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Abstract. Trace metals and metalloids are a common and persistent form of riverine (river) contamination 

and are derived from a wide variety of sources, including mining and milling operations, industrial activities, 

urban runoff, agricultural chemicals, and atmospheric pollution, among a host of others. Documentation of 

trace metal sources and dispersal pathways in riverine ecosystems is essential to mitigate their potentially 

harmful effects to human and ecosystem health and is often required from a legal (environmental forensic) 

perspective to assess liability for the costs of remediation. Unfortunately, documenting the sources and source 

contributions of trace metals in rivers has proven difficult, time-intensive, and costly. Herein, a four-

component, interdisciplinary framework is proposed to efficiently identify the sources and source 

contributions of trace metals in alluvial sediments where multiple natural and/or anthropogenic sources exist. 

The components include (1) the analysis of the river’s alluvial stratigraphic architecture and geomorphic 

history, (2) the temporal correlation of geochemically characterized alluvial deposits to potential 

anthropogenic trace metal sources, (3) the analysis of the spatial variations in selected geochemical 

parameters, and (4) the use of geochemical and/or isotopic tracers to quantitatively estimate the contributions 

of trace metals from the defined natural and anthropogenic sources. The four components are not intended to 

be exhaustive; the framework may require modification following multiple lines of evidence approach, in 

which additional methods and data are added to the investigation until there is confidence that all trace metal 

sources and their contributions have been effectively defined. 

Keywords: Environmental Forensics; Trace Metals; Contaminated Rivers.  

1 Introduction  

Trace metals and metalloids (herein referred to 

collectively as trace metals) are one of the most common 

and persistent contaminants in riverine ecosystems[1–6]. 

In rivers characterized by “normal” Eh and pH conditions, 

trace metals are primarily sorbed onto sediments, 

particularly fine-grained, chemically reactive sediments, 

composed of clay minerals, iron (Fe) and manganese 

(Mn) oxides and hydroxides, and organic matter. As a 

result, 90% or more of the total trace metal load is 

typically transported with particulates by physical 

processes [7,8], and incorporated into channel bed, 

floodplain, and other types of alluvial (river) deposits 

[9,10]. These alluvial deposits, then, contain a record of 

the spatial and temporal variations in the quantity of trace 

metal inputs into, and transported through, the river 

system, and their analysis can provide insights into the 

degree to which anthropogenic activities including 

mining, agriculture, urbanization, and industry, among 

others, have contaminated the aquatic environment. 

Moreover, the river (riverine) sediments can be used to 

determine the source of trace metals within the river. 

 The determination of trace metal sources has become 

one of the most important components of river cleanup for 

two primary reasons. First, the success of a remediation 

program depends on identifying where the contaminants 

are coming from, and then reducing or eliminating their 

input into the aquatic environment. In fact, the 

improvements in water quality in many countries since the 

1970s have primarily been related to the implementation 

of environmental regulations that restrict the input of 

contaminants to water bodies from identified sources, 

particularly those related to industrial or mining activities. 

Second, the determination of trace metal sources is often 

driven by the polluter-pays-principal in which the polluter 

is required by law to pay for the cleanup of the river such 

that it is returned a close approximation of its previous 

condition.   

 In the U.S., for example, the Comprehensive 

Environmental Compensation, Response and Liability 

Act (CERCLA), frequently referred to as the Superfund 

Program, was enacted in 1980 at the federal level to 

address the most contaminated sites across the country.  

State governments have also enacted hazardous waste site 

remediation programs largely patterned after CERCLA. 

The developed legislation at both the federal and state 

levels allows for the allocation of liability to potentially 

responsible parties (PRPs). These PRPs may include 

single or multiple person(s) and entity(ies) such as current 

and past site owners or operators, generators of chemical 

wastes, and those involved in or responsible for the 

transport of wastes between sites [11].  
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 Across Europe, recent environmental legislation has 

largely been derived from European Union (EU) 

Directives. These directives do not specify the manner in 

which the laws are to be written, but direct Member States 

of the EU to develop regulations to achieve a particularly 

set of outcomes [12].  Of particular importance to our 

current discussion is the Environmental Liability 

Directive of 2004 that was intended to prevent and 

remedy environmental damage to both land and water 

resources that pose a threat to the ecosystem and human 

health [12].  The Directive enhances the ‘polluter-pays-

principle’ in that it specifies that polluters should be 

responsible for implementing measures that prevent 

damage to natural resources and for remediating the 

damage that they have caused to the environment.   

 In order to carry out legislation based on the polluter-

pays-principle, the source of the contaminant(s) must be 

identified and linked to the responsible party(ies). In some 

cases, such as where a single source of a non-naturally 

occurring chemical is dispersed by a limited number of 

processes, it may be a relatively easy task to identify the 

polluter.  More commonly, however, water resources are 

contaminated by multiple entities that discharged varying 

quantities of contaminants to the environment. Some of 

these entities may no longer exist but were a historic waste 

generator. Further complicating the issue is that toxic 

trace metals occur naturally in the environment, raising 

the question as to what the contaminant level was prior to 

pollution, and for which the PRPs should not be held 

liable [13].  A fallout of these complex, legal cases is that 

a waste generator may not only question whether they are 

a responsible polluter, but whether they should be held 

responsible for all of the damage to a particular resource 

[13].  

 While scientists have been conducting investigations 

into contaminant liability issues for decades, the 

increasing need to apply their investigative techniques to 

legal issues led in the 1990s to the field of environmental 

forensics. Wenning and Simmons [14] defined 

environmental forensics as the “systematic examination 

of environmental information to determine sources of 

chemical contamination, the timing of releases to the 

environment, the spatial distribution of contamination, 

and the potential responsible party(ies)”.   

