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Abstract

In order to better understand the human impact on fluvial sediment dynamics at various
timescales, information on the changing connectivity between the various geomorphic units in
a landscape is crucial. Quantitative sediment budgets for various time periods provide a first
assessment of changes in coupling between slopes and river systems. However, the
application of sediment fingerprinting can yield additional spatial information on the sediment
pathways. Furthermore, the fingerprint approach can also be used in cases where detailed
sediment budgets are difficult to obtain. Provenance studies have been executed in various
sedimentary environments, covering a wide variation of spatial and temporal scales. Here, an
overview is provided of the tracer properties that can be used to distinguish between the
various sediment sources in a river catchment. From this general compilation, those tracers
useful to fingerprint fine grained floodplain deposits on a historical time scale (decadal to
millennial) are distilled. Geochemical and mineralogical compositions, mineral magnetic
signals and isotope ratios can be considered the most suitable fingerprinting properties. The
impact of source area weathering, grain size selectivity of erosion and sedimentary processes
and post-depositional alteration on tracer properties from source to sink are considered.
Finally, a synopsis is made of the qualitative to fully quantitative approaches that can be used

to discriminate the sources of fine grained alluvial sediments.
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I Introduction

Changing climate conditions and anthropogenic land-use changes are known to have
impacted river systems (Macklin and Lewin, 2008). The way rivers respond to several forcing
mechanisms, however, is very complex and still not completely understood. During the
Holocene, climate conditions fluctuated considerably. Moreover, the Late Holocene is marked
by ever increasing human impact (Goudie, 2006; Messerli et al., 2000). To gain insight in the
interplay between climate and anthropogenic forcing on sediment dynamics, field
observations are often used to obtain sedimentation rates for various time periods (e.g.
Hoffmann et al., 2009) and to calculate sediment budgets (e.g. Verstraeten et al., 2009b). An
important aspect of sediment dynamics is the geomorphic coupling and decoupling between
various parts of a catchment (Fryirs and Brierley, 1999). Although sediment budgets provide
useful information on sediment sources and sinks, and though this approach has been applied
to catchments in many regions (e.g. Western Europe, Australia, USA), it cannot be used for
all geomorphic settings. For instance, as shown by Dusar et al. (2011) it is not always
straightforward to construct sediment budgets in Mediterranean catchments. Eastern
Mediterranean river systems are more complex in nature. Their alluvial deposits have not
been deposited continuously over the Holocene, but rather in several phases of cut and fill,
which makes the application of alluvial architecture more difficult. Additionally, the cut and
fill nature gives rise to numerous terraces within the alluvial plain. This makes it hard to
determine the alluvial plain width, which in turn may increase the uncertainty on the
calculated sediment budget. Moreover, due to a general lack of datable organic matter within
the alluvial sediments, the establishment of a catchment-wide chronology of sediment
deposition, and thus also the reconstruction of a time-differentiated sediment budget, is almost
impossible. Therefore, it is only possible to construct a very general sediment budget for i.e.
the entire Holocene deposition within river valleys in the Eastern Mediterranean. As a
consequence, such sediment budgets, as opposed to e.g. Western Europe (Notebaert et al.,
2009) are less informative on Holocene environmental changes. Sediment fingerprinting on
the other hand allows to quantitatively determine the contributions of several spatially defined
sediment sources. As demonstrated for contemporary (Evrard et al., 2011; Garzanti et al.,
2006; Garzanti et al., 2007; Minella et al., 2008) and recent historical case studies (Walling et

al., 2001; Walling et al., 1999), provenance information can be combined with sediment yield



This manuscript has been published as:
D'Haen K, Verstraeten G and Degryse P. 2012 Fingerprinting historical fluvial sediment fluxes. Progress in
Physical Geography 36(2): 154-186.

data and/or integrated into a sediment budget. To illustrate how sediment fingerprinting can
contribute to unravelling historical sediment dynamics, a conceptual catchment is presented in
Figure 1. While sediment budgets provide information regarding various types of erosion,
deposition and sediment yield (Figure la), these fluxes refer more to processes than to
spatially defined areas. However, when different lithologies present in this conceptual
catchment are considered, the contributions of each of these areas to the floodplain deposits
can be determined (Figure 1b). Given the distribution of lithological types within sub-
catchments, the contributions from these can be estimated (Figure 1c). Combining the
information gained from both the sediment budget and the fingerprinting approach hence
yields a better understanding of sediment dynamics.

The primary requirement of such an approach is that the possible sediment sources are
sufficiently different. If the tracers used fail to properly discriminate potential sediment
sources, it is not possible to apply a fingerprint approach. Moreover, the spatial distribution of
the defined sources must show sufficient heterogeneity to allow a meaningful interpretation of
sediment dynamics. It should be noted that in this paper only the provenance of floodplain
deposits is considered. This method can, however, also be applied to colluvial deposits and
exported sediment (e.g. fan or reservoir deposits), thereby further unravelling the sediment
production and delivery processes operating at the catchment scale. Moreover, the
fingerprinting method can also be applied in cases where sediment budgets cannot be
constructed. There, it can provide useful information on the linkage between several
geomorphic units on a historical time scale.

