Law. This can be expressed as shown in Equation 6.

Cw = KHCa(P - pHZO) (6)
where:
C, = concentration dissolved in water
C, = concentration in dry air

Ky = Henry’s Law constant (solubility of the gas in water)
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P

total atmospheric pressure

Pu,0 = water vapor pressure

The solubility of a gas in water will be a function of the water temperature and
salinity, and the resultant equilibrium concentration in water will also be a function of the
atmospheric pressure. The water vapor pressure is also a function of temperature and
salinity. In general, concentrations of dissolved gases will be higher in colder water and in
water with lower salinity. Gas solubility as a function of temperature and salinity is well
known for most gases of interest in hydrology. Data on gas solubility have been compiled
by Cook and Herczeg (2000).

The relationship between a gas’s concentration in air and its equilibrium
concentration in water can also be expressed in terms of a partition coefficient. The partition
coefficient reflects the relative mass of tracer in equivalent volumes of water and air and
will be one when equal mass occurs in each phase. Partition coefficients at 10 °C and 1 atm

pressure for commonly used tracers range from approximately 0.01 for helium and SF; to
0.5 for CFC-11 and **Rn (Figure 10). This means that great care needs to be taken when
sampling for helium and SF; as contact with the atmosphere can rapidly change
concentrations. It also means that transport of helium and SF¢ through the unsaturated zone
predominantly occur within the gas phase, whereas transport of CFC-11 and **Rn occur in
both liquid and gas phases. In contrast, dissolved ions such as chloride move exclusively
in the liquid phase. Analysis of '“C in inorganic carbon that is dissolved in the water
includes dissolved CO, and carbonate and bicarbonate ions, so the partition coefficient for

total inorganic carbon will be greater than that of CO, alone. In areas with thick unsaturated

zones, groundwater ages estimated with CFCs, SF¢ and ¥Kr may include a component that

reflects the travel time through the unsaturated zone (Engesgaard et al., 2004). The effect
will be more pronounced for tracers with large partition coefficients, and this can
sometimes cause differences between water ages obtained with these tracers (Cook and
Solomon, 1997).
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Figure 10 - Partition coefficients (moles per cm? of water divided by moles
per cm® of air under equilibrium conditions) at 1 atm pressure for some
commonly used environmental tracers. Low values of the partition coefficient
indicate that the tracer occurs predominantly in the gas phase within the
unsaturated zone (Cook, 2020).
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3  Tracer Applications

3.1 Investigating Groundwater Mixing

Conservative tracers can provide quantitative information on mixing between
different water sources. When two or more water sources (often termed end-members) that
have different isotopic or chemical compositions are mixed, then the chemical composition
of the mixture will depend upon the composition of each end-member and the proportion
of each end-member in the mixture. Thus, Equation 7 can be written for mixing of two

water sources.

Cm=c1f +c(1—f) )

where:

= concentration of the mixed water
¢; = concentration of conservative tracer in end-member water 1

¢, = concentration of conservative tracer in end-member water 2

A
Il

proportion of end-member 1 in the mixture

Uy
I
X
Il

proportion of end-member 2 in the mixture

Here, the concentrations must be absolute concentrations, and not isotope ratios, as
discussed below. Thus, if the concentrations in the two sources (end-members) are known
(or assumed), and their concentrations in the mixed sample are measured, then Equation 7
can be re-arranged into Equation 8 and hence the proportions of each end-member in the
mixture can be determined.

Cm — C2
f=e=c (8)

Although concentrations of a single conservative tracer only need be measured to
calculate proportions of two end-members in a mixture, it is more common to measure
concentrations of more than one tracer. This will give increased confidence in results of the
mixing calculations. When two different tracers are measured, then a mixing plot can be
constructed showing the concentrations of the two end-members in the mixture, and the

concentration of the mixed sample.

The concentration of a conservative element in a mixture of two end-members will
lie on a straight line between these end-members (Figure 11). This straight line is often
called a mixing line. Where several samples fall on mixing line, then this is evidence that

they may be the products of mixing. However, if the ratios of elements, or isotope ratios
(e.g., ¥'Sr/*Sr, °C/"*C), are plotted then the mixing line can be curved rather than straight.
In this case, Equation 7 will also not be correct. This occurs most frequently when an isotope
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ratio is plotted against the total concentration of the element (e.g., *’Sr/*Sr ratio versus total

Sr concentration). It occurs because at higher element (e.g., Sr) concentrations, a larger

change in isotope concentration (e.g., *Sr concentration) is required to change the isotope

ratio than at lower element concentrations (Section 2.5.3 of Kendall and Caldwell, 1998).

A similar approach can be applied where there are more than two end-members,
although more than one conservative tracer will be needed. The mixing equation for ‘n’

end-members is shown as Equation 9.

Cam = Carf1 + Cazfo + -+ Canfrn )

where:

Cym = concentration of tracer A in mixture
Cai = concentration of tracer A in end-member water n (same units as Cam)

fn = proportion of end-member ‘n’ (dimensionless)

In this case there are ‘n” proportions: £, 5, ..., . However, since the proportion of the last
end-member, £, can be calculated from the other proportions (i.e., f,=1-£f-£-...- 1),
there are only n-1 unknowns. To solve this equation, n-1 equations are needed, which
means that n-1 different conservative tracers need to be measured. The equations for the

different tracers can then be solved simultaneously to determine the proportions of the ‘n’

different end-members in the mixture.
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Figure 11 - Effect of mixing of water samples on tracer concentrations. (a) Where mixing occurs
between two discrete water sources, then concentrations of conservative elements in the resulting
mixed sample will fall on a straight line between the end-members. (b) Where mixing occurs between
three discrete water sources, then concentrations of conservative elements in the mixed sample will
fall within a triangle bounded by the three end-member concentrations. Blue circles denote
end-member concentrations, and red circles denote mixed samples (Cook, 2020).

A good example of the use of environmental tracers to determine mixing fractions
is provided by a study of artificial recharge in the Santa Clara Valley, California (Figure 12)
(Muir and Coplen, 1981; Coplen et al., 2000). Groundwater use in the Santa Clara Valley
led to groundwater depletion, and an aqueduct was created to import water from northern

California. The imported water was discharged into streambeds and percolation ponds to
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artificially recharge the groundwater. A study subsequently took place to determine the

spread of the imported water from the sites where it was introduced, and its contribution

to groundwater pumped by downstream wells. The §°H and & '®O composition of native
groundwater was determined to be -41 %o and -6.1 %o, respectively, based on groundwater

samples collected in areas unaffected by imported water. The mean value of imported
water was -74 %o and -10.2 %o for 6 2H and & '°O, respectively. Groundwater samples
downstream of the artificial recharge sites ranged between -45 and -62 %, for §°H and -6.6

and -8.6 %o for & 'O, and thus were intermediate between the native groundwater and
imported water values (Figure 13). The authors used Equation8 to estimate the
contribution of imported water to downstream wells at between 10 and 70 percent. Lower
fractions of imported water were estimated for wells furthest from the artificial recharge
sites, with fractions between 10 and 20 percent recorded for wells up to 4-5km

downgradient.

R SR
California, % A

\ il Tk
- oy
b i

Google Maps; 2020 - N " "MGoogle Maps, 2020 '

Figure 12 - Location of Santa Clara Valley, California, USA, which has been importing water to recharge local
aquifers since the 1960s. Stable isotope studies have been used to evaluate the performance of these
managed aquifer recharge schemes (Figure 13). The map on the left shows the location of the inset, on the
right.
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Figure 13 - Mixing between native groundwater in the Santa Clara Valley, California (blue
square) and imported water from northern California (green triangle) that was artificially
recharged through streams and percolation ponds. Groundwater downstream of the areas
of artificial recharge (red circles) had a stable isotope composition between the two
end-members. Numerals indicate the fraction of imported water in the downstream wells.
Based on the § 180 and & 2H composition, the contribution of northern California water in
downstream wells varies between 10 and 70 percent, with lower values calculated for wells
that are furthest from the artificial recharge sites. Based on data in Muir and Coplen (1981)
(Cook, 2020).

3.2 Quantifying Rates of Groundwater Recharge

In an unconfined aquifer, groundwater age generally increases with depth. If the
recharge rate is high, then the age will increase slowly with depth, and if the recharge rate
is low, age will increase rapidly with depth. Although it is not necessarily intuitive, Vogel
(1967) showed that if recharge is constant across an aquifer, then the age profile will also
be constant, and contours of groundwater age will be horizontal (Figure 14). The curvature
of flow lines means that vertical water velocity decreases with depth (and is zero at the base
of the aquifer). Thus, not only does groundwater age increase with depth, but it does so
more rapidly towards the base of the aquifer. The groundwater age profile will therefore
be concave upward (Figure 15).

For an aquifer of uniform geology, constant thickness (), and receiving constant
recharge (R), the groundwater age (¢) as a function of depth below the water table (z) will

be given by Equation 10.

tzHTfln<HIiz) 10)

where:

8 = porosity
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The vertical component of the groundwater velocity will decrease from R/& at the water
table to zero at the base of the aquifer. If groundwater age is measured at any discrete depth,
then the recharge rate can be determined by re-arrangement of Equation 10. However, if

sampling takes place near the water table (z/H small) then the recharge rate may be
approximated by Equation 11.

- 11
R . (11)
where:
z = depth below the water table (L)

In fact, comparison of evaluations of Equation 10 and 11 reveals that the error resulting
from using Equation 11 instead of Equation 10 will be less than 20 percent if samples for
age measurement are collected from within the top third of the aquifer.

FLOW LINES AND EQUIPOTENTIALS
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Figure 14 - Flow lines (orange), equipotential lines (blue) and distribution of travel times (green) in a
homogeneous unconfined aquifer of constant thickness receiving uniform recharge. The age increases with
depth, and the closer spacing of groundwater age contours with depth is because age increases more
rapidly with depth towards the base of the aquifer. In this example, the aquifer hydraulic conductivity is very
high, so that the curvature of the water table from left to right is not discernible on the scale of the figure.
Values are not shown for equipotential lines or travel times because it is the shape of the lines, rather than
their value that is important. The left and lower boundaries for the simulation are no flow, and the right
boundary is constant head (After Cook and Solomon, 1997).
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Figure 15 - Vertical water velocity and groundwater age as a function of depth in a
homogeneous unconfined aquifer of constant thickness (100 m), porosity 6 = 0.35 and recharge
R = 0.1 mly. The velocity at the water table is /6, and decreases linearly with depth to be zero
at the base of the aquifer. The groundwater age curve is calculated using Equation 10 (Cook,
2020).