 The field of environmental forensics has grown over 

the past 20-years into a scientific subdiscipline in and of 

itself. During this time, it has become clear that the 

determination of contaminant sources to riverine 

ecosystems is a difficult, and potentially expensive, task. 

Even where the contaminant source appears obvious, 

detailed investigations have shown that additional, 

unexpected sources of trace metals may exist. For 

example, numerous studies during the 1970s through the 

1990s found increased inputs of mercury (Hg) to aquatic 

ecosystems in the Amazonian rainforest [15–18]. The 

assumption was that the increase in Hg inputs was related 

to widespread Hg amalgamation mining of placer gold 

deposits. Amalgamation mining involved the use of Hg to 

capture fine gold particles by forming dense amalgam 

grains that could be separated from the hydraulically 

lighter sediments. These amalgam grains were then heated 

(roasted), driving Hg off as a vapor and leaving a “purer 

form of the gold. In the process, Hg was lost to the riverine 

ecosystem. Malm [18], in fact, estimated that 

approximately 240 tons of Hg were released into the 

environment annually during the 1990s from mining 

operations in the Amazon of Brazil Amazon, Venezuela, 

Colombia, and Bolivia.  Mercury was also found to be 

elevated in biota, including human hair, blood, and urine 

[15,16,19].  While gold amalgamation mining clearly 

contributed Hg to rivers in the Amazon (and many other 

places around the world), more detailed studies found that 

mining was not the sole source, or even the predominant 

source, of increased Hg inputs [20–23]. In fact, within 

some river basins, such as the Tapajós, Hg inputs were 

found to come primarily from the erosion of surface soils 

that had been enriched naturally by means of atmospheric 

deposition over geological time scales. The observed 

increases in Hg inputs to the studied rivers were induced, 

in part, by deforestation; only about 3% was derived from 

mining operations [22]. The point here is that while the 

termination of all Hg amalgamation mining may have 

slightly improved sediment and water quality, 

improvements would have been minimal because much of 

the Hg was derived from a separate, unexpected source. 

The remediation of Contaminant Rivers is a major 

undertaking. In fact, rivers represent some of the largest 

Superfund sites in the U.S., and the costs of remediation 

are often in the hundreds of millions of dollars (US). As a 

result, significant effort has gone into developing methods 

to determine the source of contaminants, including trace 

metals, in rivers, most recently in the context of 

environmental forensics. The majority of the developed 

techniques rely on fingerprinting techniques that attempt 

to define trace metal sources by identifying one or more 

unique physical, mineralogical and/or chemical 

parameters that can uniquely distinguish a suspected 

source in the basin from all other sources. Fingerprinting 

techniques, however, are not the only methods that can be 

used to assess trace metal sources or their relative 

contributions to a river. A common question that arises, 

then, during the development of a remediation program is 

which methods are most effective at identifying trace 

metal sources in terms of both time and costs. Underlying 

this question is the understanding that whatever methods 

are used must withstand the scrutiny of legal debate which 

is often associated with remedial activities.  

In this paper, a multidisciplinary four-component 

approach to the effective identification of the predominant 

sources of trace metals to river sediments is put forth. The 

approach is intended to integrate geomorphic, alluvial 

stratigraphic, and geochemical data that not only allows 

for the assessment of trace metal sources but insights into 

their transport and ultimate depositional locations of trace 

metals along the river valley.   

2 Methodological Approach 

Herein, it is argued that four types of analyses provide a 

time and cost-effective framework for the identification of 

trace metal sources and their relative contributions to 

aquatic environments. They include (1) the analysis of the 

river’s recent alluvial stratigraphic architecture and 
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geomorphic history, (2) the temporal correlation of 

geochemically characterized alluvial deposits to potential 

anthropogenic trace metal sources, (3) the analysis of the 

spatial variations in selected geochemical parameters, and 

(4) the use of geochemical and/or isotopic tracers to 

quantitatively estimate the contributions of trace metals 

from the defined natural and anthropogenic sources (Fig. 

1). The four included components are not intended to be 

exhaustive. In fact, the approach utilized at any given site 

should be based on the multiple lines of evidence concept, 

in which additional methods and data (not described 

herein) are added to the investigation until there is 

“sufficient” confidence that all trace metal sources and 

their contributions have been effectively defined. 

Fig. 1. Schematic diagram of the framework proposed for the 

assessment of trace metal sources and source contributions. 

2.1 Analysis of a River’s Alluvial Architecture 
and Geomorphic History 

Rivers can be viewed, somewhat simplistically, as a 

network of channels that carry water and sediment from 

upland areas of a catchment to the basin mouth. Rather 

than being simple conduits, however, rivers continually 

erode and deposit sediments, both within the channel and, 

during floods, on the adjacent floodplain. These 

geomorphic processes create alluvial stratigraphic units 

(deposits) that not only consist of the sediments that enter 

the channel but sediment-associated trace metals. These 

alluvial (river) deposits, therefore, contain a record of 

trace metal inputs to the river [9,24,25].  

Historically, the sampling of contaminated rivers 

largely ignored the fact that these alluvial deposits vary in 

terms of their sedimentological characteristics or age. 

However, more recent studies have shown that attempts 

to distinguish the relative proportions of trace metals 

derived from natural and anthropogenic sources are 

complicated by physical and biogeochemical processes 

that act on source materials as they are transported 

downstream through the river system. A particularly 

important process is hydraulic sorting that partitions the 

sediments, and the trace metal(s) they are carrying, into 

specific depositional environments within and along the 

river based on grain size and density [9]. Fine-grained 

sediments tend to be deposited in areas of low velocity, 

whereas coarser sediments in zones of higher velocity. 

