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Chapter 1
Introduction

1.1 Tracers, Fingerprints, and Riverine Sediments

Tuero Chico is a small village located along the Rio Pilcomayo of southern Bolivia.
Soils associated with its farmed floodplains possess Pb concentrations that exceed
recommended guidelines for agricultural use. The elevated levels of Pb raise a num-
ber of important questions: Is the Pb derived from upstream mining of the Potosi
precious metal-polymetallic tin deposits, or waste products disposed of in the river
from the City of Potosi? Perhaps it is natural, being derived from local mineralized
rocks that underlie the catchment? Or, could the Pb come from a combination of all
three sources? If itis from multiple sources, how much comes from each source? And,
how far downstream does the Pb from a specific source impact sediment and water
quality? These and other complex physical and biogeochemical questions are increas-
ingly being addressed using environmental tracers. In this book we examine the past,
current, and future use of environmental tracers to assess the provenance, movement,
and ultimate fate of sediment within river systems, particularly sediments contami-
nated by chemical substances that have the potential to degrade aquatic ecosystems
and/or human health. The term fracer has been defined in different ways depending
on the media (e.g., air, ice, snow, ground- or surface waters) to which it is applied.
For our purposes, a tracer is defined as a unique sediment-associated parameter or
set of parameters that is distinct from other sediments in the catchment, and can
therefore be used to track the movement and cycling of specific sediments from
their point of origin to their ultimate point of deposition. The term ‘tracer’ is often
defined and used synonymously with fingerprint. However, when applied to river
(fluvial) systems, a fingerprint is most commonly associated with a specific type of
analyses (fingerprinting studies) in which multiple parameters are used to distinguish
between sediments from diffuse (non-point) sources to quantify the provenance of
the sediment found in a river or riverine deposit.

The use of fingerprinting and tracing methods to assess the dynamics of sediment
generation, transport and storage has a long history in both fluvial sedimentology and
geomorphology, dating back to at least the early 20th century (e.g., Boswell 1933).

© The Author(s) 2015 1
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2 1 Introduction

It was not until the middle of the 1900s, however, that the potential for tracer studies
to provide meaningful data on sediment dynamics began to be appreciated (Walling
etal. 2013). Early studies were primarily aimed at understanding particle entrainment
thresholds and transport distances of large bed material clasts within short reaches
of the channel and were based on what Black et al. (2007) calls ‘particle tracking’.
Essentially, particle tracking refers to (1) the practice of tagging individual clasts
in some fashion so their movement can be documented, especially during storm
events, or (2) the addition of exotic constituents to a mixture of sediment so that
the movement of sediment of similar characteristics can be monitored. These studies
initially relied on rather unsophisticated methods (e.g., painting of a particle surface),
but have evolved so that particle tracking now includes such sophisticated technolo-
gies as inserting magnets or radio-transmitters into individual clasts of varying size,
or incorporating Rare Earth Elements, magnetic constituents (e.g., magnetite), and
other materials in the sediment to monitor their incipient motion and transport dis-
tances in near real-time (Parsons et al. 1993; Zhang et al. 2003; Kimoto et al. 2006;
Mentler et al. 2009; Guzman et al. 2010; Hu et al. 2011; Spencer et al. 2011). These
techniques can also be used to assess such things as transport step lengths and rest
periods for variously sized particles, and have been applied to other problems such
as soil erosion rates and redistribution patterns on hillslopes.

The 1980s and 1990s saw an expansion of tracer research to address a num-
ber of additional aspects of the sediment system, including the origin and transport
mechanisms of particles found in both consolidated (sedimentary) and unconsoli-
dated deposits. Walling et al. (2013) point out that these studies differed from earlier
particle tracking methods in three important ways. First, particle tracking as origi-
nally conducted required the addition of a tracer material which was costly to use
over large areas; thus, the addition of a tracer was (and continues to be) restricted
to short reaches of river channel or small soil plots. To circumvent this problem,
investigators began to utilize natural characteristics of the sediment (e.g., its miner-
alogy, grain size, color, chemical composition, and magnetic properties) as a tracer,
or utilize some pre-existing constituent within the sediment. With respect to the
latter, tracers often consisted of anthropogenic constituents (e.g., '3’Cs from surfi-
cial nuclear bomb tests or trace metals from mining operations). Second, the use
of natural and pre-existing tracers allowed the area of study to be greatly expanded
from short river reaches or small soil plots to the landscape scale. From this larger
scale perspective, the sediment system can be envisioned as an integrated sediment
generation and dispersal network in which sediments are produced in upland areas
and ultimately deposited downstream in a basin that acts as a long-term repository
(Fig. 1.1). These zones of sediment production and deposition are connected by a
drainage network that intermittently moves sediment, primarily during flood events,
from source to sink (Schumm 1977; Weltje 2012). Tracers, at this scale, can be
used to address aspects of the entire, and highly complex, sediment dispersal system
over a variety of temporal scales. Third, fingerprinting and tracing methods began
to focus upon the fine-grained sediment fraction, rather than the coarse-grained bed
load (Walling et al. 2013). Interest in fine-sediments resulted from the fact that the
excessive generation and transport of particulates <~2 mm in size pose a direct threat
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Fig. 1.1 Schematic diagram of riverine sediment-dispersal system (after Schumm 1977)

to ecosystem health. For example, the National Water Quality Inventory, a program
in the U.S. developed to assess the current condition of the nations water resources,
indicates that sediment is the second leading cause of river impairment (Fig. 1.2)
(USEPA 2013). Moreover, anthropogenically derived sediment can result in rapid
episodes of reservoir sedimentation, reduce reservoir storage capacity, impact water
distribution systems, increase turbidity and reduce light penetration, degrade aquatic
habitat, and lead to a loss in aesthetic quality of the riverine environment. The annual
costs of human-induced sediment influx to rivers and streams have been estimated
to range from 20 to 50 billion dollars in North America alone (Pimentel et al. 1995;
Osterkamp 2004; Mukundan et al. 2012).

From a chemical perspective, fine-grained sediments, particularly those composed
of clay minerals, Fe and Mn oxides and hydroxides, and organic matter are highly
reactive (Horowitz 1991). Thus, sediment suspended within the water column and
that forms the channel bed and banks, typically exhibit concentrations of hydrophobic
contaminants that are orders of magnitude higher than those associated with the
aqueous (dissolved) load. Gibbs (1977), for example, examined the concentration of
selected metals (including Cu, Co, Cr, Fe, Mn, and Ni) associated with suspended
sediment within the Yukon and Amazon River basins, two river systems characterized
by different hydrologic regimes and geological terrains. He found that within both
basins sediment-associated trace metal levels ranged from 6,000 to more than 10,000
times greater than their dissolved concentrations. As a result, trace metal transport
was dominated by the particulate load (Fig. 1.3). Subsequent studies (e.g., Horowitz
and Elrick 1988; Meybeck and Hemler 1989; Horowitz 1991) supported Gibbs’
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Total River & Streams

3,533,205 miles
Assessed Rivers & Streams

977,994 miles
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Total River Miles
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Pathogens
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Fig. 1.2 Leading causes of river impairment in the U.S. as determined by the National Water
Quality Inventory. Data reported for 2010-2012 (depending on state). Note that sediment is the
second leading cause of impairment (data from USEPA 2013)

observed differences between dissolved and particulate concentrations. This led to the
argument that within rivers exhibiting typically observed pH and Eh conditions more
than 90 % of the trace metal load is transported as part of the sediment load (Table 1.1).

The potential for sediment and sediment-associated contaminants to negatively
impact aquatic ecosystems has led to the general evolution in the application of envi-
ronmental tracers from a state in which they were primarily used in academic studies
to their use as a management and regulatory tool. While this evolution in tracer uti-
lization has been slower with regards to rivers than it has been for, say, groundwater,
it is likely to progress in the future. It is also likely to be closely linked to the devel-
oping field of Environmental Forensics. Haddad (2004) described Environmental
Forensics as “that part of the Venn Diagram where environmental technical questions
overlap legal issues”. A more detailed definition, put forth by Wenning and Simmons
(2000), is the “systematic examination of environmental information to determine
sources of chemical contamination, the timing of releases to the environment, the spa-
tial distribution of contamination, and the potential responsible party(ies)”. It seems
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Chromium Cobalt Nickel Copper

Amazon
River

5
OO

Crystalline Organic - Solution
Phase Particles
Sorbed Metallic
Phase Coatings

Fig. 1.3 Percentages of selected metals transported in the dissolved and particulate phases within
the Amazon and Yukon Rivers. The percentages transported with particulate species are generally
greater than 90 % (data from Gibbs 1977; figure from Miller and Orbock Miller 2007)

Table 1.1 Ratio of dissolved to total elemental transport in rivers

Percentage (%) Elements Dominant transport load

1-0.1 Ga, Tm, Lu, Gd, Ti, Er, Nd, Ho, La, Particulate phase
Sm, Tb, Yb, Fe, Eu, Ce, Pr, Al

10-1 P, Ni, Si, Rb, U, Co, Mn, Cr, Th, Pb, Particulate phase
V, Cs

50-10 Li, N2, Sb, As, Mg, B, Mo, F?, Cu, Mixed aqueous and particulate
7Zn, Ba, K phase

90-50 Br, I?, S%, C1#, Ca, Na, Sr Aqueous phase

Lower percentages indicate a greater proportion within the particulate phase
“Estimates based on elemental contents in shales
Adapted from Martin and Meybeck (1979)

fair to say that the field has grown over the past 20-years into a scientific subdiscipline
in and of itself as indicated by the publication of multiple books on the topic (e.g.,
Morrison and Murphy 2006; Murphy and Morrison 2007; Morrison and Sullivan
2007; Hester and Harrison 2008; Mudge 2009; Bergslien 2012), the creation of
two scientific journals devoted entirely or partially to the field (Environmental
Forensics and Environmental Science: Processes and Impacts), and the creation of
university degree programs in Environmental Forensics.

Even a cursory examination of the above mentioned books shows that tracer
technology has become an integral part of Environmental Forensics. For example,
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tracers have not only been used to determine sediment/contaminant provenance in
riverine systems, but they have now been applied to address a host of other issues
ranging from the redistribution of sediment on hillslopes, to the exchange rates and
residence times of sediment within the channel, to the rates of sediment movement
to the catchment mouth, to the biogeochemical cycling of contaminants within the
aquatic environment. Tracers have also been used to provide retrospective infor-
mation on geomorphic and geochemical processes and process rates over the past
several decades to centuries, data that cannot be obtained by traditional monitoring
programs. For example, geochemical tracers may be incorporated into channel, flood-
plain, or terrace deposits where their analysis may be used to unraveled such things as
the timing and history of contaminant influx to rivers and/or the dispersal pathways
through which contaminants are distributed along the river (Miller 2013; Miller and
Orbock Miller 2007). In light of the above, tracers can be used to decipher potential
environmental impacts of sediment and sediment-associated contaminants on river
systems, and determine potentially responsible parties associated with these impacts.

The primary objectives of the following chapters are to (1) provide an in depth
discussion of the theory, methodology, and application of environmental tracer and
fingerprinting methods that have and are currently being used to address the source,
transport, and deposition of sediment and sediment-associated contaminants within
river systems, and (2) provide an analysis of the strengths and limitations of the exam-
ined techniques in terms of their temporal and spatial resolution, data requirements,
and inherent uncertainties in the generated results. We will focus on the use of natural
and anthropogenic geochemical tracers that currently exist within surficial geologi-
cal materials, rather than ‘particle-tracking’ techniques. It is important to recognize
that our intent is not to replace other forms of analyses of the sediment system, but
to show how tracer/fingerprinting studies can be used to gain insights into system
functions that would not otherwise be possible. In fact, significant attention is given
to ways in which fingerprinting and tracer technologies may be integrated with other
hydrological, geochemical, geomorphic, and stratigraphic techniques to address the
complexity inherent in the dispersal of sediment and sediment-contaminated materi-
als through riverine environments. Given that the use of tracers to address legislative
or legal issues will undoubtedly increase in the coming years, we will, where possi-
ble, address a number of topics that are critical to environmental forensics, including
whether the methods represent (1) valid and testable approaches that have gained
widespread acceptance through the peer review process, (2) generate results with
quantifiable errors or levels of uncertainty, and (3) can be easily understood by indi-
viduals who may not have a scientific background (e.g., as a judge or jury).

1.2 Book Format and Overview

We begin our discussion of environmental tracers in Chap. 2 with an overview of what
is typically referred to as geochemical fingerprinting. The fingerprinting approach
is typically focused on sediment, rather than contaminants (although contaminants
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attached to those sediments may also be of interest). Moreover, fingerprinting studies
are typically aimed at deciphering the relative contributions of sediment from a
set of sources, which may be defined spatially (e.g., by the underlying geology or
land-use/land-cover type), or according to the process that delivers sediment to the
channel (e.g., sheet, rill, gully, or bank erosion). Although a number of novel methods
have been put forth (e.g., Poulenard et al. 2009, 2012), source determinations are
primarily conducted by fingerprinting sediment sources on the basis of the physical
and/or chemical characteristics of the surface sediments and then comparing selected
types of river sediment to the fingerprint. Chapter 2 begins with an overview of the
assumptions inherent in geochemical fingerprinting, before turning to a more detailed
discussion of the uncertainties involved in the methods. More specifically, it examines
the various approaches that have recently been developed to quantify and reduce
uncertainties in the utilized approach. We then leave our discussion of geochemical
tracers as defined by elemental concentrations and turn our attention in Chap.3 to
short-lived fallout radionuclides (FRNs) (e.g., 210pp, 137Cs, "Be). These isotopic
tracers are somewhat unique in that they cannot only be used to assess sediment
provenance (often by source type, e.g., sheet, rill, gully, and bank erosion), but can
be used to determine sediment transfer rates within and between specific landscape
units, sediment exchange and residence times within the channel bed, and the age
of alluvial deposits, among a host of other processes. FRNs, then, may be applied at
much smaller spatial scales.

In Chap. 4, we turn our attention to radiogenic isotopes, another group of tracers
that have been extensively used to source sediment and sediment-associated con-
taminants in river systems. Some radiogenic isotopes (e.g., St and Nd) have been
extensively applied to source sediment, whereas others (e.g., Pb) have been used less
as a direct tracer of sediment, but rather are primarily used to track Pb contaminated
materials. The spatial scale of application varies with the specific isotopes, but as a
group ranges from an individual reach to the global tracking of contaminated dust and
aerosols. Interestingly, there is little overlap in the literature on the use of radiogenic
isotopes to trace sediments versus contaminated materials, nor are the radiogenic
isotopes extensively used as a fingerprint in the analysis of non-point source sedi-
ment provenance. While we focus on the past use of selected radiogenic isotopes as
tracers, the hope is that the text will provide insights into their wider application to
sediment-associated riverine problems.

In the final chapter (Chap.5), we examine the potential use of a set of stable
isotopes that we have only recently been able to analyze in Earth and biological
materials at the levels required for their use as environmental tracers. Study of these
‘non-traditional’ isotopes is therefore limited, but increasing at a nearly exponential
rate as they may be effective at determining both the provenance and biogeochemical
cycling of trace metals/metalloids. It would, in the available space, be impossible to
cover all of these “non-traditional” isotopes here. Thus, we focus on four (including
Cd, Cu, Hg, and Zn) that appear to be particularly applicable to rivers and alluvial
sediments.

An appendix containing commonly used acronyms (abbreviations), unit conver-
sions and elemental data also is included for convenience.
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Chapter 2
Geochemical Fingerprinting

Abstract Use of geochemical fingerprinting methods to determine sediment
provenance has progressively increased since the late 1990s, and is now considered
by many investigators as the method of choice to quantify sediment source contribu-
tions at the catchment scale. Application of geochemical fingerprinting largely rests
on four factors: (1) the inability of other techniques (e.g., sediment load monitoring,
photogrammetric methods, and mathematical modeling approaches) to effectively
determine sediment provenance at the required spatial scales, (2) improvements in
analytical methods that allow for the analysis of large numbers of samples for a
wide range of elements, (3) the modification of the utilized statistical methods (e.g.,
inverse/unmixing models) to more effectively account for uncertainty in the modeled
results, and (4) the ability to apply the methods to historic sedimentary deposits retro-
spectively to determine changes in sediment provenance at a site through time. In this
chapter, we focus on the application of geochemical fingerprinting to contemporary
river sediments as well as alluvial deposits that are less than about 150 years old. Our
intent is not simply to summarize the voluminous and growing body of literature on
the subject, but to document the strengths, weaknesses, and uncertainty inherent in
the approach.

Keywords Geochemical fingerprinting - Sediment provenance - Unmixing models -
Model uncertainty

2.1 Introduction

In order to mitigate the impacts of sediment and sediment-associated contaminants
on aquatic ecosystems, one must first determine from where the sediment is derived.
Once identified, the predominate sediment sources can be targeted using the often
limited financial resources available. While conceptually simple, identifying sedi-
ment sources is not as easy as you might think. For example, the use of site specific
monitoring of sediment loads to determine the source of sediments to a water body
has proven to be a costly, labor intensive, long-term process with a spatial resolution
limited by the number of monitoring sites that can be effectively maintained for sig-
nificant periods of time. An alternative approach is to identify upland areas that are
being eroded and then quantify the rate at which sediment is being removed. Such

© The Author(s) 2015 11
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methods have been aided in recent years by technological advances in surveying,
remote sensing, and photogrammetric techniques that have improved our ability to
document temporal and spatial patterns in erosion (Collins and Walling 2004). Collins
and Walling (2004) point out, however, that these methods fail to determine the degree
to which sediment sources are connected to the river and the inherent uncertainty in
routing sediment from the source to the channel. To overcome the problems inherent
in the direct measurement of sediment loads or upland erosion rates, distributed mod-
eling routines have been used, but these complex algorithms require the collection
and compilation of significant input and validation data, and often have difficulties
apportioning riverine sediments to individual sources (Collins and Walling 2004).
As a result, investigators have turned in recent years to the use of physical and geo-
chemical tracers, which can be applied relatively rapidly to gain insights into the
source of sediment and sediment-associated contaminants within a catchment.

The specifics of the fingerprinting approach vary widely, as do the parameters that
have been used as tracers to determine the source of sediments contained within a
river or its associated features (e.g., floodplain, reservoir, riparian wetland, etc.) (for
a review, see D’Haen et al. 2012). Table 2.1, while far from exhaustive, shows the
most commonly utilized parameters with regards to riverine systems. The applica-
bility of these methods varies according to (1) the grain size fractions to which they
can be applied (i.e., gravel, sand, or silt and clay-sized material), and (2) the temporal
and spatial scale for which they can be used (D’Haen et al. 2012). To date, an over-
whelming majority of source ascription studies at the catchment scale have focused
on fine-grained sediments (<~63 pum in size) eroded from diffuse upland areas in
response to either natural or anthropogenic disturbances (e.g., wildfires, deforesta-
tion or timber harvests, agricultural practices, and urban/exurban development). The
focus on fine sediment, as noted in Chap. 1, reflects both its direct impacts on river-
ine ecosystems (Wood and Armitage 1997; Armstrong et al. 2003; Syvitski et al.
2005; Bo et al. 2007; Kemp et al. 2011) and its chemically reactive nature, which
allows for a wide range of contaminants (e.g., nutrients, agricultural chemicals, and
trace metals and metalloids) to be carried from upland areas to the drainage network
(Horowitz 1991; Collins et al. 2005; Miller and Orbock Miller 2007). The movement
of nutrients from agricultural lands to rivers, reservoirs, and lakes, for example, is
often a significant issue in rural areas, and can lead to severe cases of eutrophica-
tion (Fig.2.1). With regards to fine-grained sediments, geochemical tracers, fallout
radionuclides (FRNs), and mineral magnetic properties have been most extensively
utilized in provenance studies of both historical (50-10,000 ybp) and contemporary
(<50ybp) sediments (D’Haen et al. 2012) (Fig.2.2).

In this chapter, we focus on a specific methodological approach often referred to
as geochemical fingerprinting to determine the provenance of sediments suspended
within the water column or contained within alluvial deposits that are less than
about 150 years old. The catchment-scale approach involves two primary compo-
nents: (1) the identification of a set of sediment-associated geochemical parameters
(i.e., afingerprint) that can be used to discriminate between the sediments of variously
defined sediment sources, and (2) the estimation of the relative proportion of sediment
from each of the individual sources that comprise suspended sediments (or other type
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Table 2.1 Tracer types and representative studies that have utilized them (adapted from D’Haen
et al. 2012 and Guzman et al. 2013)

Tracer

‘ Representative references

Physical tracers

Particle color

Grimshaw and Lewin (1980), Giosan et al. (2002), Krein et al. (2003), Croft
and Pye (2004), Martinez-Carreras et al. (2010)

Grain size distribution

Dudley and Smalldon (1978), Kurashige and Fusejima (1997), Stuut et al.
(2002), Weltje and Prins (2003), Weltje and Prins (2007), Weltje (2012)

Grain morphology and
texture

de Boer and Crosby (1995), de Boer et al. (2000), Cardona et al. (2005),
Madhavaraju et al. (2009)

Magnetic properties

(XLf+ XHf » XFdep>
ARM, IRM, HIRM)?

Yu and Oldfield (1993), Caitcheon (1998), Oldfield et al. (1999), Slattery et al.
(2000), Dearing et al. (2001), Jenkins et al. (2002), Morton and Hallsworth
(1994), Oldfield (2007), Zhang et al. (2008), Maher et al. (2009), Hatfield and
Mabher (2009), Armstrong et al. (2010), Guzman et al. (2010)

Mineralogical tracers

Mineralogy

Abu-Zeid et al. (2001), Arribas et al. (2000), Pirrie et al. (2004), Pye (2004),
Benedetti et al. (2006)

Heavy minerals

Basu and Molinaroli (1991), Damiani and Giorgetti (2008), Oszczypko and
Salata (2005), Vologina et al. (2007), Hardy et al. (2010)

Clay minerals

Eberl (2004), Gingele and De Deckker (2005)

Cathodo-luminescence
quartz

Gotze et al. (2001), Bernet and Bassett (2005), Gotte and Richter (2006)

Geochemical and biogeochemical tracers

Major elements

Rollinson (1993), Douglas et al. (2003)

Rare earth elements

Mabhler et al. (1998), Zhang et al. (2008), Polyakov and Nearing (2004),
Polyakov et al. (2009), Kimoto et al. (2006), Lee et al. (2008), Deasy and
Quinton (2010), Yang et al. (2008), Wude et al. (2008), Singh (2009),
Xu et al. (2009), Collins et al. (2013), Miller et al. (2013)

Trace metals metalloids
(Cd, Cu, Pb, Zn, As)

Collins et al. (1997a), Collins et al. (1998), Collins et al. (2010a),

Collins et al. (2012), Collins et al. (2013), Miller et al. (2005), Hallsworth and
Chisholm (2008), Decou et al. (2009), Grimes et al. (2007), Rowan et al.
(2012), Massoudieh et al. (2013), Zhang et al. (2012)

Elemental ratios (e.g.,
Cu/Pb; Si/Al; Pb/Al)

Wang et al. (2009), Rowan et al. (2012)

Fallout radionuclides

(]37CS 2]0Pb 7Be
239,240Pu)

Wallbrink and Murray (1993), Walling and He (1999), Walling et al. (1999),
Walling et al. (2009), Wallbrink et al. (2002), Nagle et al. (2007), Mabit et al.
(2008), Ritchie and Ritchie (2008), Wilkinson et al. (2009), Evrard et al.
(2010), Parsons and Foster (2011), Taylor et al. (2012), Gaspar et al. (2013),
Golosov et al. (2013), Walling (2013), Wilkinson et al. (2013)

Isotopic ratios
(613N, 813, 5%7sr,
204pp, /206p, etc.)

Douglas et al. (1995), Douglas et al. (2003), Gingele and De Deckker (2005),
Lee et al. (2008), Yang et al. (2007), Fox and Papanicolaou (2008a), Fox and
Papanicolaou (2008b), Alt-Epping et al. (2009), Mukundan et al. (2010)

Biogeochemical
(N, C,P)

Hasholt (1988), Hillier (2001), Fox and Papanicolaou (2008b),
Alt-Epping et al. (2009), Hancock and Revill (2013)

Mineral ages (zircon,
monazite, muscovite)

Gleason et al. (2007), Kirkland et al. (2009), Veevers and Saeed (2007),
Reynolds et al. (2009), Amidon et al. (2005), Morton et al. (2008)

4x Magnetic susceptibility (low, high frequency and frequency dependent); ARM Anhysteretic
remanent magnetization; /RM isothermal remanent magnetization; HIRM derived remanence para-

meters
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Fig. 2.1 Eutrophication in a reservoir within the KwaZulu-Natal region of South Africa

of alluvial material) within the river. The latter is accomplished by comparing the
geochemical parameters that make up the fingerprint in the source sediments to that
of the riverine material. The use of such geochemical fingerprinting techniques has
increased dramatically since the late 1990s. In fact, many investigators now consider
geochemical fingerprinting the method of choice with respect to diffuse sediment
sources. The increased use of geochemical fingerprinting is due, in part, to recent
advances in analytical instrumentation that allow for large numbers of elements to
be analyzed in a large number of samples in a relatively short period of time. These
analytical advances have been accompanied by the enhancement of source ascrip-
tion methods that provide for a more detailed and quantitative understanding of the
uncertainty inherent in the derived results. The intent of our analysis herein is not
simply to summarize the voluminous and growing body of literature on the subject,
but to document the strengths, weaknesses, and uncertainty inherent in the approach
in general, and specific methods in particular.

2.2 Conceptual Model and Inherent Assumptions

Upstream portions of the riverine sediment-dispersal system are characterized by a
network of channels and their associated hillslopes, both of which serve as zones
of sediment production (Figs. 1.2 and 2.3). Hillslope areas can be geographically
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Fig. 2.2 Relative use of tracer types identified and categorized on the basis of temporal and spa-
tial scale by D’Haen et al. (2012) for determining the provenance of fine-grained sediment in
alluvial deposits. Spatial scales defined as local (< 10km?), intermediate (10-10,000km?) and
Regional (>10,000km?); temporal scales subdivided into contemporary (<50ybp), and historical
(50-10,000ypb) (from D’Haen et al. 2012). Examples of tracers associated with each category of
tracer provided in Table 2.1

subdivided into units on the basis of the underlying geology, soil type, etc., each unit
defining a distinct sediment source. Sediment sources can also be defined accord-
ing the processes of sediment generation (e.g., whether the sediment was derived
from sheet, rill, gully or bank erosion). Source areas defined according to the gen-
erating process are often referred to as source types. Particles eroded from these
defined source areas or types are transported, often intermittently, through a chan-
nel/valley network to a downstream depositional basin that serves as a long-term
sediment repository (Weltje 2012). In the process, particles from all of the source
areas are combined such that the sediments within the channel represent a mixture
of particles from all of the source areas in the basin. The physical and geochemical
composition of this sediment mixture (which we will refer to as river sediment) is a
function of the composition of the source area sediments and the relative amount of
sediment that each source area contributes; if both are known, then it is possible to
predict the composition of the mixture. Mathematically, this predictive calculation
is considered a linear forward problem (Weltje 2012). More commonly, however,
the objective is to determine the relative volume of material supplied to a particular
type of river sediment (suspended load, channel bed material, floodplain deposit,
etc.) from each sediment source. This type of calculation represents a linear inverse
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Fig. 2.3 a Flow diagram showing typical sources and pathways of sediment movement within
upland areas (modified from USEPA 1999). b Classification of the potential sources of riverine
sediments commonly defined for geochemical fingerprinting studies

problem when the number of sources and their characteristics are known (Weltje
2012); it is typically solved using a statistically based inverse or unmixing model. In
essence, inverse modeling requires that the composition of the source materials be
known for a selected set of physical and/or chemical properties, and then defines the
mixing proportions from each source that best fits the observed composition of the
studied river sediment (Weltje 2012).

The application of inverse modeling to riverine sediments is complicated by the
fact that the composition of the alluvial sediment reflects a wide range of physical and
geochemical processes in addition to the simple mixing of particles from the source
areas (Johnnson 1993; Weltje and von Eynatten 2004). Of particular significance are
hydraulic sorting processes in which the original population of particles from a source
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area is modified by the selective entrainment (erosion), transport, and deposition of
grains as they are dispersed through the system according to their size, density, and
shape (Knighton 1998; Miller and Orbock Miller 2007). Mechanical and chemical
weathering processes also lead to modifications in the initial grain population. The net
effect of these processes is that sediment of different size, shape, and density within
the river is transported downstream at different rates, often producing a downstream
fining in particle size. Sediment also may be transported by different methods (e.g.,
by suspended and bedload process) (Weltje 2012), or be partitioned by the flow into
distinct depositional units at a given site (e.g., pools, riffles, point bars, floodplains,
etc.) (Miller and Orbock Miller 2007). The river and source area sediments, then,
may represent two very different populations of particles. Suspended sediments, for
example, may only represent the finest materials within the source areas, and their
mineralogy would be expected to differ from that of the bulk material. Moreover, the
geochemical properties of the river and source area sediments are likely to differ as
fine-grained particles characterized by large surface areas and high surface charge
tend to be more reactive and have a greater potential to collect, concentrate, and
retain ions (e.g., trace metals).

Modification of the source area sediments during dispersal by physical and chem-
ical processes is important because an assumption inherent in inverse modeling is
that the physical and geochemical composition of river sediment differs from a spe-
cific source area only because it has been mixed with sediment from another source
area(s). Thus, physical and chemical modifications of the source area sediments dur-
ing erosion, transport and/or deposition must be eliminated, or at least limited, to
effectively use inverse modeling. Provenance studies, particularly those aimed at
determining the provenance of sediments in stratified rocks, often deal with these
modifications using a concept that Weltje (2004) referred to as transport invariance.
The concept assumes that particles with similar sizes, shapes, and densities will be
entrained, transported and deposited under similar conditions. Thus, by comparing
particles from the source areas and the river that fall within a narrowly defined range of
sediment size, density or shape, the potential, transport-related modifications can be
reduced, and the composition of the river sediment will primarily reflect the relative
mixing of sediment from the various source areas. As we will see below, approaches
other than the analysis of transport invariant populations have also been proposed
to account for the physical and geochemical modification of the source sediments.
The point to be made here is that a determination of the provenance of the bulk
sediment (consisting of a wide range of particle sizes) may require the combined
analysis of multiple size ranges. In fact, it is quite possible that the predominant
source(s) of sediment found within the river may vary as a function of particle size
(Miller et al. 2013). Sandstone strata, or the soils developed within it, for exam-
ple, are likely to contribute more sand-sized sediment to a river than a shale and
its associated soils. Determining the provenance of multiple size fractions can be
time consuming and expensive. Thus, most studies of sediment provenance focus
on the particle size fraction that is of importance to the question at hand. For the
majority of the geochemical fingerprinting studies, the focus has been on relatively
fine-grained sediment (<63 um) as it is this size fraction that forms a significant
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portion of the suspended load, is largely responsible for decreasing water quality, and
is chemically reactive, thereby serving as an important conveyor of hydrophobic con-
taminants. Sand-sized sediment, however, may also be of importance. Within many
of the gravel-bed rivers of the Southern Appalachian Mountains of the southeastern
U.S., for instance, aquatic habitats are predominantly affected by the deposition of
sand-sized sediments on the channel bed, and their infiltration into the interstitial
spaces between gravel sized clasts.

Another fundamental problem inherent in inverse mixing models is the potential
for sediments to be eroded from a defined sediment source, transported downvalley
and temporarily deposited within the channel (or some other unit) before being ‘remo-
bilized’. These reworked sediments are often difficult to recognize (Weltje 2012);
thus, it is generally assumed that the source area sediment travels directly from its
point of detachment to its point of sampling. The degree to which this assump-
tion is violated depends largely on the size of the basin and the degree of physical
connectivity that exists along the drainage network; the chances of determining the
ultimate source of sediment, and not its proximal one, decreases with increasing
catchment size and decreasing connectivity (Miller et al. 2013).