In principle, a single measurement of groundwater age at a discrete depth can be
used to estimate recharge, but accuracy is significantly improved if vertical profiles can be
obtained. For example, a detailed vertical profile of CFC-12 concentrations from a shallow
silty sand aquifer near Sturgeon Falls, Ontario, Canada (Figure 16), enabled recharge to be
estimated with high precision. At this site, the saturated unconfined aquifer is about 35 m
thick and water table depth varies seasonally between approximately 0.2 m in spring and
2m in late summer. Piezometers are located between approximately 1 and 20 m depth,
with screen lengths of 15 cm. The wells were sampled in 1993 for analysis of dissolved
concentrations of CFC-11, CFC-12 and CFC-113, although only results from CFC-12, the
most conservative of the CFCs, are discussed here. The observed CFC-12 profile shows a
gradual decrease in concentration with depth, reflecting a progressive increase in
groundwater age with depth (Figure 17). The groundwater age at 12 m is estimated to be
approximately 34 years, equivalent to a recharge year of 1959. Below 13 m calculated ages
are artificially low, due to trace contamination (probably introduced during sampling) and
low measured concentrations. The year 1960 is sometimes considered to be the limit of
groundwater dating with CFCs, although reliable dates from the late 1950s can sometimes
be obtained.
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Figure 16 - Location of Sturgeon Falls, Ontario Canada, which was the site of one of the earlier studies using
CFCs to estimate groundwater recharge (Figure 17).

Google Maps, 2020

The measured CFC-12 data were used to calibrate a two-dimensional numerical
flow and solute transport model for this site, and hence estimate a vertical recharge rate of
approximately 130 mm/y. This is reasonable as it is about 14 percent of the average annual
precipitation of about 900 mm/y for the locale. A similar recharge rate would have been
derived by applying Equation 10 or 11 to measured CFC-12 ages. Simulations were also
performed using recharge rates of 110 mm/y and 150 mm/y, and these significantly
under-estimate and over-estimate measured values, respectively, indicating an uncertainty

of estimated recharge of better than 15 percent (Cook et al., 1995).

.
L .
.
5 R ¢
' [ e
ws I o
E 10 - @
2 | | R
D Fl r .\\
15 - X
b
- ™ \\
R=110 mmlyr i N\
- - e \
— R=130 mmfyr
20 - - - = R=150 mmiyr 5 N
0 200 400 600 0 20 40 60
CFC-12 (pgkg') CFC-12 age (years)

Figure 17 - Measured CFC-12 concentrations, and apparent CFC-12 ages
measured in a vertical profile obtained from the Sturgeon Falls aquifer, Canada,
in 1993. Estimated CFC-12 ages increase approximately linearly with depth,
although below 13 m calculated ages are artificially low, due to trace
contamination (probably introduced during sampling) and low measured
concentrations. A two-dimensional numerical flow and transport model was
calibrated to measured concentrations and used to determine a vertical recharge
rate of approximately 130 mm/y (After Cook et al., 1995).
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In another example, a vertical profile of *H and *He concentration was obtained
from a multi-level well in the shallow, sand aquifer at Cape Cod, Massachusetts, USA
(Figure 18), as part of an investigation into the transport of organic contaminants (Solomon

etal., 1995). The water table ranged from about 20 to 30 m below ground surface, and peaks
of °H and °He occurred at approximately 27 m below the water table (Figure 19). The

increase in apparent H/°He age with depth can be reproduced using Equation 10.
Assuming an aquifer thickness of 33 m and the measured ages, the vertical water velocity
at the water table (R/6) is about 3.3 m/y. Assuming a porosity of =0.35 and solving for
recharge, gives R=115mm/y. This is a reasonable value given the average annual

precipitation of about 1000 mm/y. At this site, sampling occurred in 1993, approximately
30 years after the peak of *H in rainfall. The *H/°He age at the depth of the peak

concentration of °H in the groundwater is about 16 years, thus the water must have taken
about 14 years to travel through the unsaturated zone. Estimates of recharge were used to
estimate the horizontal flow velocity, and hence estimate the rate of plume movement at

the site, as described in Section 3.9.

Google Maps;, 2020 &) - Z Google Maps; 2020

Figure 18 - Location of Cape Cod, Massachusetts, USA, where profiles of 3H and 3He were used to estimate
recharge and to track the movement of contaminated groundwater (Figures 19 and 43).
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Figure 19 - Concentration profiles of %H, 3He and °H/He age measured at Cape Cod,

Massachusetts, USA, in 1992-93. Estimated *He contributions from other sources have been

subtracted. The broken line in (b) represents the age profile predicted for an unconfined

aquifer with constant aquifer thickness of H =33 m, porosity 0.35 and recharge rate of

115 mmly (After Solomon et al., 1995).

Such high-precision estimates of groundwater recharge are only possible where
vertical profiles can be obtained using wells with short screened intervals. Typically,
existing wells must be used to gather groundwater samples and such wells generally have
long screened intervals. On the Eyre Peninsula, South Australia (Figure 20), groundwater
is used for irrigation and to augment the drinking water supply. Approximately 20 wells,
with screen lengths ranging from about 2 to 10 m, were sampled throughout the region
(Figure 21). Since these wells are distributed across a large area and recharge is likely to be
spatially variable, a plot of CFC-12 versus depth from all of the wells does not reveal a
smooth profile. Nevertheless, in general throughout the area, shallow wells have higher
concentrations than deeper wells. Each measured CFC-12 concentration represents the
average age of the groundwater over the entire screened-interval of the well. Recharge rates
can be obtained by comparison to results from a one-dimensional numerical groundwater
model of flow and transport. However, the recharge rate that is calculated will depend on
whether the groundwater is assumed to be derived from near the top of the screen, from
near the bottom, or derived evenly across the entire screened interval. The problem is most
pronounced for wells that are screened close to the water table. If it is assumed that water
is derived evenly across the screened intervals of the wells, then most wells have recharge
rates between approximately 20 and 50 mm/y (Cook et al., 1996). This is a reasonable range
for an area with precipitation of about 400 mm/y. One well, screened between
approximately 11 and 13 m depth, had a measured CFC-12 concentration of 50 pg/kg. This
reflects an atmospheric concentration of approximately 100 parts per trillion by volume

(pptv) based on an assumed recharge temperature of 15 °C, equivalent to a recharge year
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of 1968, and hence an age of 27 years because sampling took place in 1995. The recharge
rate for this well is estimated to be approximately 100 - 140 mm/y. This high rate is
surprising considering the arid environment and may represent fracture or macropore flow
through the limestone. Comparison of Figure 17, Figure 19 and Figure 21 clearly shows the

advantage of short well screens for accurate estimation of groundwater recharge from
tracer data.

Eyre Peninsula

Google Maps, 2020

Figure 20 - Location of Eyre Peninsula, South Australia. Recharge rates to aquifers on
Eyre Peninsula have been estimated using CFC data from observation wells (Figure 21).
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3.3 Quantifying Groundwater Velocities in Confined Aquifers
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Figure 21 - Comparison between measured CFC-12

concentrations on Eyre Peninsula, southern Australia, and results
of a one-dimensional groundwater model simulation with recharge
rates between 20 and 150 mml/yr. Vertical red bars indicate the
lengths of screened intervals of wells positioned at their measured
concentration. The samples are not from a vertical profile, but
rather from wells with long screen intervals distributed across a
large area. Data are plotted versus depth below the water table at
the sampling location. Compared with the data presented in
Figure 17, the long-screened intervals of most wells overlap several
model curves, and so recharge rates cannot be estimated with high
precision. Nevertheless, the data suggests a mean recharge rate
of between approximately 20 and 50 mm/y, with some areas of
higher recharge (Cook, 2020).

Peter Cook

While groundwater ages in unconfined aquifers can be used to estimate vertical

flow velocities and recharge rates, groundwater ages in confined aquifers enable estimation

of horizontal groundwater flow velocities. Figure 22 shows the distribution of travel times

in a simple confined aquifer of constant thickness. In the confined part of the aquifer, flow

lines are horizontal, and groundwater age increases downgradient. The horizontal

groundwater velocity (dx/dt) is the inverse of the horizontal age gradient (dt/dx). In
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practice, the horizontal groundwater velocity (vy) is usually estimated as shown in

Equation 12

X2 X
= (12)

In Equation 12, t; and t, are groundwater ages at two points in the confined part of the
aquifer and (x>-x;) is the distance between these points, measured in the direction of flow.
It is apparent from Figure 22 that groundwater ages in the confined part of the aquifer also
show an increase in age with depth. This vertical age gradient is created within the
unconfined part of the aquifer and preserved as the water flows downgradient in the
confined part of the aquifer. In many cases, though, the vertical age stratification within the
confined part of the aquifer is much less than the horizontal increase in age. Thus,
groundwater samples collected from confined aquifers often show an increase in age with

distance downgradient, irrespective of the sampling depth.
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Figure 22 - Flow lines (orange), equipotential lines (blue) and distribution of travel times
(green) in a homogeneous aquifer of constant thickness, which is confined in the
downstream part. Age increases with depth in the unconfined part of the aquifer, as
indicated in Figure 14. Where the aquifer is confined, flow lines are horizontal, and travel
times increase in the horizontal direction, as well as with depth. Values are not shown for
equipotential lines or travel times because it is the shape of the lines, rather than their
value that is important. The left and lower boundaries for the simulation are no flow, and
the right boundary is constant head (After Cook and Solomon, 1997).

One of earliest studies that used radioactive “C as a groundwater dating tool was
an investigation into the rate of groundwater flow in the Carrizo-Wilcox aquifer (Figure 23)
in south-central Texas (Pearson and White, 1967). The Carrizo-Wilcox aquifer is a confined

aquifer that outcrops roughly 200 — 300 km inland from the coast of the Gulf of Mexico, and
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dips to the southeast (towards the coast) at an angle of 1 to 2 degrees. In northern Atascosa
County, the aquifer outcrops on rolling hills as a band that is only 15 to 20 km wide. The
thickness of the aquifer is approximately 200 m in the outcrop area but increases towards

the southeast.

Water samples were collected for '*C and §"°C analysis on dissolved carbonate. pH

and alkalinity were also measured and used to calculate the total carbonate content and

degree of saturation with respect to calcite. "*C values ranged from 77 pmC (percent
modern Carbon; Table 1) in the outcrop area to background values (< 0.7 pmC) in the most

downgradient samples. Total carbonate content was lowest (2.6 to 2.8 equivalents per
million; epm) and §"°C was most negative (-18.9 to -17.9 %o) close to the outcrop area, with

most downgradient samples having carbonate contents above 5epm and &"°C values
between -8 and -12 %eo.