The net effect of these processes is for trace metals to 

become partitioned during transport such that they are 

deposited into stratigraphic units characterized by distinct 

sedimentological traits that are characterized by 

concentrations that are significantly higher or lower than 

in the original source materials. In addition to hydraulic 

sorting, the original composition of the source materials 

may be affected by the addition of non-reactive 

constituents (e.g., organic matter, carbonates) into the 

deposited sediment, or by geochemical transformation 

processes including reductive/oxidative reactions (that 

may, for example, allow grains to be coated with Fe and 

Mn oxides and hydroxides). These processes are element-

specific, and depend on the local climatic, hydrologic, and 

geomorphic setting [9,26] 

The preferential deposition of source materials also 

occurs over larger spatial scales. For example, relatively 

narrow, steep valley reaches have been shown to produce 

zones of limited sediment deposition (referred to as 

transport zones), whereas wide, low-gradient reaches 

produce zones of deposition and contaminant storage 

(depositional zones). Thus, in some environments, trace 

metal concentrations and storage may vary downstream as 

a function of the river’s overall geomorphology, and the 

geomorphic processes that occur along Specific River 

reach. 

The primary goal of analyzing the river’s alluvial 

stratigraphic architecture and history is to identify, 

characterize and map the distribution of distinct, 

sedimentary deposits along the river valley. These 

deposits can subsequently be dated, as described below. 

Provided that sediment-trace metal relationships are 

known, the collected information provides insights into 

where sediment-associated metals from a specific source 

are likely to be deposited. For example, mine and mill 

tailings from Cu, Pb, and Zn ores commonly contain 

significant quantities of sulfide minerals (e.g., galena, 

sphalerite, and pyrite). These relatively dense mineral 

grains are typically deposited with coarse-grained alluvial 

sediments. In fact, these sulfide minerals may form 

contaminant placer deposits along the river [9]. The same 

holds true for Au or Ag amalgam grains associated with 

amalgamation mining. In contrast, trace metals associated 

with chemically reactive, fine-grained sediments will 

likely be deposited in areas of relatively low flow, such as 

on floodplains or in oxbow lakes (Fig. 2). Therefore, by 

characterizing the sedimentology and distribution of the 

deposits, it is possible to hypothesize as to where trace 

metals from a potential source are likely to be 

concentrated. 
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Fig. 2. Common types of alluvial deposits located along meandering streams. Each deposit (stratigraphic unit) possesses a unique 

sedimentology and, thus, trace metal content (figure modified from Miller et al. [37]). 

In addition to the above, documentation of the river’s 

alluvial architecture and history provides the foundation 

for the development of the temporal and spatial analyses 

described below. Thus, while such geomorphic and 

stratigraphic studies are often ignored in contaminant 

source analyses, they are critical components that should 

not be overlooked. 

2.2. Temporal Studies 

Once the alluvial stratigraphic deposits within the river 

valley have been defined and sedimentological and 

geochemically characterized, they can often be dated to 

determine their approximate age. Historically, absolute 

dating of the deposits primarily relied on radiocarbon 

methods characterized by a rather poor temporal 

resolution. However, deposit dating has significantly 

improved in recent years, and may include the use of other 

methods including 137Cs and 210Pb analyses, 

dendrochronology techniques, the analysis of historic 

artifacts and sequential aerial imagery, and, perhaps of 

most significance, optically stimulated luminescence 

(OSL) techniques, to mention a few (see Stokes and 

Walling, [27] for a more detailed review). As a result, it is 

often possible to constrain the age of alluvial stratigraphic 

deposits to a few years. This makes it possible to compare 

the geochemical (trace metal) content of the deposits, both 

temporally and geographically, to the location and history 

of suspected anthropogenic trace metal sources. As an 

illustration, the hypothetical stratigraphy of a river valley 

containing two potential sources of lead (Pb), is shown in 

Fig. 3. Stratigraphic units A1-A3 possess similar and 

relatively low Pb concentrations. The highest 

concentrations of Pb are found in unit A5, which was 

deposited between approximately 1900-1960, during 

which time an upstream industrial site (#1) was operating. 

This temporal correlation between high Pb concentrations 

in unit 5 and the industrial site #1 suggests that it 

contributed at least some of the increased Pb observed in 

unit A5. Given that industrial site #2 had yet to be built 

and was located downstream of cross-section B-B’, it 

could not have contributed Pb to the site. Note, however, 

that the increase in Pb concentrations began to occur in 

unit A4, which predates the operation of industrial site #1, 

suggesting that another, unidentified source of Pb may 

have existed upstream of the cross-section B-B’. The 

illustration shows that it is important to develop 

chronologies of trace metal inputs for multiple locations. 

Selection of these sites should minimize the number of 

locations needed to effectively define inputs to the river 

from all potential trace metal sources. The historical 

record should also extend into the past for hundreds of 

years, if possible, to ensure that natural variations in trace 

metal inputs are adequately characterized.  

The methods, assumptions, and uncertainties inherent 

in developing a record of the temporal variations in trace 

metal inputs to a river can be found in Macklin and 

Klimek [28], Hudson-Edwards et al. [29], Tobin et al. 

[30], Miller and Orbock Miller [9], Pease et al. [31], Du 

Laing et al. [32], Matys Grygr et al. [33,34], and Ferrand 

et al. [35]. In general, it involves three primary tasks, 

including the stratigraphic and sedimentological 

characterization of the river deposits, the sampling and 

geochemical analysis of the deposits for trace metals and 

other parameters, and the application of absolute dating 

methods to determine the approximate age of the deposits 

in “calendar” years.   