Inverse modeling, as defined above, is aimed at determining the relative contri-
bution of sediment from defined source areas to a specific type of river sediment.
Emphasis is placed on the composition of the river sediment and the origin of the
particles contained within it. Some geochemical fingerprinting studies, however, pro-
pose a slightly different objective: to assess the relative amount of sediment eroded
from the defined source areas or source types. The difference between these two
objectives is subtle, but important. When the goal is to determine the amount of sed-
iment eroded from each of the sediment sources, an additional assumption is applied
to geochemical fingerprinting. It must be assumed that the sediment leaves all sources
at the same time and is transported downstream at an equal rate so that it arrives at
the sampling point simultaneously. This assumption is often violated by differences
in the proximity of a source to the sampled depositional area, or by differences in
the rate at which particles of differing size or shape are transported downstream
(the transport variance problem). Take, for example, a 2cm thick sample collected
from the surface of a floodplain that received sediment from two upstream sources.
One source is located immediately adjacent to the sampling site, whereas the other is
located a considerable distance upstream. Also assume that equal amounts of material
are eroded from both sediment sources, and the rate of sediment deposition from both
sources is the same. At the onset of the runoff event sediment from the closest source
will reach the site first; thus, the lower portions of the 2 cm thick sampling interval
will be composed of material from only this source. As the event continues, material
from the other source reaches the site, and equal proportions of sediment from both
sources will be deposited at the site. If the entire 2 cm of sediment is not composed
of a single event, the other events will follow the same pattern until 2 cm of sediment
has been accumulated. When the inverse/mixing model is applied to the sample, it
will correctly indicate that a larger relative percent of sediment was derived from the
closest site over the timeframe represented by the 2 cm increment (this is the objective
of the inverse modeling as defined earlier). Thus, sediment provenance with respect



2.2 Conceptual Model and Inherent Assumptions 19

to the deposit has been correctly assessed within the errors inherent in the statistical
analysis. However, if the intent is determine the relative amount of sediment eroded
from the two source areas, the results will be biased such that the model will overes-
timate the amount of material eroded from the closest source. Differences in particle
transport rates produced by varying particle sizes can lead to similarly biased results.
In the case where elemental concentrations are used as geochemical fingerprints,
there is also an assumption that the elements exhibit conservative behavior. That is,
the elements selected as a fingerprint move with the sediment and are not lost from
the system. This follows because inverse/mixing models represent a form of mass
balance analysis. Thus, elements that tend to be mobile within aquatic systems and
possess lower affinities for particulate matter generally serve as poor fingerprints.

2.3 Methodological Approach

While the specific methods used in geochemical fingerprinting varies from one inves-
tigator to the next, the general approach involves the completion of five key steps
(after Zhang et al. 2012): (1) delineation and characterization of sediment sources
within the catchment, (2) determination of the fingerprinting properties that most
effectively identify and discriminate between sediments of the defined sources, (3)
collection and characterization of river sediment, selected on the basis of the time-
frame under consideration, (4) determination of sediment provenance using numeri-
cal modeling procedures, and (5) assessment of the uncertainty inherent in the mod-
eling results. These steps are discussed in detail below.

2.3.1 Source Delineation

The first step in any fingerprinting analysis is to define the primary sediment sources
within the catchment that may be of interest. Historically, sediment sources have
been subdivided into two main categories: upland (hillslope) sediments, and channel
bed and banks sediments (Fig.2.3a). Both types of sediment may be eroded and
transported to the water body by one or more geomorphic processes.

For fingerprinting analyses, upland sources are often subdivided further on the
basis of the spatial extent and location of mapped geological units (Collins et al.
1997a; Walling et al. 1999; Douglas et al. 2003; Miller et al. 2005), soil types (Miller
et al. 2013), land-use/land-cover categories (Collins 1995; Walling and Woodward
1995; Russell et al. 2001; Miller et al. 2013), or contributing tributary areas (Klages
and Hsieh 1975; Collins et al. 1997b, 2009, 2010a) (Fig.2.3b).

This spatially defined source approach is plagued by several problems. First, soil
erosion is not only a function of soil type, land-use, or the underlying geology, but
varies as a function of factors such as topography and process. Agricultural pastures,
for example, may be eroded in steep upland areas by sheet and rill processes and on
low-relief floodplains adjacent to the channel by advancing headcuts associated with
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gullies (Fox and Papanicolaou 2008b). Thus, spatially defined sources fail to directly
identify the geomorphic processes responsible for sediment generation. Second, soil
types and land-use/land-cover categories are often transitional to one another, con-
founding their spatial delineation within the catchment as well as the geochemical
differences in their sediments (Rowan et al. 2012). Differences in the underlying
geological units may also complicate the issue. Third, recent changes from one land-
use/land cover type to another may limit the ability of geochemical parameters to
distinguish between sediment source areas (Miller et al. 2013). In other words, the
geochemistry of the sediment sources may reflect both its current and past land
cover history, making it difficult to distinguish between sediments associated with
the various land-use/land-cover categories.

In light of the above, an alternative method of defining sediment sources is by
the erosional process through which the sediments are generated and delivered to
the river. Referred to as the ‘source type’, a distinction is most often made between
sediments generated near or at the ground surface in upland (hillslope) areas by sheet
or rill erosion and sediment derived from the ‘subsurface’ by means of gully or bank
erosion (Fig. 2.3) (Walling and Peart 1979; Gellis et al. 2009; Gellis and Walling 2011;
Massoudieh et al. 2013). Differentiation between surface and subsurface sediments
requires the use of geochemical parameters that differ as a function of depth below
the ground surface, such as organic matter or short-lived radionuclides (described in
the next chapter).

As neither the spatial or process approach to defining sediment sources is ideal
on its own, it is not uncommon for investigators to combined the two methods,
thereby defining sediment sources on the basis of both spatial and type categories
(Russell et al. 2001; Juracek and Ziegler 2009; Wilkinson et al. 2009), particularly
for catchments less than about 200 km? (Mukundan et al. 2012). Within larger catch-
ments, the heterogeneity of sediment source properties defined by land-use, soil type,
or geomorphic process is likely to increase, making it more difficult to distinguish
between the sources and hindering source ascription (Collins et al. 1998). In addition,
sediment contributions from relatively minor sources, which may still cover large
areas, could be underestimated (Mukundan et al. 2012). As a result, the application
of geochemical fingerprinting methods to large basins (>500km?) is more difficult,
although a number of studies have shown that sediment sources may be effectively
defined according to the underlying geological units within the catchment (Walling
et al. 1999; Bottrill et al. 2000; Douglas et al. 2003) or by tributary catchment areas
(Collins et al. 1996; Walling et al. 1999), both of which tend to exhibit less property
heterogeneity than sediments defined according to land-use, soil type, or erosion
process (Collins et al. 2012; Mukundan et al. 2012; Wilkinson et al. 2013).

2.3.2 Collection and Characterization of River Sediment

A wide range of river sediments have been targeted for geochemical fingerprin-
ting (Fig.2.4). The sediments which are selected dictate the timeframe under
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Fig. 2.4 Illustration of the types of river sediments that are collected for the geochemical finger-
printing of contemporary and historical sediments. Each type of sample is associated with a specific
timeframe of analysis, ranging from instantaneous samples collected during a specific part of a
flood hydrograph (red, filled circles) to passive and channel bed sediments (periods of months to
a few years, horizontal rectangles) to floodplain and reservoir sediments (representing periods of
years or decades, vertical rectangles)

consideration, and may range from recent, instantaneous suspended sediment samples
collected during a specific portion of a flood hydrograph to river sediments deposited
within floodplains or riparian wetlands during an entire flood and that may be hun-
dreds or even thousands of years old.

Historically, suspended sediments were sampled to assess the contributions of
contemporary sediments to the channel from key sources during flood events (e.g.,
Collins et al. 1997a, 1998, 2001; Peart and Walling 1986; Walling and Woodward
1992, 1995). There has been a growing realization, however, that the fingerprinting
of instantaneously collected samples may not be the most time and cost effective
method of determining sediment provenance for an entire flood. At issue is the fact
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that sediment loads typically vary throughout the event, with larger loads tending to be
associated with higher flows. The relationships between sediment load and discharge
is not always perfect, however, as larger sediment loads may be associated with the
rising, peak, or falling stages of a hydrograph. For example, the episodic erosion of
easily eroded sediment during the onset of a runoff event often leads to larger loads
during the rising stage of the flood, in comparison to the same discharge conditions
during the falling stage, producing a phenomena referred to as the first flush (Miller
and Orbock Miller 2007). This ‘“first flush” phenomenon not only demonstrates that
the rates of soil erosion vary through the flood, but that erosion varies from one
sediment source to another over the landscape at any one time. Thus, the source
contributions determined for an instantaneously collected sample will apply only to
the portion of the flood that was sampled, rather than for the entire storm (Collins
et al. 2001; Massoudieh et al. 2013). To address this issue it is now common to
collect an integrated sample in which sediments are obtained continuously or semi-
continuously over a longer time span, such as the entire flood. The sediments within
these samples can be expected to reflect the averaged contribution from each sediment
source within the watershed (Fox and Papanicolaou 2008b). While such integrated
samples may be collected using automated, pump-type sampling devices, the need
for relatively large sediment sample sizes for geochemical analysis has led to the use
of passive samplers or sediment traps (e.g., Phillips et al. 2000; Russell et al. 2001)
that collect materials representing the entire storm hydrograph (Massoudieh et al.
2013).

An alternative to the use of these time-integrated sediment traps is to sample the
channel bed material (Evrard et al. 2013; Collins et al. 2013) as recent studies have
shown that such bed sediments serve as an effective surrogate of continuously col-
lected material over multiple flood events (Miller and Orbock Miller 2007; Horowitz
et al. 2012; Collins et al. 2013). Two additional advantages of sampling the channel
bed sediment is that it is not necessary to wait for a flood event to conduct the sam-
pling, nor does one have to sample over an extended period of time (Mukundan et al.
2012). The sediment stored in the channel bed may change, however, over time and
at an unknown rate. Thus, bed sediment may need to be sampled on more than a
single occasion to assess the relative contributions from key sources over, say, an
entire year (Collins et al. 2013).

Some investigators have sampled the surface of floodplain deposits (e.g., Collins
etal. 2010a,b, 2012). This particular sampling scheme does not assess the sediment
loads during low to moderate flood events contained within the channel banks, but
rather is used to assess sediment provenance during events capable of inundating the
floodplain. The assumption inherent in this approach is that these overbank events
transport a majority of the sediment within the catchment, a conclusion reached by
studies dating back to the 1960s (e.g., Wolman and Miller 1960). Thus, the results
provide a reasonable assessment of sediment source contributions within the catch-
ment by flows that transport, on average, the most sediment (Collins et al. 2012).

While most early studies were aimed at documenting contemporary sediment
sources, Mukundan et al. (2012) point out that the same basic approach has been
applied to floodplain, reservoir, wetland, and lake deposits to determine the changes
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in sediment source to a river through time (Fig.2.4) (Foster et al. 1998; Owens
et al. 1999; Walling et al. 2003a,b; Miller et al. 2005, 2013; Pittam et al. 2009;
Collins et al. 2010c). Essentially, it is assumed that the sampled deposits represent
an historical record of sediment transport within the basin, where the age of the
sediment varies as a function of depth below the ground surface. Thus, fingerprinting
can be carried out on samples collected at differing depths to reconstruct the changes
in sediment provenance to the depositional site through time. The method is useful
in that it allows an understanding of the contemporary sediment sources to be placed
into an historical framework. It also illustrates that fingerprinting can be used to
retrospectively determine the primary sources of sediment to the channel, something
that cannot be done using monitoring data.

2.3.3 Identifying Effective Geochemical Fingerprints

Studies of sediment provenance in the 1980s and 1990s often relied on a single para-
meter, many of which were based on the physical characteristics of the sediment,
such as it grain size distribution, mineralogy, or magnetic properties (Table 2.1). Later
investigations, beginning in the late 1990s, showed that erroneous sediment-source
area associations were common when only a single fingerprinting parameter was
utilized (Collins and Walling 2002). Thus, there was a move to use multiple parame-
ters to fingerprint source area sediments (Collins et al. 1997a,b; Miller et al. 2005;
Mukundan et al. 2012; Collins et al. 2010a, 2013; Miller et al. 2013). This compos-
ite fingerprinting approach was aided by (1) advances in analytical chemistry that
greatly expanded the number and rate for which samples that could be analyzed for a
large number of constituents (Walling et al. 2013), and (2) the increased use of mul-
tivariate statistical methods to manipulate the composite fingerprinting data, thereby
allowing for the quantification of the results. Both factors also increased the use of
geochemical parameters as fingerprints, particularly the elemental concentrations of
trace metals (Lewin and Wolfenden 1978; Macklin 1985; Knox 1987, 1989; Pass-
more and Macklin 1994; Miller et al. 2005, 2013), rare earth elements (Morton 1991;
Miller et al. 2013), organic substances (Hasholt 1988), fallout radionuclides (Peart
and Walling 1986; Walling and Woodward 1992; Wallbrink and Murray 1993), and
various radiogenic or stable isotopes (Douglas et al. 1995). In many cases, the uti-
lized geochemical constituents are natural, but in others, investigators have made use
of anthropogenic pollutants, such as heavy metals, pesticides and fertilizers (Bravo-
Espinoza et al. 2009; Takeda et al. 2004). Takeda et al. (2004), for example, found
that while phosphate fertilizers contained 10-200 times more U than soils, they con-
tained lower Th concentrations than the soils. Thus, the U/Th ratio proved to be an
effective fingerprinting tool (Evrard et al. 2013).

In general, the type of tracer used for a given study depends on how the sediment
sources are defined. For example, if the intent is to determine the relative contributions
of sediment on the basis of source type (e.g., sheet, rill, gully, and bank erosion), then it
will be important to consider constituents that are elevated in surface materials eroded
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by sheet and rill erosion and low in subsurface materials eroded by gully and bank ero-
sion (or vice versa). Agricultural pesticides or fertilizers may be useful in separating
agriculturally related soils from other types of land-use/land-cover. The number of
parameters to select also depends on the defined sediment sources because, in gen-
eral, inverse/unmixing models require n number of parameters to discriminate n + 1
sediment sources (Mukundan et al. 2012). However, it is not uncommon to utilize a
fingerprint containing more parameters than source areas or types, as described below.

The most common approach at the present time for determining an effective
fingerprintis to analyze the source and river sediments for a wide range of constituents
and then select the fingerprinting parameters using a multi-step, empirically based
process (Fig. 2.5). The nature of these statistical methods is important as they heavily
influence the reliability of the fingerprinting results (Walling et al. 2013). The current
trend is to use a three step process that eliminates parameters that do not meet certain
assumptions inherent in the use of inverse/unmixing models, while identifying the
parameters that most effectively discriminate between sediment from the defined
sediment sources or source types.

The initial step in this three-part process is to eliminate geochemical parameters
from further consideration that do not behave conservatively. Conservative behavior
is often determined using simple range tests that ensure that the range of parameter
values measured within the sampled river sediment(s) fall within the observed range
of values measured for the sampled sediment sources (Billheimer 2001; Phillips and
Gregg 2003; Fox and Papanicolaou 2008a; Collins et al. 2012; Wilkinson et al. 2013).
This requirement often eliminates relatively soluble elements (e.g., Na, CI, and P),
and those primarily associated with organic matter.

Conservative behavior also requires that there be no enrichment or depletion in
parameter values as a result of physical or chemical processes that modify the source
area sediment during their dispersal (e.g., by hydraulic sorting or grain weathering)
(Mukundan et al. 2012). In essence, the question is whether the sedimentological
characteristics of the sediment (e.g., grain size, shape, density, mineralogy) within
the source areas and the river can be directly compared as is assumed. Three dif-
ferent approaches have been used to address the issue. Perhaps the most commonly
used approach is to analyze and focus on a narrowly defined grain size fraction.
This approach is essentially analogous to the transport invariant approach often used
to assess the provenance of sediments within lithified strata as described earlier
(Weltje 2012). It must be remembered, however, that the results of such a finger-
printing analysis apply only to that grain size fraction. Determining the source of
the bulk sample (or other size fractions) will require additional analyses, increasing
analytical costs and effort. In addition, the analyses do not provide for an under-
standing of the actual concentrations in the bulk sample which may be required for
other types of environmental assessments (e.g., a pollutant’s potential impact on
biota).

An alternative approach is to mathematically manipulate the geochemical data
obtained from the bulk sediment sample using information collected from a sepa-
rate subsample of the analyzed sediment. The most common form of manipulation
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Fig. 2.5 Summary of inverse/mixing model procedure utilized by Collins et al. (2012, 2013) and
others

involves the normalization of bulk concentrations (i.e., the concentration measured
on the total sediment sample) to account for differences in sediment geochemistry
related to particle size and mineralogy. The typical assumption is that certain con-
stituents (e.g., sand-sized sediment or quartz and feldspar grains) act to dilute the
concentration of elements associated with the more reactive materials (e.g., fine-
grained particles enriched in clay minerals, Fe and Mn oxides and hydroxides, and
organic matter). Thus, normalization removes the diluting effects of the non-reactive
constituents. Normalized concentration (NC) with respect to grain size, for example,
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estimates the concentration of the sediment if it was entirely composed of fine-
grained, chemically reactive material, and is performed using the following equa-
tion:

NC = DF -BC (2.1)

where BC is the bulk concentration and the dilution factor, DF, is calculated as:

100

DF = —
RS

(2.2)

where RS is the percentage of reactive sediment of a given size range.

A significant disadvantage of the approach is that the normalized data do not
necessarily reflect the actual chemical concentrations within the sampled sediments
for the selected size range, particularly when the samples contain <50 % silt and
clay (Horowitz 1991).

A slightly different approach is to normalize bulk elemental concentrations by
the concentration of a conservative element such as Al, Ti, or Li. In contrast to the
methods used for grain size, normalization is performed by dividing the concentration
of the potential tracer by the concentration of the conservative element.

The third method commonly used to deal with the transport invariant problem
is to incorporate a correction factor into the mixing model (Collins et al. 1998;
He and Owens 1995; Russell et al. 2001; Motha et al. 2003, 2004; Juracek and
Ziegler 2009). This approach has been widely used to account for the effects of
both grain size and organic matter. However, Mukundan et al. (2012) point out that
the relationship between a specific fingerprinting parameter and grain size and/or
organic matter content may vary between the other parameters used in the composite
fingerprint; thus, the incorporation of a single, universally applicable correction factor
into the model may not be appropriate. In addition, it has been argued that the use
of multiple correction factors, such as one for grain size and one for organic matter,
may result in over correction of the parameter values, a problem which is difficult to
test (Mukundan et al. 2012).

Once the geochemical parameters that exhibit non-conservative behavior have
been removed from the list of potential fingerprints, a statistical test is generally
used to identify geochemical properties that are good at discriminating between
sediment from various sources. The most commonly used statistical method is the
Kruskal-Wallis H-test (Collins et al. 1998, 2001; Walling et al. 1999), but a wide
range of other methods have also been applied, including the Mann-Whitney U-test
(Carteretal.2003; Porto et al. 2005), the Wilcoxon rank-sum test (Juracek and Ziegler
2009), and the Tukey test (Motha et al. 2003). A subset of parameters identified
during this step is then selected to define the fingerprint that is assumed to represent
the optimum combination of parameters for discriminating between the sediment
sources or source types (Walling and Woodward 1995; Collins etal. 1998; Mukundan
et al. 2012). This last step often relies on the use of a step-wise discriminant function
analysis (e.g., Evrard et al. 2013; Miller et al. 2013), although other data reduction
techniques (e.g., Principle Component Analysis) have also been used.
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2.3.4 Inverse/Unmixing Models

2.3.4.1 Derivation of the Inverse/Unmixing Models

Early work by Yu and Oldfield (1989, 1993) and Collins et al. (1997a,b) was partic-
ularly instrumental in defining the general fingerprinting approach most often used
today. It can be viewed as a process in which the composite fingerprint created for
the sediment sources is compared to the river sediments using an inverse/unmixing
model to unravel the relative amount of sediment from each source that comprises
the river sediment of interest.

Mathematically, constraints on the mixing model require that (1) each source
type contributes some sediment to the mixture, and thus the proportions (xj, j =
1,2, ..., n), derived from n individual source areas must be non-negative (0 < x;),
and (2) the contributions from all source areas must equal unity, i.e.:

n
Sg=xiAm et =1 (2.3)
j=1

Three significant factors may lead to situations where this latter assumption of
linear additivity in property values is not fully achieved. First, analytical errors may
be associated with the characterization of the measured geochemical parameters.
These errors are typically on the order of &5 %, and in most instances do not pose
a significant issue. Second, an important sediment source may not have been recog-
nized or sampled. The failure to characterize a significant source primarily occurs
when dealing with large basins composed of a large number of sediment sources
(geological units, soils types, or land-use/land-cover categories). Third, the tracer(s)
may have exhibited non-conservative behavior either during transport, or as a result of
diagenetic alterations following deposition (Walden et al. 1997; Rowan et al. 2012).

Assuming that a particular tracer has been established as comprising part of a
fingerprint for the n sources, the downstream mixture of this particular tracer is
represented by

Zajxj =aix) +axyxa + -+ apxy 2.4)
j=1

where g; represents the measurement of the tracer within the jth source area.

Initial studies used the mean or median of the data points from each source in the
fingerprint. Collins et al. (2010a), for example, noted that the “use of the mean con-
centration value to represent a particular source can be justified as being physically
realistic since the sediment collected from the catchment outlet inevitably represents
a mixture of material mobilized and delivered from numerous locations upstream.
As aresult, the collection of representative source material samples from a range of
locations throughout the catchment and the use of the sample to derive the mean fin-
gerprint property concentrations can be assumed to be analogous to natural sediment
mixing during the sediment mobilization and delivery process.”
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Since the fingerprint will typically be comprised of m tracers, the mixing model
results in an m x n system of linear equations. Each equation represents the contri-
butions from each of the n sources determined on the basis of the measured amount
of a tracer in the sediment:

aj1kxy +aipxxp + -+ ajxxp + o+ appxkx, = by
a1 xxy + ap*xxp + -+ azj * Xxj + -+ ay,kxp = by

: : : 25
ai1*X1 + ai2xx2 + -0+ ajjkXx +~~+a,-,n>l<x,,=b,- (2.5)

A1 % X1+ 2 * X2 + o+ Qpj*Xj + -+ Ak Xy = by

In theory, the mixture is exact, but in reality, there will exist some differences
(error) between the values of the m measured tracers in the source area, a;; (i =

1,2,...,m,j=1,2,...,n), and the downstream mixture (river sediment), b; (i =
1,2, ..., m). The residual error corresponding to the ith tracer can be determined as
follows:
n
& = bi — Zai,j * Xj (2.6)
j=1
fori=1,2,...,m,whereq;; (i=1,2,...,m,j =1,2,..., n) are measurements

of the corresponding ith tracer within the jth source area and b; is the measurement
of the tracer of the ith tracer in the river sediment (mixture).

When the number of utilized tracers exceeds the number of source areas or types
within the catchment (as is often the case when using geochemical data), the system
of equation (2.5) is over-determined, and a ‘solution’ is typically obtained using a
computational method that optimizes an objective function. This function, subject
to the previously noted constraints, estimates a best fit solution to the entire data set
(Yu and Oldfield 1989).

There are several ways to obtain a best fit, but in previous studies, the objective
function, f, has taken the form of the sum of the relative errors where

f(xl»~-~axn)zz Zi

i=1

2.7)

i

(as defined by Yu and Oldfield 1989) or the sum of the squares of the errors (Collins
et al. 1997a),

m N\ 2 m bi _ '_1_ ai iX; 2
f(xl,...,xn)=2(%) :Z(#) (2.8)
i=1 i=1 !

Note that the measurements of different tracers are often magnitudes apart; for
instance, Cu concentrations ranged from 2.78 to 823 ppm, while Cd ranged from
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0.200 to 6.30 ppm within sediments of the Mkabela Basin of South Africa studied
by Miller et al. (2013). Thus, the error terms for each tracer in equations (2.7) and
(2.8) are normalized by dividing by the amount of the tracer found in the sediment
mixture. This insures that the error term of any one tracer does not dominate the
objective function.

Ultimately, it is necessary to minimize the function f, (either 2.7 or 2.8), while sat-
isfying the non-negativity constraints on x; and the unity constraint (2.3). While the
error function (2.7) used by Yu and Oldfield (1989) may seem, at first, more intuitive,
the mathematical techniques for solving this constrained minimization problem are
more arduous than those using the error function given by Eq.2.8. Since Eq.2.8 is a
quadratic in (xp, x2, ..., x,) on a closed convex subset of R", the constrained mini-
mization problem is mathematically guaranteed to have a solution. Mathematically,
the mixing model would be considered as follows:

m 2
&
Minimize f(x1,...,%X,) = Z (b—l)
i

i=1

- 2.9

Subject to ij =1 9
j=1

)Cj>0

Such problems, known as quadratic programming problems, are well understood.
Many mathematical programs, such as MATLAB, Mathematica, even Excel, have
built in programs to solve these problems. There are other packages that solve the
quadratic programming problem as well.

Rowan et al. (2000) solved a different form of objective function based on a
variation of the R-value used in regression. They referred to the objective function
as an efficiency function, E. This efficiency function, E, is defined as:

Db =20 aijx)?
S (b= 13 ai))?

Instead of being minimized, £ was maximized subject to the non-negativity and unity
(2.3) constraints.

E(X1, ..., %) =1— (2.10)

2.3.4.2 Solving the Optimization Problem

A criticism of using mixing models to determine the relative contribution of sedi-
ments from a source is that there may be a number of solutions that are statistically
equivalent, particularly where contributions from a given source approach 0 or 100 %
(often referred to as the equifinality problem). In other words, similar levels of model
performance as measured by an error or efficiency function can be produced by dif-
fering sets of source contributions (Collins et al. 2010a; Rowan et al. 2012). In
addition, uncertainty in the modeling results may be associated with (1) the inherent
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variability of the fingerprint within the source materials, (2) the source material sam-
pling density, (3) analytical errors, and (4) changes in sediment characteristics during
particle entrainment, transport and deposition which may significantly influence the
chemical and physical nature of the sampled deposits, such as grain size and organic
matter content (Small et al. 2004).

Without the benefit of formalized numerical optimization techniques, initial
attempts at solving the constrained optimization problems (e.g., by Rowan et al.
2000; Jenkins et al. 2002; Phillips and Gregg 2003) involved pushing various com-
binations of (xg, x1, ..., Xx,) that satisfied the non-negativity function and the unity
condition through the objective function to find the optimal solutions. All values of
the objective function were then recorded and compared to determine the optimum
value and those combinations of proportions which yielded this optimal value.

As an example, to solve the mixing problem using the efficiency function (2.10),
Rowanetal. (2000) created all possible combinations of proportions, (x, X2, . . ., X),
by generating all n-tuples (over 300,000 in all for 5 sources) differing by increments
of Ax = 0.02. They then substituted them into the efficiency function E. By plotting
E vs x;, Rowan et al. (2000) were able to determine for each source a range of
proportions that would generate an efficiency above a certain tolerance.

Jenkins et al. (2002) applied the same method to terrestrial and marine sediments
to determine sediment provenance using mineral magnetic properties as a fingerprint.
The approach has also been used in disciplines other than geomorphology. Phillips
and Gregg (2003), for example, applied the method to determine the structure of
food-webs using stable isotopes as a fingerprint of food sources.

While, this technique allows one to generate numerous values of the objective
function, it is severely limited by the size of memory necessary to record all possible
values of f with (x1, x2, .. ., x,,) for large numbers of sources beyond increments of
Ax < 0.01. Later attempts at solving the mixing model recognized the constrained
optimization problem as a standard quadratic programming problem and used avail-
able packages to solve it, as mention in Sect.2.3.4.1.

2.3.4.3 Modifications to the Mixing Model

Since the late 1990s, a number of modifications have been made to mixing models
to improve upon their overall effectiveness. One of the first modified the objec-
tive function in the mixing model (2.8) to account for differences in grain size and
organic matter content between the source area sediments and the river sediments
(Collins et al. 1997a, 2001). Later, Collins et al. (2010a) made two additional mod-
ifications to the objective function. First, they added a ‘within source variability’
weight. They found the use of this weighting parameter gave smaller ranges of pos-
sible source contributions when calculated using a Monte Carlo method (discussed
below). Second, they introduced a tracer discriminatory weight to ‘reflect the tracer
discriminatory power.” This weighting factor takes into account the relative ability
of a specific fingerprinting parameter to differentiate between the various sediment
sources.
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When the above factors are incorporated into the objective function (2.8), it
exhibits the following form:

2
n bi — anl ajj *ij * onm; * WS j *)Cj
f@m) =D ! - W, (210
1

i=1

where ps; and om; are the particle size and organic matter weights, respectively,
for the jth source; ws; ; is the within source weight for the ith tracer within the jth
source; and W; is the discriminatory weight for the ith tracer. Specific definitions
for the correction factors that have been added by Collins and his colleagues to the
model are provided Table 2.2.

Another form of modification that has recently received considerable attention is
related to Bayesian statistics. Walling and Collins (2005), and Collins et al. (2013), for
example, modified the approach to incorporate prior knowledge about river processes
into the model. More specifically, they limited the potential contribution from one of
the sources within the model by noting, in this case, that the contribution of sediment
to the channel by bank erosion could be no more than 50 %. Thus, they imposed an
additional constraint on the model. That is, in addition to the unity constraint (2.3),
when x; represents the proportion of the mixture due to channel bank erosion, it must
adhere to the following constraints: 0 < x; <0.5and 0 < x; forj=2,3,...,n.

2.3.4.4 Handling Uncertainty of Tracer Data: The Monte Carlo Method

A significant source of uncertainty in the fingerprinting approach is the inherent
variability of a fingerprinting parameter within the source and river sediments. Take,
for example, a source area defined by its land-cover such as forest vegetation. Forested
areas may cover multiple geological units or soil types, each possessing a unique
mineralogical and geochemical set of characteristics. Thus, the variability inherent
in the collected geochemical data is likely to be relatively high. When combined with

Table 2.2 Definition of correction/weighting factors used in inverse models (Collins et al. 1997a,
2001, 2010a)

Correction/weighting factor Definition

Particle size correction factor Ratio of specific surface area measured for a given source
to the average of the surface area from all the sources

Organic matter correction factor | Ratio of the organic carbon content within a given source
to the average organic carbon content of all the sources

Within source variability weight | The inverse of the standard deviation of a parameter for all
samples from the source

Tracer discriminatory weight Calculated for each tracer as the ratio of the percentage of
source type samples classified correctly for that tracer to the
minimum of all such measurements determined during the
discriminant analysis used to identify the fingerprint
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the fact that the number of samples collected to characterize the sediment sources
are generally limited because of financial and time constraints, the mean value of the
fingerprinting parameter calculated from the sample data from any source may not
necessarily represent the true mean of each tracer within the source. Thus, using the
average of the data points of all samples collected within the source for each tracer
elicits an error of unknown magnitude. This error is exacerbated by the fact that the
fingerprint is comprised of several tracers (Collins et al. 2010a).

In order to reduce and quantify the uncertainty in mixing/unmixing models related
to this inherent variability in the source area data, recent studies have explored
the use of a Monte Carlo sampling framework (Small et al. 2004; Collins et al.
2010a, 2012). Validation of these approaches using constructed laboratory mixtures
of source materials and synthetic data show the methods hold considerable promise
(Small et al. 2004).