Comparison of total carbonate and §'°C values indicated that most samples could

be explained by dilution of “C by dissolution of geologic layers of marine carbonate

formations. However, some samples had high total carbonate concentrations, but did not

have correspondingly enriched §"°C values, indicating that some other process (perhaps

dissolution of plant or petroleum-derived carbonate within aquifer materials) was affecting

the carbonate chemistry. Therefore, the '*C values were corrected based on the ratio of the

measured carbonate concentration to an assumed initial value. After correcting for dilution

with geologic carbonate, '*C ages of groundwater increase from less than a few hundred
years in the outcrop area to more than 20,000 years at distances greater than 40 km from
the outcrop area (Figure 24). The mean groundwater velocity is therefore calculated to be
approximately 2 m/y and is in good agreement with hydraulic calculations based on

measured hydraulic heads, porosities and hydraulic conductivities.

Carrizo-Wilcox
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in Texas

%
~a sl st S b o i e e a0 B
B =E

" United States | _ === ==y

Google Maps, 2020 < Mexico

Figure 23 - Location of the Carrizo-Wilcox aquifer in south-central Texas, USA which was
the focus of one of the earliest studies to use C to estimate groundwater flow rates
(Figure 24). The area shown in Figure 24 is indicated by the blue rectangle on the aquifer
map (Eckhardt, 2020).
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Figure 24 - Carbon-14 ages of groundwater within the Carrizo-Wilcox aquifer, Texas. Blue lines represent
approximate lines of equal groundwater age, estimated from contouring the measured age data. The inset
shows the increase in age with distance from the outcrop area. Figure 23 for location of the Carrizo-Wilcox

aquifer (After Pearson and White, 1967).

The value of combining different groundwater age tracers to cover the range of ages
in large flow systems is illustrated in a study of the confined aquifers of the Atlantic Coastal
Plain, Maryland, USA (Plummer et al., 2012). The Atlantic Coastal Plain (Figure 25) consists
of a series of wedge-shaped unconsolidated sedimentary deposits that thicken in the
direction of groundwater flow. Pumping has greatly changed the flow systems in these
aquifers, and so wells were selected along two transects in the Upper Patapsco aquifer that
were believed to follow pre-development flow lines. Samples were analyzed for “C, **Cl

and He, as well as several other environmental tracers.
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Figure 25 - Location of the Northern Atlantic Coastal Plain Aquifer System, USA (shown in green on right
image created by Trapp and Horn, 1997), which has been the focus of several groundwater studies. The
red lines are the locations of north and south well transects used for groundwater-dating in the confined
Upper Patapsco aquifer, and the blue circle is the location of the Locust Grove agricultural catchment. Data
from the Locust Grove catchment is discussed in Sections 3.9 and 3.10.

"C concentrations were measurable only within the first 40 km of the flow system

and decreased from 109 pmC near the outcrop area to below detection limit further
downgradient (Figure 26). The piezometers with highest concentrations of '“C also

contained measurable *H and CFCs, confirming that the water was very young. The **Cl/Cl

ratio also decreased downgradient, but measurable concentrations were observed for at

least 80 km, due to the longer half-life of this tracer. *°Cl ages in this part of the aquifer
increased from 23,000 years to 328,000 years on the northern flow path and from 185,000 to
503,000 years on the southern flow path. The most downgradient sample (at 120 km) was
close to background and appears to have an age of more than 2 million years. Helium
concentrations increased from close to atmospheric values (negligible subsurface

production) to more than 8 x 10° cm® STP/g furthest downgradient. The rate of increase in

helium concentration with distance is consistent with the ages obtained from "“C and **Cl

data, within the range of uncertainties of the He production rate.

Ages within the aquifer increase in a non-linear fashion, with flow rate significantly
decreasing downgradient. This is consistent with an increase in aquifer thickness with
distance in the wedge-shaped aquifer, and with a decreasing volume of flow as water leaks
out through confining layers into overlying and underlying aquifers. The average
groundwater velocity is estimated to be approximately 1 m/y in the upgradient parts of the
aquifer (at about 10 km) and decreases to 0.13 m/y and 0.04 m/y at 40 km and 80 km

downgradient, respectively.
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Figure 26 - Comparison of the 14C activity of total dissolved inorganic carbon
(TDIC), values of the 36CI/Cl ratio, and radiogenic “He concentrations in
groundwater along flow paths in the Upper Patapsco aquifer, Atlantic Coastal
Plain, Maryland, USA. Data is from two flow lines, whose locations are shown

in Figure 25, although this Figure combines data from the two flow lines
(After Plummer et al., 2012).

3.4 Identifying Recharge Processes

Stable isotopes and noble gases can be used to infer recharge processes and/or
locations. They are particularly useful for estimating the degree of evaporation prior to
recharge, as well as recharge temperature, pressure and/or elevation. For example, in
mountainous terrain, estimation of recharge temperature using either stable isotopes or

noble gases can provide information on the elevation of recharge. In central Oregon, USA

(Figure 27), measurement of “H and "*O on melted snow samples collected from different
elevations allowed a relationship between isotopic composition and elevation to be
established for the region (Figure 28; James et al., 2000). The data indicated a depletion in &
O of approximately 0.18 %o per 100m increase in elevation; values between
approximately 0.15 and 0.50 %o per 100 m have been reported from other studies
(Araguas-Araguas et al., 2000). Isotope ratios were then measured on nine springs in the
same area of central Oregon and compared with the relationship determined on the melted
snow samples. Several springs had '*O compositions indicating recharge at elevations only
a few hundred meters higher than the spring location. In most cases, this corresponded
with distances of approximately 10 km from the spring outlets, indicating relatively local
flow systems. Springs at lower elevations had inferred recharge locations that suggested
more remote recharge. Lower Opal Spring, for example, occurs at an elevation of
approximately 600 m, but has an "*O composition indicative of recharge at an elevation of
almost 2500 m, which would suggest that it is part of a large regional flow system. The
authors also compared the calculated recharge elevation for each spring with the measured

water temperature, to provide a qualitative indication of the depth of circulation of the
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groundwater along its flow path. The measured water temperature at Lower Opal Spring
was 12 °C, whereas the mean annual surface temperature at the inferred recharge elevation
of 2500 m, is less than 2 °C. Therefore, the authors concluded that this water must travel
along a deep flow path, where it is heated geothermally. In contrast, many of the springs
that drain local flow systems have water temperatures of between 3 and 4 °C, which is

consistent with their inferred recharge elevation of 1500 — 1800 m.

Google Maps;, 2020 Ll

Figure 27 - Location of spring sites in mountainous parts of central
Oregon (white square) that were sampled by James and others (2000)
in a study of recharge processes (Figure 28).
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Figure 28 - Determination of groundwater recharge elevations for groundwater
discharging from springs. The solid line defines the relationship between 5§80
composition of precipitation and elevation and was determined experimentally
from analysis of snow samples. The red circles show spring elevations and §'80
compositions of spring discharge. Spring samples with 580 values below the
precipitation trend line therefore indicate recharge from higher elevations. The
recharge elevations are determined by drawing a horizontal line from the spring
sample to the precipitation line, and then a vertical line to where it intersects the
x-axis (After James et al., 2000).
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The relationship between rainfall amount and stable isotopic composition can be
used to determine the size of a rainfall event leading to recharge. In the arid Ti Tree Basin
(Figure 29), central Australia, stable isotope samples of groundwater plot below the local
meteoric water line, suggesting evaporation prior to recharge (Figure 30). Fitting a
regression line to the data and extrapolating to its intersection with the local meteoric water
line, gives a mean composition of *H =-62 %o and '"O =-9.3 %o for the precipitation water
that recharges the groundwater system. This corresponds to the isotopic composition of
rainfall events collected during months that receive more than about 90 mm of
precipitation. On average, such periods occur about once every 1 - 2 years, indicating that
groundwater recharge occurs regularly in this arid environment. However, the analysis is

limited by the lack of isotope data on rainfall during such wet periods.

Google Maps, 2020

Figure 29 - Location of the Ti Tree Basin in central Australia, where the isotopic
composition of groundwater has been used to infer the episodic nature of
groundwater recharge (Figure 30).
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Figure 30 - Stable isotopic composition of groundwater in the Ti Tree Basin, central
Australia, compared with the local meteoric water line (LMWL) for Alice Springs rainfall.
Rainfall data are only available as mean monthly values, and black circles denote the
mean, amount-weighted isotopic composition of rainfall for months with differing
magnitudes of large precipitation totals. Groundwater data appear to fall on an
evaporation line (with a slope of approximately 3) that intersects the local meteoric water
line at an 80 value of approximately -9.3 %.. This composition reflects the isotopic
composition of rainfall events for months that receive more than 90 mm of rain. On
average, such events occur about once every 1 - 2 years, indicating that groundwater
recharge occurs regularly in this arid environment (After Calf et al., 1991).

3.5 Estimating the Recharge Rate of River Infiltration

Where groundwater recharge is dominated by infiltration from a river,
groundwater beneath the river will be young, and groundwater further from the river will
be older. The rate of river infiltration can be estimated by calculating the velocity of water

flow away from the river, based on this increase in age.

The Danube River in Hungary (Figure 31) is a major recharge source for adjacent
coarse-grained alluvial aquifers, and groundwater dating of these aquifers permits

estimation of the rate of river infiltration. In this study, groundwater age was estimated
using *H/°He dating. ‘He and Ne data were used to estimate the recharge temperature and
excess air, which was required to distinguish tritiogenic *He ("He derived from *H decay)

from °He originating from other sources (i.e., atmospheric solubility and excess air
components). Since the river dominates recharge to these aquifers, groundwater flow away
from the river is essentially horizontal, and plots of groundwater age versus distance
appear as straight lines (Figure 32), even though samples are collected from wells with long
screens. Based on the rate of increase in age with distance, the groundwater velocity in
shallow wells (screened 5 to 15 m below surface) is estimated to be approximately 800 m/y,
and in deeper wells (screened 50 to 100 m below surface) it is estimated to be approximately
530 m/y.
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Figure 31 - Path of the Danube River in Eastern Europe (Wikimedia

Commons, 2019).
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Figure 32 - Estimated *H/°He age versus distance from the Danube River in
Hungary, measured along the inferred groundwater flow path away from the
river. Groundwater velocity appears to be greater in shallow wells (800 m/y) than
in deeper wells (530 m/y) (From Cook and Solomon (2000), after Stute et al.