Contaminant chronologies can be developed using any 

undisturbed sequence of river sediments, as well as 

sediments obtained from wetlands, lakes, and reservoirs 

that are physically linked to the river. Perhaps the most 

detailed chronological records have been developed using 

reservoir deposits and overbank floodplain deposits. The 
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latter deposits (also referred to as vertical accretion 

deposits) are characterized by successive thin layers of 

sediment produced by the deposition of suspended 

sediments from floodwaters that inundate the floodplain 

surface (Fig. 2). The process results in a sequence of 

layers in which younger sediments overlie older 

sediments producing a trend in which the age of the 

sediment systematically increases with depth. 

Unfortunately, the relationship between depth and unit 

age is not perfect because deposition only occurs during 

floods. Nonetheless, detailed records of trace metal 

loadings, as shown in Fig. 3, have been produced 

[28,35,34]. 

 

Fig. 3. Illustration of the spatial and temporal correlation of between alluvial stratigraphic units and industrial sources (figure modified 

from National Academy of Sciences [36]. 

2.3. Spatial Studies 

One of the oldest and most extensively utilized methods 

of determining a point source of trace metal 

contamination is to examine its spatial distribution along 

the river. In most instances, the spatial distribution of the 

trace metal is examined in terms of its concentration in the 

channel bed or floodplain sediments. The presumption is 

that the highest concentrations of the metal will be located 

closest to the source, and decrease with distance from the 

site. In general, the spatial approach to source 

determination along rivers involves the collection and 

analysis of samples from multiple sites distributed along 

the channel and its associated features, and the subsequent 

plotting of the derived concentration data to document 

geographical patterns in elemental content. Point sources 

can then be identified by a distinctive trend in which low 

concentrations occur upstream of a source and abruptly 

increase in concentration where the trace metal(s) enter 

the channel. Concentrations subsequently decrease  semi-

systematically downstream from the source as a result of 

(1) the hydraulic sorting of contaminated particles, (2) 

dilution resulting from the mixing of contaminated 

particles with “clean” sediment from tributaries and 

eroded banks, and the dispersal of sediment-borne 

contaminants over a larger area, and/or (3) the deposition 

and subsequent storage of the contaminants within the 

channel bed or floodplain, a process that removes the 

contaminants from further transport. In addition, 

geographical patterns in alluvial sediments are often 

influenced by geochemical processes, such as 

precipitation, sorption on to reactive particles, and/or the 

oxidation/reduction of mineral grains. The accumulation 

of a contaminant in biota also has been cited as a control, 

but its influence is typically negligible along most rivers. 

In many cases, input from the identified source is 

supported by a comparison of the concentration of the 

contaminant within the suspected source materials. As an 

illustration, Fig. 4 shows the distribution of Pb and 
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Barium (Ba) along the Big River in southeastern 

Missouri. The abrupt upstream increase in Pb was 

interpreted to result from the influx of mining and milling 

wastes within the St. Francois mining district. Secondary 

increases in Pb spatially correspond to increases in Ba, 

which have been interpreted to represent the influence of 

Pb from earlier mining operations within the Barite 

mining district [38].  

 

 

Fig. 4. Downstream trends in lead and barium concentration 

along the Big River, Missouri, USA. Abrupt increases in 

concentration reflect input of metals from mining operations 

(figure modified from Integral [38]. 

Although the spatial analysis of trace metal 

concentrations is easy to use and often provides important 

insights into the sources of trace metals to a river, the 

approach is plagued by the fact that the influx of trace 

metals from multiple sources can create overlapping 

spatial patterns that make it difficult to identify where the 

metals are derived. Such overlapping patterns are 

particularly common in mineralized river basins where 

metals may be derived from both mining wastes and 

mineralized rocks that underlie the basin. In fact, 

exploration geochemists often analyze spatial trends in 

trace metal concentrations in rivers to identify the location 

and grade of ore deposits. To help alleviate this problem, 

downstream variations in the ratios of trace metal 

concentrations may be used. For example, within the Rio 

Loa basin of northern Chile, Cu/Sb ratios were effective 

at differentiating between mining and geogenic trace 

metal sources. High Cu concentrations were associated 

with waste materials from local Cu mines, whereas 

elevated Sb concentrations were associated with natural 

mineralized rocks, particularly sediments derived from 

the El Tatio Geyser Basin [39]. In other instances, it may 

be possible to utilize the unique element or mineral 

associated with a specific source. The use of Ba along the 

Big River in Missouri is an example, as barite was not 

particularly prevalent in the mine wastes from the St. 

Francois mining district. Alternately, spatial trends in 

local enrichment factors (LEFs, see below) can be used to 

filter out the input of trace metals from natural sources, 

along with changes in the grain size and lithology of the 

source materials during transport through the river.  

Another potential problem encountered while 

interpreting spatial data is that the deposition of sediment 

and sediment-associated trace metals may not decrease 

systematically downstream, but may reflect changes in 

flow conditions along with the drainage network (as 

observed for transport and sedimentation zones). 

Moreover, in mining areas, the influx of trace metals from 

mineralized rocks may produce downstream trends 

characterized by highly variable trace metal 

concentrations or ratios, as well as the preferential 

deposition of trace metals in deposits of specific grain size 

or density.  

To compensate for the influence of grain size, density, 

or natural geogenic variability, spatial variations in 

concentration within the overbank deposits is often 

examined for a specific grain size fraction (such as the silt 

and clay-sized, <63 µm fraction), or a bulk concentration 

normalized by the percent of fine sediment in the sample 

[40]. An alternative approach used to differentiate 

between natural and anthropogenic sources of trace 

metals is to examine spatial variations in enrichment 

factors (EFs).   

One of the most common methods of calculating EF 

values is the “double-normalization” technique, 

mathematically expressed as: 

 

    EF = (M/Mref)/(M/Mref)bc (1) 

 

where M is the target trace metal of interest, Mref is a 

conservative reference element, and bc refers to the 

average concentrations of the target metal and reference 

element in uncontaminated background materials. 