As an example, Small et al. (2002, 2004) used the sample data from each source
to create a probability distribution to estimate the mean value for each tracer within
the source. The estimated means of all tracers within all sources are then used as
parameters in the objective function which is minimized to solve for the proportions.
This process is repeated numerous times (on order of several thousands) until there
are sufficient results to estimate confidence intervals (e.g., 95 %). As described in
more detail below, Rowan et al. (2012) used this method to determine the effects
land use management practices have on algae blooms.

Collins et al. (2010a) used a similar approach in which a goodness of fit function,
which they refer to as a relative mean error (RME), was assumed to measure the
robustness of the optimized solutions of the mixing model:

1 & bi — D0 aij* psj * om; % ws; j * X
RME = | — _Z(l Z] 1 %1 J 7 L] J

2
) ) «Wi| (212

i=1

Subsequent studies by Collins et al. (2012, 2013) modified the approach by using
the median values instead of mean values for the tracer parameter within each source.
The median values were estimated on the basis of a probability density function. They
also use an estimated frequency-weighted average median, initially introduced by
Collins et al. (2012), in which R = z:’: 1 ViF'r; where n is the number of intervals
for the predicted deviate relative contribution, scaled between O and 1, and v; and Fr;
are the mid-value and the frequency for the ith interval, respectively.

A question that arises in the use of the fingerprinting approach is how results
obtained from using mean source and river sediment values compare to the out-
put generated using the Monte Carlo approach. While additional investigations are
needed to answer this question, Fig.2.6 compares the result generated using only
mean values (arrows) to the results obtained using the objective function (2-norm
error squared) and confidence interval of 95 % using the RME defined above (2.12)
for six samples collected from a wetland core within the Mkabela catchment of
South Africa. Grain size and organic matter correction factors were not included
in the analysis. While differences exist, the results for these specific samples are
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Fig. 2.6 Comparison of relative contributions of sediment estimated using a Monte Carlo approach
(frequency diagrams) versus using only source means for wetland core samples collected within
the Mkabela Basin, South Africa. Red arrows represent average contribution derived using only
source means. In general, results are similar for these data, but the Monte Carlo method allows for
an assessment of result uncertainty

generally comparable. The primary difference is, of course, that uncertainty can be
accessed using the Monte Carlo method.

2.4 Applications

Thus far we have focused on the methods of using geochemical fingerprinting to
determine the provenance of river sediments, and the assumptions and uncertain-
ties inherent in the produced results. We will now examine a few individual studies
in more detail. The review is not intended to be exhaustive of the wide range of
investigations that have utilized geochemical fingerprinting, but rather to provide an
overview of some the types of problems that may be addressed using the fingerprint-
ing approach.

A number of early geochemical fingerprinting studies were aimed at deter-
mining the source of contemporary sediments in rivers by sampling suspended
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sediments during flood events (e.g., Peart and Walling 1986; Walling and Wood-
ward 1992, 1995; Walling et al. 1993; Wood 1978; Collins et al. 1997a,b, 1998,
2001). Collins et al. (2001), for example, collected 65 samples from 13 floods dur-
ing two wet periods between 1997 and 1999 within the upper Kaleya catchment of
southern Zambia. The objective was to determine the predominant contributions of
sediment from four sources including bush grazed lands, commercially cultivated
lands, communally cultivated lands, and channel banks and gullies. As is now com-
mon, the collected sediment samples were analyzed for a range of properties that
respond to different environmental controls, an approach that is expected to lead
to better source area sediment discrimination because the individual tracers will
exhibit a higher degree of independence (Walling et al. 1993; Collins et al. 1997b).
Collins et al. (2001) chose to analyze sediments for pyrophosphate-dithionite
extractable trace metals (Al, Fe, Mn), acid extractable metals and metalloids (As. As,
Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sb, Sn, Sr, Zn), base cations (C, K, Mg, Na), organic
matter (C, N), radionuclides (137Cs, 21OPbex, 226Ra) and total P. Source contributions
were determined using the unmixing model described by Collins et al. (1997a), which
included correction factors for grain size and organic matter as well as a weighting
factor to account for differing degrees of analytical precision between the tracers.
They found that surface soils in communally cultivated lands were the predomi-
nant sediment source. However, there were minor variations in source contributions
between the samples collected during an individual flood (Fig.2.7a). More impor-
tantly, because the samples were collected during different discharge and sediment
load conditions, attempts to decipher source contributions during an entire flood (or
longer time periods) needed to consider the sediment load at the time the suspended
sediment samples were collected. By considering load, the contributions associated
with samples characterized by higher sediment loads are given more weight than
samples characterized by lower sediment loads. Mathematically, a load-weighted
mean source contribution (Py,,) can be calculated for any source(s) for any given
time period (Walling et al. 1999) using the following equation:

n
L
Py, = z PSXL—X (2.13)
s=1 !

where L, is the instantaneous suspended sediment load at the time of sample col-
lection, L; is the sum of the instantaneous sediment loads for all samples collected
during the time period of interest (e.g., a flood or season), and Py, is the percent-
age contribution from a specific sediment source, s, to the sediment sample, x. When
applied to an individual flood, the weighted mean source contribution provides infor-
mation on the source of the sediments transported past the monitored site during the
event. In the case of the upper Kaleya catchment, Collins et al. (2001) found that in
addition to the noted intra-flood variability in source contributions, inter-flood and
seasonal variations in contributions occurred (Fig.2.7b).

The use of suspended sediment samples to determine the primary sources of
sediment to a channel has decreased in recent years as it is plagued by several
difficulties, including (1) the fact that estimates of sediment source within suspended
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samples are sensitive to the timing of sample collection, (2) the need to collect
samples during flood events; (3) the need to collect and process significant volumes
of water to obtain enough sediment for geochemical analysis, and (4) the costs and
time required for processing a large number of samples to adequately characterize
contributions during a protracted time period (e.g., season or year). More recent
studies have focused on sediment collected using passive sediment traps/samplers,
channel bed sediments, or sediments located at the surface of floodplains.

Collins et al. (2010a), for example, applied geochemical fingerprinting to river
sediments obtained from the floodplain surface near the mouth of seven subcatch-
ments of the Somerset Levels in the UK (Fig.2.8). These samples were assumed to
represent sediments eroded during moderate floods that transported the majority of
the sediment in the basins. The study area is part of the England Catchment Sen-
sitive Farming Delivery Initiative where Catchment Sensitive Farming Officers are
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Fig. 2.8 Proportional contribution of sediment to floodplain surface samples collected at the mouth
of seven subcatchments in the Somerset Levels, south west UK. Note variability in source contri-
butions between catchments (from Collins et al. 2010a)

responsible for assessing the potential sources and impacts of pollutants on aquatic
resources, and for providing advice to stakeholders who are in need of assistance in
protecting aquatic environments (Collins et al. 2010b). The goal of the project was to
determine the relative contribution of sediment from five sediment sources: pasture
lands, cultivated topsoil, damaged road verges, channel banks and other subsurface
sources (e.g., gullies), and sewage treatment wastes (a point source). The fingerprint
was developed using the procedures outlined by Collins et al. (1997a) from a suite
of 40 geochemical parameters analyzed for each of the source area samples. Inverse
modeling relied on a Monte Carlo approach and the modified optimization method
descibed above which included correction factors for grain size and organic mat-
ter content as well as weightings for tracer discriminatory ability and within-source
variability of the individual tracers. The generated results were provided in terms
of the mean contribution from the defined sources and their 95 % confidence lim-
its. Figure 2.8 shows that the contribution from each of the sediment sources varied
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significantly between the seven subcatchments. The observed variations in source
area inputs to the river not only reflected the proportion of the basins covered by the
sediment source, but also a host of other factors that controlled the erosion of the
source sediments. Collins et al. (2010a) argued, for instance, that sediment inputs
from bank erosion were probably influenced by such factors as “channel morphology
and density, river bank dimensions, and riparian land use pressures”. Regardless of the
controls, the data clearly indicated that sediment mitigation strategies will need to be
tailored to individual subcatchments, rather than using a one-method fits all approach.

Evrard etal. (2013) utilized geochemical fingerprinting (and an alternative, diffuse
reflectance infrared Fourier Transform spectroscopy method) to assess the predomi-
nant source of sediments to tropical rivers in central Mexico underlain by different soil
types. In this case, the goal was to determine whether the sediments were primarily
produced by gully erosion or sheet erosion. As they were attempting to decipher
sediments eroded from surface and subsurface sites, they relied on fallout radionu-
clides (137Cs and >'9Pbey) and biogenic elements (C, N) as fingerprints. These para-
meters are known to differ significantly between surface and subsurface sources (as
will be discussed in the next chapter). The analyzed river sediments were obtained in
2009 from the channel bed, and were assumed to represent average contributions to
the river during the rainy season. Evrard et al. (2013) found that within the Huertitas
subcatchment dominated by Acrisols the majority of the sediment (between 88 and 98
%) was derived from gullies. The amount of sediment derived from croplands by sheet
erosion decreased during the rainy season, possibly as aresult of increased vegetation
cover that helped stabilize the soil surface. In contrast, the majority of the sediment
(50-85 %) within the Andisol dominated La Cortina catchment was derived from the
surface of croplands. Within the Potrerillos catchment, characterized by both Acrisols
and Andisols, contributions of sediment from gullies and croplands were highly
variable between storms. Gullies, for example, generated between 5 and 86 % of the
sediment, while the sheet erosion of rangelands generated between 14 and 95 % of
the sediment. However, when combined with other data, it appears that fine-sediment
delivered to the Cointzio reservoir was primarily derived from gullies developed in
Acrisols, even where Acrisols covered small areas of the basin (<0.5 %). Thus, they
suggested that sediment mitigation efforts should focus on stabilizing gully networks.

While the three analyses described above focused on contemporary sediments,
other studies have combined their investigation of contemporary sediment sources
with an analysis of the changes in sediment provenance through time. These studies
typically focus on cores taken of semi-continuously accumulated sediments on flood-
plains (e.g., overbank deposits) or within reservoirs, lakes, or wetlands that receive
sediments from the upstream drainage network. Such fingerprinting studies can be
extremely useful from a management perspective in that the sediment cores can be
dated, allowing changes in sediment provenance to be linked to (1) an analysis of
sediment accumulation rates and the changes in those rates through time, (2) tem-
poral changes in the concentration of various contaminants including trace metals
and nutrients within the system, and (3) alterations in land-use/land-cover and other
human activities within the catchment. Thus, a link can be made between sediment-
contaminant source, sediment influx rates to the river, and anthropogenic activities.
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Rowanetal. (2012), for example, applied the geochemical fingerprinting approach
to cores extracted from a lake—Llyn Tegid located in the headwaters of the River
Dee, Wales—to assess the potential cause(s) of recent cyanobacteria blooms. They
found by dating the cores (using 2!Pb and '37Cs methods) that the sedimentation
rates within the lake were generally constant during the first half of the 20th century
(Fig.2.9). However, sediment accumulation rates began to progressively increase
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after about 1950, with the most significant increases occurring in the 1980s and
1990s. The largest increases in sedimentation in 1995 were correlated with increases
in sediment-associated trace metal and nutrient (primarily total P) concentrations and
blue-green algae blooms. In addition, Rowan et al. (2012) were able to show using an
unmixing model described by Franks and Rowan (2000) that the majority of the sed-
iments were derived from improved grazing lands (i.e., lands subjected to improved
management practices) and channel bank erosion throughout the period of record.
However, the observed increase in sediment accumulation rates was closely linked to
an increased supply of sediment from improved pastures in the late 1980s. Improved
grazing lands subsequently became the predominant source throughout the 1990’s
during which they supplied about 50 % of the total sediment to the lake. Increases in
sedimentation rates were also associated with increased sediment yields from rough
grazing areas (Fig.2.9). The accelerated flux of sediment from both the improved
and rough grazing areas was consistent with an intensification of agricultural activity
in the basin in the 1980s. Rowan et al. (2012) concluded that the algae blooms were
strongly influenced by the increased influx of sediment-associated nutrients from
grazing lands, particularly improved grazing lands which were actively managed.
Following the establishment of algal populations in the lake, simulation modeling of
phytoplankton dynamics suggested that even a 50 % reduction in total P input would
not eradicate the algae problem because several factors will work to maintain them,
including a pool of P in the lake bed sediments, flow augmentation from the Trywryn
and impoverished littoral macrophyte assemblages.

By analyzing multiple cores from wetlands and reservoirs located along the axial
drainage of the Mkabela Basin within KwaZulu-Natal Midlands of eastern South
Africa, Miller et al. (2013) demonstrated that it was possible to decipher both the
temporal changes in provenance to the drainage network at any given site and spatial
changes in sediment provenance along the valley system at any given time. Their
study design also differed from many previous efforts in that source areas were
defined and analyzed using two spatial classification systems. One system examined
sediment source by soil type, whereas the other defined sediment source according
to five land-use categories including pastures, pine forests, sugar cane fields, veg-
etable plots, and wattle groves. Geochemical fingerprints for the sediment sources
were determined for both classification systems using the same set of sample data,
but which had been stratified differently. Results from an unmixing model, based
on the optimization method described by Rowan et al. (2000), showed that silt- and
clay-rich layers found within wetland and reservoir deposits of the upper and upper
to mid-portions of the basin were derived from the erosion of fine-grained, valley
bottom soils frequently utilized as vegetable fields (Fig.2.10). These sediments also
exhibited elevated concentrations of Cu and Zn, presumably from the use of fertiliz-
ers. In contrast, coarser-grained sediments were primarily derived from the erosion
of sandier hillslope soils, extensively utilized for sugar cane, during relatively high
magnitude runoff events that were capable of transporting sand-sized sediment off
the slopes. Thus, the combined data showed that the complex interactions between
runoff, soil type, and land use (among other factors) created temporal and spatial
variations in sediment provenance. Moreover, downstream contrasts in sediment
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source contributions, combined with observed changes in Cu and Zn within the
cores, suggested that sediment export from upper to lower catchment areas was lim-
ited until the early 1990s, in part because the lower parts of the watershed were hydro-
logically disconnected from the upper catchment wetlands during low- to moderate
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flood events (Fig.2.10). The construction of a drainage ditch through an upstream
wetland altered the hydrologic connectivity of the catchment, allowing sediment and
sediment-associated nutrients to be transported from the headwaters to the lower
basin, a process that also increased downstream sedimentation rates as determined
by dating a sediment core. From an applied perspective, the results of the study
showed that the positive benefits of controlling sediment/nutrient exports from the
catchment by means of upland based best management practices were partly negated
by modifying the axial drainage system.

The above discussion may suggest that geochemical fingerprinting to assess sed-
iment provenance is a straightforward process that can be utilized by a relatively
well-defined methodology. In reality, each catchment exhibits a unique set of char-
acteristics requiring investigators to modify the approach to fit the catchments hydro-
logic, geomorphic and climatic setting. Nonetheless, the rapidly increasing volume
of literature on the topic shows that fingerprinting can provide important insights
into the temporal and spatial changes in sediment provenance for specific grain size
fractions. Moreover, it is apparent that geochemical fingerprinting can be combined
with other forms of geomorphic, hydrologic, and geochemical tracing to more fully
address a wide range of sediment related problems within a watershed.

2.5 Use of Geochemical Fingerprinting as a Management Tool

There is little debate that sediment source identification is a fundamental require-
ment for the effective mitigation of diffuse sediment and sediment-born contaminant
inflows to rivers and other aquatic environments. However, the use of fingerprinting
techniques to decipher the source and dispersal of non-point source contaminants,
including sediment, at the catchment scale has yet to be extensively utilized by
land-use managers or regulatory agencies. In fact, Mukundan et al. (2012) found
that only one state in the U.S. (Minnesota) was using geochemical fingerprinting
as part of a defined management strategy, and, to the best of our knowledge, it
remains the only state as of 2014. Given the nature of recent legislation in many
developed countries, and the need for a sound understanding of the predominant
sources of sediment to rivers, it seems likely that geochemical fingerprinting will
more extensively be used in the future for management or regulatory purposes. Actu-
ally, the potential benefits and difficulties of transforming geochemical fingerprint-
ing from a research to a management tool is currently being explored. Mukundan
et al. (2012), for example, examined the use of geochemical fingerprinting for the
establishment of total maximum daily loads (TMDLs) in the U.S. TMDLSs, which
states must define for impaired waters as part of a management strategy, repre-
sent the maximum amount of a given pollutant, in this case sediment, that the water
body may receive without violating water-quality standards. A key component of the
USEPA’s organizational framework for establishing TMDLs is contaminant source
assessment; thus, it would seem that geochemical fingerprinting could (and perhaps
should) be incorporated into the framework for establishing TMDLs. The analysis by
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Mukundan et al. (2012) shows, however, that the transformation of geochemical
fingerprinting from the research to the management/regulatory realm is not as straight
forward as one might think, and has been slowed by several factors.

1. Many land-use managers and regulatory personal are unfamiliar with the specifics
of the approach.
In comparison with many traditional approaches, land-use managers/regulators
may have a relatively poor understanding of geochemical fingerprinting tech-
niques, and therefore do not necessarily understand the benefits of incorporating
the methods into their management framework. As Mukundan et al. (2012) point
out, they are likely to question the practicality of applying the approach, especially
with regards to the cost and time required for the analysis, the spatial scale to which
it can be applied, the type of geochemical analyses that must be carried out, and
the likelihood of obtaining meaningful results. Moreover, the benefits of applying
geochemical fingerprinting methods as part of a larger management strategy may
be unclear. Sediment budgeting, for example, is a relatively well known method
of conceptualizing the sediment dispersal system. However, defining the terms
within a sediment budget by monitoring sediment loads, quantifying upland ero-
sion rates, or through the use of empirically or physically based models have
proven problematic. In contrast, fingerprinting has been shown to be an effective
approach to estimate the relative contributions of sediment from defined sources
at the catchment scale, and can be applied within a relatively short time frame.
It allows, then, for the targeting of the primary source areas or types to reduce
sediments loads within the catchment. In addition, mixing model results may be
combined with upland erosion and downstream sediment load data to determine:
(1) the fraction of the sediment load generated from each sediment source that
exists within the basin, and (2) the fraction of sediment eroded from upland areas
that is deposited and stored within channels and floodplains (Mukundan et al.
2012). Similarly, geochemical fingerprinting can be linked to the results obtained
from watershed models to determine the export and storage of sediment from
individual sources. Thus, fingerprinting can be incorporated into the traditional
budgeting or modeling approach to refine and greatly improve upon its overall
results, a fact that is not always recognized. It is also important to note that the
conversion of relative source contributions to estimates of mass sediment trans-
port may allow for a comparison with the more traditional methods of measuring
sediment inputs to rivers from the defined sources. For example, rates of bank
erosion determined through repeated channel surveys may be compared to esti-
mates of bank erosion influx made by fingerprinting techniques. In doing so,
fingerprinting serves as a way to assess the uncertainty inherent in the outcomes
of the traditional methods (Mukundan et al. 2012).

2. Currently, a well-defined set of procedures are lacking.
Most analyses performed within a regulatory framework are governed by a well-
defined set of operating procedures that are accepted by the ‘scientific commu-
nity’ and that lead to accurate and reproducible results. The intent is to produce
results that can withstand the rigors of both scientific and legal review. At the
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present time, standardized procedures that can be used on a routine basis for geo-
chemical fingerprinting are generally lacking (Mukundan et al. 2012). Particular
aspects of the approach that require some form of guidance and/or standardization
are many, including the number of samples required for source area character-
ization and the methods used to collect them, the type of river sediments that
should be sampled and analyzed to assess sediment source contributions for a
given timeframe, the approach(es) that should be used to alleviate the problems
of hydraulic sorting and other processes that modify the sediment as it is dis-
persed through the system, the quantitative approach that should be followed
to define the most discriminating fingerprints, the nature of the mixing mod-
els to be utilized, and the methods through which uncertainty in the modeling
results can be characterized and assessed, to mentioned just a few. While it can be
argued that such procedures should be developed by the agency(ies) that intend on
using the approach, the transformation of fingerprinting methods from research
to management tool will require significant input from the scientific commu-
nity.

3. Geochemical fingerprinting of diffuse sources at the catchment scale has yet to
be completely accepted by the scientific community.
The results from geochemical fingerprint studies conducted on diffuse pollu-
tion sources continues to be met with skepticism by some highly-respected
geomorphologists and other environmental scientists. A primary issue for some
is the inability of the conventional mixing models to quantitatively assess the
uncertainty of the generated results. Recent refinements in the models to reduce,
assess, and quantify the uncertainty in their results is likely to alleviate much of
this concern in the future. For other scientists, the concern rests on the assumptions
that form the foundation for inverse modeling. For example, in many instances
geochemical fingerprinting documents the ultimate source of the sediment, but
not necessarily the most recent source as the sediment may have been eroded
and transported intermittently along the drainage network before being sampled.
Additional studies will need to be performed to assess the degree to which the
assumptions inherent in fingerprinting are met.
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Chapter 3
Fallout Radionuclides

Abstract A number of short-lived radioactive isotopes of both natural and
anthropogenic origins which are (or were) atmospherically deposited over the land-
scape have been extensively utilized as sediment tracers in riverine environments.
The three most extensively utilized isotopes, which are often referred to as fallout
radionuclides (or FRNs), include in decreasing order of application, 137, 210Pbex,
and "Be. Herein we examine the primary ways in which these three isotopes have
been applied to gain insights into the riverine sediment system. More specifically,
we explore the strengths and weaknesses of using FRNs in combination with mixing
models to determine sediment provenance at the catchment scale, particularly with
regards to determining whether the sediment was derived by means of sheet, rill,
gully, or bank erosion. The nuclide inventory approach is also examined for its abil-
ity to characterize other components of the sediment system at much smaller spatial
scales, including the redistribution of sediment on hillslopes and between landscape
units. Our discussion concludes by examining the ability of ' Be to document dynamic
processes operating along the channel bed by determining sediment residence times,
scour and fill depths, particle filtration, and sediment travel distances.

Keywords Fallout radionuclides - Hillslope sediment redistribution - Sediment
residence time

3.1 Introduction

In the previous chapter we examined the use of geochemical data to quantitatively
determine the relative contributions of sediment from defined sources at the catch-
ment scale using inverse modeling techniques. A number of short-lived radioactive
isotopes also have a long history of being used as tracers to address various compo-
nents of the sediment system.

The field of isotope geochemistry was founded shortly after 1886 when Henri
Becquerel discovered ‘radioactivity’ (a term put forth by Marie Curie) (Baskaran
2011). Since then about 300 stable and over 1,200 unstable isotopes have been iden-
tified (Hoefs 2010), and their use has become a central component of the analysis of
Earth and environmental systems. Of particular importance has been the use of iso-
topes to constrain the age and rates of geological processes and as tracers to assess a
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wide range of topics in almost every geological setting (Porcillie and Baskaran 2011),
including the reconstruction of paleoclimates and sea level change, the paleochem-
istry of the oceans, the rates of weathering and erosion, the analysis of magmatic and
tectonic processes, and the evolution of Earth and planetary systems, to mention just
a few.

With regards to sediment and sediment-associated contaminants in river systems,
the fallout radionuclides (FRNs) (e.g., 137¢s, 210pp,,, and "Be) have been most
extensively utilized, often in combination with inverse mixing models, for source
ascription purposes. The use of FRNs, however, is not restricted to the determination
of sediment provenance by means of geochemical fingerprinting. Rather, they have
been extensively used to characterize other important components of the sediment
system. In the following sections we examine the general characteristics and spatial
distribution of selected FRNs. We then turn our attention to the use of FRNs as a
geochemical tracer of sediment within a catchment.

3.2 Lead-210, Cesium-137 and Beryllium-7:
General Characteristics

The potential to use '37Cs to indirectly determine average rates of soil loss was
recognized as early as the 1960s (Menzel 1960; Rogowski and Tamura 1965). Since
then, FRNS, particularly 137¢s, 210Pbex and "Be, have been extensively investigated
and used as geochemical tracers. Cesium-137 has been the most widely studied
and applied FRN; in fact, a bibliography produced by Ritchie and Ritchie (2008)
identified approximately 4,500 papers related to the transport and fate of Cs in the
environment, a significant number of which pertain to the use of '3’Cs as a tool for
analyzing erosional and depositional processes.

Cesium-137is a ‘man-made’ or artificial radionuclide with a half-life of 30.2 years
that primarily owes its presence in the environment to nuclear weapons testing
and, to a much lesser extent, accidents at nuclear power plants (e.g., Chernobyl
in 1986) (Ritchie and McHenry 1990; Mabit et al. 2008) (Table3.1). Although the
first weapons tests were carried out in 1945, the released '”Cs was primarily retained
within the region. In 1952, however, the testing of thermonuclear weapons injected
137Cs into the stratosphere where it was distributed globally before being redeposited
over the landscape (Perkins and Thomas 1980). Total fallout of '37Cs was signif-
icantly (about an order of magnitude) greater in the northern hemisphere than in
the southern hemisphere, reflecting the distribution of testing activities, and reached
detectable concentrations in many areas in 1954 (Ritchie and McHenry 1990). Mea-
surable concentrations in the southern hemisphere did not occur until about 1958.
Concentrations in both hemispheres began to decrease following the 1963 Test Ban
Treaty. By the mid-1970s, fallout had declined below detectable levels in the south-
ern hemisphere, whereas in the northern hemisphere it could no longer be measured
after 1983/1984 (Ritchie and McHenry 1990). The atmospheric deposition of 137Cs
occurs by both wet and dry processes, but the majority is associated with rainfall.
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Table 3.1 General characteristics of '37Cs, 2!0Pb,,, and "Be (adapted from Mabit et al. 2008 and

Walling et al. 2011)

Characteristic 137Ce 210pp,, "Be

Origin Man-made; nuclear Natural geogenic | Natural cosmogenic
weapons testing; power
plant releases

Half-life 30.2 years 223 years 53.3days

Timeframe of Since 1954; Markers in | <~100— Days < 6 months

application 1963/1964; 1986 150 years

Temporal fallout pattern | Began in 1954; peaked | Continuous with | Continuous; high input
in 1963/1964 in N. and | limited variability with
S. hemispheres, inter-annual increases associated
respectively; ceased in | variations with precipitation events

late 1970s except for
Chernobyl accidental
release

Estimated process rate
calculations

Annual averaged rates

Annual averaged
rates

Events or short-periods
of rainfall; daily to
monthly averages for
some residence time
studies

Global pattern of fallout

High in N. hemisphere;
low in S. hemisphere

Unknown

Unknown

Depth distribution

e Undisturbed terrain

e Cultivated field

Peak at or immediately
below surface;
exponential decrease
with depth; limited to
about the upper 20cm
Uniform through plough
zone

Peak at surface;
exponential
decrease with
depth; limited to
about 30cm
Uniform through
plough zone

Peak at surface;
exponential decrease
with depth; limited to
upper 10cm or less

Exponential decrease
from surface;
non-detectable in
recently cultivated land

Scale of area studied

Plot to watershed

Plot to watershed

Plot to short reach scale

Sample collection

Simple

Simple

Requires fine
incremental sampling

that can be difficult
Required analytical Normal HPGe y Broad energy Normal HPGe y
equipment detector range Normal detector

HPGe y detector

Thus, the rate of fallout and its spatial distribution is closely linked to the amount
and intensity of precipitation (Longmore 1982; Basher and Matthews 1993).
Cesium-137 released during nuclear power plant accidents, such as Chernoby],
enters the troposphere where its deposition is primarily controlled by atmospheric
circulation and precipitation patterns during and immediately following the event. Its
distribution in soils, then, is much more heterogeneous and local than that associated
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with thermonuclear weapons testing. The distribution of '37Cs from the Chernobyl
incident, for example, affected large parts of Russia as well as other areas in the
surrounding regions (Fig.3.1) (Golosov et al. 1999, 2013), but cannot generally be
detected in soils located further from the site.

The cycling of '37Cs in the near surface environment plays a key role in its use
as a geochemical tracer, and has been reviewed by Ritchie and McHenry (1990)
and, more recently, by Parsons and Foster (2011) and Mabit et al. (2013) (Fig.3.2).
In general, atmospheric '37Cs is deposited directly on soils (and other geological
materials), upon water bodies, and on vegetation. A portion of the '3’Cs deposited
on vegetation is adsorbed where it may be washed off during subsequent precipitation
events and incorporated into the surrounding soils. The remainder of the Cs deposited
on vegetation is absorbed by the plants where it is transferred to the soil by litterfall,
or by incorporating Cs into the soil as plants die and decay. Since the Cs in the
overlying vegetation eventually reaches the ground surface, the amount of '37Cs
within an undisturbed soil profile that has been subjected to no erosion or deposition

Total Cs-137 fallout
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Fig. 3.1 Map showing '37Cs (total, recalculated to 10 May 1986) in Eastern Europe and the
locations of the case study sites examined in Golosov et al. (2013), including: (1) Lokna River
basin; (2) Zusha River basin; (3) Vorobzha River basin; (4) Kalaus River basin; (5) Chern River
basin; (6) Severskiy Donets River basin; (7) Toshnya River basin; and (8) Turdei River basin (from
Golosov et al. 2013)
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Fig. 3.2 Pathways of 137Cs dispersal through the soil-plant system (from Parsons and Foster 2011)

since the time of '37Cs fallout will closely approximate the total atmospheric '37Cs
flux to the Earth’s surface.

A key assumption in the use of '37Cs as a geochemical tracer is that it is strongly
bound to fine-grained particles in the upper 30cm of the soil profile (Ritchie et al.
1974; Wise 1980; Walling and Quine 1992). This assumption has been supported by
anumber of investigations (e.g., Lomenick and Tamura 1965) and is widely accepted
in the fingerprinting literature. However, study of the potential health effects of 137Cs
following the Chernobyl incident has begun to question the assertion, noting that Cs
may be released from clay minerals by weathering processes and/or desorbed and
taken up by plant roots under some physiochemical conditions (Parsons and Foster
2011) (Fig.3.2). In either case, '37Cs typically exhibits an exponential decrease
in concentrations with depth in undisturbed areas, although slightly lower values
may be observed immediately below the ground surface (within the upper 5cm)
(Fig.3.3a). The lower and/or near constant values at the surface reflect the cessation
of new 137Cs fallout since the 1970s/1980s, dilution associated with the addition of
plant litter, and the influence of bioturbation processes that mix the upper soil layers
(Walling and Woodward 1995; Mabit et al. 2008). In agricultural areas, the 137¢g
profile is altered by the mixing of surface and deeper soil materials, a process that
creates semi-uniform concentrations throughout the plough layer. Below the plough
layer, '37Cs activity tends to decrease exponentially (Fig. 3.3b).

In contrast to '37Cs, 210Pb is a natural geogenic radioisotope produced as part of
the 238U decay series. The half-life of 2!°Pb is 22.26 years, and the 2!°Pb activity is
such that it can continue to be measured in soils for a period of about 4-5 half-lives,
or about 100 years (Table 3.1). Its immediate parent along the decay chain is 2>’Rn, a
gas formed from the decay of 22°Ra. Most of the produced *2*Rn remains in the soil
and decays to 2!9Pb. Since this 2!OPb in the soil is created within the profile, and is
in equilibrium with 2*6Ra, it is referred to as supported >'°Pb. A small portion of the
222Rn, however, diffuses into the atmosphere where it decays to 2!Pb before being
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Fig. 3.3 Variations in fallout radionuclides with depth in soils from Morocco. a '37Cs in an undis-
turbed soil; b '¥’Cs in a ploughed agricultural soil; ¢ 210pp,, in an undisturbed soil; d 2'9Pbey in
a ploughed agricultural soil; e Be in an undisturbed soil; f Be in a ploughed agricultural soil
(adapted from Mabit et al. 2008)

returned to the Earth’s surface within a few days (Fig.3.4). This atmospherically
deposited 2!9Pb is referred to as unsupported or excess 2'"Pbey to distinguish it
from the 219Pb created by, and in equilibrium with, 226Ra in soil. The amount of
supported 21°Pb in the soil can be determined on the basis of the 2*°Ra activity and,
thus, removed from the total to determine the unsupported 21°Pbe, in the soil derived
from atmospheric deposition.