(1997)).
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One of the best examples of the application of this technique to ephemeral rivers
(those that flow for only a short period during the year) is the study of the Finke River,
central Australia (Fulton, 2012). Carbon-14 activities in groundwater show a general

decrease with distance from the river, reflecting an increase in groundwater age (Figure 33).
At distances beyond 40 km, 14C activities are less than 22 pmC, equivalent to groundwater

ages of more than 12,000 years. At 20km from the river, the mean "C activity is
approximately 60 pmC, equivalent to a groundwater age of approximately 4000 years.
Assuming an age of zero at the river (distance of zero), this gives a mean velocity of 20 km
in 4000 years, or 5 m/y. Assuming an aquifer thickness of 200 m and porosity of 0.22, the

author thus calculated mean recharge rates of 5x10° to 12x10° m”/y for a 35 km reach of the
river. This is equivalent to a recharge rate 0.71 m/y, assuming a nominal river width of
200 m.
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Figure 33 - Carbon-14 activities in groundwater versus distance from the Finke River, central Australia.
The location of the Finke River is shown in the left image (Wikimedia Commons, 2010. “Lake Eyre
drainage basin including the major rivers”” by Kmusser” is licensed under CC BY-SA 3.07). The
decrease in “C activity reflects an increase in residence time and was used to estimate the velocity of
groundwater flow away from the river at 5 m/y (After Fulton, 2012).

3.6 Identifying Groundwater Discharge to Rivers

The chemical composition of groundwater will usually be distinct from surface
water, and so groundwater flow into rivers and lakes can often be detected from water

chemical surveys. A number of different environmental tracers have been used for
estimating rates of groundwater discharge to lakes and rivers, including stable isotopes *H

and O (Meredith et al., 2009), helium (Gardner et al., 2011), chlorofluorocarbons (Cook et
al., 2003) and radon (e.g., Ellins et al., 1990). Radon is particularly useful for this purpose,
as its concentration in groundwater is typically much higher than in surface water. After

groundwater containing radon discharges to surface water bodies, radon activities will
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decrease due to radioactive decay and gas loss to the atmosphere. If the groundwater
concentration is constant, then measured radon concentrations essentially measure the time
that has elapsed since groundwater discharge occurred, and high surface water

concentrations only occur in the immediate vicinity of points of groundwater inflow.

Several studies have examined spatial patterns and volumes of groundwater inflow

to lakes and rivers based on radon surveys. The Rio Grande de Manati, Puerto Rico
(Figure 34), has an annual average discharge of 10.3 m’/s. Radon samples were collected

from the river in May 1985, when discharge rates were lower than average at 1 to 4 m’/s
(Figure 35; Ellins et al., 1990). Concentrations were mostly between 0.15 and 0.50 Bq/L, but
ranged up to 1.5 Bg/L, compared to an average value of radon in the groundwater of
6.7 Bq/L. Assuming the groundwater concentration is constant, the location of highest
concentration in surface water reflects the location with the greatest rate of groundwater

inflow. For the Rio Grande de Manati, this occurs at river-km 17.5.

Gulf of
Mexico ) ' B
‘ Rio Grande/?\
de Manati

- Sgn Juan

Caribbean Sea

>

Puerto Rico
Google Maps, 2020 Google Maps, 2020

Figure 34 - Location of the Rio Grande de Manati, Puerto Rico, the site of one of the early studies that used
radon to estimate groundwater discharge to rivers as shown in Figure 35.

Quantification of the groundwater flux into surface water usually requires an
estimate of the rate of gas loss to the atmosphere. This can sometimes be obtained from the
rate of decrease of radon concentration in reaches receiving no groundwater inflow but can

also be independently estimated from artificial tracer experiments with other gases.
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Figure 35 - Radon concentrations in the Rio Grande de Manati, Puerto Rico. The
site location is shown in Figure 34 (After Ellins et al., 1990).

3.7 Identifying Groundwater Flow through Fractures

Environmental tracers also provide excellent tracers of groundwater flow in
aquifers dominated by fractures - an area where traditional hydraulic approaches for
estimating rates and patterns of groundwater flow have limitations. Groundwater age
tracers are particularly useful for identifying the depths of active groundwater circulation.
A good example of this application comes from a field site in southern Ontario (Figure 36),
where clay-rich glacial till deposits extend from within a meter of the ground surface to
depths of several tens of meters. Fractures have been observed to depths of more than 9 m
in these sediments, but whether these fractures contribute to significant groundwater flow
is difficult to determine. An investigation into flow through these fractured tills involved
installing piezometers to 16 m depth at 14 sites, and sampling groundwater from the

piezometers for analysis of *H. Results from four of these sites are presented in Figure 37.

All sites show high concentrations of H in the upper few meters and concentrations

decreasing rapidly with depth. Above-background concentrations of tritium are observed

to a depth of 7.5 to 12 m. The authors calculated that *H could move 1 to 2 m by diffusion,
and so concluded that active groundwater flow occurred to a depth of 5 to 10 m. Similar
depths were suggested by mapping of fractures, and the maximum depths at which
seasonal variations in hydraulic head were observed (Ruland et al., 1991).
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Figure 36 - Location of field site in southern Ontario, Canada, where 3H profiles were measured to

determine depth of groundwater flow (white circle). Figure 37 for H depth profiles.
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Figure 37 - Profiles of H obtained from four sites in southern Ontario. High 3H concentrations indicate

active groundwater flow, which extends to depths of approximately 5 to 10 m (After Ruland et al., 1991).

%*Cl has more sensitivity than *H as a tracer of modern recharge, in part because its
signal has not been significantly attenuated by radioactive decay since the period of nuclear
fallout, and this makes it an extremely useful tracer for detecting recent rainfall in
groundwater. Investigations into the potential for fracture flow at the proposed United
States high-level nuclear waste repository at Yucca Mountain, Nevada (Figure 38), relied
heavily on results from *Cl testing (Fabryka-Martin et al., 1997; Wolfsberg et al., 1999). An

8km long, nearly horizontal tunnel was drilled in a loop beneath Yucca Mountain, at the
same depth and in the same formation as the proposed repository. The tunnel formed the
basis of several tests on fluid flow at the site, including collection of rock samples from the
tunnel walls, and leaching of salts dissolved in pore water from the rocks for *Cl analysis.
Samples were collected at regular intervals of approximately 200 m, and collected from
selected features where preferential flow was considered to be more likely, such as faults

and fractures.
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Figure 38 - Location of Yucca Mountain, Nevada, USA. As a proposed storage facility for high-level
radioactive waste, Yucca Mountain has been the site of several isotope studies to define rates of
infiltration leading to aquifer recharge (Figure 39), and rates of groundwater flow.

The natural *Cl/Cl ratio of modern precipitation at the site is approximately

500 x 10", but this value has varied historically, and was as high as 1,200 x 101
approximately 12,000 years ago. However, during the 1950s and 1960s, high concentrations

of **Cl were added to rainfall from atomic testing of nuclear devices (Figure 6). The peak
*Cl1/Cl value may have been as high as 200,000 x 10", although this signal is diluted by
mixing with pre-fallout chloride in the soil. Thus, samples with **Cl/Cl ratios between

approximately 500 and 1200 x 10" probably reflect pre-fallout precipitation, indicative of

slow percolation of water through the rock mass, with travel times of several thousand

years. Values in excess of 1200 x 10™ are interpreted as reflecting the input of **Cl from
nuclear weapons testing. Whereas samples collected at regular intervals along the tunnel
did not yield values greatly in excess of pre-1950s values, many samples collected close to

potential conduits (fractures, faults, breccia and unit contacts) yielded high **Cl/Cl values
(Figure 39). This suggests higher water velocities (of at least several meters per year)
through such features (Fabryka-Martin et al., 1997; Campbell et al., 2003). Subsequent

validation studies yielded mixed results, with some *H and **Cl/Cl ratios indicative of

post-1950s water, but **Cl/Cl values significantly lower than those reported by
Fabryka-Martin and others in 1997. The validation studies also failed to replicate the earlier
elevated values measured in the vicinity of the Sundance Fault (Figure 39). However, this
does not necessarily invalidate the earlier results. Water flowing rapidly through fractures
within the unsaturated zone is unlikely to be detected large distances from individual
fractures. Thus, repeat sampling is unlikely to yield identical results, particularly if it occurs
after the initial tunneling when the unsaturated zone moisture may have redistributed itself
in response to the new conditions created by the presence of the tunnel (Marshall et al.,
2012).
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Figure 39 - Chlorine-36 ratios of salts leached from rock samples from a section of the Exploratory Studies
Facility at Yucca Mountain, Nevada. The shaded area shows the approximate range of 3CI/Cl values in
rainfall prior to the 1950s, and the vertical lines denote the locations of faults that have been mapped at
the surface. Feature-based samples were taken from fractures, faults, breccia and unit contacts. From
Fabryka-Martin and others (1997), as reproduced in Philips (2000), and Wolfsberg and others (1999).

3.8 Reconstructing Climatic Conditions

Environmental tracers can also be used for climatic reconstruction. Noble gases are
particularly useful, as their atmospheric concentrations are constant, and so measured

concentrations provide direct information on solubility. This is largely determined by the

temperature at the water table at the time of recharge. H and ®O can also provide
information on recharge, as isotopic ratios in rainfall are influenced by temperature,
although for quantitative use, the relationship between isotope ratio and temperature needs
to be independently determined at each field site. A small number of studies have also
estimated past groundwater recharge rates from past changes in the chloride concentration

of infiltrating water (e.g., Murphy et al., 1996).

The Great Hungarian Plain (Figure 40) consists of an upper Quaternary aquifer and
a deeper Pliocene aquifer. Noble gas temperatures for these aquifer systems have been

measured with Ne, Ar, Kr and Xe concentrations. Groundwater ages have been estimated

using "“C, which provides the timescale for the climatic reconstruction. Samples with “C
ages less than 10,000 years have an average noble gas recharge temperature of 10.6 °C,
which is close to the mean annual temperature in the recharge area under the current
climate (11.4 °C). Noble gas temperatures at the glacial maxima (approximately 18,000
years ago) suggest an average mean annual temperature approximately 8.6° lower than

present (Figure 41). Temperatures preceding the glacial period (28,000 — 35,000 years ago)

were approximately 5° lower than present. The 'O record shows a similar pattern,
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revealing depleted values in samples with "“C ages exceeding 10,000 years (Stute and

Schlosser, 2000).
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Figure 40 - The Great Hungarian Plain (red area in map of Hungary (Wikimedia Commons, 2010.
“Location of geographical macroregion of hu:Alféld (red) within subdivisions of Hungary based on

Magyarorszag kistajainak katasztere 7" by Miaow Miaow 7 is public domain), which has been the focus

of palaeoclimate studies using groundwater isotopes and noble gases (Figure 41). The location of
Hungary within Europe is shown in the image to the right.
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Figure 41 - Noble gas derived palaeotemperatures and 80 ratios
and *C ages for groundwater from the Great Hungarian Plain.
Samples with 1C ages less than 10,000 years have an average
noble gas temperature of 10.6 °C. The noble gas temperature prior
to the last glacial period (28,000 — 35,000 years ago) was
approximately 5°C lower than present, and at the glacial maxima
(approximately 18,000 years ago) the temperature was 8-9°C lower
than present. The 80 record shows a similar pattern, with depleted
values in samples with “C ages exceeding 10,000 years (After
Stute and Schlosser, 2000).
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3.9 Reconstructing Contamination History

When combined with measurements of contaminant concentrations, groundwater
age data can be used to reconstruct contaminant histories. One early study took place in
the early 1990s and reconstructed the history of agricultural contamination from
measurements of both CFCs-12 and nitrate in groundwater (Bohlke and Denver, 1995). The
Locust Grove catchment in Maryland, USA (Figure 25) is dominated by agricultural land
uses, and discharges to Chesapeake Bay. CFC-12 dating was used to estimate the mean rate
of groundwater recharge to the catchment, and the age distribution within the groundwater
and in groundwater discharging to streams. Groundwater ages ranged from pre-1940
(background CFC concentrations) to modern, while ages of groundwater discharging to
streams ranged from pre-1940 to approximately 1975. CFC-11 also was measured, but was

found to be subject to microbial degradation (Section 5.1), so was less useful as a dating

tool. Some measurements of °H and *He were made to confirm groundwater ages obtained
with CFC-12.