Commonly utilized reference elements include Al, Fe, Li, 

Rb, Si, Ti, and, more recently, Co. Theoretically, the 

method addresses variations in both grain size and particle 

mineralogy. Aluminum, for example, is a significant 

element in aluminosilicate minerals, including fine-

grained (<~2 µm) clay minerals, and therefore reflects 

both grain size and elemental composition of the sediment 

[26,41,42].  

Historically, elemental average concentrations were 

based on those measured in continental crustal rocks 

(bc, Equation 1 [26,43,44]. More recent studies have 

shown, however, that the use of these elemental averages 

tends to result in large errors [44] because (1) the 

elemental concentrations determined from continental 

crustal rocks do not adequately represent that rocks that 

underlie the basin of study, and (2) the metal 

concentrations measured in the source metals rocks) will 

be altered by physical and/or biogeochemical processes, 

thereby changing the nature of the source sediments as 

they are transported downstream (as described earlier). 

Given these shortcomings, more recent studies have 

argued for the use of local enrichment factor (LEF) 

[26,43,44], in which: 
 

 LEF=MS/MBG  (2) 
 

where MS is the concentration of the target metal of 

concern in the sample, and MBG is the concentration of the 

metal of concern in local, non-anthropogenically polluted, 

background sediments. MBG is empirically predicted 

using a background function, such that: 
 

 MBG = f(Mref).        (3) 
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In most instances, background functions are defined 

by bivariate regression equations between the 

concentrations of the target metal in the unpolluted 

sediments and a parameter that accounts for changes in 

metal concentrations during sediment transport and 

deposition. The most common functions involve grain 

size, organic matter content, or the concentration of a 

conservative reference element. An advantage of 

calculating and using local enrichment factors in the 

development of trace metal chronologies is that they not 

only provide insights in when contamination occurred but 

the relative magnitude of the contamination that occurred 

in comparison to local background values. 

 It is important to recognize that the resolution of the 

spatial variations in downstream trends in trace metal 

concentrations, elemental ratios, and LEFs values 

depends on both the number and location of the samples 

that have been collected along the river. Differences in 

sampling frequencies and locations may yield differing 

results. It is therefore advantageous to collect as many 

samples as possible, particularly up and downstream of 

major tributaries. 

2.4. Use of Geochemical Tracers to Determine 
Source Contributions 

The approaches described above identify contaminant 

source(s) by spatially or temporally linking elevated 

concentrations (or differences in elemental ratios or 

LEFs) to suspected contaminant sources. Where multiple 

sources exist, the assumption is that the magnitude of the 

increases or decreases in metal values will 

provide qualitative insights into the relative contributions 

of contaminants from each of the delineated sources. 

While the approach is logically intuitive and easily 

understood, more quantitative estimates are often 

required, particularly when the analysis is being 

conducted as part of an environmental forensic 

investigation. During the past decade, there has been a 

dramatic increase in the use of environmental tracers to 

assess the provenance (source), movement, and fate of 

sediment and sediment-associated contaminants within 

rivers. With regards to alluvial sediments, a tracer is 

defined as a unique sediment-associated parameter or set 

of parameters that can distinguish a particular sediment 

type from other sediments in the basin. The tracer can, 

therefore, be used to track the movement and cycling of 

specific sediments from their point of origin through the 

river over varying temporal and spatial scales [37]. The 

term ‘tracer’ is often used synonymously with fingerprint. 

However, the term fingerprint is used in the 

geomorphological literature refer to a specific type of 

analysis (referred to as fingerprinting studies), which are 

described below. With regards to environmental forensic 

studies of contaminated rivers, the application of tracers 

or fingerprints has evolved significantly over the past 

decade and has now become the predominant method 

for quantitatively determining source contributions. With 

regards to alluvial (river) sediments, two types of analyses 

have evolved over the past two decades and, 

unfortunately, there has been little integration in the 

development of the two approaches. One approach 

involves the use of the concentration of multiple elements 

to create unique source area fingerprints and then applies 

statistically-based mixing models to the data. The second 

approach relies on the use of stable isotopic data, which is 

typically combined with analytical mixing models. Both 

types of investigation have benefitted greatly from recent 

scientific advances in analytical chemistry, which allows 

for the rapid analysis of large numbers of samples for a 

wide range of elements and measurements of isotopes that 

could not be analyzed in the past. Another important 

advantage of using geochemical tracers/fingerprints is 

that the analysis can be completed relatively quickly in 

comparison to many techniques, and can be applied to 

historic sedimentary deposits retrospectively to determine 

changes in sediment and contaminant provenance at a site 

through time. 

2.4.1. Multi-elemental Fingerprinting Analyses 

As the name implies, multi-elemental fingerprinting 

studies utilize variations in the concentration of multiple 

elements to develop a unique fingerprint for a specific 

sediment source and then allow sediment from that source 

to be distinguished from other sediment sources in the 

basin. It is worth noting that the method tracks the 

sediments associated with a trace metal source and not the 

trace metal of concern. Fingerprinting studies are most 

often applied to diffuse sources of sediment in the basin, 

although their application to other types of problems is 

increasing. Conceptually, fingerprinting studies are based 

on the fact that upland areas of a catchment can be 

spatially subdivided into specific sediment sources on the 

basis of its underlying geology or soil types. Each of these 

sediment sources can be eroded, after which the generated 

sediments are transported, often intermittently, to the river 

channel. As the sediments are transported downstream 

through the channel to a depositional point, the particles 

from all of the source areas are combined such that the 

sediments within the depositional unit 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) depends 

on the composition of the source area sediments and the 

relative amount of sediment that is contributed to the 

deposit from each source area; if both are known, it is 

possible to predict what the composition of the mixture 

will be. In our case, however, the objective is to determine 

the relative amount of sediment, and sediment-associated 

trace metals, that a particular sediment source contributed 

to the deposit.  This type of calculation represents a linear 

inverse problem [45]. The problem is typically solved 

using some form of inverse or unmixing model that 

requires that the composition of both the source and river 

sediments be known for a selected set of parameters, and 

then defines the mixing proportions from each source by 

adjusting the contributions such that the values of the 

parameters most closely match the values observed in the 

studied river sediment [45].  