Like '37Cs, an undisturbed soil profile that has been subjected to no erosion or
deposition is thought to reflect the atmospheric 2!°Pbey flux to the Earth’s surface.
Unlike '37Cs, however, the 210Pb,, is essentially constant through time (although
minor variations in the flux of 21OPbex to the Earth’s surface have been noted; Preiss
et al. 1996). Thus, while the inventory of 137Cs in an undisturbed soil that has been
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subjected to no erosion will decline through time as a result of the cessation of
fallout and radioactive decay after the 1970s/1980s, the continuous flux of 210Pbex to
the soil creates a steady-state condition in which atmospheric deposition is bal-
anced by radioactive decay (Zhang et al. 2006). Spatially, atmospheric deposi-
tional rates exhibit considerable variability; on a global scale fluxes are typically
lower where air masses have traversed oceanic bodies and have had little chance of
accumulating 2?”Rn from soils and other geological materials. Higher depositional
rates are associated with circulating air masses that have traveled over continen-
tal areas and have had an opportunity to accumulate 2*?Rn. Locally, depositional
rates are strongly influenced by geographical patterns in the amount and intensity of
rainfall.

As was the case of '37Cs, 2!9Pby is assumed to be strongly and irreversibly
attached to soil particles upon deposition from the atmosphere (Dickin 1997). Thus,
210pp,, exhibits a vertical profile very similar to that of '37Cs where the highest
concentrations are located at the ground surface and decrease exponentially with
depth (Fig.3.3c). A zone of uniform or lower concentration immediately below the
ground surface does not occur as a result of the continuous and current flux of >!°Pb
to the soil. In agricultural areas, 210Pbex concentrations exhibit semi-uniform values
through the plough zone as a result of mixing of the upper horizons (Fig. 3.3d).

Beryllium-7 is a naturally produced, cosmogenic radionuclide created by cosmic
ray bombardment of atmospheric N and O (Fig. 3.4). Thus, the production of ’Be is



60 3 Fallout Radionuclides

linked to the cosmic ray flux, a parameter that varies with solar activity and changes
in the Earths magnetic field as well as altitude and latitude (Kaste et al. 2002; Walling
2013). On a global scale, production is about three to five times higher at the poles
than the equator. Regionally, Wallbrink and Murray (1994) found that more than
90 % of "Be is deposited as wet deposition and, thus, annual fallout varies primarily
in response to annual precipitation amounts. For a given precipitation amount, annual
fluxes are lower for lower latitudes (Walling 2013).

Although it is assumed that "Be is strongly bound to particulate matter upon
reaching the soil, few studies have actually examined this postulate. Taylor et al.
(2012), however, found by means of laboratory experiments that "Be was rapidly
sorbed to unsaturated soil particles and remained attached to soils under commonly
observed field conditions. Be differs, however, from '37Cs and >'°Pb in two impor-
tant ways (Table3.1). First, it has a short half-life of 53.3 days. Second, in part due
to its short half-life, it is concentrated in the upper most soil layers, generally within
the upper 1cm (Fig. 3.3e) within undisturbed soils. Within this shallow zone, it typ-
ically exhibits an exponential downward decrease in concentrations. In agricultural
areas, this exponential downward trend will occur in soils that have not be recently
ploughed because of its continuous flux to the soil surface, but will be non-detectable
in recently tilled soils as a result of mixing and dilution with deeper soil particles
devoid of "Be (Walling 2013).

3.3 Applications

3.3.1 Use as a Geochemical Tracer to Determine Sediment
Provenance

As was the case for other types of geochemical fingerprinting parameters, FRNs
have been applied to determine the provenance of suspended, channel, and reser-
voir materials (Nagle et al. 2007; Huisman and Karthikeyan 2012; Kwan Kim et al.
2013). However, their vertical distribution in surface soils makes them particularly
well suited to estimate the relative contribution of sediment derived from surface
and subsurface sources. More specifically, in undisturbed areas, maximum concen-
trations of 137Cs, 210PbeX and "Be occur at, or in the case of 137Cs, immediately
below the ground surface. Concentrations subsequently decrease exponentially typ-
ically reaching non-detectable levels within about 10, 20, and 30 cm of the surface
for "Be, 2!9Pbey, and '37Cs, respectively. The overwhelming majority of the total
inventory, then, is confined to the upper few centimeters of the Earth’s surface. As a
result, surface materials eroded by sheet or shallow-rill processes exhibit high con-
centrations of the FRNs, whereas subsurface materials eroded from gullies, channel
or bank deposits, dirt roads, or any other barren surface where the upper few centime-
ters of sediment have been stripped away will often contain little or no detectable
FRNs (Wallbrink and Murray 1993; Olley et al. 2013).
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It is not uncommon for investigators to use 137, 21OPbex and "Be to estimate
the relative contribution of sediment from both spatially defined areas (e.g., forests,
grazing areas, cropped land) and source types (e.g., channel and/or gully sediment)
(see, for example, Nagle et al. 2007; Olley et al. 2013). In this case, the emphasis
generally is on determining the contribution of sediment from the channel or channel
banks in comparison to surface sources. In contrast to the multivariate geochemical
fingerprinting approach discussed in the previous chapter, investigators often use a
single FRN (e.g., Nagle et al. 2007; Kwan Kim et al. 2013). There are, however,
benefits, as shown later, to utilizing a combination of 137, 210Pbex and "Be (Olley
et al. 2013; Walling 2013). When a single parameter is used as a fingerprint, a
relatively simply mixing model has historically been applied for source ascription
purposes (Zhang and Zhang 1995; Wallbrink et al. 1998; Zhang et al. 1997; Wallbrink
and Murray 1996; Wallbrink et al. 1998; Brigham et al. 2001). Mathematically, it
takes the form of (Wallbrink and Murray 1996):

Cs = ((PrPp)/(Ps — Pp)) x 100 (3.1)

where Cj is the percent relative contribution from a surface source, P; is the value of
the FRN for the surface source, P}, is the value of the FRN in the subsurface source,
and P, is the value of the FRN in the river sediment (sediment mixture). The initial
studies used mean FRN values to characterize the source materials. However, FRN
concentrations in surface sediments tend to vary within the catchment as a function
of atmospheric fallout and sediment transfers between sites as a result of erosional
and depositional processes. These variations were initially dealt with by using a
composite sampling scheme where multiple samples were collected and combined
within a defined area to help eliminate field variance. While composite sampling is
still common practice, more recent studies (e.g., Nagle et al. 2007) utilize a Monte
Carlo approach similar to that described in the previous chapter to quantitatively
account for model uncertainty. The FRNs for a specific source are characterized
when using this approach by a statistical distribution of observed values within the
materials. Values from these distributions are then selected and entered into the model
to determine the relative contribution from surface sources. The process is repeated
thousands of times, producing a statistical distribution of source contributions (Cs in
Eq.3.1). This generated distribution can subsequently be analyzed to determine the
median predicted contribution (the 50th percentile) from the surface sources, while
other quartiles can be used to assess the extent of variation in the predicted values.
It is normally assumed that FRN activities follow a normal distribution within
the source and river sediments. Olley et al. (2013), however, found that within sub-
tropical catchments of Queensland, Australia FRN data within the source and river
sediments did not necessarily follow a normal distribution. In this case, only 2!9Pbey
was normally distributed. Thus, they used a procedure similar to that proposed by
Caitcheon et al. (2012) to generate a probability distribution for '37Cs that could be
incorporated into a relatively simple mixing model to estimate sediment provenance.
They found that channel deposits represented the dominant source of sediment to
the river (as opposed to surface sources consisting of cropped land, forests, and
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grazing areas). The point to be made is that characterization of source end members
may require the collection of more samples than originally thought, and it cannot be
assumed a priori that FRN concentrations are normally distributed within the source
and river sediments.

A commonly untested assumption is that '37Cs and 2!%Pb,, exhibit negligible
concentrations below the first 20-30cm of the floodplain surface. In most studies,
FRN concentrations within the bank materials are determined on composite samples,
consisting of sediments collected from the bank. While 137¢s and 21OPbex concen-
trations within these samples may be low, the observed values may result from the
mixing of upper bank sediments enriched in FRNs with lower bank sediments that
exhibit concentrations below detection. Studies that have used '37Cs and 210Pb,, to
date floodplain deposits illustrate, for example, that both radionuclides may extend
to greater depths below the ground surface and occur at higher concentrations than
found in upland soils. The higher concentrations result from the combined accumu-
lation of radionuclides in the floodplain from atmospheric fallout as well as from the
deposition of FRN-bearing sediments eroded from the surface of upland soils during
overbank events (He and Walling 1996; Stokes and Walling 2003). The maximum
concentrations of '37Cs in the floodplain deposits will correspond to the deposition of
sediment in 1963 in the northern hemisphere (1964 in the southern). Thus, the depth
of maximum '37Cs activity will vary as a function of the sedimentation rate on the
floodplain since that time. The activity of 2!Pb., will likely decrease exponentially
below the floodplain surface, but because the surface layers may be episodically
buried during floods, the trend may be chaotic and extend to greater depths. During
bank erosion, these enriched surface deposits will add to the FRN activity measured
within the river sediment, which depending on their vertical distribution and con-
centration within the floodplain and the bank height, may lead to an overestimation
of sediment from upland sources.

While the above discussion focuses on '37Cs and 210Pbex, recent studies have
shown that "Be can serve as an effective tracer. Nonetheless, Walling (2013) points
out that there are several factors that complicate its use as a fingerprinting parameter.
First, 'Be has the potential to change rapidly through time in response to its fallout
during storm events and its relatively rapid radioactive decay. Thus, the characteri-
zation of "Be in the source materials will need to be done at or very close to the time
the river sediments are collected. This problem may pose considerable limitations
on the sources of suspended sediments by inhibiting its application to materials that
are no more than a few weeks old. Second, its concentration within the uppermost
soil materials (generally ~1cm) and its rapid decrease below the surface means that
the concentration of "Be within the eroded sediments will vary significantly as a
function of the depth of erosion. While this is also true for '3’Cs and >!9Pb.y, the
variations are likely to be much more pronounced, thereby adding additional uncer-
tainty to the discrimination of sediment sources by means of 'Be (Walling 2013).
Third, because a significant portion of the “Be may be intercepted by and stored on
vegetation, substantial variations in Be, even within a single land-use category, may
occur as a result of variations in the vegetation cover. Finally, spatial variations in
"Be may be initiated by the timing of human activities. Cultivation and mixing of
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the upper soil horizons, for example, may ‘reset’ the ’Be inventory to non-detectable
values. Thus, the "Be inventory of recently cultivated fields may differ significantly
from fields that were cultivated some weeks in the past.

Although the use of a single FRN has proven to be effective at determining sedi-
ment provenance, the combined use of 137¢g, 21 0Pbex and/or "Be can often lead to an
improved ability to distinguish between sediment sources. Wilkinson et al. (2009), for
example, effectively combined the use of 137Cs and ?!%Pby, to distinguish between
burnt and unburnt surface and subsurface sediments within a eucalypt-forested catch-
ment near Sydney, Australia (Fig.3.5a). Similarly, Walling (2013) illustrated how
the combined use of "Be and '¥’Cs could be used to more effectively distinguish
between cultivated and uncultivated fields eroded by sheet, rill, and bank processes.
In this latter case, ’Be was able to discriminate between channel bank sediments,
rill-eroded cultivated lands, eroded trackways, and the sheet erosion of pasture and
cultivated soils. However, a distinction could not be made between sediments eroded
by sheet erosion on pastures and cultivated lands without the additional use of '37Cs
(Fig.3.5b).

3.3.2 Determination of Sediment Redistribution
and Erosion Rates

3.3.2.1 Methods and Approach

One of the most widely used applications of '3’Cs as a geochemical tracer is to
quantify the amount of erosion and deposition that has occurred at a specific location,
that when combined with data from other sites can be used to assess the spatial
redistribution of sediment across the landscape. The use of tracers other than 137Cs
have also been explored for this purpose during the past several decades, including
134y (e.g., Syversen et al. 2001), MFe (e.g., Wooldridge 1965), 239.240py (Everett
et al. 2008; Dong et al. 2010; Smith et al. 2012), 2!%Pb,, (Wilkinson et al. 2009;
Smith et al. 2012), and "Be (e.g. Blake et al. 1999; Walling et al. 1999; Schuller et al.
2006; Wilson et al. 2003; Kaste et al. 2011). The latter two (>'°Pbey and "Be) have
received the most attention and will be focused upon here with 137Cs.

The approach is similar for each of the above mentioned radionuclides. The total
nuclide inventory for an undisturbed site that has experienced no erosion or deposi-
tion, called the reference site, is determined and compared to inventories measured
at sites where the amount of soil erosion or deposition is in question. Since ero-
sion or deposition has not occurred at the reference site, the inventory is assumed
to be a function of the total atmospheric flux of the nuclide to the ground surface
and its subsequent radioactive decay. In contrast, the inventory at a geomorphically
disturbed site is a function of three primary factors: the atmospheric flux to the site,
radioactive decay, and the loss or gain of a radionuclide associated with soil parti-
cles that are either eroded from or deposited at the site. Thus, negative or positive
differences between the inventories of the reference and non-reference sites reflect
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Fig. 3.5 a Bivariate plot illustrating the ability of '37Cs and 2!Pbe to discriminate between burnt
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the amount of erosion or deposition that has occurred, respectively. By quantifying
these differences, the magnitude of erosion or deposition since the onset of nuclide
accumulation can be estimated.

Advantages and constraints on the use of this approach have been summarized
by Mabit et al. (2008), Parsons and Foster (2011), Mabit et al. (2013), and, for
"Be, Walling (2013). Three of the most commonly cited advantages are that (1) the
method does not involve the use of long-term monitoring equipment, but can quan-
tify erosional or depositional magnitudes using data/samples collected in a single
trip, (2) the estimates of soil loss are based on specific sampling locations that when
combined with data from other sampling locations can provide information on the
spatial variations in erosional and depositional magnitudes across the landscape as
well as for specific landscape elements, and (3) the approach provides retrospective
information on past erosional and depositional processes, something that contempo-
rary monitoring programs are incapable of doing. In addition, the use of more than
one radionuclide, each characterized by a different half-life, allows the magnitude
of erosion or deposition to be determined for a range of timeframes (Table 3.1).

Early studies, beginning in the 1960s and 1970s were primarily confined to
the plot scale, but more recent studies have refined the approach and applied it to
larger scales. Gaspar et al. (2013), for example, combined '37Cs and 2!%Pb., data to
determine medium to long-term soil redistribution rates at the hillslope scale within
the Pre-Pyrenean Mountains of northeastern Spain. The upper part of the studied,
covered by forest vegetation and characterized by an average slope of 24 %, was
found to be relatively stable, exhibiting minor amounts of erosion and deposition
(Fig. 3.6). The midslope, characterized by a wide range of land-use/land-cover types
(including patches of forest and terraced fields) was dominated by minor erosion over
the long-term (~100 years) as determined by 2!%Pbey; 137Cs suggested that over the
medium term, erosion predominated, although local deposition also occurred. The
highest rates of erosion as assessed by '37Cs were associated with actively culti-
vated areas, whereas abandoned fields exhibited lower rates of erosion. In fact, some
abandoned fields, along with the forested, midslope areas, were generally stable.
Deposition dominated the bottom of the slope characterized by cultivated fields but
a much reduced slope (15 %). Significant erosion was locally noted at a site below a
pathway, suggesting that cultivation has affected soil mobilization along the bottom
of the slope as well. Although minor differences exist, there was general agreement in
the predominant processes occurring on the slope over the two timeframes provided
by 137Cs and 219Pb; in both cases, the data reflect local land-use and slope charac-
teristics. The detailed magnitudes of erosion and deposition were found, however, to
vary in a complex way across the hillslope through time.

A recent modification to the approach is to establish a sediment budget for a
hillslope or catchment on the basis of the FRN inventories. Sediment budgets are
often required for the development of effective watershed management plans as
they provide important insights into the primary sources of sediment that should
be targeted for remediation, the transfer of sediment between landscape elements
within the catchment, and the amount of sediment exported from the basin mouth
(Dietrich and Dunne 1978; Kelsey et al. 1981; Reid et al. 1981; Trimble 1983).
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Fig.3.6 Variations in estimated soil redistribution rates calculated using '3”Cs and !°Pb for a slope
in the Pre-Pyrenean Mountains of northeast Spain. Local profile shows sampling points, average
hillslope gradient and land-use at sampled site (from Gaspar et al. 2013)

However, sediments budgets are difficult to develop using traditional monitoring
techniques because while they can effectively document sediment transport rates
along the drainage network, they do not explicitly determine the transfer of sediment
from one landscape unit to another (Blake et al. 2009). The FRN budgeting approach
overcomes this problem.

Wallbrink et al. (2002), for example, demonstrated that a sediment budget could
be constructed for a hillslope on the basis of 137Cs inventories to assess areas of soil
erosion and deposition, the rates of sediment transfer between different landform
units, and the overall loss of sediment from the system. In this case, the data were
needed to assess the effectiveness of sediment management practices associated
with forest harvesting. In general, their sediment budget, and those that followed,
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was based on three measured terms. First, the initial inventories, or the amount of
the tracer present in each of the landscape elements of interest prior to disturbance
must be known. These initial inventories are usually assessed using the radionuclide
activities found at a reference site that is extrapolated to the whole of the catchment.
Second, the area covered by the defined landscape elements of interest must be
determined. Third, the current inventory present within the landscape elements must
be measured, a value that represents the amount of tracer left following disturbance
(Wallbrink et al. 2002). The product of the tracer inventories and area measured for
a landscape element is then assumed to be the total amount of each tracer in that
element, and the value used in constructing the sediment budget. Results from the
study are shown in Fig.3.7, and led Wallbrink et al. (2002) to conclude that the
practice of dispersing flow and sediment from the highly compacted snig tracks to
less compacted and spatially larger general harvest areas and filter strips was effective
at retaining surface soil and sediment mobilized from a harvested area. It is important
to note that when the sediment budgeting approach is being used to assess the effects
of a specific disturbance (forest harvesting in the case of Wallbrink et al. 2002), then
the amount of erosion and/or deposition that has occurred between the initial timing
of radionuclide fallout and the beginning of the disturbance regime must be known.

Cesium-137
Budget

(74-79)

@

(6-9)

7

FII

| 97 % (+/- 10)

Fig. 3.7 Tracer budget based on '37Cs constructed by Wallbrink et al. (2002) about 6 years after
forest harvesting within a small catchment of the Bondi State Forest, New South Wales, Australia.
The relative amount of sediment contained within each landscape unit is shown in parentheses.
The relative percent of the total sediment input that was transported out of or deposited within
the landscape units are shown by values within the arrows. Cumulative errors associated with
measurement errors and element surface area derivations are shown by subscripts (from Wallbrink
et al. 2002)
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This quantity is often difficult to determine, and, as described in more detail below,
can represent a significant constrain on the use of ’Be as a tracer as a result of its
relatively short half-life (Walling 2013).

Blake etal. (2009) applied the FRN budgeting approach to a small (89 ha), wildfire-
affected catchment in SE Australia. The objective of the study was to assess the
magnitude of the post-fire sediment and nutrient redistribution that had occurred.
Actually, three budgets were constructed using 2'°Pbey, '37Cs, and "Be, representing
average erosional and depositional processes over approximately the past 60 years,
50years, and 3 months, respectively (Fig.3.8) (Blake et al. 2009). All three tracers
found that ridgetop and sideslope units were the primary sources of sediment to
the drainage network. However, notable differences exist between the constructed
budgets (Fig.3.8). Blake et al. (2009) argued that these differences not only reflect
differences in the timeframe under consideration, but the materials with which the
isotopes were associated and the depth to which the radionuclides extend below the
surface. 137Cs was associated with subsurface mineral matter, whereas 2!9Pb., and
"Be were primarily associated with ash, litter, and soil organic matter at or near the
ground surface. Thus, '37Cs tended to reflect the erosion of deeper, coarser grained
mineral matter, while 210Pbex and "Be reflected the movement of litter, ash and
burnt O-horizon materials. Estimated sediment export ratios for 210pp,, and "Be
suggest that 96-99 % of the eroded organic material from the surface reached the
stream channel (Fig.3.8). In contrast, only 67 % of the deeper mineral matter was
transported to the channel, the remainder presumably deposited on the slope and/or
valley floor. The point to be made here is that the combined use of the three FRNs not
only provided insights into the magnitude of the erosion that occurred over different
timeframes and the primary sources of sediment to the channel network, but the
nature of the sediment remobilization processes.

“opp | Sediment budget 1¥7Cs Sediment budget "Be sediment budget

(~60 year annual average) (~50 year annual average) (event-based)
Ridgetop Ridgetop Ridgetop
Side slopes Side slopes Side slopes
Long-established fan Long-established fan Long-established fan
Footslope and riparian Footslope and riparian Footslope and riparian
Contemporary Contemporary Contemporary

outwash fan outwash fan outwash fan

‘ =100 tyrt

Fig.3.8 Schematic of annual average sediment budgets derived from 210pp, ., 137Cs, and "Be tracer
budgets for a small wildfire affected catchment in southeastern Australia. Thickness of arrows is
approximately proportional to total mass of sediment transferred over the respective timeframes
represented by the radionuclides. The budgeting approach allowed for the estimation of sediment
transfers between landscape units as well as the amount of sediment exported from the catchment
(from Blake et al. 2009)
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3.3.2.2 Uncertainties

The assessment of erosional and depositional magnitudes using of the FRN inventory
approach has been applied in a wide range of geologic, physiographic, and climatic
settings, and is now widely accepted by many, if not most, in the scientific community.
Acceptance of the method is based in part on the validation of its results using data
provided by (1) traditional approaches such as erosion plots, erosion pins, and the
monitoring of catchment sediment yields (e.g., Elliott et al. 1990; Porto et al. 2001,
2003a, b; Mabit et al. 2002; Wallbrink and Croke 2002; Schuller et al. 2006; Ceaglio
etal. 2012), empirical erosion models (e.g., the USLE and RUSLE) (Di Stefano et al.
1999; Sag et al. 2008; Mabit et al. 2008), and other FRNs (e.g., 219Pbey, 23%-240Py)
(Hoo et al. 2011; Ketterer et al. 2011; Matisoff and Whiting 2011). Moreover, trends
in the generated results often fit what is intuitively expected on the basis of land-
use and physiographic characteristics of the site. Nonetheless, some investigators
have questioned the validity of the generated results. Parsons and Foster (2011),
for example, concluded that no current rates of soil erosion that are based upon the
use of this technique are reliable, and that 137Cg cannot be used to provide reliable
information about rates of soil erosion (see Mabit et al. 2013 for a rebuttal). Many of
concerns raised by Parsons and Foster (2011) are linked to three of the fundamental
assumptions upon which the FRN method (including '37Cs) is based, including that:
(1) 37Cs was uniformly distributed over the landscape, and its distribution was not
modified before it was bound to sedimentary particles, (2) 13’Cs is rapidly, strongly
and irreversibly bound to sediment and/or organic materials, such that the observed
differences in its inventories reflect the movement of soil particles, and (3) estimates
of soil erosion or deposition can be accurately estimated from measurements of '37Cs
inventories using the available conversion models. These assumptions are explored
in more detail below.

1. Cesium-137 (and presumably other FRNs) are Initially Distributed Uniformly
Across the Study Area
An important assumption inherent in the approach is that the FRNs are initially
distributed uniformly across the study area. This allows for any spatial deviation in
inventories from the reference site to be assigned to the redistribution of the FRNs
after their deposition on and sorption to soil particles. Parsons and Foster (2011)
argued that the assumption of an initially uniform distribution of '37Cs (and,
presumably other FRNs) is invalid. To support their contention, they argued that if
the assumption was strictly observed the variability in FRNs between cores of the
reference sites would be similar. However, in the case of 137Cs, spatial variations
in inventories of as much as 40 % have been recorded (Wallbrink et al. 1994,
Sutherland 1994; Wallbrink and Murray 1996). Parsons and Foster (2011) note
that part of the variability is related to the non-uniform atmospheric deposition of
137Cs (and presumably 219Pbey, "Be, etc.) by means of wet deposition as a result
of topographic and geographical patterns in precipitation amounts and intensities.
In other words, variations in precipitation across the landscape are likely to result
in the spatially non-uniform fallout of '3Cs and other FRNSs to the soil surface.



70

3 Fallout Radionuclides

It is generally accepted, however, that over time differences in rainfall patterns
between precipitation events will reduce or eliminate the variations in fallout
(Walling and Quine 1992). This ‘smoothing’ effect will be most effective when
deposition occurs over periods of years (e.g., for 37Cs derived from bomb tests)
in comparison to deposition over periods of months (e.g., '37Cs from Chernobyl
or 'Be). The degree of heterogeneity is also likely to vary as a function of spatial
scale, becoming more significant at larger spatial scales, where large differences
in elevation exist, or where reference sites are located far from the study area.
Other factors cited by Parsons and Foster (201 1) that may lead to spatial variations
in FRN content include (1) the indirect transfer of FRNs from the atmosphere to
the soil as a result of the existing vegetation cover (Fig.3.2) (Dorr and Miinnich
1987; Wallbrink and Murray 1996), and (2) the redistribution of FRNs by flow
processes prior to attaching to the soil particles (particularly after the infiltration
capacity of the soil has been exceeded) (Lance et al. 1986; Foster et al. 1994).

FRNs are rapidly, strongly, and irreversible bound to sediment and organic matter
An important assumption in the use of FRNs as tracers is that they are rapidly,
strongly and irreversibly fixed to soil particles (Walling and He 1999). This
assumption is required to attribute spatial variations in FRN inventories to the
redistribution of soil particles by means of erosional and depositional processes.
While Cs mobility in soils is a complex process controlled by multiple parame-
ters (e.g., pH, organic matter content, particle mineralogy, CEC), the assumption
has been widely accepted by the tracer community (e.g., Ritchie et al. 1974;
Walling and Quine 1992; Nouira et al. 2003; Mabit et al. 2008). Parsons and
Foster (2011), however, suggested using data collected primarily to assess the
potential ecological and human health effects of '37Cs from environmental inci-
dents (e.g., Chernobyl) that '37Cs is not as rapidly, strongly, or irreversibly bound
to sediment or organic matter as originally assumed. Their argument is based on
studies/data that suggest (1) the sorption of '37Cs to clay minerals varies from one
mineral type to another, and may be “a rather slow process which extends over
many years” (Bunzl et al. 1995). Thus, at least some of the 37Cs that reaches the
soil may remain in the soil solution and be redistributed with the migrating fluids;
(2) 37Cs is partly associated with exchangeable sorption sites on particle surfaces,
indicating that it is not permanently bound to the particles (Livens et al. 1996),
and (3) the nature of the sorption sites to which '37Cs is bound changes through
time, initially being associated with more available planar sites and becoming
less bioavailable as it becomes bound in the interlayer sites in a process referred
to as radiocesium ageing (Staunton 1994). This ageing process may be counter-
acted by mineral weathering that releases the '3’ Cs from the strongly bound sites
(Wendling et al. 2005). Desorption from the soil particles may also be promoted
by a decrease in Cs concentrations within the soil solution, a process that may
occur in the vicinity of plant roots as Cs is taken up by plants (Fig.3.2). The net
effect of these processes is that cycling of 137Cs in the near surface environment
may lead to their redistribution by processes other than particle movement, or
may result in the loss of FRNs from the system, producing either an overestimate
of the initial inventory or an underestimation of the inventory within the disturbed
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soils. However, Mabit et al. (2013) cogently argue that the 137Cs (FRN) method
is not based on the absolute amounts in the soil, but on a comparison between the
reference and sample sites. Considering that the processes affecting the sample
sites are also likely to affect the reference sites, lateral redistribution in soils is
likely to be negligible in comparison to the movement of '37Cs associated with
physical or anthropogenic erosion processes.

3. Estimates of soil erosion or deposition can be accurately estimated from mea-
surements of the FRN inventories
Differences in FRN inventories between an undisturbed (reference) and disturbed
site must be converted into an absolute quantity of eroded or deposited sediment.
This conversion is no easy task given that the character of the soil (e.g., its organic
matter content, grain size, and bulk density) will undoubtedly vary across the study
area, and the FRN activity changes as a function of depth (Fig. 3.3). A wide range
of models have been developed to tackle the problem over the past three decades
(e.g., Elliott et al. 1990; Ritchie and McHenry 1990; Kachanoski 1987; Zhang
et al. 1990; Fredericks and Perrens 1988; Walling and He 1999; Fornes et al.
2005; Soto and Navas 2008; Walling et al. 2002; Wallbrink and Murray 1996;
Walling et al. 2011). These models differ in (1) their degree of complexity and
sophistication, (2) whether they can be applied to cultivated or uncultivated areas,
and (3) the FRN to which they are applicable.

Selection of a conversion model is an important aspect of any FRN tracer study
and is discussed in more detail in Walling et al. (2011), and Porto and Walling
(2012). The selection process will necessarily need to consider the intended use
of the resulting estimates of soil erosion and deposition, the land-use/land-cover
at the study site, and the data that are available or can be obtained for use in the
models. The point to be made here is that different models are likely to gener-
ate different results. Fornes et al. (2005), for example, found an approximately
threefold difference between the results generated from two different conversion
models when applied to '37Cs data that had been collected in 1974 and again
in 1998 at the National Soil Tilth Laboratory Deep Loess Research Station in
Southwest Iowa. Part of the difference in modeling results in the Fornes et al.
(2005) study is that one model incorporated variations in '37Cs fallout through
time, whereas the other did not. The comparison of model results show that in
general the more complex models yield more reliable estimates of the amount of
soil erosion and/or deposition that occurs for the time period of interest, but they
require data that are often difficulty to obtain (Mabit et al. 2008). In addition,
many of the more refined models are highly sensitive to variations in the input
parameters requiring that the additional data be accurately collected.

3.3.2.3 Summary of the Limitation on FRN Inventory Derived Estimates

It is hard to argue that the assumptions required to estimate the magnitude of sed-
iment redistribution on hillslopes or within a catchment using FRNs are strictly
upheld. The question, however, is whether the departures from the methods inherent
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assumptions are so significant that they render the results meaningless. In answer
to this question, we believe that FRNs can provide useful information about the
magnitude (but perhaps not the absolute amount) of sediment redistribution upon a
hillslope or within a small catchment for several reasons. First, as noted earlier, a
number of studies have compared FRN generated results with data collected using
more traditional approaches and have found them to be comparable. Second, the data
consistently estimate magnitudes of sediment redistribution that systematically vary
across the landscape in a manner that is consistent with our current understanding of
how land-use/land-cover, geologic, and physiographic controls influence erosional
and depositional processes. Third, estimates of sediment redistribution using '37Cs
and 219Pb., are often consistent. Given that the two elements were derived from
different sources, were deposited at different times and rates, and possess different
chemistries, particularly with regards to solution-particulate distribution coefficients,
one could expect '37Cs and 2!%Pb,, to produce significantly different results if the
underlying assumptions were not generally upheld. It should also be remembered
that the more traditional approaches to measuring erosion rates (e.g., erosion pins
and runoff plots) contain significant, and often unquantified uncertainties. Thus, at
the present time it is possible that FRNs are as reliable as other utilized methods, and
they represent one of the only methods to assess past magnitudes of upland erosion
and deposition. We acknowledge, however, that the data should be interpreted and
utilized with a large degree of caution, particularly with regards to estimates of the
absolute magnitudes of erosion or deposition that has occurred.