Many groundwater samples from within the catchment have nitrate (NOs)

concentrations above 700 umol/L (10 mg/L-N). Although most of the streams within the
catchment receive groundwater, nitrate concentrations in streams are lower than those
observed in groundwater, with concentrations in the two main tributaries between
approximately 140 and 700 pmol/L. The high nitrate concentrations in both groundwater
and surface water are attributed to agricultural contamination. Some groundwater samples
have lower nitrate concentrations, and these values are attributed to infiltration prior to
extensive use of nitrogen fertilizers and/or to denitrification of NO; by microbes in the
subsurface. The authors found a very strong correlation between nitrate concentrations and
groundwater age (as determined with CFC-12), with relatively low concentrations (<
500 umol/L) in water recharged between 1940 and late 1960s, but with increasing
concentrations between 1970 and 1990 (Figure 42). The relationship mirrors that of regional
fertilizer use (Bohlke and Denver, 1995).

The nitrate flux into streams in the region at the time of this study was less than the
nitrate flux into groundwater, in part because of denitrification, but also because
groundwater discharge to streams is decades old (and so has lower nitrate concentrations
than more recent groundwater recharge). Over time, nitrate fluxes to streams are expected

to increase.

46

The GROUNDWATER PROJECT ©The Author  Free download from gw-project.org
Anyone may use and share gw-project.org links. Direct distribution of the book is strictly prohibited



Introduction to Isotopes and Environmental Tracers as Indicators of Peter Cook
Groundwater Flow

[}
™
2000
1500 - e
= .
E LN
= » [
E§ 1000 — . 1i.= .
= | ] P 'i
500 l.
L ® ®
.
® ": - *
ol | | 1 !

1940 1950 1960 1970 1980 1990

CFC-12 Recharge Year
Figure 42 - NOs concentration in groundwater recharge as a
function CFC-12 age of groundwater samples. The observed
relationship shows good agreement with the pattern of regional
use of nitrogen fertilizers (After Béhlke and Denver, 1995).

The potential of groundwater dating to assist in investigations of point-source
contamination of groundwater is illustrated by a study from Cape Cod, Massachusetts
(Figure 18). The site is on a military reservation, and groundwater contamination is
believed to have arisen from a leaky pipe which carried aviation gasoline and jet fuel.

Installation of piezometer nests, with short intake screens at multiple levels allowed

estimation of high-resolution, vertical profiles of groundwater age using *H/’He dating
(Figure 19). Comparison between age and contaminant concentration data allowed the
evolution of the groundwater plume to be determined. Vertical profiles of groundwater
age allow determination of the vertical flow velocity. The plume defines a groundwater
flow line, and comparison of ages within the center of the plume at different locations
enables estimation of the horizontal flow velocity. With this information, the authors were
able to trace the flow lines upgradient of the sampling points and identify both the location
of the contaminant source and the approximate year that the contamination first occurred

(Figure 43).
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Figure 43 - Groundwater flow lines (blue dashed lines) derived from an analytical model calibrated to
contaminant concentrations and 3H/ 3He age determinations (black squares denote sampling locations)
at a contaminated site at Cape Cod, Massachusetts, USA. Given the groundwater age profile and the
depth of the contaminant plume at three piezometer nests (ITW-1, ITW-2 and ITW-3), the authors were
able to calculate the approximate location of the contaminant source and the year that the contamination
occurred. The shaded region shows the flow lines originating at the contaminant location, and the red
circles show the simulated movement of groundwater recharged at this location in 1975, when the
contamination event was estimated to have occurred. Thus, the contaminant moved approximately 100 m
in the first ten years (by 1985) and a further 400 m in the next ten years (by 1995). The vertical *H and
3He profile obtained in piezometer nest ITW-3 is depicted in Figure 19 (After Solomon et al., 1995).

3.10 Calibrating Groundwater Models

A groundwater model is a mathematical representation of a groundwater system
created using estimates of hydraulic parameters and boundary conditions. Given the
properties and boundaries, a solution of the model provides hydraulic heads and flow rates
within the groundwater system. These simulated heads and flows are compared to the
heads and flows measured in the field and, if they do not match, the properties and
boundaries are adjusted to improve the match between the model output and the measured
data. This adjustment process is calibration of the model. However, when both aquifer
properties (e.g., K) and boundary fluxes (e.g., recharge and discharge) are unknown, the

calibration process does not produce a unique estimate of properties or fluxes.

Many numerical groundwater models now offer the opportunity to simulate the
distribution of groundwater ages and/or tracer concentrations within aquifer systems.
When using groundwater ages to estimate aquifer recharge, numerical models allow for
consideration of more realistic aquifer geometries than provided by the simple models
discussed above (e.g., Figure 14). They also offer the opportunity for comparison between
simulated and measured groundwater ages (or tracer concentrations), to evaluate the
quality of model calibration. Use of groundwater age tracers for model calibration has the
potential to overcome some of the non-uniqueness that is often involved with calibration

of models using only hydraulic head data (Sanford, 2011).

One of the earlier studies that illustrated this application of groundwater age data
was published in the early-1990s, and used the United States Geological Survey software
(USGS, 2019) to create a two-dimensional model of hydraulic heads and flow in the
agricultural Locust Grove catchment (Section 3.9). The initial calibration of the model (that
did not involve groundwater ages) used values for recharge (457 mm/y) and hydraulic
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conductivity (&, =30.5m/d with anisotropy ratio of 5:1) based on previous studies, and

these values were consistent with observed hydraulic heads. A groundwater travel time

analysis was then performed using the United States Geological Survey MODPATH

software (USGS, 2019) to track particles in the simulated groundwater system, assuming a

porosity value of 0.3. Travel times indicated by MODPATH were much smaller than those

estimated from CFC-12 measurements on observation wells within the catchment

(Figure 44). This suggested that the recharge rate should have been lower; the fit to heads

can be maintained by keeping recharge and hydraulic conductivity in the same ratio. The

model was then recalibrated until a much better fit to the CFC-12 ages was obtained, while

retaining acceptable fit to heads. The final calibrated model used an average recharge rate

of 305 mm/y, and horizontal hydraulic conductivity of 16.8 m/d.
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Figure 44 - Correlation between modelled and measured CFC-12 ages in
Locust Grove catchment from initial model calibration, and a subsequent
calibration that involved fitting to groundwater age data. The broken line denotes
the Y=Xline (i.e., modelled equals measured CFC age). The catchment location
is shown in Figure 25 (From data in Reilly et al., 1994) (Cook, 2020).

The study described above used the particle tracking routine of MODPATH to

simulate groundwater ages. In fact, there are three different methods for simulating

groundwater age tracers (Figure 45):

1. Particle Tracking. Particle tracking methods calculate ages based on advection

in a flow system. This is the simplest and easiest method to apply and will yield

reasonable results in simple flow systems, where advective transport dominates

diffusion and dispersion. Groundwater modelling packages

such as

MODFLOW and FEFLOW have particle tracking routines that can be easily
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applied. Results can be compared to groundwater ages inferred from measured
tracer concentrations.

2. Direct Age Simulation. This approach also considers diffusion and dispersion
of water molecules so that advective groundwater ages are modified by
longitudinal and transverse dispersion and by diffusive exchange with adjacent
aquitards. It provides a more realistic distribution of groundwater ages where
these processes are important.

3. Solute Transport Modelling. This is conceptually the preferred approach, as it
simulates tracer concentrations directly (rather than groundwater age). It differs
from Direct Age Simulation in that radioactive decay can be simulated directly
and diffusion coefficients specific to the solutes of interest can be used. Recently,
some simulations have attempted also to include chemical reactions that can
affect tracers (e.g., Salmon et al., 2015). The drawback of this approach is that
model run time can be long (hence making automatic calibration routines that
perform multiple runs of a model difficult), and solutions can sometimes be
unstable. Often the parameter values required to create the model are so

uncertain that this higher level of computation is not useful.

Simulation Method

Particle tracking Improved
representation of
Direct age simulation diffusion and
dispersion

Solute transport modelling v

Figure 45 - Different approaches for simulating groundwater age (Cook, 2020).
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4  Effects of Mixing on Groundwater Ages

Mixing of water can occur within aquifers and at the point of sampling, particularly
if samples are pumped from wells with long intake zones. Because the components of any
mixture are likely to have different ages (and hence different tracer concentrations), it is

important to understand how mixing affects apparent age measured on the mixed sample.

The effect of mixing on tracer concentrations has already been discussed in Section
3.1. The effect of mixing on groundwater ages depends on the relationship between
recharge time and tracer concentration. In the case of a tracer whose concentration
decreases exponentially with age, the mean concentration of a mixed sample will not
accurately reflect the mean age of the mixture but will be biased towards the younger
components (Figure 46b). To illustrate this point, suppose two waters are mixed in equal
proportions: one with an age of 1000 years and one with an age of 10,000 years. Clearly, the

mean age of the water in this mixture is 5,500 years. However, the young water will have a
"C activity of 88.6 pmC (assuming an initial activity of 100 pmC) and the old water will

have a “C activity of 29.8 pmC (using Equation 1). The mixture will therefore have a "“C
activity of 59.2 pmC. The apparent age measured on a sample with this activity is 4,330
years, which is younger than the true (hydraulic) age of the mixture. In fact, the apparent
age of any mixture will only accurately reflect the mean age of the mixed sample for tracers
whose concentration is a linear function of age (Figure 46a). This is potentially the case with
accumulating tracers such as helium, if the production rate of helium is spatially constant.