In general, the fingerprinting method involves five key 

steps (after Zhang et al. [46]): (1) delineation and 
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characterization of sediment sources within the basin, (2) 

the selection of the fingerprinting parameters (elements) 

that most effectively discriminate between sediments of 

the defined sources, (3) the collection of river sediment on 

the basis of the timeframe under consideration, and its 

subsequent characterization for the selected fingerprinting 

properties, (4) the determination of sediment provenance 

(source) using numerical modeling procedures, and (5) 

assessment of the uncertainty inherent in the modeling 

results.  Although a wide range of physical, mineralogical, 

and geochemical parameters have been used as 

fingerprinting parameters to determine the source of the 

sediments and their associated metals [37, 47], most 

environmental forensic analyses utilize the concentration 

of multiple, conservative elements to develop an effective 

fingerprint.  

Geochemical fingerprinting studies have been applied 

to a wide range of river sediments, and the river sediments 

that are selected determine the timeframe of the source 

analysis. The timeframe may range from recent, 

instantaneous suspended sediment samples collected 

during a specific part of a flood event to river sediments 

deposited within floodplains or riparian wetlands during 

an entire flood and that may be hundreds or even 

thousands of years old. In addition, overbank floodplain 

deposits or reservoir sediments can be incrementally 

collected and analyzed to determine changes in sediment 

source through time (Fig. 5). 

The overwhelming majority of fingerprint studies 

have been conducted to determine the source of sediments 

and sediment-associated contaminants from diffuse 

sources located throughout a river basin. The approach, 

then, is perhaps most applicable to the assessment of trace 

metals from natural mineralized rocks as well as urban 

pollutants and agricultural chemicals (e.g, fertilizers, 

pesticides, sewage amendments). It is possible, however, 

to include point sources of trace metals in the analysis to 

determine their contribution to a river. Moreover, the 

approach has been used to assess the relative inputs from 

a point source by characterizing changes in elemental 

concentrations from up- to downstream of a contaminant 

input point. In most instances, the point in contaminant 

influx is taken to be the mouth of a tributary [48, 49].  

A common criticism in the application of multi-

elemental fingerprinting studies is that the statistical 

mixing models used to estimate the relative contributions 

of sediment from each of the defined sources resulted in 

values that were not unique. Rather, the results 

represented statistical estimates, for which there was an 

infinite number of possibilities. This problem has been 

referred to as the equifinality problem. Moreover, the 

results were often considered to possess considerable, but 

unquantifiable error, particularly where one source 

contributed little (~0 %) or all (100 %) of the sediment. 

During the past decade, considerable progress has been 

made in addressing this problem, and most statistical 

fingerprinting approaches are now able to quantify the 

uncertainty in the modeling results. In addition, the 

influence of grain size, organic matter content, and other 

factors on elemental concentrations has also been 

reduced. As a result, it can be argued that multi-element 

fingerprinting methods are highly effective.  

2.4.2. Source Analysis using Isotopic Tracers 
 
A wide range of stable isotopes have been applied to 

hydrological and geological investigations. The isotopes 

that have, perhaps, been most widely used are H, C, N, O, 

S, and Si. However, with regards to sediments, and the 

analysis of sediment and trace metal sources, radiogenic 

isotopes (e.g., Sr, Nd, and Pb) have historically been of 

most importance. Radiogenic isotopes are the daughter 

products of the decay of a radioactive parent. Their use as 

effective tracers stems from several key characteristics: 

(1) they can be accurately and precisely determined, (2) 

they exhibit isotopic abundances that vary widely within 

geological materials, allowing for the fingerprinting of 

both natural and anthropogenic materials, and (3) they are 

not significantly fractionated by physical, chemical or 

biological processes. This latter trait is important because 

the isotopic ratios (fingerprints) of the source sediments 

will remain largely intact during the erosion, transport, 

deposition, and diagensis of the sediment, allowing the 

isotopic composition of river sediments to reflect the 

mixing of materials from all of its sources within a river 

basin. With regards to environmental forensic 

investigations, the radiogenic isotopes of Pb have been the 

most extensively utilized. In fact, lead isotopes have been 

extensively used to determine the sources of Pb in a wide 

range of media, including air and aerosols, snow and ice, 

soils, lacustrine and reservoir deposits, wetlands and peat, 

plants, mosses, and tree rings, human tissues and blood 

and other biota (see Miller et al. [37] for extensive list of 

references). Moreover, because Pb is commonly 

associated in both Earth materials and man-made products 

with other toxic trace metals, Pb isotopes can often be 

used to assess the source of these other metals. A key 

advantage of using radiogenic isotopes, including those of 

Pb, is that they can provide quantitative estimates of the 

contribution of Pb in sediment as well as the other media 

of interest. It is for this reason that where possible, 

radiogenic isotopes, particularly those of Pb, should be 

applied in the forensic investigation of contaminated river 

sediments. 