3.3.2.4 Additional Constraints on the Use of "Be

Beryllium-7 has received considerably less attention than either 137Cs or 219Pb,, as
a tracer in river basins (Matisoff and Whiting 2011). Nonetheless, it has the potential
to serve as an important tracer because its relatively short half-life (53.3 days) allows
for the documentation of sediment redistribution patterns and rates over periods of
days to weeks, corresponding to individual flood events or short-periods of intense
rainfall. Thus, 'Be can serve as a complement to the use of 137Cs or 210Pb., where
the latter examines sediment sources and sinks over periods of decades (Walling
2013). The short half-life of "Be, however, places a number of additional restrictions
on it use that significantly limits it application.

One of the most significant limitations of "Be is related to the portion of the
total inventory that can be accumulated and stored on vegetation. In the case of
137Cs or ?19Pb,,, the total inventory represents an average flux to the soil over a
period of decades. Fallout that is intercepted by vegetation is generally thought to
reach the soil as it is washed off in subsequent events, or as plant materials fall
to the ground surface and decay. Thus, only a small portion of the total inventory
resides within the vegetation cover. In contrast, much of the ’Be fallout may be
intercepted by vegetation during an individual rainfall event and, because of its short
half-life, remain there until it decays. It is possible, then, that much of the measurable
"Be fallout never reaches the ground surface in vegetated areas. Several studies, for
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example, have shown that more than about 50 % of the fallout may be stored in
the vegetation canopy in both grassland (Bettoli et al. 1995; Kaste et al. 2011) and
forested (Kaste et al. 1999) areas. Moreover, variations in vegetation type, density,
height, etc. are likely to lead to significant variations in the ’Be flux to the underlying
soil and the resulting total "Be inventory. The net effect is that the use of ’Be as a
tracer of sediment redistribution is generally limited to areas of bare ground where
the influences of vegetation are absent.

The short half-life of Be also leads to significant variations in total ' Be inventories
and penetration depths within the soil. Figure 3.9, for example, shows the variations
in "Be inventories and relaxation depths for a reference site near Valdivia, Chile as
reported by Walling et al. (2009). The depth-distribution curves correspond to sam-
ples collected over an 11 month period extending from January 24 to November 30,
2006. Soil inventories and relaxation depths are relatively low during the dry sum-
mer months (November through early June), but systematically increase during the
wet season (late June to early November). The dynamic nature of the "Be inventory
and depth distribution leads to two significant issues. First, estimates of soil erosion
and deposition are typically determined for "Be using a profile distribution model
developed for 137Cs for uncultivated fields. The model requires the depth distribution
of "Be to be known. Thus, the dynamic nature of the “Be inventory and depth dis-
tribution curves during an extended monitoring period will increase the uncertainty
in the results, and limits the use of "Be to a period of a few weeks. Second, and
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Fig. 3.9 Variations in "Be active as a function of depth below the ground surface for data collected
on multiple dates at a reference site in Valdivia, Chile. Soil inventories (Aref) and relaxation depths
(ho) are low during the dry summer months of November through early June, but increase during
the wet season (late June to early November) (from Walling et al. 2009)
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perhaps more importantly, attempts to determine the amount of sediment redistrib-
ution that has occurred during an individual event or short period of intense rainfall
requires that the spatial distribution of "Be be uniform across the area (as is true
for 137Cs or 210Pbex). However, the dynamic nature of "Be inventories, which can
change in response to rainfall patterns or erosion/depositional processes during a
single event, means that 'Be is unlikely to exhibit a homogenous spatial distribu-
tion unless the inventories inherited from previous events have been eliminated by
radioactive decay, or by means of cultivation and mixing of the soil profile (Walling
2013). In the absence of cultivation, Walling (2013) suggests that about 5 months
may be required to eliminate past patterns in ’Be inventories. In other words, it may
be that "Be can only be applied as a tracer of sediment redistribution where signifi-
cant rainfall events (i.e., those that redistribute sediment) have not occurred for the
past 5 months, severely limiting its application.

3.4 Estimating Sediment Age, Residence Times, Transport
Distances, and Other Contemporary Sedimentation
Processes

Over the past 10-15years there has been a growing interest in the erosional and
depositional processes that operate along the channel bed, particularly with regards
to the magnitude of channel bed scour and fill during flood events, the ‘age’ and
residence time of the sediment that comprise the bed material, and distances and
rates that particles move over a specified period of time. Interest in these processes
stem from the fact that the exchange of particles with the channel bed as well as their
travel times and distances during a given event or set of events strongly influences
where the impact of sediment and its associated contaminants will be concentrated
and for how long (Bonniwell etal. 1999). Long transport distances and short residence
times, for example, indicate that the sediment and any associated pollutants will be
passed rapidly downstream to receiving bodies (e.g., lakes, reservoirs, or estuaries),
whereas shorter travel distances and longer residence times may be associated with
more severe impacts on riverine habitats and biota. Quantifying these processes
has proven to be difficult using direct methods, leading investigators to explore the
use of FRNSs to decipher such sedimentation processes. The majority of the work
conducted to date focuses on contemporary processes at the reach- or river-corridor
scale, thereby requiring the use of ’Be (characterized by a short half-life).

The use of ’Be (and other FRN’s) to quantify channel bed sedimentation processes
is based on the postulated existence of a relatively simply system. Exposed sur-
faces within the catchment (e.g., the surface of upland soils, floodplains, and emer-
gent channel bars) are tagged by atmospherically deposited FRNs, including "Be
(Fig.3.4). Once the tagged sediments enter the flow, they can no longer receive
FRNs from the atmosphere. FRN activity will then begin to decrease as a result of
radioactive decay, and since the decay process is constant, the activity of the river
sediments can serve as a measure of how recently the particles entered the channel.
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Sediments that entered the flow recently will exhibit higher activities than those that
have remained in the channel bed and have been inundated for an extended period
of time (Kasprak et al. 2013). If the sediments remain in the channel bed, or are
buried within alluvial deposits for a long-enough period of time, the FRN activity
will decrease below detectable levels and the sediment is considered to be dead. In the
case of 'Be, radionuclide activity can be measured in sediments that have entered the
flow within about 265 days, whereas it is about 112 years for >!°Pb characterized by a
much longer half-life. Any re-exposure of the bed sediments, such as those associated
with the surface of channel bars that are periodically inundated during floods, will be
retagged with the FRNs. In theory, then, the atmospherically tagged sediments make
an ideal tracer as the signature of the recently eroded and tagged particles differ sig-
nificantly in radionuclide activity from the sediment already in the channel allowing
the particles to be tracked through the drainage network (Bonniwell et al. 1999).

A number of studies have attempted to examine the time it takes for particles
eroded from upland areas to move downstream through the drainage network. The
estimation of sediment residence time, travel distances, and particle exchange rates
with the channel bed are of particular concern. A central tenet of the approach is that
the depositional fluxes to the ground surface are uniform over the catchment so that
the eroded particles possess the same signature before they enter the flow no matter
where they are derived. However, over short periods, depositional fluxes are highly
variable, raising questions as to whether ’ Be can be used as an independent dating tool
(Matisoff et al. 2005). Moreover, FRN activity can vary between grain size fractions.
Thus, hydraulic sorting and other processes that partition sediments according to their
size and composition into different parts of the channel may affect the measured 'Be
signature. To reduce the effects of varying atmospheric fluxes and sedimentological
characteristics on the study results, it is common for the ’Be activity to be normalized
by 2'%Pb activity. This normalization by 2!Pb is based on the logic that because ’Be
and 219Pb are both derived from atmospheric fallout, are strongly bound to particulate
matter, and exhibit a 42 valance state in aqueous solutions, they should exhibit a sim-
ilar distribution in the environment. In fact, their activity should co-vary as a function
of grain size and compositional differences. Thus, normalizing ’Be activity by the
activity of 21°Pb ("Be/2!Pb) should both decrease the spatial variability observed
for the individual isotopes (Matisoff et al. 2005), and partially correct for variations
in activity associated with compositional differences (Bonniwell et al. 1999; Salant
et al. 2007). The argument of a reduced spatial variability in the "Be/?!°Pb ratio in
comparison to that of the individual isotopes is consistent with the observations made
by Baskaran et al. (1993) and Koch et al. (1996). In addition, because the half-life of
210pp is much larger than that of "Be, changes in the ratio will predominately reflect
the radioactive decay of 'Be and the age of the sediment.

It is important to note that the total 2'%Pb activity, as opposed to 2'9Pbey, is
typically used for normalization. This stems from the fact that the amount of 2!°Pb
that is supported by **Rn cannot be determined in river systems where the loss
of 2?6Ra by advection in pore-waters migrating through the sediments inhibits a
determination of the degree to which disequilibrium between >'°Pb and ?*°Ra may
occur (Salant et al. 2007). The use of total >!Pb may be problematic because it
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includes !°Pb from both lithogenic and atmospheric sources, the activity of which
decreases with increasing grain size (Salant et al. 2007). However, the associated
errors are not so significant that they are likely to invalidate the results.

Since the "Be/?'"Pb ratio measured in a river’s suspended load or channel bed
sediment will reflect the time that has elapsed since the tagged sediment has entered
the flow, the ratio can be compared to the signature of the sediment that enters the
water to determine the sediments age, ¢. Age, in this case, is measured relative to the
time the sediment first entered the water, and can be calculated using the following
equation (Matisoff et al. 2005):

—1 "Be 1 "Besoure
{= lOg - sample + lOg (210 source ) (3.2)
A7ge — A210py Pbsampie A7ge — A210py Pbsource

where "Begpurce and 219Pbygyyce are the 7Be and 210Pb activities in the source material,
7Bemﬂple and Zlonsample are the activities in the sampled river sediment, and A7, and
A210p, are the decay constants for Be (0.01300d ") and 2!°Pb (8.50999 x 1034~ 1),
respectively. Spatial and temporal changes in the "Be/?!°Pb in river sediments will
alsoreflect dilution processes where ‘new’ sediment is exchanged for ‘dead’ sediment
in the channel bed, or ‘new’ sediment is diluted with ‘old’ sediment eroded from
the channel bed and banks. This relationship between ’Be/?!°Pb ratios and dilution
processes allows for an estimation of the relative percent of ‘new’ sediment, Sy
within the load or deposit to be calculated by (Matisoff et al. 2005):

7Besample /2 1OPbsample

S =100 -
e 7Bes0urce/ 210Pbsource

(3.3)

or
Spew = 100 - e_()‘7Be—)~210Pb)t (3.4)

In addition to the estimation of sediment age and dilution effects, the analysis can
be further extended to assess particle travel distances over specific time intervals by
documenting downstream trends in either the "Be/>!OPb ratio or the percent of ‘new’
sediment within the suspended or bedload. For example, Bonniwell et al. (1999),
following the approach provided by Cushing et al. (1993), found that "Be/?!°Pb
ratios collected on a given day varied semi-systematically along the Gold Fork River
of Idaho. The data could be expressed by a non-linear function of the form:

F(x) = Foe h1* (3.5)

where F(x) is the measure "Be/210Pp ratio in the sediment, Fy is the 7Be/21%Pb ratio
of the source materials at the point of input, x is distance downstream, and k; is the
rate of change along the river. Once F and k; are determined from an equation fit to

1
the measured data, the average transport distance can be calculated as —. The use

1
of the equation is constrained, however, by two assumptions: (1) that the input of
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‘new’ sediment, S,y is associated with a point source, and (2) the system is in an
equilibrium state in which there is no net storage or loss of sediment from the channel
bed (Bonniwell et al. 1999). In the study of the Gold Fork River, Bonniwell et al.
(1999) argued that both assumptions were reasonably met allowing the equation to
be applied to their dataset. They found that particle transport distances varied from
about 60km near the peak of the snowmelt hydrograph to 12km near base flow, a
trend that matched expectations.

While the above methods have been used by a number of investigators (e.g.,
Bonniwell et al. 1999; Matisoff et al. 2005; Salant et al. 2007; Evrard et al. 2010)
to determine sediment residence times, etc., a significant constraint on the approach
is that changes in the "Be/?!"Pb ratio along the channel at a given time reflect both
the age of the sediment and dilution processes, a fact clearly recognized by the
investigators. Matisoff et al. (2005), for example, argued that the dual control of
sediment age and dilution on the ratios could be treated such that each represented
end-member states. Thus, by analyzing them separately, the two analyses provide a
unique perspective on the interpretation of the results. In reality, however, changes
in the ratio are likely to be due to both processes, leading to a nearly infinite set of
possible interpretations of the data. Determining which interpretation is correct will
likely be met with difficulty and lace the results with a large amount of uncertainty.

Other key assumptions upon which the approach is based may also lead to large
uncertainties in the results. For example, Walling (2013) points out that the assumed
similarity between recently eroded and tagged sediment and that in fallout (rainfall)
is unlikely to be met as the ratio will vary from year to year, seasonally, and from
one storm to the next. Thus, the use of a constant value for the sediment entering
the channel is unlikely to generate realistic results. Matisoff et al. (2005) suggest
that this problem may be overcome in part by measuring the "Be/?!°Pb ratio in
precipitation. However, the "Be/?!°Pb of eroded surface sediments will not only
reflect recent fallout, but the inventories accumulated over decades in the case of
210pb, Thus, the "Be/?!Pb measured in precipitation will likely differ from that of
the surface soils. The "Be/>!Pb ratio will also vary across the landscape as a result
of erosional and depositional processes that deplete or increase the FRN activities,
relative to that of an undisturbed site (as noted earlier). Sediment input into the river,
then, may exhibit a range of "Be/>!Pb ratios, depending on where the sediment was
derived. Finally, because the depth distribution of "Be and 2!°Pb differ (Fig.3.3),
the 7Be/?!Pb ratio may vary through time and space as a result of the depth to
which erosion occurs (Bonniwell et al. 1999). Some of these problems in defining an
effective source signature may be minimized, as Matisoff et al. (2005) suggest, by
using the "Be/>!Pb ratio of the sediments eroded and suspended in runoff entering
the channel, although the effectiveness of this approach has yet to be demonstrated.

In light of the above, it appears that estimates of sediment age and residence
times are unlikely to provide meaningful results given the time and cost associated
with the analysis unless the boundaries of the study are highly constrained. Fisher
et al. (2010), for example, utilized "Be to quantitatively assess the storage times
of sediment in bars associate with in-channel obstructions including boulder and
large woody debris in the Ducktrap River of coastal Maine. Their study differs from
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earlier investigations in that (1) the predominant input of FRNs to the river was the
wet deposition of the radionuclides to the surface of emergent bars located along the
channel margins and not from external sources, and (2) storage times were based on
the constant initial activity (CIA) decay model where the initial activities, Ay, were
defined by a range of values equal to one standard deviation above and below the
mean activities observed on adjacent thalweg and emergent bars at a site. The CIA
model is expressed as:

log AAO

t= Y (3.6)

where A is the observed activity of the sample and A is the initial activity at the time
of deposition. They found that sediment storage times were influenced by reach-scale
variations in unit stream power and the frequency of large woody debris. Sediment
storage associated with in-channel obstructions were generally longer (>100days)
than along supply limited reaches which exhibited sediment storage times generally
<100days. Use of the CIA model for these types of in-channel assessments require
that a significant portion of the stored sediments are exposed to the atmospheric depo-
sition of "Be and that the initial activities of the sediments can be estimated (Fisher
etal. 2010). In addition, greater uncertainties may occur where dilution of bed or bar
materials by dead sediment make it more difficult to define the initial Be activities.
A different approach to the determination of sediment residence times utilizes

a mass balancing method carried out at the catchment scale (Dominik et al. 1987;
Le Cloarec et al. 2007; Evrard et al. 2010). Originally put forth by Dominik et al.
(1987), the model subdivides sediment movement within a catchment into two com-
ponents (referred to as boxes), a soil box in which sediment transfers are slow and
residence times are long, and ariver box in which sediment transfers occur rapidly and
sediment residence times are short (Fig.3.10). Data required for the model include
an understanding of the atmospheric fluxes of "Be, 137Cs, and 2!1°Pb, which repre-
sents radionuclide inputs to the catchment, and the "Be, 137Cs, and 219Pb activities
within sediments exported from the basin via the basin mouth. The residence time
and radionuclide inventory in each box is then determined using a series of equations
that estimate the input and output fluxes from each box. The model developed by
Dominik et al. (1987) assumed that the transfer of FRNs was entirely in association
with particulate matter, but the model was later revised by Le Cloarec et al. (2007)
to account for the transport of dissolved radionuclides through the system using
established Kd values. Le Cloarec et al. (2007) suggest that uncertainty in the model
results are primarily associated with errors in (1) the measurement of FRN fluxes
out of the basin with suspended particulate matter, and (2) the determination of the
atmospheric fluxes of ’Be and 2!°Pb. Perhaps a more important source of uncertainty
is the assumption that “Be export from the soil box (upland areas) to the river box
is negligible as it will be lost as a result of decay. This assumption contradicts the
studies described earlier that suggest eroded surface sediments tagged with "Be can
be used to determine the age of the sediment relative to the time it enters the channel.
Less uncertainty may be involved with the use of FRNs to assess the relative
timing and magnitude of deposition and mobilization during flood events on the
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Fig. 3.10 Two-box radionuclide mass-balance model developed by Dominik et al. (1987) and
modified by Le Cloarec et al. (2007) to assess sediment residence times in soil and river channels.
FA atmospheric fallout flux; SS area of soil; SR area of river; IS radioactive inventory in soil box;
IR radioactive inventory in river box; FR flux/export from river box (catchment); X constant of
radioactive decay; kS rate of output from soil box; kR rate of output from river (modified from
Evrard et al. 2010)

basis of the vertical distribution of ’Be within the channel bed material. Fitzgerald
etal. (2001), for example, used ’Be depth profiles to examine the amount of sediment
deposition and resuspension along a section of the Fox River in Wisconsin where the
resuspension of contaminated bed sediments is thought to be the primary source of
PCBs to the overlying water column and Green Bay. Fitzgerald et al. (2001) argue
that changes in ’Be activity with depth are indicative of the timing and nature of scour
and fill. For a majority of the cores obtained from the channel bed "Be decreased
with depth. This downward decreasing trend in 7Be activity is likely to result from
the continued deposition of ’Be tagged sediment that, upon isolation from additional
atmospheric inputs, decays. Thus, the older sediments with the lowest activities are
at the bottom of the profile. In contrast, a peak in ’Be activity at depth may be
produced by the slow deposition and mixing of ’Be tagged sediment, followed by
the rapid deposition of diluted "Be containing sediment that buries enriched "Be
layer. The break in ’Be activity can therefore be used to identify differences in the
rate of deposition, and potentially, the amount of deposition that occurred during an
individual event.
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Fitzgerald et al. (2001) were also able to quantify the rates of deposition and
resuspension by comparing the new inventory in the sediment core to the residual
inventory. The residual inventory was taken to be the "Be activity within the core
during an earlier sampling period (decay-corrected to the more recent sampling date),
whereas the new inventory was calculated as the total inventory (obtained from the
most recent sampling campaign) less the residual inventory. When the new inventory
exceeded the residual inventory, deposition had occurred and vice versa. Moreover,
short-term depositional or erosional rates, ¥, were calculated by Fitzgerald et al.
(2001) using the equation:

_ foBe

H7Be

17 (3.7)

where flig, is the "Be flux equal to the new deposit inventory divided by the time
between the sampling intervals and p7p,. is the mean "Be particle activity in sus-
pended sediments. In the study by Fitzgerald et al. (2001), the mean "Be activity in
suspended particles was determined by the analysis of suspended particles captured
in sediment traps.

Fisher et al. (2010) also noted that important insights into scour and fill processes
could be gained by examining the vertical 'Be activity in channel bar deposits. In
fact, they developed a conceptual model, presented in Fig.3.11, that illustrates the
types of vertical patterns that would result from differing sequences of scour and
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Fig. 3.11 Conceptual model of sediment bar scour and deposition as determined from ’Be depth
profiles. a Submerged bar composed of sediment with no "Be activity. Solid black line on activity
versus depth plot shows that 7 Be activity is below detection throughout bar. b Typical depth-activity

profiles observed for single and multi-phase depositional events. Change in ’Be activity with depth
is related to time of sediment storage in bar (modified from Fisher et al. 2010)
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fill. Quantitatively, they calculate sedimentation rates by rearranging the CIA model
described above such that (Appleby and Oldfield 1992):

Am

A=Age T (3.8)

where 7 is the mass flux, given in g cm~2 d~!, and m is the cumulative dry mass of
sediment per unit area above the lower boundary (g cm~?) (i.e., above the buried
layer). This particular model assumes a constant initial concentration of Be such
that its rate of accumulation is proportional to the mass of sediment accumulated. The
"Be activity in the cores, then, should decrease with depth monotonically where this
assumption is met. Fisher et al. (2010) note that care should be taken when applying
the model as its results represent short-term depositional rates that are constrained
by the assumptions inherent in the CIA model, and are not necessarily indicative of
erosional or depositional rates that occur at other sites spread across the channel bed.

Although it is widely accepted that vertical trends in ’Be activity can pro-
vide important insights into the time and nature of sediment accumulation and
remobilization processes, the resulting trends may be complicated by grain filtra-
tion along coarse (gravel) bed streams. Grain filtration is the process in which fine
particles are moved downward into the interstitial pore spaces of a stable, coarser
sedimentary layer at the channel surface (Gooseff et al. 2006; Haynes et al. 2009).
In a study of the regulated and unregulated streams in Vermont and New Hampshire,
Gartner et al. (2012) found that "Be activity in some cores varied in a non-systematic
manner with depth. They interpreted these profiles to result from channel bed scour
and fill processes similar to that suggested by Fitzgerald et al. (2001) in which higher
activity layers could be buried by low activity layers (and vice versa); the two lay-
ers consisting of sediment from different sources. However, Gartner et al. (2012)
suggested that downward decreasing 'Be activities observed in a number of their
cores was due to filtration where "Be activity was attenuated with increasing depth,
rather than the continuous accumulation and burial of "Be tagged sediment. Thus,
the systematic downward decrease in activity can result from both a continuous
accumulation of sediment and/or filtration. Exactly which process is of most impor-
tance can probably be deciphered for most rivers on the basis of the stability and
grain size of the bed material. Filtration is likely to be predominant along rivers with
coarse-grained bed material that is relatively stable during low- to moderate-flood
events.

3.5 Use of Fallout Radionuclides as an Age Dating Tool

Fluvial deposits associated with floodplains, terraces, riparian wetlands, and reser-
voirs contain an historical record, often extending over hundreds to thousands of
years, of sediment source, production, transport, and storage within a catchment.
While this archive is often discontinuous and incomplete, it can be effectively
unraveled to gain insights into a wide range of environmental problems such as
the effects of natural and anthropogenic disturbances (deforestation, wildfires, urban
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development, agriculture, etc.) on erosional and depositional processes, or the history
of contaminant loadings to a river system by both point- and non-point sources of
contamination. In order to construct and decipher changes in the alluvial record, the
sediments must be accurately dated. As a result, a wide variety of methods have been
developed to date sedimentary deposits found in riverine environments. Each of the
developed methods differs in the time scale to which they are applicable, the accu-
racy and precision of the age estimates, and the nature of the depositional process
that is being dated (see Stokes and Walling 2003 for a review). The use of fallout
radionuclides (predominantly '3’Cs and 2'°Pb) represents one of the most impor-
tant methods to date historic riverine sediments (i.e., those <~150years old). In the
interest of space, we will not dive into the use of '3’Cs and 2!°Pb as a dating tool
as their applications have been summarized in a number of other documents (e.g.,
Appleby and Oldfield 1978; Robbins 1978; Appleby et al. 1979; Appleby 2001; He
and Walling 1996; Stokes and Walling 2003; Belyaev et al. 2013; Golosov et al.
2012; Walling 2013).
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Chapter 4
Radiogenic Isotopes

Abstract Radiogenic isotopes have been widely used to assess an extensive range
of geological processes. In this chapter, we focus on the use of three radiogenic
isotope systems (Sr, Nd, and Pb) to determine the source of sediment and sediment-
associated contaminants in riverine environments. We begin by examining the past
and continuing use of Sr and Nd isotopes to determine the provenance of sediment
at large spatial scales before exploring their potential use to track anthropogenically
contaminated sediment at much smaller (local to regional) spatial scales. We then
turn our attention to the use of Pb isotopes as a tracer of Pb contaminated sediments
in riverine environments. Given the many and increasing ways in which radiogenic
isotopes can be applied to environmental, geomorphic, and hydrologic issues, the dis-
cussion is not meant to be exhaustive. Rather, it is intended to provide an overview
of the sorts of methodological approaches that have been used to address the sed-
iment/contaminant source problem in riverine environments, and the strengths and
weaknesses inherent in the approach.

Keywords Sr - Nd - Pb isotopes + Sediment provenance - Pb contamination

4.1 Introduction

In the previous chapter we briefly described the use of fallout radionuclides as envi-
ronmental tracers to gain insights into the source and transport processes of sediment
and sediment-associated contaminants in river systems. Other isotopes have also been
extensively used to trace sediment and any associated contaminants in the near sur-
face environment, including fluvial systems (see Hoefs 2009 and Allegre 2008 for
an overview of isotope geology and analysis). Of particular importance have been
various radiogenic isotopes. Radiogenic isotopes are the daughter products generated
from the decay of a radioactive parent. Here we focus on three isotope systems, St,
Nd, and Pb. Their use as effective tracers hinges on several inherent characteristics,
including the fact that they (1) can be precisely and accurately measured, (2) tend
to exhibit isotopic abundances that vary widely within geological materials, and
(3) are not significantly fractionated by physical, chemical or biological processes
that alter the isotopic abundance observed within a given source material as it is
dispersed through the river system. Thus, the isotopic ratios (fingerprints) of the
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source sediments will remain largely intact during the erosion, transport, deposition,
and diagensis of the sediment allowing them to serve as highly effective tracers. In
the case of Sr and Nd, their isotopes have proven to be particularly effective at deter-
mining sediment provenance over large areas (ranging up to and including the global
scale for the tracking of dust). In contrast, Pb isotopes have not been extensively used
to track sediment per se, but are primarily used to track Earth materials contaminated
by Pb and other related trace metals/metalloids from a particular source.

4.2 Sr and Nd Isotopic Systems

4.2.1 Tracing Sediments and Other Geological Materials

The abundances of Sr and Nd isotopes vary significantly in geological materials,
primarily as a function of lithology and age of the rocks. These variations have been
extensively used by the geological community to determine the source and disper-
sal patterns of sediment within oceanic, coastal, atmospheric and riverine systems
(Table4.1) (Nelson and DePaolo 1988; McLennan 1989; Awwiller 1994; Calanchi
et al. 1996). Sr possesses four naturally occurring isotopes, of which 87Sr is radi-
ogenic, being produced from the radioactive decay of ’Rb (Table4.1). Since isotopic
measurements are most easily and precisely made as isotopic ratios (Banner 2004), Sr
isotopic data are generally presented by dividing radiogenic 8’ Sr by 86Sr (37 Sr/%0Sr),
the latter a stable, non-radiogenic isotope. The relative mass difference between the
isotopes (37Sr and ®Sr in this case) is relatively small (~1 %). Thus, mass-dependent
fractionation is limited, and that which does occur during analysis is typically cor-
rected for. Thus, fractionation during sediment dispersal from a source as well as
during sample analysis can generally be considered negligible (Banner 2004).

The 37Sr/%0Sr ratios measured within oceanic basalts fall within a relatively narrow
range of values (from 0.7020 to 0.7070) and within an even more narrowly defined
range for mid-oceanic basalts (0.7022-0.7045) (Allegre 2008) (Fig.4.1). In marked
contrast, the 87Sr/80Sr ratios of granites and gneisses, which make up the bulk of

Table 4.1 Decay schemes and data for selected radiogenic isotopes (modified from Banner 2004)

Radioactive Radiogenic Decay Half-Life A Decay Constant
parent daughter mechanism (billions of years)

87Rb 87Sr Beta 48.8 1.42 x 1071
147Sm 1483Nd Alpha 106 6.54 x 10712
238y 234y; 20Th; 206pp | Alpha &Beta 4.468 1.551 x 10710
25y 231py; 207pp Alpha &Beta 0.704 9.8485 x 10~10
232Th 208py, Alpha &Beta 14.010 4.9475 x 10711
13812 138Ce Beta branched | 310 2.24 x 10712
76y 176 Beta 35.7 1.94 x 10~

4 Decays to produce a radioactive daughter which eventually decays to stable radiogenic isotope
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Fig. 4.1 Frequency diagram showing the distribution of 87Sr/%°Sr ratios in mid-oceanic-ridge-
basalts (MORBs) and granites and gneisses of the lower and upper continental crust (from Allegre
2008; Isotope Geology, Fig. 6.1, pp 222; copyright ©2008 Claude J Alle’gre. Reprinted with the
permission of Cambridge University Press)

the continents, are highly variable, ranging from about 0.705 to more than 0.850
(Allegre 2008). The observed difference between the 87Sr/80Sr ratios of basalts and
granites is dependent, in part, on the age of the rock units. Oceanic basalts exhibit an
average age of about 80 Ma, the oldest being about 200 Ma (Allegre 2008). The age
of the continental crust is highly variable as it consists of multiple tectonic segments
sutured together in complex ways, but the age of the rock units can measure in the
billions of years. Thus, the time over which 8’Rb in continental rocks has had to
decay to ¥7Sr, while variable, is typically much longer than for basalts, producing
87Sr/36Sr ratios in continental materials that are generally higher than those observed
in basalt. The 37Sr/30Sr ratios also depend on the mineralogy and the initial Rb/Sr
ratios within the rock units. As an alkaline earth element, the chemical characteristics
of Sr are similar to that of Ca, and it often replaces Ca (as well as K) in rock forming
minerals. Rb, on the other hand, is an alkali element and exhibits chemical properties
similar to K. It is therefore more abundant as a replacement for K in K-rich minerals.
Minerals that possess high K/Ca ratios are therefore likely to also possess higher
Rb/Sr ratios, and through time will develop more radiogenic ®7Sr values (and vice
versa). Put differently, for rocks containing minerals of similar age, those with high
Rb and low Sr concentrations (e.g., biotite, muscovite) will be characterized by higher
87Sr/80Sr ratios than minerals possessing relative low Rb and high Sr contents (e.g.,
plagioclase, apatite) (Tripathy et al. 2011).

Nd, a light rare earth element, has seven naturally occurring isotopes. Two of
these isotopes (!2Nd and '**Nd) are radiogenic, produced by the radioactive decay
of 145Sm and 47Sm, respectively. However, 1469m is an extinct radionuclide as it
possesses a short half-life. Thus, tracer studies focus on 143Nd/1*4Nd. Unlike the
isotopic abundances of Sr, isotopic Nd values are expressed in units of &y, which
portrays the deviation of **Nd/!#*Nd in the sample relative to the **Nd/!**Nd in
a standard. The use of ¢ makes it easier to report and interpret the data since the
differences in '43Nd/'#4Nd values are very small. In this case, the utilized standard
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is the chondritic uniform reservoir. Mathematically,

o ("BNd/NA) sampre — (NN chondrire < 10* (4.1)
Nd = (143Nd/144Nd)chondrite '

As was the case of 87 Sr/80Sr, the 1*3Nd/!#4Nd ratio of rocks and minerals increases
with time as a result of the production of 143Nd from 47Sm; thus, 3Nd/44Nd
ratio (¢n4) depends on both the initial Sm/Nd ratio and age of the source rocks. In
contrast to 87Sr/3%Sr, the highest (most radiogenic) '**Nd/!**Nd ratios are found
in mid-oceanic-basalts whereas the lowest ratios are associated with granites. Once
again, however, the range of '*3Nd/!**Nd ratios are limited in basalts (about 0.5128—
0.5120) but vary widely in continental crustal rocks from around 0.5080-0.5110
(Allegre 2008). Moreover, 87Sr/8Sr and '*3Nd/!*4Nd ratios are inversely correlated
indicating that there is a high degree of coherence between the Sr and Nd isotopes
(Allegre 2008).