It may also be the case for SF;, whose atmospheric concentration has increased almost

linearly with time since about 1980. However, for most other tracers, the apparent age of a

mixed sample is unlikely to equal the mean age of the water in the mixture.

1, UC) = Lore I, 1, 1C) L T,

Figure 46 - Schematic representation of the effect of mixing on measured groundwater ages.
Assume that water of age t1 has concentration c1 and that water of age t2 has concentration cz2, and
that water having groundwater ages t1 and tz (tz>t1) mix in equal proportions. If the tracer
concentration is a linear function of age (a), then the concentration of the mixture (¢) will correctly
give the mean residence time of the mixture. However, if the concentration decreases exponentially
with age (such as in the case of a radioactive tracer), then the mixture will have an apparent age
which is biased towards the younger component (b). (Note that ages increase from left to right in
both figures.) (After Bethke and Johnson, 2002).
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The magnitude of the effect of mixing on measured groundwater ages will vary
depending on the extent of groundwater mixing and can sometimes be determined by
comparing ages obtained from different tracers (Section 5.1). As groundwater mixing often
affects different tracers in different ways, the extent to which different tracers indicate
different ages is an indicator of the extent of mixing. Groundwater mixing during sampling
can be minimized by collecting groundwater samples from wells with relatively short
intake zones (i.e., screen lengths). In many cases, however, such piezometers are not
available, and samples are collected from municipal, irrigation or mine wells, with very
long screen intervals. In these cases, samples are mixed from various levels of the aquifer
that produce water along the screened interval. This can be envisioned by considering the
ages of water that would enter a long screen in Figure 14. In a homogeneous unconfined
aquifer, the extent of mixing caused by long-screened wells can be estimated from the ratio
of the screen length to the vertical water velocity as shown in Equation 13.

well®
tmix = ZT” (13)

where:

tmix = extent of well mixing (measured in years) (T)

R

aquifer recharge rate (L/T)

6 = Porosity (dimensionless)

Zywen = length of the well intake zone (L)

Thus, for example, if the aquifer porosity is 0.4 and the recharge rate is 100 mm/y, then a
2 m long well screen will mix water over an age range of approximately 8 years. Therefore,
if the well is screened immediately below the water table, the water at the top of the screen
would have an age of zero, and the water at the bottom of the screen would have an age of
8 years. In comparison, a well with a 20 m well screen would mix water over an age range
of 80 years, which would severely limit the ability to determine groundwater ages within
the last 100 years.

4.1 Diffusion and Dispersion

Diffusion causes dissolved constituents to spread and decrease in concentration.
Diffusion is caused by the random motion of molecules, known as Fickian motion, in which
the system seeks maximum disorder, so that solute or isotopes in one location will spread
to decrease that “order”. The magnitude of diffusion in porous media is expressed as a

coefficient, D, in units of length squared over time (e.g., m%/s) and depends on the nature
of the dissolved species (size is a major factor) and the character of the porous medium (its
porosity, size of the pores and tortuosity of the pore spaces are influencing factors).
Dispersion also spreads dissolved constituents, but this spreading is caused by variations

in velocities in heterogeneous materials. It is also expressed in units of length squared over
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time and includes the diffusion coefficient. Together, diffusion and dispersion cause

dissolved constituents to spread in a groundwater system.

The previous section discussed how tracer ages are affected by mixing of discrete
water samples. Groundwater flow systems are typically complex and heterogeneous, so
rarely produce mixtures of parcels of water of discrete ages, because dispersion will cause
mixing of water in one zone with water in adjacent zones. This usually means mixing water

with other water that is slightly younger (above and/or upgradient) and slightly older

(below and/or downgradient). The effect on bomb tracers such as *H and *°Cl is that
concentrations measured on groundwater samples from the 1950s and 1960s are always
lower than the maximum concentrations that occurred in rainfall. Nevertheless, if samples
are collected along a flow line, or as vertical profiles, the location of highest concentration
in groundwater will indicate the period of highest concentration in rainfall. Furthermore,
because the effect of dispersion can be large, the shape of the tracer profile can be used to

estimate the dispersivity of the aquifer materials (Robertson and Cherry, 1989).

For tracers whose concentration varies more smoothly with time, the effect of
dispersion on tracer concentrations will be less but can still be important. In the simplest

case of one-dimensional flow in a homogeneous aquifer, longitudinal dispersion will cause

'C ages to be less than hydraulic ages, although the effect will only be significant for very
large dispersivity values and low groundwater velocities. For a water velocity of 1 m/y and
dispersivity of 1000 m, the hydraulic age will exceed the tracer age by less than 5 percent,
although the difference increases to 30 percent for a velocity of 0.1 m/y and the same
dispersivity (Castro and Goblet, 2005). For event markers, apparent tracer ages can either
overestimate or underestimate hydraulic ages, depending on how the atmospheric input
curve has changed with time. For CFCs, a water velocity of 1 m/y and dispersivity of 2 m
results in tracer ages that differ from hydraulic ages by up to 10 percent for water with
estimated recharge dates between the early 1970s and early 1990s, but the effect is greater

(up to 30 percent) for water with estimated recharge dates from the early 1950s. Similar age
discrepancies arise for *Kr, but errors are larger on groundwater that was recharged prior

to the mid-1960s (Ekwurzel et al., 1994). *H/°He represents a special case, because the

groundwater age is calculated from the ratio of two tracers, and these tracers can be

transported at different rates. Errors associated with *H/°He ages can be large for
groundwaters recharged prior to the 1970s, as concentration gradients are greatest for
groundwaters recharged immediately before and after the bomb peak (Schlosser et al.,
1989).

Calculations of the extent of mixing due to dispersion in uniform, homogeneous
flow fields can potentially underestimate the extent of mixing within real aquifer systems.
The effect of mixing in heterogeneous aquifers on CFC concentrations and ages was

examined by Weissmann and others (2002), who simulated solute transport in a small
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aquifer system consisting of five different interlayered materials with hydraulic
conductivity values that varied over five orders-of-magnitude. The model found that
variations in the travel paths of groundwater intercepted by wells with 1.5 m long intake
zones resulted in relatively broad age distributions for groundwater samples. Apparent
CFC-11 and CFC-12 ages of these mixtures would have underestimated mean hydraulic
ages by a factor of approximately two. The extent of this bias in mean age caused by mixing
within the aquifer will depend upon the degree of aquifer heterogeneity, the timing and
magnitude of tracer input and the diffusion coefficient of the tracer (McCallum et al., 2014).
Thus, the effect will differ between tracers. It is still unclear how significant this effect might

be in different aquifers. However, similar apparent ages have been obtained using tracers

with very different atmospheric input curves (e.g.,, CFC-12 and *H/°He) in some aquifer

systems (e.g., Ekwurzel et al., 1994), suggesting that this problem will be aquifer specific.

4.2 Diffusive Exchange with Aquitards

Geologic systems are often a series of layers of alternating high (aquifers) and low
(aquitards) hydraulic conductivity. In such systems, groundwater primarily flows
horizontally along the aquifer layers with some vertical leakage into or out of overlying
and underlying aquitards. Several studies have shown that leakage through aquitards can
affect tracer concentrations in aquifers (e.g., Love et al., 1993). Even when the leakage is
hydraulically negligible, diffusive exchange between aquifers and aquitards has the
potential to affect tracer concentrations. Water in the aquitards is often older than water in
the aquifers, and since concentrations of most tracers decrease with age, concentrations in
the aquitard are likely to be lower than those in the aquifer. Diffusive exchange between
the aquifer and the aquitard will therefore cause a reduction in the concentration in the
aquifer, and hence result in tracer ages within the aquifer that will be older than advective
water ages. An analytical solution for a 20 m thick aquifer sandwiched between aquitards

showed that the apparent groundwater age in the aquifer estimated using '“C would exceed
the hydraulic age by between 50 percent and 180 percent for aquitard diffusion coefficients

between 107 and 10° m2/y, but the effect would be less than 20 percent for a 200 m thick
aquifer (Sudicky and Frind, 1981; Figure 47). (The reader should be aware that diffusion
coefficients can be expressed in two different ways. The above uses the formulation D = Do
0 1, where Dy is the free solution diffusion coefficient, 6 is porosity and 1 is tortuosity. Some
other papers use the term diffusion coefficient to refer simply to Dy 1, and so the diffusion
coefficient does not specifically include the porosity term.) For radioactive tracers such as

'C, simple approaches are available for correcting for this effect (Sudicky and Frind, 1981;
Sanford, 1997).
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Figure 47 - The effect of aquitard diffusion on apparent *C ages in an aquifer for a 20 m
thick aquifer sandwiched between two aquitards. Apparent *C ages are greater than
hydraulic ages by 58 percent for an aquitard diffusion coefficient of D = 0.001 m?/y and by
180 percent for D = 0.01 m2/y. The model also assumes an aquifer porosity of 0.35,
aquitard porosity of 0.5 and negligible dispersivity. Although the plot assumes a
groundwater velocity of 3.65 m/y, the relative difference between apparent “C age and
hydraulic age is relatively insensitive to the groundwater velocity, and mostly determined
by the aquitard diffusion coefficient, aquifer thickness, and the ratio between the aquitard
and aquifer porosity. Modified from Sudicky and Frind (1981).

Diffusive exchange between aquifers and aquitards will have a smaller effect on
event marker tracers (such as CFCs, SF;, and 3H) because the extent of tracer diffusion over

the timescale that the tracer has been present in groundwater is likely to be relatively small.

The distance over which diffusion will occur can be approximated by Equation 14.

x =+V4Dt (14)
where:
x = distance (L)
D = diffusion coefficient of the tracer (L?/T)

Time (T)

Assuming D =102 to 10 m?/y and t=70 years gives x = 0.5 - 1.7 m. Therefore, diffusive
exchange between aquifers and aquitards is only likely to be significant for these tracers if

aquifer thicknesses are much less than 10 m.