 Given its widespread application, and its 

effectiveness at tracking sediment-associated Pb, Pb 

isotopes are discussed below as an example of how 

isotopic tracers can be applied to determine the source(s) 

and source contributions of Pb in river basins. More 

detailed reviews of the use of radiogenic isotopes in the 

environmental forensic investigation of contaminated 

rivers can be found in Miller et al. [37], whereas Bird [50] 

reviews the application of Pb isotopes to riverine 

environments.   

 Lead has three radiogenic isotopes, 206Pb, 207Pb, and 
208Pb, derived from the radioactive decay of 238U, 235U, 

and 232Th, respectively; 204Pb, has no known radiogenic 

parent. The isotopic abundances of Pb in geological 

materials are reported in terms of ratios (e.g., 206Pb /204Pb). 

For most environmental studies, only the radiogenic 

isotopes of Pb are used as geochemical tracers, in part, 

because the abundance of 204Pb is relatively low, making 

it difficult to accurately measure. The analyses of 

sediment-associated Pb sources presume that the analyzed 

river sediment contains a mixture of Pb from all of the 
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potential Pb sources in the basin and that the relative 

abundance of the radiogenic Pb isotopes in the sediment 

depends on the relative contributions of Pb from each 

source. This assumption is nearly always met as the 

fractionation of Pb isotopes by physical, chemical and 

biological processes is negligible.

Fig. 5. Summary of commonly used sediments for the analysis of trace metal sources using multi-elemental fingerprinting methods 

(figure from Miller et al. [37]). 

 

The quantification of Pb contributions from a 

particular source is often initiated by plotting the isotopic 

data collected from suspected Pb sources and the river 

sediments of interest on three-component (bivariate) 

scatter diagrams depicting differences between two 

isotopic ratios (Fig. 6) [51,52,50]. Ideally, Pb sources will 

exhibit a narrow range of isotopic ratios, which differ 

from the other suspected sources and from the sediments 

collected from within the river. In this case, the Pb 

isotopic ratios serve as effective fingerprints (tracers) of 

the suspected Pb sources. Moreover, if the isotopic ratios 

of the river sediments plot along a linear trend between 

two of these isotopic end-members, then the trend is 

interpreted as a mixing curve, and the Pb within the river 

sediments is assumed to be primarily derived from the 

sources that form the two end-members of the line. In 

many cases, one end-member of the mixing curve 

represents Pb from the bedrock that underlies the river 

basin, whereas the other represents Pb from a significant 

anthropogenic source [50]. The average signature of the 

“geogenic” Pb sources can be determined by analyzing 

uncontaminated alluvial sediments in the basin, such as 

sediments found in uncontaminated alluvial terraces 

(comprised of pre-historic sediments) [52], floodplain 

sediment found at depth within a sediment core that pre-

dates anthropogenic contamination [48], or the direct 

analysis of the underlying bedrock [52]. 

As mentioned earlier, a significant advantage of using 

Pb isotopes as tracers is that accurate estimates of the 

relative contributions of Pb can be determined 

analytically. When there are only two sources of Pb, and 

the mixing curve is linear, the contributions from the two 

end member sources can be calculated using a simple 

binary model [48,53] that takes the form of: 

 

%𝐴 =  
( 𝑃𝑏20𝑥 𝑃𝑏20𝑥⁄ )

𝑠
−  ( 𝑃𝑏20𝑥 𝑃𝑏20𝑥⁄ )

𝐴

( 𝑃𝑏20𝑥 𝑃𝑏20𝑥⁄ )
𝐵

−  ( 𝑃𝑏20𝑥 𝑃𝑏20𝑥⁄ )
𝐵

   (4) 

 

where %A is the contribution of source A in a sample and 
20xPb/20xPb and 20xPb/20xPb are the average ratios in the 

sample (S) and the two end-member sources, A and B. 

Within larger river systems contaminated by multiple 

anthropogenic Pb sources, well-defined mixing lines do 

not exist on binary scatter plots. In these cases, it is likely 

that multiple geogenic or anthropogenic Pb sources exist.   

As a result, estimating the relative contribution of Pb in 

the alluvial sediments of the river from the identified 

sources becomes more difficult. This problem has been 

overcome by subdividing and analyzing the data on the 

basis of located geographical areas or time periods (ref). 

In addition, the use of isotopic tracers can be combined 

with the multi-elemental approach describe above. For 

example, Bird et al. [54] used a two-tiered approach to 

assess the origins of Pb within sediments of the River 

Maritsa catchment of Bulgaria and Turkey. Lead isotopic 
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data were used to assess the contributions of Pb to the 

channel from mining operations within smaller tributary 

basins. However, at a larger spatial scale, where highly 

variable Pb isotopic values inhibited the use of a binary 

isotopic approach, the sources of the Pb were determined 

using multi-element geochemical fingerprinting methods 

(described in the section above). 

 

Fig. 6. Bivariate plot of lead isotopes. Background lead was 

characterized using samples from alluvial terrace deposits that 

predate mining. The onset of mining results in the influx of Pb 

from mine and mill tailings. The influx is reflected in a new 

source of Pb in the channel bed. Thus, samples plot along a new 

mixing line (figure modified from Miller et al. [52]). 

 

Lead isotopic data are often combined with Pb 

concentration data (see, for example, Shepard et al. [55]). 

In doing so, it is possible to assess both changes the source 

of the Pb as well as the degree to which the Pb sources 

have contaminated the river. Moreover, because the 

predominant sources of Pb also served as the predominant 

sources of other toxic trace metals (e.g., As, Cd, Ni, Zn), 

Pb isotopes can be used to determine the sources of these 

metals as well. However, this is not always the case, and 

in some instances, the isotopic composition of Pb in 

contaminant sources cannot be distinguished from Pb 

naturally found in the underlying Earth materials. For 

example, within the Rio Loa basin of northern Chile, the 

Pb isotopic composition of Cu mine tailings and ore 

deposits was similar to that found in other rock types in 

the basin, including those associated with a local geyser 

basin, inhibiting the use of Pb isotopes as an effective 

tracer.  