The wide variations in both 87Sr/80Sr and *3Nd/'"**Nd within geological mate-
rials, their highly conservative behavior, and the limited degree to which they are
fractionated, suggests that the Sr and Nd isotopes will provide a diagnostic finger-
print of the constituents within both the dissolved and particulate load of rivers (as
well as other water bodies). With regards to the dissolved load, Sr isotopes have
been most extensively utilized, primarily to determine the source of the constituents
within the water and the rates of chemical weathering (Moon et al. 2007; Rai and
Singh 2007; Tripathy et al. 2010; Voss et al. 2014). On a global scale, the long-
residence time of Sr in ocean waters compared to oceanic mixing times suggests
that (1) the Sr isotopic composition of authigenic marine precipitates will exhibit the
same ratios as the water at the time of their formation, and (2) the Sr values within the
marine sediments will exhibit a high degree of homogeneity throughout the world’s
oceans (Banner 2004). Thus, recorded temporal variations in 87 Sr/3Sr ratios through
time, which now extend back to the Precambrian, describe global changes in ocean
chemistry. In contrast, the residence time of 143Nd/144Nd in ocean waters is shorter
than that of 87Sr/%0Sr and shorter than the time required for complete oceanic mix-
ing. Thus, observed variations in the '*3Nd/'**Nd values in marine sediments are
thought to reflect regional differences in ocean chemistry. Significant effort has been
devoted in recent years to determining the processes or factors that account for the
noted variations in both the Sr and Nd isotopic ratios in marine sediments, includ-
ing hydrothermal circulation at mid-oceanic ridges, alterations in weathering rates
and intensities associated with climate change and/or tectonic activity, shifts in the
configuration of the continents, and a number of other processes (see Banner 2004
for a review). It has been argued, for example, that the preferential release of Sr by
the chemical weathering of newly exposed rock surfaces (resulting from tectonics
or glaciation) can alter the 37Sr/0Sr signal of river systems, and the input of the
Sr ratios to the oceans, in some areas for periods of about 20,000 years. Thus, it
may be possible to link glacial episodes (or other mineral exposure processes) to
documented alterations in the oceanic 37 Sr/3%0Sr record.
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On a much smaller scale Sr and Nd isotopes have been used to assess changes
in the source of dissolved constituents within individual catchments. Voss et al.
(2014), for example, utilized a time series of 87Sr/80Sr data from the Fraser River
of Canada to determine changes in the source of dissolved constituents within a
relatively pristine environment. They found that the Fraser River was characterized by
seasonal variations in 87Sr/30Sr ratios with higher values occurring during the spring
and summer and lower values during fall and winter. The isotopic data were then
utilized in a mixing model to show that the higher 87Sr/30Sr values were associated
with enhanced chemical weathering fluxes from old sedimentary rock units within
the headwaters of the catchment, in spite of the fact that the area contributed relatively
little water to the river.

Our primary interest here is in the use of Sr and Nd isotopes as a tracer of sed-
iment and contaminated sediment provenance. The use of Sr isotopes as a means
of determining sediment provenance was first demonstrated by Dasch (1969) who
attributed large differences in the spatial variations of 87Sr/3%€Sr within the north
Atlantic to variations in sediment source. Since then, both Sr and Nd isotopic sys-
tems have been widely used as sediment tracers. Their utilization is driven in large
part by their highly conservative behavior in sediments that allows the isotopic sig-
nature of the source materials to be preserved within the sediment throughout its
erosion, transport, deposition, and subsequent diagensis (DePaolo 1981; Goldstein
et al. 1984; Jones et al. 1994; Winter et al. 1997; Tripathy et al. 2011). The Sr, and
to lesser extent, Nd, isotopic composition of sediments has, however, been shown to
vary with the particle size distribution of the sediments in some (e.g., Dasch 1969;
Grousett and Biscaye 2005), but not all (e.g., Padoan et al. 2011) studies. Thus, the
isotopic ratios within the sampled material may be altered from that of the source
rocks by weathering and hydraulic sorting processes. In general, 87Sr/3%Sr ratios
are thought to be more significantly influenced than Nd because the latter is more
uniformly distributed among the minerals in the parent rock. Thus, the preferential
dissolution of specific minerals will impact 87Sr/%0Sr ratios more than **Nd/'**Nd
ratios. Similarly, mineralogical differences produced by particle sorting are likely to
influence 87Sr/8Sr ratios more than '*3Nd/'*Nd ratios because of the wider range
of the former among the minerals. The more conservative behavior of Nd is often
considered to make it a more robust tracer (Walter et al. 2000; Tripathy et al. 2011).
In addition, the observed differences in the geochemical behavior of Sr and Nd,
when combined with their known inverse correlation in source rocks, have led to
their combined use to assess sediment provenance and transport patterns (Tripathy
etal. 2011). In other words, coherence in the temporal and spatial patterns within the
sampled material is taken as an indication that the source signatures are preserved
allowing for a determination of sediment provenance.

In light of the above, it is not uncommon for sediment sources and sampled
mixtures to be shown on bivariate 87Sr/30Sr -13Nd/'*Nd (en4) plots (Fig.4.2).
Samples with 87Sr/30Sr -Nd values that systematically plot along a path between
two end-member sources can be viewed as containing a mixture of sediments from
the two sources. The isotopic Sr and Nd ratio of the mixture can be expressed in
terms of the two sources as (Allegre 2008):
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Fig. 4.2 Theoretical mixing curves plotted between two distinct end-member sources on a Nd-Sr
diagram. Curves represent various relative concentrations of Nd and Sr within end members. K is
the ratio of the Nd/Sr ratio in the two sources; the ratio of Nd concentrations in the sources is set at
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University Press)

Rl,ix = R1ax1 + R1p(1xy) “4.2)

R2pix = R24y1 + R2p(1y1) (4.3)

where R1 and R2 are the isotopic ratios of interest (37Sr/80Sr ratio and 143Nd/*4Nd)
and )
mC
Xj=—p—a— (4.4)
miCy +myCyq

m1Cé

— 8 4.5)
miCY +myC3

y1 =

A and B are the two chemical elements of the ratios under consideration, C/L and C;‘

are the concentrations of element A in the two end-member sources, and C}g and Cg
are the concentrations of element B in the two end-member sources. Equations 4.2
and 4.3 can be combined to produce a mixing equation that takes the form of:

Rll - leix _ KR21 - Rzmix (46)
Rlyix — R12 R2pix — R2
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The term K in Eq. 4.6 has the value

1,01
= % 4.7)

C4/Cp

In the case of Pb, as we will see below, the denominator of the two plotted ratios is
the same; thus, the equation forms a straight mixing line between the two sources. A
straight-line also is produced when the denominators differ (as is true for the use of
87Sr/368r -143Nd/'44Nd), but K is equal to 1 indicating the Nd/Sr ratios are constant
in both systems. However, when K is equal to any other negative or positive value,
the line between the end-member sources forms a hyperbola, the shape of which
varies with the value of K (Allegre 2008) (Fig.4.2). Regardless of form, a systematic
trend between two end-members allows for an estimation of the relative proportion
of sediment from the two sources.

To date, Sr and Nd isotopes have primarily been used to determine the provenance
of siliciclastic sedimentary rocks, particularly within sedimentary basins (McCul-
loch and Wasserburg 1978; Goldstein and Jacobsen 1988; Awwiller and Mack 1989;
McLennan 1989; McLennan et al. 1990, 1993; Awwiller 1994). With regard to con-
temporary sediments, Sr and Nd isotopes have mainly been applied to large systems
characterized by a diversity of rock types. Both Sr and Nd have, for example, been
extensively utilized to assess the origins and transport patterns of dust (aerosols,
loess and sand) on a worldwide basis (Grousset et al. 1992, 2005; Biscaye et al.
1997, Basile et al. 1997, 2001).

With regard to contemporary riverine systems, Sr-Nd fingerprints have often been
applied to marine and coastal sediments to determine the relative contribution and
dispersal patterns of sediment from river basins underlain by differing rock types
and which therefore exhibit specific Sr-Nd isotopic signatures (Weldeab et al. 2002;
Wei et al. 2012; Rosenbauer et al. 2013). Weldeab et al. (2002), for example, utilized
Sr-Nd isotopic data to determine the source and primary transport pathways of sus-
pended particulate matter within the Eastern Mediterranean Sea (Fig. 4.3). Similarly,
Rosenbauer et al. (2013) applied Sr and Nd isotopes, along with selected trace
elements and rare earth elements, to San Francisco Bay to determine the relative
contributions of beach-sized sands from the major inflowing rivers. They found that
the majority of the sand within three areas of the Bay (Suisun Bay, San Pablo Bay,
and north Central Bay) originated from the Sierra Nevada Batholith via the Sacra-
mento River, while input from other rivers including the Napa and San Joaquin
provided lesser contributions. The Sr-Nd isotopic data also revealed that other sed-
iment sources were locally important. Once the sand-sized particles exited the Bay,
the isotopic data indicated that the materials were transported southward along the
outer coast by long-shore currents (Rosenbauer et al. 2013).

The Sr-Nd signatures of sediment within individual tributaries have also been
used to assess the primary sources and dispersal mechanics within large river basins.
For instance, Padoan et al. (2011) used Sr-Nd isotopic ratios to determine the relative
contributions of sediment input from the major tributaries to the Nile and the effects



96 4 Radiogenic Isotopes

Adriatic Q0E

North Africa

Fig. 4.3 The primary transport pathways of suspended riverine sediment within the Eastern
Mediterranean Sea as determined from Sr and Nd isotopes. Open arrows indicate turbid flow
directions as provided by Reeder et al. (1998) (from Weldeab et al. 2002)

of hydraulic sorting processes on the sediment size distribution. The Nile River Basin
is well-suited for the study because individual catchments are underlain by rocks of
different age and therefore exhibit different Sr-Nd isotopic ratios. More specifically,
they found that tertiary volcanic rocks of the Ethiopian highlands, drained by the
Blue Nile and Atbara (Fig.4.4a), were characterized by low 878r/80Sr values and
high '*3Nd/'"**Nd ratios. Sediments from these rocks could be discriminated from
Archean to Proterozoic crystalline basement rocks and Mesozoic sedimentary rocks
exposed along the Western margin of the Red Sea and East African Rift (which
were characterized by relatively high 87Sr/3Sr values and low **Nd/'**Nd ratios).
When combined with isotopic data on samples from the main channel of the Nile,
they were able to determine that the majority of the sediment was derived from the
Blue Nile and Atbara. In spite of the fact that the White Nile supplies about 33 %
of the discharge to the main Nile, and encompasses about 50 % of the total basin
area, it contributes relatively little sediment to the main River (Fig. 4.4b). Apparently,
very little sediment is transported through various East African Lakes and the vast
wetlands of the Sudd and Machar marshes of South Sudan. The Sr-Nd isotopic data
demonstrated that sediment fluxes to the lower Nile do not correspond to discharge or
basin area, but are related to high rates of erosion in the Ethiopian highlands (Padoan
etal. 2011).

4.2.2 Tracing Contaminated Particles

While the use of Sr and Nd isotopes to determine the source and dispersal pat-
terns of sediment within siliciclastic strata, atmospheric systems, and large river-
marine systems is widely recognized, their application to diffuse or point-sources
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Fig. 4.4 a Map of the primary tributaries to the Nile River; b Relative sediment budget based on Sr
and Nd isotopic provenance data. Relative sediment contributions were calculated using a inverse
(mixing) model and the available isotopic data (modified from Padoan et al. 2011)

of contamination has thus far been limited, particularly with regards to rivers. At
issue is whether Sr and Nd isotopic ratios vary to the extent needed to form an effec-
tive fingerprint. Nonetheless, a number of recent studies unrelated to rivers suggest
that both isotopes can be used to discriminate between contaminated source mate-
rials and may therefore prove to be effective tracers of contaminated sediments in
river systems (Lahd Geagea et al. 2007, 2008a,b; Kamenov et al. 2009; Guéguen
et al. 2012). Lahd Geagea et al. (2008a), for example, demonstrated that particulate
matter associated with urban pollutants within the area of Starsbourg-Kehl, Germany
could be fingerprinted on the basis of Sr, Nd, and Pb isotopes (Table4.2). Partic-
ularly large differences were found between the ey, values of various industrial
sources (e.g., waste incinerators and steel plants) and car soot, suggesting that they
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may serve as particularly powerful tracers of particulates from vehicle emissions,
especially particulates from diesel engines (Lahd Geagea et al. 2008a). In addition,
subsequent work by Guéguen et al. (2012) in the same area found that while chem-
ical waste incinerators, domestic waste incinerators, thermal power plants, and steel
plants exhibited similar Pb isotopic values and, therefore, could not be fingerprinted
using only Pb isotopes, they could be defined using a combination of Pb, Sr, and
Nd isotopes (Table4.2). In fact, Sr and Nd isotopes were much more effective than
Pb isotopes at differentiating the source of particulate matter from these industrial
sources.

The potential to use Sr and Nd isotopes to document changes in chemical fluxes
to aquatic systems has also been demonstrated. Kamenov et al. (2009), for example,
examined the vertical (depth) variations in Sr, Nd, and Pb isotopes as well as selected
trace metals and metalloids in a well-dated peat core from the Blue Cypress Marsh
of southeast Florida. Geochemical changes in the composition of the sediments with
depth were used to conclude that the flux of a number of toxic trace elements to the
marsh from atmospheric sources had increased following European settlement. In
addition, they found that significant systematic changes in both Sr concentrations
and 87Sr/30Sr ratios occurred within the core (Fig.4.5). Changes in 87 Sr/3Sr values
were consistent with, and attributed to, the influx of limestone dust from quarrying
operations that were associated with urban development. Interestingly, the timing of
the Sr isotopic shift in the core did not precisely correspond to the onset of quarrying,
suggesting that Sr may have exhibited some slow downward diffusion within the
peat deposits. Nd isotopes only exhibited a minor shift in ey4 values with depth
in the core (at a depth of approximately 32-36cm; Fig.4.5). In contrast to Sr, the
stratigraphic change in Nd isotopic values was attributed to variations in the relative

Table 4.2 Isotopic signatures of particulate matter from selected pollutant sources in the urban
environment of Strasbourg-Kehl, Germany as reported by Lahd Geagea et al. (2008a) and Guéguen
et al. (2012). Table modified from Guéguen et al. 2012

Pollutant source 8751 /868y 143Nd/*Nd 206pp, /207pp
Domestic waste incineratorsa 0.70953 -9.7 1.1523¢
Chemical waste incinerator? 0.71099 —8.4 1.1468°¢
Thermal power plants? 0.71241 —11.9 1.1528°¢
Steel plant® 0.70904 —17.5 1.1512¢
Chimney soot” 0.71428 —11.2 1.1659
Soot—gasoline (2005)* 0.70881 —-6.9 1.0898¢
Soot—diesel (2005)? 0.70871 —6.0 1.1596°¢
Paper producer® 0.70992 -9.1 1.1621
Agricultural dust® 0.72326 -9.5 1.1798
Uncertainties 20 0.00001 0.4 0.00001
0.0006¢

4 Lahd Geagea et al. (2008a)
b Guéguen et al. (2012)
¢ Measurements by TIMS; Other Pb isotopic measurements by MC-ICP-MS
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Fig. 4.5 a Variations in Sr concentration, 87Sr/30Sr ratios, and ey values as a function of depth
below the ground surface and age within a peat deposit of southeast Florida. Age estimates based
on 219Pb and calibrated radiocarbon data from the 72—76 cm depth interval. b Bivariate 37Sr/30Sr
versus &y4 plot showing mixing curve between suggested end-member sources (Saharan dust and
Ocala limestone) and the peat deposits from southeast Florida. Filled squares represent relative
mixing proportions between sources in terms of percent Saharan dust. See Kamenov et al. (2009)
for parameters used to develop mixing curve. Plio-Pleistocene seawater value is based on Nd data
for northeast Atlantic from Abouchami et al. (1999) (adapted from Kamenov et al. 2009)

contribution of dust from the Saharan. The argument is supported by the plotting of
the sampled marsh sediments on a £y4 -/ Sr/%Sr mixing curve (Fig.4.5b) such that
Nd isotopic variations can be explained by the mixing of 70-85 % sediment from the
local bedrock and 15-30 % of the sediment from the Saharan.

The study by Kamenov et al. (2009) suggests that the use of Nd and Sr isotopes
to track contaminant influx to aquatic systems may be more effective than their
limited use for this purpose implies. Thus, the applications of Sr and Nd isotopes
to contaminant problems in rivers and other aquatic systems is likely to increase in
the future. They will probably be most effective when combined with other isotopes,
such as those of Pb, or when used in combination with other forms of tracers (e.g.,
selected trace metals, metalloids, or Rare Earth Elements).

4.3 Pb Isotopes

4.3.1 General Characteristics

Pb has three radiogenic isotopes, 206pp, 207ph and 298Pb, which are derived from
the radioactive decay of 238y, 235U, and 22Th, respectively (Table4.1). They are
often combined in tracer studies with 22*Pb, which has no known radiogenic parent.
Pb isotopes have not been extensively utilized to determine the source of sedimen-
tary particles per se. However, it is fair to say that they now represent the method
of choice for tracking Pb and Pb contaminated sediment. To date, they have been
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Table 4.3 Pb isotopic

Isotope Abundance (%)
abundance o
04pPb 1.48
206pp 23.60
207pp 22.60
208py, 52.30

used to determine the source of Pb in air, aerosols, and dust (Ault et al. 1970; Chow
and Johnstone 1965 ; Gulson et al. 1994, 1996; Rosman et al. 1993b; Chiaradia and
Cupelin 2000; Laidlaw et al. 2014), snow and ice (Rosman et al. 1993a,b, 1997;
Veysseyre et al. 2001; Shotyk et al. 2005), soils (Gulson et al. 1981; Steinmann and
Stille 1997; Hansmann and Koppel 2000; Mihaljevig et al. 2006; Reimann et al.
2012; Mackay et al. 2013; Kristensen et al. 2014), lacustrine and reservoir deposits
(Shirahata et al. 1980; Petit et al. 1984; Chiaradia et al. 1997; Foster et al. 2002),
wetlands and peat (Shotyk et al. 1998; Weiss et al. 1999; Marcantonio et al. 2000;
Cloy et al. 2008), plants, mosses, and tree rings (Bellis et al. 2004; Bindler et al. 2004;
Bi et al. 2009), human tissues and blood (Manton 1977; Keinonen 1992; Gulson et
al. 1996) and other biota (Sangster et al. 2000; Miller et al. 2005; Soto-Jiménez et al.
2008, 2009; Sondergaard et al. 2010; Potot et al. 2012). Lead isotopes have also been
extensively utilized to determine the origins of Pb and other correlated trace met-
als/metalloids in riverine environments, mostly from point-sources of contamination
(see Bird 2011) for a detailed review of Pb as a contaminant tracer in rivers).

Like Sr, the isotopic abundances of Pb within geological materials are reported as
ratios (e.g., 2°°Pb/204Pb). Unfortunately, investigators have not used a consistent set
of ratios. While one study may report the values in terms of 2°°Pb/?07Pb, others,
particularly geologically oriented investigations, may report the same measured
abundances in terms of 207Pb/?°Pb. These differences in reporting make it more
difficult than necessary to compare the results between investigations. Investigators
have also focused on different ratios. For example, geologically oriented studies
have extensively used the ratio of the radiogenic isotopes to 2**Pb (i.e., 2°°Pb /2%4Pb,
207pp/204Pb, and 208Pb/2%*Pb) (Bird 2011). In contrast, most environmental studies
only use the radiogenic isotopes of Pb as geochemical tracers for two reasons: (1) the
abundance of 2%*Pb is relatively low (Table 4.3) making it more difficult to accurately
measure, particularly with an MC-ICP-MS, and (2) the discriminative (fingerprint-
ing) power of Pb isotopes is primarily due to 2°°Pb, 207Pb, and 2°8Pb (Sangster et al.
2000).

The effectiveness of Pb isotopes as a geochemical tracer is related to several fac-
tors. First, the radiogenic isotopes of Pb can be measured with a high degree of
precision and accuracy. Second, effective contaminant tracers generally exhibit con-
servative behavior over a wide-range of environmental (geochemical) conditions. In
the case of sediment, conservative behavior means that the tracer will move with the
sediment without any significant loss in elemental mass (Yeager et al. 2005; Bird
2011). Moreover, fractionation of the radiogenic Pb isotopes by physical, chemi-
cal, and biological processes is limited because of the low relative atomic weight
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differences among the isotopes (Keinonen 1992; Komadrek et al. 2008; Balcaen et al.
2010; Cheng and Hu 2010; Bird 2011). This is an extremely beneficial trait in that the
Pb isotopic composition of the ore deposits does not change during mining, smelting,
or other industrial or biological processing. Thus, the Pb released from a contaminant
source retains the isotopic signature of the source material as it moves through the
river system. As a result, the observed differences in Pb isotopic ratios between the
source materials and the alluvial sediments at any given site is a function of the mixing
with Pbin the sediments from the various sources that exist, allowing for a quantitative
analysis of Pb provenance (Cheng and Hu 2010). Third, the most effective tracers
exhibit a wide range of values in geological materials. In the case of Pb, the isotopic
composition of a geological material depends upon the relative proportion of U, Th,
and Pb in the system, various mixing processes associated with metamorphism, and
the age of the rocks and minerals during which U and Th can decay to the radiogenic
isotopes of Pb (Keinonen 1992; Cheng and Hu 2010). Although the Pb isotopic com-
position of ore deposits on a global scale is highly variable (Bird 2011), there is a
strong tendency for ore-derived Pb to be more radiogenic. As aresult, Pb ratios within
anthropogenically derived materials created from those ores tend to differ from the
more geogenic Pb typically found within non-mineralized rocks that underlie the
basin (Hopper et al. 1991). It is often possible, then, to effectively fingerprint both
natural and anthropogenic sources of Pb contained within alluvial sediments.

4.3.2 Applying Pb Isotopes as a Tracer in Riverine
Environments

Although Pb isotopes have recently been used in riverine environments for a wide
range of purposes (e.g., the elucidation of Pb cycling dynamics involved with sed-
iment/rock/water interactions (Ip et al. 2007), they primarily have been used to
determine contaminant source(s) or to construct a chronology of source/pollutant
loading rates to the river. The analyses presume that the analyzed sediment is a
mixture of particles from all of the potential Pb sources in the catchment, and that
the relative abundance of the radiogenic Pb isotopes in the sediment reflects the
contributions from each source. In addition, it is assumed that the isotopes behave
conservatively with respect to physical processes (e.g., hydraulic sorting) that may
lead to the partitioning of particles on the basis of size and/or density into specific
sedimentologic units. While there is some evidence to suggest that physical sorting
processes may lead to minor differences in the isotopic ratios from one location in
the river to another (Bird 2011), it currently appears that differences related to such
grain size affects are likely to be negligible along contaminated river systems. It
follows, then, that the observed temporal and spatial variations in Pb isotopic ratios
within alluvial sediments will predominately reflect the input and mixing of Pb from
different natural and anthropogenic sources each of which are characterized by a
different Pb isotopic composition.
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Fig. 4.6 Downstream changes in total Pb concentration (red circles) and 2%8Pb/2%°Pb ratios
(orange circles) along the River Wear, Northern England. Sample sites 1 through 27 are shown
on ordinal axial and cover a distance of 86.5km. Error bar refers to isotopic measurements (from
Shepherd et al. 2009)

An excellent example of the use of Pb isotopes to determine Pb provenance was
provided by Shepherd et al. (2009) for the River Wear in northeast England. They
analyzed a variety of geological materials within the catchment including the channel
bed sediments along an 87 km reach of the river for selected Pb isotopes (Fig.4.6). As
is common, Pb concentration data were also collected to provide additional details
on the levels of contamination associated with the various Pb sources (Fig.4.6). At
Site 1 the 28Pb/2%°Pb ratio is comparable to geological materials found in the outer
mineralized zone of an orefield. The high Pb concentrations found in the channel bed
sediments are therefore likely to reflect the influx of Pb-contaminated sediment to the
river from historic mining operations, including abandoned mines, waste piles and an
old processing plant that produced about 60, 000t of Pb concentrate (Dunham 1990).
The rapid downstream declines in Pb concentration from Sites 1-5 are thought to
reflect dilution processes and the deposition of dense, finely milled Pb ore within the
channel bed. Downstream of Site 5, Pb concentrations semi-systematically increase
until reaching Site 9, whereas 2°®Pb/?°Pb ratios continue to decline. The divergent
changes in Pb concentration and 2% Pb/2%°Pb ratios apparently reflect the influx of Pb-
enriched mine waste from two tributary valleys where the Pb ore was derived from the
inner zone of the orefield. Rocks within this inner zone exhibited a lower 2’8 Pb/2%°Pb
ratio than those found within the outer zone of the orefield, thereby lowering the
ratio within the channel bed sediment. Between Sites 10 and 11 the 2®Pb/?%Pb
ratio increases abruptly, reflecting the input of Pb from a tributary basin (Bollihope
Beck) that contains another cluster of mines. Pb concentrations do not significantly
increase indicating that the tributary provides only a limited quantity of the Pb to the
axial channel of the River Wear (about 18 % of the total). There are no further direct
inputs of Pb from mining operations downstream of Site 11. Without the isotopic
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data it could reasonably be argued that the decreasing Pb concentrations observed
downstream of Site 11 was the result of dilution of sediment-born Pb by relatively
‘clean’ sediments from the underlying bedrock. However, the increasing 2°8 Pb/2%Pb
ratio indicates that Pb characterized by a higher 2°Pb/2%°Pb ratio is entering the
channel from other source(s). Shepherd et al. (2009) argued that this additional
Pb was associated with diffuse anthropogenic sources from tributaries draining an
abandoned coalfield. The abrupt and sustained increase in 2’ Pb/?°°Pb between sites
24 and 27 was interpreted to result from either: (1) an increased influx of diffuse Pb
from Durham; or (2) the influx of tetra-ethyl lead associated with leaded gasoline.
The point to be made here is that the analysis by Shepherd et al. (2009) provides
a much more detailed understanding of Pb sources and their relative contributions
to the contamination of the river than would be possible by only examining the Pb
concentration data.

The quantification of Pb contributions from a particular source is often conducted
by combining observed spatial variations in isotopic ratios along a channel with
the analysis of three-component (bivariate) scatter diagrams depicting differences
between two isotopic ratios (Elbaz-Poulichet et al. 1986; Miller et al. 2002; McGill
et al. 2003; Kurkjian et al. 2004; Bird et al. 2010a,b). When isotopic ratios of the
analyzed samples form a linear trend, Pb within the samples is typically interpreted
to be derived from two primary end-member sources (as was the case of Sr and Nd
plots). In the case of Pb contaminated alluvial sediments, one end-member typically
represents Pb from the underlying bedrock or the soils developed from it, whereas
the other represents Pb from a significant anthropogenic source (Erel et al. 1997; Bird
2011). The signature of the ‘geogenic’ Pb source may be determined by analyzing a
number of different materials including channel bed sediments from uncontaminated
tributaries or areas upstream of the contaminant influx (Keinonen 1992), uncontam-
inated alluvial terraces (usually comprised of pre-historic sediments) (Miller et al.
2002, 2007; Church et al. 2004), alluvial sediment found at depth within a sediment
core that pre-dates anthropogenic contamination (Church et al. 2004), or the direct
analysis of the underlying bedrock (Miller et al. 2007) (Fig.4.7).

Miller et al. (2007) provided an example of the use of bivariate scatter diagrams to
assess the source and dispersal patterns of Pb along the Rio Pilcomayo downstream of
the Cerro Rico de Potosi precious metal-polymetallic tin deposits of Bolivia. Mining
and milling of the deposits has continuously occurred since 1545 and resulted in
the severe contamination of the river by a wide-range of trace metals and metalloids
(Hudson-Edwards et al. 2001; Miller et al. 2007). Miller et al. (2007) found that (1)
bedrock units within the catchment exhibited different 2°°Pb/2’Pb and 2°°Pb/*%8Pb
ratios, and (2) alluvial sediments contained within pre-mining terrace deposits formed
alinear mixing line in which the Ordovician and Mesozoic rocks served as the isotopic
end-members (Fig.4.8a). In marked contrast, samples collected in 2000 from the
highly contaminated channel bed fall along a separate mixing line in which the
isotopic end members were formed by Ordovician rocks and mine/mill processing
waste from the operations at Cerro Rico (Fig.4.8b). Samples collected in 2000,
then, showed that the channel bed sediment was dominated by natural Pb from the
underlying Ordovician rocks and Pb from the Cerro Rico ore deposits that were
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released from processing plants into the river system. Pb input from the Mesozoic
rocks was apparently minor as the isotopic signature was masked by large inputs
from the other two sources.

One of the significant advantages of using Pb isotopes as tracers is that accu-
rate estimates of the relative contributions of Pb can be determined when the data
plot along a mixing line (and other sources of Pb are assumed to be negligible)
(Kristensen et al. 2014). Since the trend is linear, the estimated contributions are
typically calculated using a simple binary model (Monna et al. 1997; Bird et al.
2010a,b; 2011) that takes the form of:

(ZObe/2Obe)S _ (ZOXPb/ZObe)A
(20XPb/20be)B _ (20pr/20ypb)A

DA = (4.8)

where %A is the contribution of source A in a sample and 20x pp/20y P, 20Xpp/20YPh 5
and 20*Pb/29YPby are the average ratios in the sample (S) and the two end-member
sources, A and B, respectively. In the case of the Rio Pilcomayo, Miller et al. (2007)
were able to use the equation to estimate the relative contribution of Pb from the
upstream mining operations to the channel bed at selected locations along the river.
The estimates for samples collected in 2000 ranged from >99 to about 56 % of the
total Pb present (these estimates were recalculated from Miller et al. (2002) on the
basis of a more recent and accurate understanding of the isotopic signatures of the
ore deposits).

In addition to the spatial (downstream) variations in the contribution of Pb from
the mines to the Rio Pilcomayo, Miller et al. (2007) found that the Pb isotopic ratios

Bedrock Units Cross Section
Terrace| A

Historic ~~~==~-\
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Fig. 4.7 Sites from which to determine background (geogenic) Pb isotopic ratios (modified from
Miller et al. 2007)
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Fig. 4.8 a Pb isotopic ratios measured within Ordovician, Mesozoic and Cretaceous rocks versus
those measured in pre-mining (and uncontaminated) terrace deposits (purple dashed line). Pre-
mining terrace deposits appear to be composed of sediment from Mesozoic rocks with relatively
high Pb ratios and Ordovician rocks with low ratios (from Miller et al. 2007); b Pb Isotopic data
collected in 2000 from the modern channel bed (red circles and brown squares). High ratio end
member is consistent with isotopic values measured in ore deposits mined and milled tailings
from Cerro Rico, indicating Pb is derived from the mines and the underlying rocks (particularly
Ordovician Rocks) (from Miller et al. 2002)

within the channel bed sediment downstream of the mills at Cerro Rico rapidly
changed through time (from 2000 to 2004). The alterations were attributed, in part,
to changes in the isotopic signatures of the ores that were mined and milled at Cerro
Rico. In 2000, the channel bed samples downstream of the mills exhibit 220Pb/207Pb
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Fig. 4.9 a Longitudinal (downstream) changes in Pb concentrations within channel bed sediments
of the Rio Pilcomayo from 2000 to 2004. b Comparison of 2°°Pb/207Pb ratios measured in channel
bed sediments sampled in 2000 (blue circles) and 2002 (red squares). In 2000, 2°°Pb/207Pb ratios
decreased downstream indicating that the relative contribution of Pb from mining operations at
Cerro Rico declined as the result of mixing as ‘clean’ sediment from tributaries was introduced to
the channel during runoff events. In 2002, precipitation and runoff events were limited. As a result,
Pb ratios were generally indistinguishable from the Cerro Rico type ore deposits, suggesting that
nearly all of the Pb was derived from mining operations (from Miller et al. 2007)

and 20°Pb/?98Pb ratios similar to what they informally referred to as Porco type ores,
whereas in 2002 samples collected from along the same reach exhibited a signature
comparable to Cerro Rico type ores (Fig.4.9b). Thus, they were not only able to
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determine that the Pb was derived from the mines, but the ore body from which the
Pb was derived.