Helium differs from most other tracers, in that its concentration increases with age.
Thus, diffusive exchange with aquitards usually increases the He concentration in the
aquifer, although this still causes an apparent increase in age (like with other tracers). As
concentrations of helium increase linearly with time, concentrations within thick aquitards
can become very high, and so diffusion of helium from aquitards can have a pronounced

effect on ages in confined aquifers.
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There have been several studies that have obtained core samples through aquitards,
and estimated rates of aquitard leakage from isotope concentrations in aquitard pore water
(e.g., Hendry et al., 2004; Mazurek et al., 2011). These studies can distinguish between
purely diffusive and advective transport through aquitards and hence allow us to better
quantify the effect of aquifer-aquitard interaction on environmental tracer concentrations

in aquifers.
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5 Practical Considerations

5.1 Non-Conservative Tracer Behavior

To this point, this discussion of groundwater age tracers has mostly assumed that
they are neither produced nor consumed in the subsurface, other than by radioactive decay
processes. This is not always the case. Carbon-14 activities can be altered by chemical
reactions with geologic materials containing mineral or organic carbon. In some cases, these
reactions can be identified, and a correction can be made using geochemical modelling.
Numerous authors have shown that CFC-11 is subject to microbial degradation in
anaerobic environments. This will lead to CFC-11 ages that are significantly older than true
groundwater ages. There is some evidence for sorption of CFC-113 (sorption is delayed
migration because a dissolved constituent is either temporarily or permanently attached to
solids), particularly in aquifers with a high organic carbon content, and this will also lead
to apparent ages that are greater than true water ages. In contrast, CFC-12 appears to

behave conservatively in most groundwater systems.

Some tracers can also be produced in groundwater systems. SFs production has
been observed in some groundwaters, particularly those in igneous rocks. Also, subsurface
production of **Cl can occur. This does not affect use of this isotope as an indicator of recent
recharge because *Cl concentrations in rainfall were very high during the 1960s, but it can
affect groundwater dating on timescales of hundreds of thousands to millions of years. "He
and *He can be contributed from other sources, including excess air. Excess air can also lead
to elevated concentrations of SFs in groundwater, and this needs to be accounted for
correctly in order to make accurate age determinations. Corrections for excess air are
sometimes required for CFC-11, CFC-12 and CFC-113. All dissolved gases can be
contaminated during drilling and well development using compressed air. This is most

significant in low permeability environments, and where sampling occurs shortly after well

installation, and is most significant for the low solubility gases (e.g., SF).

Artificially elevated tracer concentrations can occur in contaminated environments,
and this can preclude the use of such tracers as groundwater dating tools. Elevated CFC
concentrations are widely reported in groundwater in urban and industrial areas, and

groundwater contamination is possible for other tracers with industrial sources, such as

SFs. Some of the radioactive tracers (e.g., “C, °H, ¥Kr) may be contaminated at sites with a

history of nuclear activities.

When more than one tracer is measured, it is often instructive to prepare tracer —
tracer plots that compare the relationship between different tracers in atmospheric input

with the measured values (Figure 48). Because the different tracers are affected by the
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above processes to different extents, it is often possible to identify non-conservative
behavior by comparing concentrations or apparent ages obtained from different tracers.
Thus, for example, degradation of CFC-11 may be apparent from CFC-11 ages that are
significantly older than ages obtained with other tracers such as CFC-12 or SF, for example.
Contamination of one or more of the CFCs can similarly often be identified from

discrepancies in ages.
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Figure 48 - Plot showing expected CFC-11 and CFC-12 concentrations in groundwater, against which field
data can be compared. The solid lines depict the relationship between concentrations of the tracers for
rainfall in equilibrium with atmospheric gas concentrations between 1950 and 2018, at recharge
temperatures between 10 and 30 °C. Concentrations of these tracers in the atmosphere (and hence in
groundwater recharge) increased until the mid to late 1990s, but have decreased by 5 — 15 percent since
then. This recent decrease in concentration causes the apparent ‘hooks’ at the end of each line. Samples
that fall significantly below these equilibrium lines probably indicate degradation of CFC-11, although
contamination of CFC-12 cannot be ruled out. Samples that fall above the lines probably indicate CFC-11
contamination (Cook, 2020).

Groundwater mixing can also be identified with tracer — tracer plots. The solid black

line in Figure 49 depicts the relationship between CFC-12 and "*C concentration that should
be observed in groundwater if these tracers are non-reactive and there is no significant
mixing within the aquifer. Note that there is not a unique relationship between CFC-12

concentration and "“C activity because concentrations of these tracers have risen and fallen
over time (Figure 6). The shaded area denotes possible concentrations that might occur if
both tracers are non-reactive, but mixing occurs within the aquifer or during sampling,
with the red circles denoting two mixing possibilities as explained in the caption of
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Figure 49. Water samples with concentrations outside of the shaded area cannot occur by
mixing alone and would imply non-conservative behavior of at least one of the tracers

and/or contamination.
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Figure 49 - Example of a mixing plot between CFC-12 and *C. The solid black line
depicts the relationship between concentrations of the tracers for Australian rainfall in
equilibrium with atmospheric gas concentrations between 1950 and 2014, at a
temperature of 24 °C. This is assumed to be the concentration in recharge between
these times. Prior to 1950, recharge would have had zero CFC-12, and so the line would
extent along the x-axis to the origin. Points 1 to 5 therefore represent water with
progressively younger ages (5 being the youngest). Two-component mixing lines can be
drawn to connect any two points on the solid black line. Mixed samples can then occur
anywhere on these lines, with the location on the line depending on the mixing
proportion. For example, Sample A could be produced by mixing between end members
at point 2 and point 5 (with a larger proportion from the end member at point 2).
Alternatively, it could be produced by mixing between end members at point 1 and point
4. However, many other mixing combinations are also possible. Sample B could be
produced by mixing between points 3 and 5. The shaded region indicates all possible
concentrations that could arise due to mixing of water of different ages. Groundwater
samples falling outside of this mixing envelope indicate that processes other than mixing
have affected either 14C or CFC-12 ages. This could include chemical reactions affecting
14C or, degradation or contamination of CFC-12 (Cook, 2020).

5.2 Planning Field Investigations

Several factors need to be considered when planning a field investigation involving
environmental tracers. For groundwater dating, there is often a choice of tracer, and those
that are selected will depend upon the required precision of analyses, the site conditions
and the project budget. A summary of the advantages and limitations of the different
tracers is provided in Table 3. The factors that should be considered in the selection of tracer

include:
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5.2.1 Availability of Piezometers

Are groundwater samples to be obtained from existing wells, or will piezometers
be installed specifically for the project? The length of the well screen of existing wells will
impact on the precision that can be obtained with different residence time tracers and may
therefore affect the choice of tracer. If piezometers are to be specifically installed, then the
length of the well screen is usually a trade-off between the desire to sample a discrete
interval of the aquifer and the need for sufficient well-yield for purging and sampling.
Piezometer diameter may be influenced by pump availability and minimum diameter
requirements of downhole geophysical or sampling equipment. Drilling methods may be

influenced by a need to avoid introducing air into the aquifer.

5.2.2 The Expected Age of the Groundwater and Required Precision

Although the purpose of measuring environmental tracers is often to estimate the
age of the groundwater, it is sometimes necessary to know the approximate age so that the
most appropriate tracers can be chosen for the study. Information related to choosing
tracers is provided in Figure 2 and Table 3. The expected age of the groundwater and the
required precision of groundwater age measurements will affect the choice of tracers. Only
event markers with monotonically increasing atmospheric concentrations can uniquely
provide groundwater ages over the full age range of the tracer. The sensitivity of different
tracers for estimating groundwater age is largely dependent on shape of their input

function and measurement precision. Radon is the most reliable tracer for ages of days to

weeks; *H/°He for ages of months to a few years; SFq, %Kr, °*H/°He have good precision for
ages from a few years to about 20 years; SF,, Kr, ’H/’He and CFCs have good precision

from about 20 — 40 years; and CFCs, SF, and ®Kr have good precision for ages from about

40 - 60 years (Figure 6). Fewer tracers are available for older groundwater.

5.2.3 Local Geology and Geochemical Environment

The use of environmental tracers for estimating groundwater flow usually relies on
conservative tracer behavior, and this can be affected by the geological and geochemical
environment. CFC-11 is likely to degrade in groundwater with a low dissolved-oxygen
concentration, and all CFCs can degrade in highly anoxic groundwater (Hinsby et al., 2007).
CFCs can also sorb to aquifer materials with a high organic carbon content (Choung and
Allen-King, 2010), and so other age indicators may be preferred in this environment.

Subsurface production of SFe has been reported in some aquifers, particularly in granites
and rocks containing fluorite (Chambers et al., 2019). Interpretation of "*C is more difficult
in carbonate aquifers due to chemical reactions that can modify the *C activity of TDIC,

although there are few alternative tracers over the time range represented by "*C (Figure 2).
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5.2.4 Sampling Requirements and Analytical Facilities

Some environmental tracers are straightforward to sample, whereas others require
more care and/or specialized sampling equipment. For others (e.g., radon), the short
half-life means that samples need to be analyzed by the laboratory within a short time
(usually a few days) after samples are collected. This requires careful planning. Although
most environmental tracers only require collection of relatively small sample volumes

(<1 litre), this can vary depending on analytical method, and some environmental tracers
require much larger volumes (e.g., “Ar, *'Kr). In some aquifers, piezometers will not yield
enough water for these analyses. Where specialized sampling equipment is required, it can
usually be obtained from the laboratory where the analyses are to be performed.

For groundwater dating, analytical costs are similar for most tracers (around
US$ 300-400 per sample in 2020). Exceptions are **Cl and the isotopes of noble gases (*Ar,
*'Kr, ®Kr), which are more costly, in part because of the scarcity of analytical facilities.
However, these tracers offer some advantages over other tracers, as the noble gases are
non-reactive in all environments, and *Cl and *'Kr are the only available tracers for ages
beyond 50,000 years. *’Rn is cheaper than the other age tracers (US$50-$150), but only
provides ages for groundwater less than several weeks old. This limits its application in

most environments. Field-portable analytical units are available for 2Rn, *H, '®0 and some

of the noble gases.

5.2.5 Ancillary Information Requirements

Interpretation of some tracers is assisted by the availability of ancillary information.
For example, dissolved gases such as CFCs and SF; require information on recharge
temperature, the amount of excess air and salinity, to calculate tracer solubility in water.
Temperature and excess air can be estimated with concurrent N, and Ar measurements, or
more precisely, with measurements of other noble gases. For relatively high solubility
tracers such as CFCs, recharge temperature can sometimes be estimated from air

temperature data, although more precise ages can be determined using noble gas data. This
information is not needed for *'Kr, *Kr or *Ar, because their ages are based on isotope
ratios, rather than chemical activity. Local measurements of atmospheric levels of *Kr and

°H concentrations in precipitation can improve the accuracy of these methods. *H and "*O
studies will benefit from collection of rainfall data, particularly if the site is remote from an

existing rainfall measurement station. Information on carbonate chemistry of the aquifer

solids and soil gas (including °C) will greatly improve the ability of '*C data to accurately
constrain groundwater residence times. Dissolved oxygen measurements can provide
useful information regarding the potential for degradation of CFC-11. Information on

production rate is needed for accumulating tracers.