Before the 1990s, the investigation of many of the 

other isotopic systems (e.g., those associated with the 

transition and post-transition elements) was hindered by 

an inability to precisely measure their abundance in Earth 

materials. However, recent advances in analytical 

chemistry, including the advent of the MC-ICP-MS, have 

led to the precise measurement of a wide range of non-

traditional stable isotopes, or non-CHONS (referred to 

because they are not one of the five most studied isotopic 

systems) [56]. The ability to accurately measure the 

isotopic abundances of these non-traditional isotopes in 

geological materials has opened up a whole new field of 

research into their use as tracers of contamination and to 

gain insights into biogeochemical processes. The intent 

with regards to environmental forensics is to develop 

direct methods to determine the source and cycling of 

toxic metals in sediments, soils, and water.  

The application of these non-traditional isotopes as 

tracers of contaminant source in river sediments is much 

more complicated than that of Pb, and most other 

radiogenic isotopes. In the case of Pb, isotopic 

fractionation by industrial or biological processes is 

negligible; the Pb isotopic composition of man-made 

materials (e.g., as a battery) reflects the ore deposits from 

which the Pb was derived. Given that the Pb isotopic 

signature of the ores deposits typically differs from most 

other types of rocks, the Pb in man-made products is often 

unique. Moreover, Pb isotopic ratios measured within a 

sample of river sediment is a function only of the mixing 

of Pb from different sources, allowing for the relatively 

easy assessment of Pb contributions from each source. In 

contrast, the use of the non-traditional isotopes as a tracer 

is complicated by multiple physical and biological 

fractionation processes, which not only vary between 

elements, but the environmental conditions that exist 

within the river, and the physical, chemical and biological 

processes to which the metals were subjected.  Thus, 

detailed investigations into the cycling of the utilized 

isotopes are required for their effective application. 

Nevertheless, several isotopic systems appear to hold 

significant promise with regards to the assessment of 

contaminated river sediments, including Cu, Hg, and Zn 

[37]. 

As an example, interest in the use of  Zn isotopes as a 

forensic tracer in rivers stems from that fact that: (1) Zn 

occurs in 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 , and (2) Zn is often associated with Cd and Pb in 

natural and anthropogenic materials, and can therefore be 

used to determine the source of these trace metals. The 

potential to use Zn isotopes to determine to the source of 

Zn in sediments and soils rests, in part, on the fact that the 

Zn isotopic composition of some anthropogenically 

produced materials can be distinguished from that 

occurring naturally in rocks and minerals. In addition, the 

fractionation of Zn is dominated by mass-dependent 

processes, such as evaporation, condensation, and 

electroplating, which when associated with industrial 

activities, can be measured. Fractionation may also occur 

at low temperatures during its biogenic uptake by micro-

organisms and other biotas [57,58], diffusion processes 

[59], adsorption onto inorganic and organic 

surfaces[58,60], and mineralization [61,62] (Table 6.1). If 

these new isotopic abundances (following fractionation) 

can be linked to a specific industrial process, then it is 

possible to use Zn isotopes to determine where the Zn 

from that process is currently located along a river and 

how much of the total Zn was derived from it [63–65].  

The use of these non-traditional isotopes as tracers of 

metals in riverine sediments is still in the developmental 

stages, and in spite of some notable successes, their use 

will likely be limited to a supportive role in environmental 

forensic investigations during the near future. 

Nonetheless, the fact that these non-traditional isotopic 

systems can provide a wealth of information on the 
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source, dispersal, and biogeochemical cycling of toxic 

trace metals that cannot otherwise be obtained, suggesting 

that their use is likely to grow exponentially in the coming 

years.  

3 Conclusion 

Environmental forensic investigations have increasingly 

relied on the use of geochemical and isotopic 

fingerprinting methods to determine the source and source 

contributions of trace metals in contaminated rivers. 

Recent advances in analytical chemistry have enhanced 

by the application of geochemical fingerprinting by 

allowing for the rapid, multi-elemental analysis of 

sediment samples, and by continually improving upon the 

accuracy and precision of measuring the isotopic 

abundances in Earth materials. In addition, it is now 

possible to determine the abundance of non-traditional 

isotopes in sediments. Although fractionation makes the 

use of these isotopic systems more complicated to use for 

source determination, recent studies show that some 

isotopes (e.g., those of Cu, Hg, and Zn) hold considerable 

promise with respect to river sediments. In light of the 

above, geochemical and isotopic fingerprinting 

techniques are likely to remain the method of choice to 

determine trace metal sources and source contributions 

riverine sediments. However, the use of fingerprinting 

techniques requires an understanding of the natural and 

anthropogenic sources that exist within the basin; sources 

cannot be fingerprinted if they have not been tentatively 

defined. Potential sources of trace metals within the basin 

can be qualitatively identified using the widely used and 

accepted, but underutilized spatial and temporal methods 

described herein. These temporal and spatial methods, 

when combined with an analysis of the river valley’s 

alluvial architecture, not only provide insights into 

potential trace metal sources, but (1) the potential 

partitioning of source materials into specific depositional 

environments, (2) the distances and rates of trace metal 

transport, and (3) the location of geochemical hotspots 

along the river valley.  

Where the above methods do not fully identify the 

sources or source contributions for trace metals to a river, 

it will be necessary to utilized other types of physical or 

mineralogical tracers or source attribution methods, such 

as the occurrence of unique minerals within a source 

materials, geochemical speciation data, particle size or 

microtextures, and/or geomagnetic information (see 

D’Daen et al. [47], for examples). 
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