Downstream trends in Pb isotopic ratios also reflected temporal changes in the
amount of Pb derived from the mills within the channel bed sediment. In 2000,
206pp/207Ph values within the lower channel bed sediments tended to decline down-
stream toward values observed within the Ordovician rocks, indicating a decrease in
the contributions of Pb from the mills. In contrast, 2°°Pb/27Pb ratios in channel bed
sediments in 2002 exhibited no downstream trend; rather, the 206pp,207ph, ratios were
either indistinguishable from the Cerro Rico type ore deposits, or fell between the
Cerro Rico and Porco types of ore deposits (Fig.4.9b). Changes in the isotopic ratios
were coincident with a decrease in: (1) Pb concentrations at any given site along the
channel; and (2) the downstream extent to which elevated Pb concentrations could
be observed (Fig.4.9a). Miller et al. (2007) argued that the changes in Pb concen-
tration and Pb isotopic ratios reflected annual differences in system hydrology and
upland/tributary sediment inputs to the river. During wet years, such as 2000, exten-
sive runoff from the mines and mills allowed large quantities of Pb-contaminated
sediment to be transported downstream over longer distances, resulting in relatively
high Pb concentrations. However, the proportion of the Pb derived from the mines
decreased downstream, as indicated by the isotopic ratios, because relatively large
quantities of uncontaminated, but Pb-enriched fine-grained sediments eroded from
upland areas were delivered to the channel via tributaries. During relatively dry years,
such as 2002, the transport of Pb-contaminated sediment from the mines and mills
was reduced, resulting in a decrease in Pb concentrations within the channel bed sed-
iments. However, most of the Pb found in the channel was derived from the upstream
mining operations because less sediment was eroded from the surrounding uplands
and delivered to the channel. The study by Miller et al. (2007) demonstrated that the
source of Pb to the channel can vary over relatively short time frames as a function
of the annual variations in catchment hydrology and sediment transport processes
within a catchment. This is especially true in higher energy rivers with large sediment
fluxes, such as the Rio Pilcomayo.

Within larger river systems contaminated by multiple anthropogenic Pb sources,
or which may be underlain by a wide range of bedrock types, the Pb isotopic sig-
nature of the alluvial sediments is likely to vary such that well-defined mixing lines
do not exist on binary scatter plots (Ip et al. 2007). As a result, determining the
relative contribution of Pb from the identified sources becomes much more difficult.
Ayrault et al. (2012), for example, found that there were systematic trends in Pb con-
centration and 2°°Pb/?07Pb ratios within dated cores obtained from various locations
along the Seine River (Fig.4.10a, b). However, when combined on a bivariate plot
of 20°Pb/297Pb ratios versus Pb concentration, the data formed a complex pattern.
Although complex, they were able to show that the data reflected systematic changes
in Pb input to the system such that two mixing lines could be defined, each represent-
ing a different time period. Between 1927 and 1968, sediments in cores B2 and M1
fell within a narrow range of values that were consistent with Pb from the Rio Tinto
ore body. Pb from the Rio Tinto was thought to be used extensively for centuries
in the Seine River basin, particularly after 1850, and was therefore referred to as
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Fig. 4.10 a-b Variations in Pb concentration and >°°Pb/297Pb ratios as a function of sediment
age (depth) within alluvial sediment cores extracted from selected locations along the Seine River;
¢ Bivariate plot showing the changes in Pb mixing through time; d Map showing the location of the
coring/sampling sites (adapted from Ayrault et al. 2012)

the “historical” Parisian lead (Ayrault et al. 2012). From approximately 1968—1989,
206pp/207ph ratios decreased along a trend described by mixing line 1 (Fig.4.10c).
This decrease was attributed to an increase in the use of leaded gasoline (character-
ized by a lower isotopic ratio) and the implementation of environmental regulations
that reduced other forms of Pb input to the river. As the use of leaded gasoline
was phased out after 1986, Ayrault et al. (2012) argued that the Pb isotopic ratio
reflected a mixture of Pb from leaded gasoline and the historical Parisian lead, which
they referred to as urban lead. After about 1989, Pb concentrations decreased and
206ph/207ph signature progressively evolved (along mixing line 2) such that the Pb
was composed of urban Pb and Pb from natural background sources associated with
local soils (Fig.4.10c). The fact that mixing lines could be defined allowed them to
estimate the contributions of Pb from the two primary sources that were present for
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specific time periods. It is also important to recognize that the use of dated cores
allowed an historical understanding of Pb use and provenance in the catchment to be
determined.

Bird et al. (2010a, b) overcame the multiple source problem by using a two-tiered
approach to assess Pb provenance within the River Maritsa catchment of Bulgaria
and Turkey. A binary isotopic approach was used within smaller tributary basins
to assess the contributions of Pb from mining operations to the channel. However,
highly variable Pb isotopic values inhibited the use of this binary method within
lower catchment areas where sediment was derived from a wider range of geological
units. Thus, sediment/Pb provenance was determined for the lower catchment areas
using multi-element geochemical fingerprinting methods similar to that described in
Chap. 2. Bird et al. (2010a,b) also applied a similar approach to the lower Danube
Catchment in Eastern Europe. The fingerprinting approach has also been applied
directly to Pb isotopic data to assess Pb provenance where multiple Pb sources
exist (Miller et al. 2007). A rather different graphical approach to quantifying Pb
contributions has occasionally been used where three end-member sources can be
identified on the basis of Pb concentration and a Pb isotopic ratio (e.g., Lima et al.
2005; N’guessan et al. 2009). The approach is based on the graphical plotting of
linear mixing lines between the three end-member sources on the basis of sample
concentrations and their associated isotopic ratios forming a ternary diagram. Once
the ternary diagram has been created, the relative contributions of Pb from the three
delineated sources then can be estimated from the plot.

4.4 Summary and Management Implications

Srand Nd isotopic systems have been extensively used as tracers to address such prob-
lems as weathering rates and intensities, the potential factors influencing temporal
variations in seawater chemistry, and the source of particulates in dust and sedimen-
tary rocks. Their application to historic and contemporary riverine environments,
particularly at small spatial scales, is more restricted, as is their use to source con-
taminated particles. However, their proven potential to source sedimentary particles
and recent studies suggest that both Sr and Nd isotopes may be used to differentiate
between various types of anthropogenic pollutants indicates that their application
to riverine contaminant issues will prove effective. Moreover, their application to
contaminated rivers will be able to make use of an extensive body of literature on
the topic that has been generated for the analysis of other geological systems. Their
utilization will likely be driven by the inability of a single isotopic system (e.g., Pb)
to distinguish between the known contaminant sources. Thus, we suspect that Sr and
Nd isotopes will be of most value when used in combination with Pb isotopes and/or
other elemental tracers.

Of these three isotope systems discussed herein, Pb has been the most extensively
utilized as a tracer of anthropogenic contaminants. Recent studies have demonstrated
that Pb isotopes can be effectively applied to riverine sediments to determine the
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relative contributions of material from a suspected contaminant source and the dis-
persal rates and transport pathways from the source(s). Moreover, Pb isotopes have
been effectively applied to systematically accumulated and dated deposits to assess
changes in contaminant flux to a river through time. Pb isotopes, then, represent
a powerful tool for determining the source of Pb contaminated sediment when the
source materials can be distinguished on the basis of Pb isotopic ratios. The use of Pb
isotopes will be more effective within smaller catchments with a limited number of
potential Pb sources than within larger basins characterized by a wider range of rock
types with varying Pb isotopic ratios. Limitations of the use of Pb isotopes are related
in part to the inability to effectively distinguish between the Pb of differing industrial
contaminants, and the lack of well-defined protocols for quantitatively estimating the
uncertainties associated with the estimation of Pb contributions from the delineated
sources. The quantification of uncertainties is particularly needed for environmental
forensic investigations. Unfortunately, the signature of end-member Pb sources has
been based in most studies on relatively simple statistics of the source data, such as
the mean. As a result, variations in isotopic ratios inherent in the source materials
(or the sampled river sediments) are not quantitatively considered in the estimation
of Pb contributions, making it difficult to assess the uncertainties involved in the
analysis. More attention will need to be given to the use of rigorous statistical meth-
ods to (1) characterize the variation in Pb isotopic ratios within the source and river
sediments, and (2) utilize an understanding of the variations in the source ascription
process before Pb isotopic methods can be extensively used in forensic analysis.
Method development may benefit from recent advances that have been made in the
geochemical fingerprinting of non-point source pollutants described in Chap. 2.
Future analyses using Pb isotopes are likely to focus more on the cycling of Pb
within the riverine environment, including its dispersal from a point source in both the
particulate and dissolved forms, its sorption and desorption from sediments, and its
accumulation in biota. Particular attention is likely to be paid to the use of Pb isotopes
to quantitatively determine the provenance of Pb in aquatic biota. While existing
studies suggest that Pb isotopes hold considerable promise in determining the source
of Pb in biota, the analysis is unlikely to be as straightforward as might be expected.
Miller et al. (2005), for example, used Pb isotopes to examine the accumulation
of Pb associated with orchard soils contaminated by lead arsenate in Rainbow Trout
(Oncorhynchus mykiss) in the Richland Creek basin of Western North Carolina. They
found that Pb concentrations and Pb isotopic ratios varied between muscle, liver, and
bone (Fig.4.11). Although differences in Pb concentration were expected, differences
in Pb isotopic abundances were not because previous studies had suggested that
biological processes do not significantly fractionate Pb. Miller et al. (2005) attributed
the observed difference in isotopic ratios to the temporary exposure of the trout to
contaminated waters, and to subsequent differences in the ability of the tissues to
excrete Pb. In fact, laboratory studies demonstrated that when rainbow trout were
exposed to high levels of dissolved Pb with a distinct isotopic signature, both the
bone and liver rapidly acquired Pb from the water and took on its isotopic ratios.
Following exposure the bone retained the Pb and the acquired Pb isotopic ratios
for a period of months. In contrast, the liver excreted approximately 50 % of the
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Fig. 4.11 a Lead concentrations measured in bone, liver and muscle within rainbow trout from
Richland Creek, western North Carolina; b Temporal changes in Pb concentrations in fish subject
to a seven-day dose of lead nitrate. Concentrations in bone and liver decrease as different rates;
¢ Pb isotopic ratios in fish from Richland Creek; d Temporal changes in 2°7Pb/2%8Pb ratios of
laboratory trout following exposure to a Pb source. No statistically significant change occurred in
bone, whereas a systematic change was observed in liver tissues. The latter change correlated with
rapid decreases in Pb concentrations (adapted from Miller et al. 2005)

accumulated Pb within a few days, while nearly all of the Pb was excreted within a
few weeks. As the Pb was excreted, the isotopic signature of the liver and muscle
changed toward that of the ‘clean’ water (Fig.4.11). Additional studies are needed to
determine if such phenomena affect other biota in other environments. Nonetheless,
the Richland Creek study suggests that the Pb isotopic analysis of trout may not
only provide insights into whether biota is exposed to a particular Pb source, but the
length of exposure. In the case of rainbow trout, for example, it seems possible that
the isotopic composition of fish bone can be used as an indicator of long-term Pb
exposure whereas the composition of the liver and muscle will provide insights into
their shorter-term exposure to Pb (Miller et al. 2005).
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Chapter 5
Stable ‘Non-Traditional’ Isotopes

Abstract Recent advances in analytical capabilities, particularly the MC-ICP-MS,
have allowed for a precise determination of a wide range of stable isotopes in geo-
logical and biological materials that could not be assessed prior to the 1990s. As a
result, research into the use of these ‘non-traditional’ isotopes (or ‘non-CHONS) as
tracers of both elemental sources and biogeochemical processes has been increasing
at an exponential rate. While their utilization as a tracer of contaminated sediments
in the near surface environment is often complicated by multiple physical and bio-
logical fractionation processes, there is increasing evidence to suggest that they may
be effectively used as tracers in aquatic environments. In this chapter, we examine
the potential use of four stable metal isotopes (Zn, Cd, Cu, and Hg) that appear
on the basis of the limited studies conducted to date to have the potential to track
sediment-associated trace metals in rivers.

Keywords Zn isotopes * Cd isotopes * Cu isotopes *+ Hg isotopes + Non-traditional
sediment tracers

5.1 Introduction

In addition to the radiogenic isotopes examined in the previous chapter, significant
attention has been given to various stable isotopes for elucidating Earth surface
processes, particularly the isotopes of H, C, N, O, S, and Si. The isotopes of C and O
have been particularly well investigated and utilized; in fact, more than 10,000 papers,
abstracts, and thesis have been published on C and O isotopic variations alone since
the first measurements were made in the 1930s, the majority to investigate surface and
near-surface biogeochemical processes (Baskaran 2011). Study of the remaining sta-
ble isotopes (e.g., those of the transition and post-transition elements) was hampered
before the 1990s by an inability to precisely measure their abundance in geologi-
cal and biological materials. However, recent advances in analytical instrumentation
(including the development of the MC-ICP-MS) have resulted in a dramatic increase
in their potential application as environmental tracers (see Baskaran 2011 for a brief
history of instrumental development). These isotopes are now frequently referred to
as the ‘non-traditional’ isotopes.
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The term ‘non-traditional’ was originally coined to differentiate the investigation
of these alternative isotopes from the much more intensively studied and applied
isotopes of C, H, O, N, and S. Bullen (2013) objected to the continued use of ‘non-
traditional’ to describe work on these lesser studied isotopes, arguing that recent
research has rendered the term obsolete. Moreover, he argued that the term posed
“more of a roadblock than a proper description of the field” and suggested that use
may lead to the risk of “having the science relegated to a niche market that is difficult
for other scientists to access”. He went on to propose the term of ‘non-CHONS’
as a replacement for non-traditional to distinguish these isotopes from the more
extensively studied isotopes of C, H, O, N, and S. While we have elected to use the
term non-CHONS here, it seems highly unlikely that their study will be relegated
to the back corners of isotope geochemistry anytime soon. On the contrary, their
study appears to be accelerating at a nearly exponential rate as they are being used to
address a wide range of issues, such as the paleochemistry of the oceans, metal trans-
fer processes in both physical and biological systems, and the identification of the
source and cycling of metal and metalloid contaminants (Bullen and Walczyk 2009).
With regards to the latter, interest in the isotopes stems from the fact that a number of
metals (Cd, Cr, Cu, Hg, Ni, Se, Ag, and Zn) are considered by the USEPA and other
regulatory bodies as priority pollutants. Thus, if their isotopes can be used as tracers,
then it may be possible to directly determine their source, dispersal patterns/rates,
and/or cycling processes in near-surface systems.

At the present time, use of the non-CHONS is still in the developmental stages;
while some notably successes have demonstrated their potential use as environmental
tracers, their application is much more difficult than, for example, the more traditional
radiogenic isotopes of Pb, Nd, or Sr. The primary difference rests on the magnitude
of isotopic fractionation by physical and biological processes. In the case of Pb, for
example, fractionation by industrial or biological processes is negligible and the Pb
isotopic composition of an anthropogenic substance depends upon the ore deposits
from which the Pb was derived. Since the Pb isotopic signature of metallic ores gener-
ally differs from most other (geogenic) rocks and minerals, the measured Pb isotopic
ratios within alluvial sediments results exclusively from the mixing of particles with
different isotopic abundances, and anthropogenic materials can often be isotopically
fingerprinted to determine the source of Pb in the river system. In contrast, variations
in the isotopic abundances of non-CHONS tend to be more limited within natural
geological materials (e.g., rocks, minerals, and ore deposits). However, small but
measurable variations in the isotopic composition of a material derived from the
original rocks, minerals, ores, etc., may occur as a result of physical and biologi-
cal isotopic fractionation processes (Table 5.1) (Wombacher et al. 2004; Cloquet et
al. 2006; Shiel et al. 2010; Rehkdmper et al. 2011). These new isotopic abundances,
which may, for example, be linked to a specific industrial process, may then be utilized
as a geochemical tracer to determine a contaminant source (Bullen 201 1; Rehkédmper
et al. 2011). Alternatively, low temperature fractionation of elements which partici-
pate in redox reactions may provide insights into biogeochemical cycling processes.

In the following sections, we turn our attention to four stable metal isotopes (Cd,
Cu, Hg, and Zn) that appear on the basis of the limited studies that have been con-



119

Introduction

5.1

SOIPNIS [BJUSUILOIIAUD UIYIM Pasn Apudnbar |

JUSWIUOITAULD ) UT JUT[OAD Uz
$S9SSe 0} pasn 2q Aew <Zurssaoord

SOPIXO 9, pue
sorue31o uo uonexa[dwos yuondiospe

(8007) 'Te 10 Mg 210 woy Afrenonaed ‘sesseooid | ‘uorsnyip ‘oxyedn oruegorq ¢Furssasoid UZo,
(8002 "I® 19 eriyeIuag ‘(Z102) ‘T8 30 [ELISNPUI WOL $9JINOS U7 Q10 YIIM PAJBIDOSSE Jey) Surpnjoul ‘UZgo UZ g
P1YS “(0102) T8 12 9yuos ‘(1107) pirg | Suroen 1oy Surstwoad sreadde asy ‘uonesuapuod pue uonerodeaq UZo/WZ o | UZgy ‘UZyg uz
SuoT)BULIOJSULRT) SHy;
(0102) 'TB 32 9uos SJUAWII[S JO SuT[OAd [eorSo101q ‘wononpaloloyd TN ‘SHzoz 3H oz
“0102) Te 1R uIx ‘(6007) Wn[g pue | [edorwoyd0a301q Junmp sassed0id | ‘uondiosqe ‘uonesuopuod ‘uoneiodead ‘SHoz ‘SHegr
3smb31og ‘(¢107) Te 19 SUSWOH-[IA XOpal $$3sSE 0] pasn 3¢ AL | ‘UONE[AYISWOL] ‘SUOTOBAL XOPYAAIN | SHge/BHzg | SHgg SHog SH
Pa1sa) Aojenbope jou nq
(8002) ‘T8 121134 “(0007) | ‘D Jo 201n0s €1} 0) pue SurdAd
‘839 ny7Z “(6002) ‘T 10 [requury | [eorweyooagorq Sunmp sassaooid uoneroads uonnjos ‘uone[nuwnooe
“(11027) pud “(8007) ‘T8 12 SSIom XOPal $SISSE 0} pasn aq KB o1ua501q {UOT)ORAI XOPAY 0)cg/MDeg | Mgy Mg nd
pa1se) A[oyenbape
JOU Inq ‘92IN0S dJk} 0) PIsn 9q PDog;1 POy
(Z10T ‘0107) | Aew ‘sjuefd pue swsTuL3I00IOT s9ssa001d [eor3ofo1q ‘Jurssaooid POy POy
‘I8 39 [91YS “(8007) T8 12 SS1M “(9007) ur uorjedo[suen pue ayeydn Q10 YIIm PAJRIOOSSE Jey) Surpnjour PO111 PIor
‘Ie 39 39nbo1D “(8007) ‘T¢ 1° oenH JUSLINU SSISSE 0 SN A[QISSOJ ‘uonesudpuod pue uonerodeayq POo11/PDpr1 | PIgor PIoor PD
SIUSWIUOIIAUS SULISALI 0} ,sonex drdojost xSadojost
JUBAQ[OI SOOUAIDJAI PAIIA[AS Silieliitiitg) sassaoo01d uoneuonoely Arewg [pasn Apuenbaig JIq®IS |Juswarg

(€10 Q[N WO} PIYIPOW) Jook1) [EdTWAYJ033 € sk asn Jo so[dwrexa pue sonsLojoereyd odojost pajod[es 'S IqeL



120 5 Stable ‘Non-Traditional’ Isotopes

ducted to date to have the most potential to track sediment-associated trace metals
in rivers. It should be noted, however, that the potential application of other non-
traditional isotopes as tracers in riverine systems is currently being explored, includ-
ing Ag, Cr, Fe, Mo, Ni, Sb, Se, and U (see, for example, EnvironMetal Isotopes
Conference Program, 2013). Which, if any, of these isotope systems can served as
effective sediment tracers is yet to be determined; thus, they will not be examined
herein. In addition, we have elected not to include a discussion on the use of the
stable isotopes of C, H, O, N, S as tracers as they have been extensively discussed in
other sources.

5.2 Zn and Cd Isotopes

Cadmium and Zn sulfide minerals are commonly associated with one another in
ore deposits. As a result, Cd is often recovered along with Zn and Pb during the
processing of Zn and Pb ores (Rehkdmper et al. 2011). Zn and Cd also exhibit a
number of other geochemical similarities (Bullen 2011; Rehkédmper et al. 2011).
Both, for example, are stable at the Earth’s surface in a single (4-2) oxidation state,
and therefore are not significantly influenced by redox processes. They also are
isotopically fractionated by a number of similar processes, such as by evaporation,
condensation, or electroplating.

As was the case of Nd, the isotopic abundance of the non-CHONS including Cd
and Zn are expressed per 1,000 (mil, §) or per 10,000 (¢) relative to a standard, due
to extremely small variations that occur in nature. Mathematically,

i isotopic ratio of sample
3 = - - - —1) x 1,000 (5.1)
isotopic ratio of standard
and
ol ‘isotoz?ic m'tio of sample ~ 1) x 10. 000 5.2)
isotopic ratio of standard

where 8 and &V are the § and ¢ values of the element, respectively, for the isotopic
ratio represented by ij. In most instances, the lighter isotope is used as the denomi-
nator, in which case § > 0 is heavier than the standard and § < O lighter. In the case
of Zn, which has five stable isotopes, most studies have utilized 667n/%4Zn ratios
(and often reported as 8°°Zn) due to the high relative abundances of ®°Zn and %*Zn,
and the ability to precisely measure their contents in geological materials. Unfor-
tunately, studies to date have utilized different materials as a standard, making the
direct comparison of reported §°°Zn values difficult (Cloquet et al. 2008). Cd iso-
topic abundances may be reported in terms of either § or €. In terms of isotopic ratios,
most environmental studies have utilized 14Cd/!'19Cd ratios, although H2cg/10cq
has also been used (e.g., Schmitt et al. 2009). As is the case for Zn, previous Cd
isotope investigations have utilized differing standards (see Rehkédmper et al. 2011
for a more detailed discussion on Cd isotopes and isotopic analysis).
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Unlike many other trace metals, Zn is not a highly toxic element, but there is
considerable interest in the use of Zn isotopes as a tracer because (1) they may be
applied to determine the source of Zn from a wide range of materials including
mining and refining products and wastes, steel processing plants, coal-fired power
plants, vehicles, urban waste incinerators, car tires, and other constituents in urban
runoff (Chen et al. 2008), and (2) Zn is often associated with Cd and Pb in natural
and anthropogenic materials, and therefore Zn isotopes also may be of use in deter-
mining the provenance of these trace metals. It is also related to the fact that they
may provide information on contaminant sources when other more commonly used
isotopic systems fail (as detailed below).

5.2.1 Use of Zn Isotopes as Contaminated Sediment Tracers

To date the use of Zn isotopes as a contaminant tracer in near surface environments
has been limited, particularly within riverine systems. Nonetheless, recent studies
(e.g., Sivry et al. 2008; Cloquet et al. 2008; Chen et al. 2008; Bird 2011; Aranda
et al. 2012) suggest that Zn isotopes hold considerable promise because the iso-
topic composition of specific anthropogenically produced materials can, at least in
some cases, be distinguished from that found naturally in rocks, sediments, soils,
etc. The ability to differentiate between natural and anthropogenic sources of Zn
is aided by relatively small variations in §%°Zn values (~2 %) in ore, sediments,
and biota (Maréchal et al. 1999, 2000; Maréchal and Albaréde 2002; Cloquet et al.
2008), and the measurable fractionation of Zn by various physical and biological
processes, including those used in industry. Industrial Zn fractionation is dominated
by the mass-dependent processes of evaporation, condensation, and electroplating.
During ore smelting, for example, the evaporation of Zn and Cd is likely to release
isotopically light isotopes in the exhaust, whereas isotopically heavy Zn and Cd will
remain within the smelting residue (Mattielli et al. 2009; Sivry et al. 2008). Similarly,
electroplating may result in relatively light electroplated Zn (and presumably Cd) in
comparison to the parent solution (Bullen 2011; Kavner et al. 2008). Once released
into the surrounding environment, fractionation may occur at low temperatures by
a range of processes including biogenic uptake by micro-organisms and other biota
(Stenberg et al. 2004; Weiss et al. 2005), diffusion (Rodushkin et al. 2004), adsorp-
tion onto inorganic and organic surfaces (Weiss et al. 2005; Pokrovsky et al. 2005),
ion exchange (Maréchal and Albaréde 2002), and mineralization (Mason et al. 2005;
Wilkinson et al. 2005) (Table5.1).

Much of the work on Zn isotopes to date has focused on sourcing Zn from
atmospheric sources (Luck et al. 1999; Sonke et al. 2002, 2008; Cloquet et al. 2006;
Dolgopolova et al. 2006; Weiss et al. 2007; Gioia et al. 2008; Mattielli et al. 2009;
Bigalk etal. 2010a; Thapaliaet al. 2010; Juillotetal. 2011). Thapalia et al. (2010), for
example, examined changes in the flux and sources of Zn to Lake Ballenger located
in a highly urbanized area near Seattle, Washington. Of primary interest was the
atmospheric deposition of Zn from a smelter located approximately 53 km upwind
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from the lake that operated from 1890 to 1985. Zn deposition from the smelter was
thought to be limited, however, until 1917 when a 172 m exhaust stack was added
to the facility. The overall approach was to collect, date, and analyze sediments
within a core from the lake, which dated back to about 1,450 YBP. Thapalia et al.
(2010) found that the core could be subdivided into 4 time periods on the basis of
metal concentrations and mass sediment/metal (Zn, Cu, As, and Pb) accumulation
rates (Fig.5.1). These 4 time intervals included (1) a pre-smelting period (pre-dating
1917), (2) a period of smelter operation prior to extensive urbanization within the
catchment feeding the lake (~1917-1945), (3) a period characterized by smelting
and rapid urbanization within the catchment (~1945-1985), and (4) a period fol-
lowing the closure of the smelter and characterized by relatively stable urban land
use (~1985-2007). Isotopically, 8°6Zn values (reported using the batch JMC 3-
0749-L standard) varied by 0.50 %o over the length of the core. More importantly,
the variations systematically correlated with the timing of smelter operation (pre-
smelter, smelter and post-smelter periods) (Fig.5.1). The 8°°Zn composition of the
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Fig. 5.1 a Mass accumulation rates (MAR) for Cu and Zn shown for core samples extracted
from Lake Ballinger near Seattle, Washington, USA; b Zn and Cu isotopes data plotted as a
function of depth within the cores (i.e., age). Dashed blue lines refer to the boundaries between
zones / (presmelter period), 2 (smelter period), 3 (smelter plus urbanization period), and 4 (post
smelter period). 2 error bars denote precision of external replicates (Reprinted with permission from
Thapalia et al. (2010) (Copyright 2010 American Chemical Society)
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Fig. 5.2 Relation between §°Zn data and calculated enrichment factors (EF) for selected types
of environmental samples from the Seine River in and near Paris, France. Samples of suspended
particulate matter collected during low (blue circles) and flood flows (purple circles) and bed
sediment collected along a basin transect (red squares) plot along a mixing line composed of two
end members. End members are represented by granitic basement rocks and an anthropogenic source
composed of plant-treated wastewater and roof runoff (roof stream) (modified from Chen et al. 2009)

pre-smelter sediments was thought to correspond to that of the local geological mate-
rials, whereas that of the sediments corresponding to the period following smelter
operations appeared to be related to Zn in urban runoff, particularly Zn associated
with the wear of vehicle tires. Interestingly, °°Zn values did not change during the
period of rapid urbanization and declining smelter operations characterized by peak
mass metal accumulation (~1945-1985). The limited variations in Zn isotopic val-
ues during this period were attributed to the remobilization of Zn enriched sediments
from soils that had been contaminated by smelter exhausts. A rapid shift in §°°Zn
values did, however, occur between 1979 and 1985 (Fig.5.1) such that the sediment
acquired a signature similar to that observed during the period of smelting. Thapalia
etal. (2010) argued that the alteration in 8%7n values was associated with the intro-
duction of Zn from urban runoff that had been stored in sediments from Hall Creek
that were eroded and transported to the lake prior to or during a remediation project.
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One of the first detailed analyses pertaining to riverine systems was carried out
by Chen and his colleagues on both the dissolved (Chen et al. 2008) and particulate
(Chen et al. 2009) load within the Seine River of France. The Seine River is highly
contaminated by a number of toxic trace metals (e.g., Cu, Ni, Pb, and Zn) derived
from both industrial and urban sources in and around Paris. With regard to particulate
matter, the study by Chen et al. (2009) consisted of two primary components: (1) a
longitudinal study of the spatial changes in Zn concentrations and §%°Zn values
that includes reaches located both up- and downstream of Paris, and (2) a study
of the changes in Zn concentration and §°°Zn values through time at a site near the
center of Paris. The latter primarily focused on the geochemical differences observed
between low and high flow events. §°0Zn values were calculated using the JMC
3-0749-L standard solution. Zn concentrations were primarily presented in terms
of the magnitude of anthropogenic Zn enrichment above background values where
background was taken as the Zn and Al concentrations measured in uncontaminated
pre-historic deposits and forest soils.

Along the length of the channel, EFs varied semi-systematically from up- to
downstream, ranging from about 1 to 5.3, respectively (concentrations ranged from
about 100 to 400 ppm Zn). The increase presumably reflected the increase in Zn inputs
from industrial and urban sources around Paris. §°°Zn values decreased downstream
from 0.30 to 0.08 %o in SPM. Temporally, the §%°Zn data collected in Paris for
varying flow conditions ranged from about 0.08 %o to 0.26 %o. The combined spatial
and temporal data exhibited an inverse relationship between EFs and §°Zn values
(Fig.5.2). Chen et al. (2009), after ruling out other factors such as adsorption, argued
that the semi-systematic trends between increasing Zn concentration and decreasing
890Zn values was the result of particulate mixing of Zn from differing sources. Thus,
the trend could be interpreted as a mixing curve defined by two end-members. The
end-member characterized by the highest 8%7n values (lowest Zn concentrations)
was consistent with a §°0Zn value of 0.33 %o measured in granitic basement rocks
within the catchment, and which is similar to the mean integrated value of 0.30 %
reported for Zn in other earth materials (Cloquet et al. 2008). The lower §°°Zn
end-member was interpreted to represent Zn in the particulate matter of a wastewater
treatment plant (0.08-0.15 %o) and samples of roof and road runoff (—0.10 to 0.08 %).

By assuming that the variations in EF and §°0Zn values formed a mixing line,
Chen et al. (2009) were able to determine the proportions of Zn from both natural
and anthropogenic sources. They found that the proportion of anthropogenic Zn
increased downstream, reaching a maximum value at the catchment mouth (pre-
estuary) of 86 %; the average basin value was 62 %. Given a measured SPM Zn load of
~315 t/yr, the Zn load from natural sources is about 44 t/yr, a value which was similar
to the 42 t/yr value determined from monitoring data on the Seine River. Temporal
variations in anthropogenic Zn contributions were also observed at the monitoring site
in Paris. Here, anthropogenic contributions decreased within increasing discharge,
and ranged from about 40 % during high flows to 100 % during low flows.