5.2.6 The Potential for Site Contamination
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Several of the environmental tracers used as event markers for estimation of
groundwater age are atmospheric contaminants. Their use as groundwater age indicators

relies on either their atmospheric concentrations being relatively uniform (e.g., CFCs, SF,,

®Kr), or the time of maximum atmospheric concentration being the same over large areas

(e.g., *H). There is the potential for these tracers to be present as local contaminants, either
in the groundwater or through locally elevated atmospheric concentrations. Elevated
atmospheric concentrations of CFCs can occur in large urban areas or close to industrial
facilities (Ho et al., 1988), and groundwater contamination can also occur at urban and
industrial sites. Low solubility gases can also be contaminated by well development using

compressed air, particularly in low permeability formations (Figure 50). There is also
potential for contamination of ¥Kr at radioactive waste disposal sites or at sites close to

nuclear reactors or nuclear test facilities, and for contamination of *H at landfills, nuclear
facilities and disposal sites. The use of CFCs as groundwater dating tools is severely limited

where groundwater is contaminated by urban or industrial sources.

Adr Lifted - woew o9 @ @ L N
Mot Air Lifted [ oo @B & @
2 3 a4 5 6 7 8 9 10
Excess Air (mlikg)

Figure 50 - Comparison of excess air measurements on groundwater samples from wells that had
previously been purged using either compressed air (air lifted) or using a submersible pump (not air
lifted). Three samples that had been purged using compressed air have much higher excess air
concentrations than other samples, possibly indicating introduction of air to the formation during well
purging. Data are from an industrially contaminated site in Adelaide, South Australia (Cook, 2020).

Given the potential limitations of some tracers, and the difficulty of predicting their
limitations at specific sites, it is useful to analyze for more than a one tracer. Measuring

multiple age tracers can also provide information on mixing processes, that would not be

apparent from measurement of a single tracer.
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Table 3 - Advantages and limitations of different environmental tracers for groundwater dating.

Tracer

Approximate Age Range

Advantages

Limitations

222Rn

1-10days

Completely unreactive

Sample must be delivered to
the laboratory rapidly, due to
the short half-life.

*H

3HHe

Provides indication of
presence of 1950s-1960s
precipitation.

0.1 - 70 years

Inert, and easy to sample.
Reliable indicator of the
presence of young (<70

year) precipitation.

In suitable environments,
can have high precision
over a large age range.

Cannot provide precise age
estimates without parallel *He
measurements.

Highly sensitive to mixing, and
SO precise age estimates
require short well screens.

CFC-12

CFC-11

CFC-113

1950 - present. Non-unique
ages since mid-1990s.

1950 - present. Non-unique
ages since late 1980s.

1970 - present. Non-unique
ages since early 1990s.

Most inert of three common
CFCs.

Usually included with
analysis of CFC-12 and
can provide useful
supporting information.

Sometimes included with
analysis of CFC-12 and
can provide useful
supporting information.

Contamination is commonly
observed in urban and
industrial environments.

Contamination is commonly
observed in urban and
industrial environments;
Degrades in anaerobic

environments.

Contamination is commonly
observed in urban and
industrial environments; Can
sorb onto aquifer materials.

SFg

1970 - present.

Monotonically increasing
atmospheric concentrations

Largely unreactive.

Highly sensitive to excess air;
Subsurface production can be
locally important.

8yr

1950 - present.

Monotonically increasing
atmospheric
concentrations;

Completely unreactive;

Insensitive to recharge
temperature and excess
air.

Analysis is relatively costly.

Sar

50 - 1000 years

Completely unreactive.

Requires large sample
volume; Subsurface
production can sometimes
occur.

200 - 30,000 years

Most widely available
tracer for this time range.

Interaction with carbon in
aquifer materials can
complicate interpretation.

50,000 - 1,000,000 years; Can
also provide indication of
presence of 1950s — 1960s
precipitation.

Very sensitive indicator of
recharge from
1950s - 1960s.

Mixing with chloride from other
sources can complicate
analysis.

50,000 - 1,000,000 years

Completely unreactive.

Requires very large sample
volumes.
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6 Exercises

Exercise 1

Water samples are collected from two piezometers and from a river. The piezometer
that is closest to the river (P2) is believed to be a mixture of groundwater flowing towards
the river (represented by piezometer P1), and river water that moves into the aquifer during
high river flows. Assuming that the water obtained from piezometer P2 is a mixture of
water from piezometer P1 and from the river, calculate the relative proportions of the two
sources in the mixed sample from P2. Use Equation 7 and calculate the mixing proportions

independently using chloride and deuterium.

P1
P2
River
N

: : Cl'=25 mg/L

- L 8?H = -10 %o
Cl" =500 mg/L Cl- =380 mg/L
5%H = -30 %o &?H = -26 %o

Click here for solution to exercise 11

Exercise 2

Groundwater samples were collected from two wells in a confined aquifer. The
wells are located along a flow line and are 13 km apart. The *C activities on groundwater

from these wells were determined to be 79 and 56 pmC. Assuming an initial "*C activity of

90 pmC at the time of groundwater recharge and that there are no chemical reactions
affecting *C activities, calculate the horizontal groundwater velocity. (The half-life of "“C is
t» = 5730 years, and its decay constant is 1.21 x 10™ per year.)

If the head difference between the two wells is 2 m, what value of hydraulic

conductivity would be consistent with the tracer data. Assume an effective porosity, 1., of
0.2.

Click here for solution to exercise 21
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Exercise 3

A piezometer nest in an unconfined aquifer has a short screen which is 10 m below
the water table. The CFC-12 concentration measured on groundwater obtained from this
piezometer was 93 pg/kg. Based on a salinity of 400 mg/L, recharge temperature of 21 °C,
and atmospheric pressure at recharge of 0.917 atm, the atmospheric concentration at the
time of recharge is calculated to have been 225 parts per trillion by volume (pptv). This
corresponds to the atmospheric concentrations in 1976 (Figure 6). If sampling took place in
2015, this reflects a water age of 39 years. Assuming an age of zero at the water table, a
porosity of 0.2 and an aquifer thickness of 50 m, use Equation 10, to calculate the aquifer

recharge rate.

Click here for solution to exercise 31

Exercise 4

A water sample extracted from an irrigation well had a *H concentration of 10 TU.
The *He/*He ratio of dissolved helium was also measured, and after correcting for helium

due to other sources, the "He concentration due to decay of °H (termed the tritiogenic He

concentration) was estimated to be 5 TU. Calculate the apparent age of the water sample
using Equation 3. (The decay constant for H is 1=0.0558 y™.)

Click here for solution to exercise 41
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8 Exercise Solutions

Exercise 1 Solution
Answer: The proportion of river water in piezometer P2 is calculated to be 25 percent using

’H values, and 20 percent using chloride concentrations. The corresponding proportions of

regional groundwater in piezometer P2 are then 75 percent and 80 percent using *H and

chloride, respectively.

Details: Equation 7 can be re-arranged to

f:

Cm_C2

1= C
where f is the proportion of end-member 1, c1 and c: are the respectively end-member
concentrations and cw is the concentration of the mixed sample. Using c» =380 mg/L,
c1=25mg/L and c2 = 500 mg/L gives f = (-120)/(-475) = 0.25. Using cm = -26 %o, c1 =-10 %o and
c2--30 %o gives f=4/20=0.2.

Return to exercise 1.1

Exercise 2 Solution

Answer: The velocity is 4.6 meters per year and the hydraulic conductivity is 16.3 meters

per day.

Details: First use Equation1 to calculate the groundwater age at each well. Using
co=90 pmC and A =1.21 x 10+, gives t = 1077 years for the upstream well and 3921 years for
the downstream well. The age gradient is then (3921-1077)/13000 years per

meter =0.219 y m™. From Equation 9, the horizontal velocity is the inverse of the age
gradient, which equals 4.57 m y.
Darcy’s Law gives the relationship between the seepage velocity and the hydraulic

conductivity as:

v = Ki/n,
SO
K=vn.i

i = (hy-hy)/distance between hiand h,-2 m/13000 m = 0.000154
K=(4.57 m/y) (0.2/0.000154) = 5943 m/y = 16.3 m/day

Return to exercise 2.1
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Exercise 3 Solution

Answer: The recharge rate is 60 millimeters per year.

Details: Equation 9 can be re-arranged to give
R = H—an( u )
t H-—z
Using H=50m, z=10m, #=0.2 and ¢=39 years, gives R=0.057 m/y or 57 mm/y or

rounding 60 mm/yr.

Return to exercise 3.1

Exercise 4 Solution

Answer: The groundwater age is 7.3 years.

Working: In Equation 3, ¢,=10 TU, ¢;=5TU and 1=0.0558 y"'. The groundwater age is
therefore calculated to be 7.3 years.

Return to exercise 4.1
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9 Notations

C measured concentration of radioactive tracer (Radioactivity L)
Co initial concentration of radioactive tracer (Radioactivity L)
C concentration of conservative tracer in end-member water 1

(Radioactivity L) or (ML)

o)) concentration of conservative tracer in end-member water 2
(Radioactivity L) or (ML)

Cai concentration of tracer A in end-member water n (Radioactivity L?) or
(ML?)

Cam concentration of tracer A in mixture (Radioactivity L?) or (ML?)

Ca daughter concentration (Radioactivity )

G concentration in dry air (ML?)

Cm concentration in the mixed water (ML)

Cp parent concentration (Radioactivity L)

Co concentration dissolved in water (ML)

D diffusion coefficient of the tracer (L*T")

0 isotope ratio relative to a standard (dimensionless)

f proportion of end-member 1 in the mixture (dimensionless)

1-f proportion of end-member 2 in the mixture (dimensionless)

proportion of end-member ‘n” (dimensionless)

=

H thickness (L)

Ky Henry’s Law constant (dimensionless)
A decay constant (T™)

4 horizontal groundwater velocity (LT'I)
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p total atmospheric pressure (ML'T?)
PH20 water vapor pressure (ML'T?)
R in Equation 4, ratio of isotope amount, usually less abundant to most

abundant isotope (dimensionless)

R in Equation 10, constant recharge (LT")
R in Equation 13, recharge rate (LT™)

t in Equation 1, time (T)

t in Equation 10, groundwater age (T)

tiand t, groundwater ages at two points in the confined part of the aquifer (T)

0 porosity (dimensionless)

ti half-life of radioactive tracer (T)

Fmix extent of well mixing (measured in years) (T)
X distance (L)

Xo-X1 distance between locations (L)

z depth below the water table (L)

Zwell length of the well intake zone (L)
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