Interestingly, Zn isotopic data collected in the Seine River suggest that the source
of Zn in dissolved and particulate load may differ. More specifically, §°°Zn values
suggested that the primary natural source of Zn within the SPM was granitic rocks
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(with a signature of about 0.33 %), whereas the primary source of dissolved Zn was
Cretaceous chalk (exhibiting a §%7Zn value of 0.90 %o). Similarly, Chen et al. (2009)
suggested that Zn associated with urban runoff (particularly roof runoff) adds very
little particulate-associated Zn to the river, but is the primary anthropogenic source
of dissolved Zn.

Sivry et al. (2008) examined Zn contamination within the Lot River basin, France,
and found that Zn isotopes may also serve as effective tracers of Zn from industrial
ore processing within alluvial sediments. In this case, Zn isotopes within the ore
(exhibiting 8°Zn ~ 0.16 %) was highly fractionated during metallurgical processing
forming tailings materials with measurably higher §%°Zn values (up to +1.49 %o).
In addition, they were able to demonstrate that 8°°Zn values within sediments of a
contaminated tributary (the Riou Mort) was significantly different than the isotopic
values measured in alluvial sediments located upstream of contaminant influx and
assumed to represent background materials (8°°Zn values of +0.91 & 0.04 %o as
compared to +0.31 = 0.06 %o). The observed spatial changes in °°Zn values along
the river (i.e., from up- to downstream of the tributary) were consistent with the influx
of tailings materials via the Riou Mort.

Sivry et al. (2008) also found that systematic changes in §°°Zn values occurred
within a dated sediment core extracted from a downstream hydroelectric reservoir
(Fig.5.3). Sediments deposited between approximately 1952 and 1972 exhibited a
mean §%7Zn value of 4+0.95 + 0.08 %o. Sediments deposited during the late 1970s
exhibit increasing 8°°Zn values until reaching a maximum value in 1986, after which
they remain relatively constant until the mid-1990s (Fig.5.3). The temporal shift to
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Fig. 5.3 Vertical (depth/time) variations in Zn/Sc ratios (blue circles), total Zn concentrations (red
squares), and 8%7Zn values (brown diamonds) measured in samples from a core extracted from the
Cajarc reservoir along the Lot River, France (from Sivry et al. 2008); Zn and Zn/Sc variations from
Audry et al. (2004). The co-variation between Zn concentration and Zn isotopic data suggest that
Zn isotopes can be used to determine the source of the Zn
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heavier §%°Zn values corresponded with a change in ore processing techniques and
an increase in Zn extraction efficiencies. Thus, it appears that sediments within the
reservoir were not only able to differentiate between natural and anthropogenic Zn,
but Zn associated with different industrial processing methods.

Two inherent assumption in the use of both elemental concentration and isotopic
data for the construction of pollution histories are that (1) the concentration or iso-
topic signature within the deposits correlate with the influx of metals to the river,
and (2) spatial changes in concentrations or isotopic abundances reflect the varia-
tions within the river sediment at the time of deposition (Miller and Orbock Miller
2007). In other words, the post-depositional migration of trace metals within the sedi-
ment profile is limited. Several studies (e.g., Bradley and Cox 1987; Hudson-Edwards
et al. 1998) have shown that migration on the order of a few centimeters can occur.
In addition, isotopic abundances of many of the non-traditional isotopes, including
Zn, may be affected by post-depositional (diagenetic) fractionation processes. Weiss
etal. (2007), for example, found that diffusion of dissolved Zn in ombrotrophic peats
altered the isotopic composition of the sediment-associated Zn, resulting in higher
8%7n values at the bottom of collected cores. However, the degree of fractionation
(and mobility) depends on the physiochemical conditions at the site, and the systema-
tic variations in isotopic ratios observed by Sivry et al. (2008) (and Thapalia et al.
2010) suggest that in the case of Zn such post-depositional alterations may not be
so significant that they inhibit the use of Zn isotopes to decipher changes in Zn
provenance through time or space.

5.2.2 Use of Cd Isotopes as Contaminated Sediment Tracers

In comparison to Zn, exploratory investigations of the use of Cd isotopes as an
environmental tracer are more limited. In fact, with the exception of a few preliminary
studies, their application to contaminated sediments in rivers is completely lacking.
Thus, while the few studies that have been conducted suggest that Cd isotopes may
serve as effective tracers to determine Cd provenance, their actual use has yet to be
effectively demonstrated.

In a detailed review of the existing Cd isotope data, Rehkédmper et al. (2011)
found that Cd isotopic composition of igneous rocks derived from the crust and
mantle exhibited £!4/11°Cd values between —4 and 4. Loess and clastic sediments
from rivers and continental margins also fell within this narrow range of values
(Fig.5.4a). Thus, they concluded that there was no “evidence for systematic Cd iso-
tope fractionation between or within the silicate Earth.” In contrast, Cd isotope values
of extraterrestrial, impact, marine and polluted materials exhibited a wider range of
values. With regards to the latter, most attention to date has focused on the Cd isotope
fractionation associated within the processing of Pb and Zn ores with which Cd is
associated. Cloquet et al. (2006), for example, analyzed the Cd isotopic composition
of dust trapped in exhaust filters and slag produced in the furnace of a Pb-Zn refinery.
They found that dust exhibited lighter ¢''#Cd values than the slag by about —10s.
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Fig. 5.4 a Cd isotope data for various Earth materials and meteorites. The sampled meteorites are
limited to enstatite chondrites (of type EH), achondrites (eucrites and SNC meteorites from Mars),
and carbonaceous chondrites. b Cd Isotope data obtained on samples from Zn-Pb smelting/refining
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chondrites that have not been overprinted by strong metamorphism (Wombacher et al. 2003, 2008).
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for 5 unpolluted river sediments (Gao et al. 2008) (figure from Rehkdmper et al. 2011)

Like Zn, the observed difference was interpreted to result from evaporation processes.
In addition, they found that analyzed soil materials located up to 4.5km from the
refinery exhibited systematic spatial variations in & 1*Cd values, with the lowest val-
ues occurring closest to the smelters. The observed variations were attributed to the
mixing of Cd in the furnace/exhaust dust within slag-derived materials. It appeared,
then, that Cd isotopes served as an effective tracer of anthropogenic Cd, at least over
arelatively short distance. The argument is supported by the finding of (1) Shiel et al.
(2010) who studied the Cd isotopic composition of materials associated with a Pb-Zn
smelter and refining plant, this one located in Canada, and (2) Shiel et al. (2012) who
were able to use a combination of Pb, Zn, and Cd isotopes to determine the extent of
anthropogenic Cd accumulation in marine bivalues off the coast of British Columbia
and the Eastern US.

With regards to riverine environments, we know of only one study using Cd
isotopes as a tracer of anthropogenic Cd; that of Gao et al. (2008) who worked on
the North River of southern China. The North River is highly contaminated, in part,
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by mining and smelting operations. In fact, Cd enrichment factors calculated for
samples collected along the river and its tributaries are extremely high, ranging from
11.5 to 1,100 (Gao et al. 2013). Gao et al. (2008) showed that two samples collected
near a Pb-Zn smelter exhibited !''*Cd values that were distinctly different from
uncontaminated sediments (Fig. 5.4b). The observed differences led them to suggest
that Cd isotopes may serve as an effective tracer. However, additional data provided
on samples collected along the North River and downstream of the smelters were less
convincing. The range of &'1*Cd variations (relative to SPEX Cd reference solution)
was limited to 0.42¢ (—0.35-0.07). In addition, 10 of the samples, while exhibiting
markedly different ¢''#Cd values in comparison to effluent from the smelters, were
similar, falling within a narrow range, in spite of differences in Cd concentration
within the samples or the location at which the samples were located with respect to
the upstream smelters. Gao et al. (2013) argued that the differences in £!!*Cd values
that were observed were likely to reflect the mixing of dust from the smelter, slag
from the smelter, and local background/ore materials.

5.3 Copper Isotopes

Copper is an essential (nutrient) trace metal, but is highly toxic to aquatic, photosyn-
thetic microorganisms and algae. It can also be toxic to higher trophic level animals in
which it can cause a condition known as oxidative stress. Its release, then, to aquatic
environments is often of considerable concern. Unlike Cd and Zn, Cu is stable in
the near surface environment in two oxidation states, Cut (Cul) and Cui|r (CulI).
It therefore participates in a number of abiotic and biotic redox reactions. Cul is
the common form associated with sulfide minerals including chalcopyrite (CuFeS>),
chalcocite (Cu,S), enargite (CuzAsS4), and covellite (CuS;), whereas Cull is the
common aqueous form. Cu may also occur on rare occasions as a native element.
It possesses two isotopes, 65Cu and 3Cu, with relative abundances of 30.83 % and
69.17 %, respectively. Like most non-CHONS, the Cu isotopic composition of phys-
ical and biological materials is reported in units of per mil (§) typically (but not
always) relative to the NIST 976 Cu standard.

Analyses of the Cu isotopic composition of Earth and biological materials are
still limited, particularly for silicate rocks and sediments. Data collected to date on
dust, deep sea sediments, sandstones, shale and basalts show that §95Cu values fall
within a relatively narrow range (4+0.16 & 0.16 %0) (Vance et al. 2008, citing data
from Maréchal et al. 1999; Archer and Vance 2004; Asael et al. 2007). These values
are similar to those often reported for natural (uncontaminated) soils, which exhibit
variations of ~1 %c with most around 0 %o (Bigalke et al. 2009). In marked con-
trast, the §%>Cu values measured in ores and minerals are highly variable, ranging
from —17 to +10 %o (Mathur et al. 2009). The extremes of §°3Cu values noted for
Cu ores and minerals appear to be rather uncommon, prompting some investigators
(e.g., Weiss et al. 2008) to argue that §%°Cu values typically fall within a range of
about —3 to +5.7 %o for sediment, secondary ore minerals, and biological materials,
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the larger variations generally associated with low temperature secondary minerals
(Hoefs 2009).

Cu also differs from Cd and Zn in that it (Cu) does not appear to be significantly
fractionated by smelting processes, possibly because it possesses a boiling tempera-
ture above that which is generally reached during smelting (Gale et al. 1999; Mattielli
et al. 2006). Thus, the products of smelting (exhaust, dust, slag, etc.) will reflect the
893Cu values inherent in the processed ore. The large range of §%°Cu values that have
been measured in ore deposits, and other Earth and biological materials, appears to be
primarily related to secondary mineral forming processes (Asael et al. 2007; Bigalke
et al. 2010b).

Redox reactions appear to be particularly important drivers of Cu fractionation.
For example, a number of studies have shown that the abiotic oxidative dissolution
of Cu sulfide minerals, in which Cul is the common form, will result in an aqueous
(Cull) product being heavier than the original mineral (Mathur et al. 2005; Fernandez
and Borrok 2009; Kimball et al. 2009; Maher et al. 2011; Wall et al. 2011). The
oxidative dissolution of Cu sulfide minerals in the presence of certain microbes can
also cause fractionation; however, the magnitude of microbial-mediated fractionation
appears to decrease (Mathur et al. 2005; Kimball et al. 2009; Rodriguez et al. 2013).
Fractionation has also been observed during reduction in which case Cull in solution
forms a precipitated sulfide. In this case, the mineral tends to be enriched in 05Cy,
making the solution isotopically heavier than the mineral. Ehrlich et al. (2004), for
example, found that the formation of covellite (Cul) from a solution containing Cull
under anoxic conditions led to %Cu values that were ~3 % heavier in the solution.
Biotic reduction of Cull to Cul has also been shown to induce fractionation by the
incorporation of ©*Cu into the cell (Navarrete et al. 2011). Some industrial processes
involving chemical reduction, such as associated with electroplating, may also lead
to strong Cu fractionation, with the deposited Cu metal being isotopically lighter
than the remaining Cu in the solution (Bigalk et al. 2010a).

Other potentially important Cu fractionation processes include (1) sorption/
adsorption onto mineral surfaces (Balistrieri et al. 2008; Pokrovsky et al. 2008;
Vance et al. 2008) and microbes (Pokrovsky et al. 2008; Bigalke et al. 2010b, c), (2)
the incorporation of Cu into bacterial cells and proteins (Zhu et al. 2002; Navarrete
etal. 2011), and (3) the preferential uptake of 63Cuin plants (Rodriguez et al. 2013).

The large scale fractionation of Cu by redox processes has led some investigators
to argue that Cu isotopes may be an effective tracer to assess that nature of various
redox reactions in natural systems (Hoefs 2009). For example, the abiotic and biotic
oxidation of Cu sulfide minerals is a common process along many mine contam-
inated river systems resulting in acid mine drainage. As a result, variations in the
Cu isotopic values observed between sulfide minerals, river waters, and secondary
mineral precipitates may be useful for assessing various biogeochemical processes
that influence the dispersal and cycling of Cu within mine contaminated riverine
environments (Borrok et al. 2009; Fernandez and Borrok 2009; Bird 2011).

While Cu fractionation by low temperature processes may be beneficial for assess-
ing Cu biogeochemical cycling, particularly with regards to redox reactions, some
have argued that these processes may limit the use of Cu isotopes as an effective
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tracer of Cu pollution (Hoefs 2009). For example, within the sedimentary compo-
nents of aquatic environments, their use may be complicated by redox reactions that
alter the Cu isotopic ratios both during dispersal and after deposition. In addition,
Cu isotopic variations with natural materials are likely to overlap with those found
within anthropogenic Cu sources (Hoefs 2009; Thapalia et al. 2010).

In spite of the recognized difficulties of using Cu isotopes as an effective tracer
of Cu provenance, a few recent studies have shown that their use will depend on the
local environmental conditions and the nature of the Cu isotopic composition of the
background and anthropogenic sources. Thapalia et al. (2010), for example, found
that Cu isotopic values exhibited similar trends to those observed for Zn within the
Lake Ballinger core discussed above. More specifically, measurable shifts in §4>Cu
values correlated to the operational history of the smelter located upwind of the site
(Fig.5.1). In contrast to Zn isotopes, however, 5>Cu values in sediments that pre-
dated smelting activity were lighter than those that were deposited during and follow-
ing smelting operations. Thapalia et al. (2010) also suggested that Cu isotopic data
may be effective for determining the source of Cu from urban sources, such as from
tires and automobile emissions (although perhaps not as effective as Zn isotopes).

Using a rather novel approach, E1 Azzi et al. (2013) demonstrated that Cu isotopes
may also be effective at determining the source and fate of Cu in riverine environ-
ments. Their study focused on a small Mediterranean catchment in southern France
(the Baillaury catchment) where Cu-based pesticides (referred to as the Bordeaux
mixture) were applied to vineyards to protect grapevines from fungus. Within the
catchment, they sampled actively cultivated soils and abandon soils, both of which
served as potential sources of anthropogenic Cu to the river. They also sampled
channel bed sediments, suspended particulate matter (SPM), and river water dur-
ing a flood event in February, 2009. They found that Cu enrichment factors were
generally greater than 2 and, based on Cu concentrations, that anthropogenic Cu
contributions ranged between 50 % in the abandoned soils to more than 75 % in the
cultivated soils, river bed sediments, and SPM. Isotopic analyses performed on the
bulk samples found that the local bedrock (40.07 %), river bed sediment (—0.10
to +0.06), and SPM (+0.09) exhibited similar §%3Cu values, but differed from the
water samples (40.31) and analyzed soils (—0.06 to —0.14). Based on these bulk
analyses, it appears that Cu isotopes could not be used as a tracer of anthropogenic
Cu. However, El Azzi et al. (2013) recognized that natural Cu is often derived from
rock forming minerals and where it is bound to silicate and oxide minerals is rela-
tively immobile. Cu associated with these minerals is usually found to be associated
with the residual fraction when a sequential extraction method is applied to the sedi-
ments. In contrast, anthropogenic Cu is mostly associated with various non-residual
phases and, therefore, is more mobile. Thus, they reasoned that the isotopic analyses
of sequentially extracted phases could be used to quantify the magnitude of nat-
ural and anthropogenic sources. In doing so, they found using sequential extraction
methods that the residual phase accounted for more than 60 % of the Cu in soils
of the abandoned vineyard, but only about 30 % in the cultivated soils, river bed
sediments, and SPM. Cu associated with the residual phase exhibited 895Cu values
similar to that of the bedrock, and could therefore be interpreted as coming from
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natural sources. Cu associated with the surface horizons of the contaminated soils,
and which was mostly bound to the organic fraction, exhibited a signature similar to
the Bordeaux mixture used as a fungicide treatment (with or without a minor amount
of fractionation). Interestingly, Cu associated with the water soluble fraction of the
SPM possessed 895Cu values similar to Cu dissolved in the water. Thus, most of the
Cu associated with the SPM was interpreted to have been derived from the water.
The investigation is important in that it demonstrates that Cu isotopes may not only
be used to gain insights into redox processes within an aquatic environment, but Cu
sources and dispersal pathways.

5.4 Mercury Isotopes

Hg, a priority global pollutant, exhibits a highly complex biogeochemical cycle,
a feature attributed to the fact that it possesses a stable gaseous form (Hg®) and
may undergo a range of redox, phase, and biologically mediated transformations. In
fact, methylmercury, the chemical form predominantly found in biota, is primarily
produced by sulfate reducing microbes. Until recently, understanding the sources and
biogeochemical cycling of Hg in the near surface environment relied on an analysis
of total Hg concentrations within the media of interest, its chemical speciation,
and/or the application of mass balance and geochemical models (Sonke et al. 2010).
However, with the recent ability to analyzed for Hg isotopes in abiotic and biotic
materials it has become clear that numerous inorganic and organic reactions result in
Hg isotopic fractionation (Table5.1), producing large variations in the Hg isotopic
composition of both natural and anthropogenic materials (Fig.5.5) (Bergquist and
Blum 2009). These variations in Hg isotopic values are now being used to determine
Hg source(s), pollution histories, and transformations during biogeochemical cycling
(Bergquist and Blum 2009; Yin et al. 2010; Sonke et al. 2010; Mil-Homens et al.
2013; Sherman and Blum 2013). In fact, it could be argued on the basis of the
number of publications on the topic that more effort has been devoted to Hg isotope
systematics for environmental studies than for any other of the non-CHONS.

Hg possess seven stable isotopes, and unlike the majority of the elements variations
in Hg isotopic values results from both mass-dependent and mass-independent
processes (Table 5.1). Mass-independent fractionation of Hg has only been observed
to affect the odd isotopes (1*°Hg, 2! Hg). Thus, the ratio of '*?Hg to 20! Hg appears to
be particularly useful for characterizing chemical pathways, such as photochemical
reduction, associated with mass-independent fractionation processes (Bergquist and
Blum 2009). Mass-dependent isotopic compositions are reported using § notation
relative to the NIST Hg standard 3133 as expressed by:
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Fig. 5.5 Summary of published Hg isotopic data (from Bergquist and Blum 2009). Horizontal
bars show range in mass-dependent fractionation (a) and mass-independent fractionation (b). The
vertical bars represent the estimated crust- and mantel-derived Hg. Data sources include: 1. Hin-
telmann and Lu (2003), Smith et al. (2005, 2008); 2. Smith et al. (2008); 3. Lauretta et al. (2001);
4. Sonke et al. (2008), Zambardi et al. (2009); 5. Jackson et al. (2004), Foucher and Hintelmann
(2006), Biswas et al. (2008), Ghosh et al. (2008), Jackson et al. (2008), Foucher et al. (2009), Gehrke
et al. (2009); 6. Biswas et al. (2008), Ghosh et al. (2008), Carignan et al. (2009), Bergquist and
Blum (2009)

Mass-independent fractionation of the odd isotopes is reported as the difference
between the measured §'°?Hg and §2°'Hg values to the predicted mass-dependent
values as follows (Blum and Bergquist 2007):

A" Hg = §'%Hg — (8°"?Hg - 0.252) (5.4)

and
A*THg = §20'Hg — (82*?Hg - 0.752) (5.5)

Studies of the effects of metallurgical processes on Hg isotopes suggest that waste
products will often possess a distinct Hg isotopic signature. It should come as no
surprise, then, that the initial studies of Hg isotopes within samples from sedimentary
deposits, including those within riverine environments, have demonstrated that Hg
sources have the potential to determine both Hg provenances and loading histories
(Sonke et al. 2010; Foucher et al. 2009, 2013; Feng et al. 2010; Mil-Homens et al.
2013; Yin et al. 2013). Sonke et al. (2010), for example, found that within the Lot
River basin, France metal refining resulted in slag residues that exhibited heavy Hg
isotopic values. As a result, both the mass-dependent and mass-independent Hg iso-
topic signatures of contaminated sediments were isotopically heavier than that of the
local background materials. As was the case for Cd, Cu, and Zn, a primary concern
in the use of Hg isotopes is whether the contaminated source sediments will retain
the original signature during its dispersal through the river system or whether a wide
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range of fractionation processes will alter its isotopic composition in undecipherable
ways (Table 5.1) (Foucher et al. 2013). The analysis by Sonke et al. (2010) suggests
that Hg isotopes may behave conservatively in some sedimentary environments, and
may therefore serve as a potential a tracer of Hg provenance, transport processes,
loading histories, and biogeochemical processes in river systems. Although the use
of Hg isotopes as a tracer of Hg source(s) is clearly complicated, other studies
(e.g., Donovan et al. 2013; Foucher et al. 2013; Yin et al. 2013) have supported the
conclusions of Sonke et al. (2010) that Hg has significant potential as a tracer of
contaminated sediment.

5.5 Summary and Management Implications

Advances in analytical chemistry, particularly the advent of the MC-ICP-MS, have
created the possibility that a wide range of non-traditional stable isotopes (non-
CHONS) can potentially be used as environmental tracers. In riverine sedimentary
environments, recent studies have shown that Cd, Cu, Hg, and Zn may hold particu-
lar promise. In contrast to Pb, differences in the isotopic composition of geological
and anthropogenic materials are due to physical and chemical isotopic fractionation
processes. As a result, these isotopes allow for a linkage between trace metal con-
centrations and specific industrial processes used during a given time period at a
single source location. In addition, some isotopic systems (e.g., Cu which is redox
sensitivity) may be used to gain insights into biogeochemical cycling within river
systems. The use of these non-CHONS, however, is complicated by the potential
for isotopic fractionation during contaminant dispersal and/or following deposition.
Fractionation may be particularly problematic for redox sensitive elements (e.g.,
Cu) because significant abiotic or biotic fractionation may be associated with redox
reactions that occur as the sediments are dispersed through the drainage network or
following deposition. Such alterations, the degree to which will depend on the phys-
iochemical conditions of the site, may (1) inhibit the use of these non-traditional
isotopes as effective tracers, and (2) require that detailed information regarding the
cycling of the utilized isotopes within the studied site be collected for their effective
use.

Non-CHONS will likely be used only in a supportive role in environmental foren-
sic investigations in the near future, at least until their effectiveness as tracers of con-
taminated particles have been more fully demonstrated and the processes that control
the nature and magnitude of isotopic fraction more completely understood. The use
of the non-CHONS will likely be driven by the desire to trace specific contaminants,
or to compliment data derived from other isotopic tracers. Bigalk et al. (2010a), for
example, used a combination of Cu and Zn isotopes to determine the source and
dispersal of Cu and Zn in soils adjacent to a Cu smelter in Slovakia. They found the
8%Cu values varied little in organic rich surface soils and smelter wastes (e.g., slag,
sludge, and ash). Cu isotopes, then, provided ineffective as a tracer of Cu/Zn source.
However, significant variations in §®>Cu values occurred with depth in the soils,
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Cu becoming isotopically lighter to a depth of about 0.4 m. They attributed the Cu
isotopic variations to adsorption processes, and argued that the §®Cu values could
be used to assess the depth to which smelter-derived Cu was transported downward
within the soil since smeltering operations had been initiated. In contrast, Zn isotopic
values varied between ash, organic horizons, bedrock and slag. Moreover, the nature
of the variations was such that they could be explained by mixing processes. Zn iso-
topic variations within the organic rich surface layers could be explained by mixing
of natural soil materials with smelter Zn and the cycling of Zn within the soil-plant
system. Both processes produced isotopically ligher Zn values. Within the mineral
soil (below the organic horizons), small variations followed a defined mixing line
between isotopically light Zn leached from the organic horizons and background Zn
in the soil. Evidence of Zn fractionation by adsorption processes were lacking. Thus,
a determination of the relative contributions of the trace metals with the soils and
their subsequent downward movement through the soil required the combined use
of Cu and Zn isotopes. Similar studies in which multiple isotopic tracers are applied
to more fully understand the temporal and spatial changes in trace metal source and
source contributions are likely to become more common in the future, not only with
regards to contaminated soils, but riverine environments.
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Appendix A

Abbreviations, Unit Conversions,
and Elemental Data

See Tables A.1, A.2, A.3, A4 and A.5.

Table A.1 List of word abbreviations (acronyms)

Abbreviation Definition

CEC Cation exchange capacity

DO Dissolved oxygen

DOC Dissolved organic carbon

FRN Fallout radionuclide

HR-ICP-MS High-resolution sector field inductively coupled mass spectrometer
ICP-MS Inductively coupled mass spectrometer

MC-ICP-MS Multi-collector, inductively coupled mass spectrometer

MORBs Mid-oceanic ridge basalts

Non-CHONS Stable Isotopes other than carbon, hydrogen, oxygen, nitrogen, and sulfur
SPM Suspended particulate matter

SSC Suspended sediment concentration

TMDL Total maximum daily load

USLE, RUSLE Universal soil loss equation; Revised universal soil loss equation

Table A.2 List of unit abbreviations (from Miller and Orbock Miller 2007)

English unit Abbreviation SI Unit Abbreviation
Acre ac Hectare Ha
Fahrenheit F Celsius C
Inches in Centimeters cm
Yards yd Meters m
Ounces oz Grams gm
Pounds Ib Kilograms kg
Gallons gal Liter 1
Milliliter ml

© The Author(s) 2015
J.R. Miller et al., Application of Geochemical Tracers to Fluvial Sediment,
SpringerBriefs in Earth Sciences, DOI 10.1007/978-3-319-13221-1

139



140 Appendix A: Abbreviations, Unit Conversions, and Elemental Data

Table A.3 Units of concentration (from Miller and Orbock Miller 2007)

Concentrations (Volume) Concentrations (weight)
Unit Symbols Unit Symbols
Moles per liter mol/L or M Moles per kg mol/kg
Millimoles per liter | mmol/L or mM | Milliequavlents per kilogram meq/kg
Micromoles per liter | mol/L or M Micrograms per kg or ppb g/kg or ppb
Micrograms per liter | g/LL Milligrams per kg or parts per million | g’kg = ppm

Table A.4 Common conversions (from Miller and Orbock Miller 2007)
Distance/Length Area

Inm=10"m

Im=10""m

Imm=10"3m
lem=10"2m

1km=10°m

1 mile = 1.609 km or 1609.34 m
1in = 25.4 mm or 2.54 cm

1 acre = 0.4046 ha

1f2=9280 x 102 m’
1 acre = 0.4046 ha
1 mi% = 2.5899 km?

Flow/Volume Mass/Weight
Iml=103L lpg=10"12g
1L=10%cm’ lpg=10"12g
1gal=3.785L Ing=10"¢g
1 quart (US) = 0.9463 L lg=10"°g
13 =0.0283 m3 Img=10"g
1 cfs = 28.32 L/s or 0.0283 m?/s lkg=10°g

1 metric ton = 103 kg

1 short ton = 2000 lbs or 907.184 kg

11b=453.592 ¢
1 troy 0z =31.1035 g

Radioactivity Pressure
1 rad (absorbed dose) = 10~ J/kg 1 bar = 10° Pa or 0.9869 atm
1 pCi = 10~'2 Ci or 0.037 Bq 1 Pa= 107 bar

1 curie = 3.7 x 100 dps
1 becquerel (Bq) = 1.0 dps

1 atm = 760 mm Hg or 1.01325 x 10° Pa
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Table A.5 Elemental data (from Miller and Orbock Miller 2007)
Element Symbol | Atomic | Atomic | Element Symbol | Atomic | Atomic
number | weight number | weight
Hydrogen H 1 1.0079 | Helium He 2 4.0026
Lithium Li 3 6.941 Beryllium Be 4 9.0122
Boron B 5 10.811 | Carbon C 6 12.011
Nitrogen N 7 14.007 | Oxygen o 8 15.999
Fluorine F 9 18.998 | Neon Ne 10 20.180
Sodium Na 11 22.980 | Magnesium | Mg 12 24.305
Aluminum Al 13 26.982 | Silicon Si 14 28.086
Phosphorus P 15 30.974 | Sulfur S 16 32.065
Chlorine Cl 17 35.453 | Argon Ar 18 39.948
Potassium K 19 39.098 | Calcium Ca 20 40.078
Scandium Sc 21 44956 | Titanium Ti 22 47.867
Vanadium v 23 50.942 | Chromium Cr 24 51.996
Manganese Mn 25 54.938 | Iron Fe 26 55.845
Cobalt Co 27 58.693 | Nickel Ni 28 58.693
Copper Cu 29 63.546 | Zinc Zn 30 65.39
Gallium Ga 31 69.723 | Germanium Ge 32 72.84
Arsenic As 33 74.922 | Selenium Se 34 78.96
Bromine Br 35 79.904 | Krypton Kr 36 83.80
Rubidium Rb 37 85.468 | Strontium Sr 38 87.62
Yttrium Y 39 88.906 | Zirconium Zr 40 91.224
Niobium Nb 41 92.906 | Molybdenum | Mo 42 95.94
Technetium Te 43 98 Ruthenium Ru 44 101.07
Rhodium Rh 45 102.91 | Palladium Pd 46 106.42
Silver Ag 47 107.87 | Cadmium Cd 48 112.41
Indium In 49 114.82 | Tin Sn 50 118.71
Antimony Sb 51 121.60 | Tellurium Te 52 127.60
Iodine 1 53 126.90 | Xenon Xe 54 131.29
Cesium Cs 55 13291 | Barium Ba 56 137.33
Lanthanum La 57 13791 | Cerium Ce 58 140.12
Praseodymium | Pr 59 14091 | Neodymium | Nd 60 144.24
Promethium Pm 61 145 Smarium Sm 62 150.36
Europium Eu 63 150.96 | Gadolinium | Gd 64 157.25
Terbium Tb 65 158.93 | Dysprosium | Dy 66 162.50
Holmium Ho 67 164.93 | Erbium Er 68 167.26
Thulium Tm 69 168.93 | Ytterbium Yb 70 173.04
Lutetium Lu 71 174.97 | Hafnium Hf 72 178.49
Tantalum Ta 73 180.95 | Tungsten w 74 183.84
Rhenium Re 75 186.21 | Osmium Os 76 190.23

(continued)
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Table A.5 (continued)

Element Symbol | Atomic | Atomic | Element Symbol | Atomic | Atomic
number | weight number | weight
Iridium Ir 71 192.22 | Platinum Pt 78 195.08
Gold Au 79 196.97 | Mercury Hg 80 200.59
Thallium Tl 81 204.38 | Lead Pb 82 207.2
Bismuth Bi 83 208.98 | Polonium Po 84 209
Astatine At 85 210 Radon Rn 86 222
Francium Fr 87 223 Radium Ra 88 226
Actinium Ac 89 227 Thorium Th 90 232.94
Protactinium | Pa 91 232.04 | Uranium U 92 238.03
Neptunium Np 93 237 Plutonium Pu 94 244
Americium Am 95 243 Curium Cm 96 247
Berkelium Bk 97 247 Californium Cf 98 251
Einsteinium Es 99 252 Fermium Fm 100 257
Mendelevium | Md 101 258 Nobelium No 102 259
Lawrencium | Lr 103 262 Rutherfordium | Rf 104 281
Dubnium Db 105 262 Seaborgium Sg 106 266
Bohrium Bh 107 264 Hassium Hs 108 277
Meitnerium Mt 109 267 Ununnilium Uun 110 285
Ununbium Uub 112 285 Ununquadium | Uuq 114 289
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