Although some research has been dedicated to fingerprint long-term river activity (Dearing et
al., 2001; Hamlin et al., 2000), most sediment fingerprint studies focus on the provenance of
suspended load of contemporary rivers (Collins et al., 1998; Davis and Fox, 2009; Gingele
and De Deckker, 2005; Krishnappan et al., 2009; Minella et al., 2008) or (sub)recent alluvial
sediments (Collins et al., 1997b; Foster et al., 2007; Owens and Walling, 2002; Owens et al.,
1999; Walling et al., 2003). Research covering larger historical periods usually focuses on
lacustrine (Foster et al., 2008; Revel-Rolland et al., 2005), deltaic (Ghilardi et al., 2008) or
estuarine (Jenkins et al, 2002) environments or only yields qualitative provenance
information (Amorosi et al., 2002; Foster and Lees, 1999). Much attention has also gone to
provenancing Pleistocene gravel deposits (Jones, 2000) or even older sedimentary rocks.
Overall, provenance studies have been conducted in a wide range of sedimentary

environments, and on a wide range of temporal and spatial scales (Foster and Lees, 2000;
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Haughton et al., 1991; Honda et al., 2004; Walling, 2005; Weltje and von Eynatten, 2004;
Yang et al.,, 2009; Yang et al., 2003). Although all these studies may have had entirely
different objectives, they all tend to qualitatively or quantitatively determine sources of
sedimentary materials using many different characteristics. Here, a general overview is given
of tracer properties that may be used to determine the provenance of sediments, considering
different time scales, spatial scales and sedimentary environments. The major aim thereof is
to investigate human impact on sediment sources. The time window of interest is therefore the
(Late) Holocene. Moreover, human impact is usually evaluated in the form of land use
changes due to deforestation and the development of agriculture, making soil more vulnerable
to erosion. This eroded material mainly consists of fine material, so the emphasis of this paper
is on the provenance of the silt and clay fraction of floodplain deposits. As for spatial
dimensions, the main interest is the study of entire river catchments, covering varying sizes,
but beyond the scale of hill slope processes alone. Given these interests, tracer properties are
evaluated on applicability, and different ways of processing tracer data are described, ranging

from qualitative to fully quantitative approaches.

IT Tracer properties

The underlying assumption of all provenance studies is that potential sediment sources
possess properties that allow them to be distinguished. These tracer properties need to be
conservative, measurable and representative (Motha et al., 2002), so that the contributions
from the different potential sources can be determined when comparing tracer properties of
sources and sediments (Collins and Walling, 2002). The following overview is a synthesis of
the tracer properties that have been applied in all kinds of provenance studies, covering both
qualitative and quantitative approaches, on both recent and ancient systems, ranging from
very local to regional studies, in aeolian, fluvial, coastal and marine settings. All tracers are
evaluated according to their fields of applicability regarding time scale, spatial scale and grain
size (Figure 2). It should be noted that the subdivision in different grain size, time and spatial
classes is done in a rather qualitative way, because precise numbers are not readily available.
The three grain size classes consist of clay and silt (< 63 pm), sand (2 mm > x > 63 um) and
gravel (> 2 mm). The subdivisions on a spatial scale range from local (< 10 km?), over
intermediate (10 — 10 000 km?), to regional (> 10 000 km?) scales. With respect to the

timescale, three time periods are considered in this review: contemporary (last 50 a),
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historical (50 — 10 000 a) and geological (> 10 000 a). Here, the term “historical” refers to the
period in the past when the environment was potentially susceptible to human activity,

roughly coinciding with the (Late) Holocene.

1 Physical properties

A first important set of sediment properties that can be used to trace its origin are related to
the physical characteristics of the sediment itself. These include the lithology of clasts, grain

size distribution, grain morphology and the colour of the grains.

a Clast lithological analysis
In coarse deposits, a primary provenance indicator is often the lithological composition and
shape related properties of the gravel. The lithology of gravels is not only assessed by visual
inspection, but can also be evaluated by obtaining geochemical, isotopic or age information
(Wandres et al., 2004a, 2004b). Besides qualitative approaches only accounting for the
presence of certain lithologies, clast occurrences may also be counted to yield
(semi)quantitative provenance determinations. Moreover, incorporating shape related
properties can yield better provenance determinations (Lindsey et al., 2007). The advantage of
this method is that it is very robust and can be applied on both ancient conglomerates
(McDonnell and Craw, 2003; Wandres et al., 2004a, 2004b) and more recent gravel deposits
(Bridgland, 1999; Lindsey et al., 2007; Miao et al., 2008).

b Colour
As one of the most basic properties, sediment colour has proven to be a useful source
indicator in some case studies (Giosan et al., 2002; Krein et al., 2003). Early attempts
(Grimshaw and Lewin, 1980) already documented the potential of sediment colour to
document suspended sediment sources. In a recent study (Martinez-Carreras et al., 2010) the
method was compared to more conventional tracer properties and has proven to be a fast and
cheap alternative for traditional approaches.

¢ Grain size distributions
Although sorting effects create differences in the grain size distributions of sources and
sediments, grain size distributions might still yield provenance information. Two approaches
have been applied to calculate source contributions from grain size distributions. Kurashige

and Fusejima (1997) compared hypothetical mixtures of two known sources with actual grain
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size distributions of suspended sediment samples. In marine environments, on the other hand,
the exact number of sources might not be known and theoretical end-members can be
constructed representing for example the contribution of aeolian and hemipelagic material
(Stuut et al., 2002). Care should be taken, however, with the choice of an appropriate un-
mixing algorithm in order to decompose the grain size distribution of the sediment into
realistic end-members (Weltje and Prins, 2007).
d Grain morphology

As rather qualitative data, characteristics such as the shape of aggregates (de Boer and
Crosby, 1995; de Boer et al., 2000; Mazzullo and Withers, 1984) and the surface textures of
certain minerals (Cardona et al., 2005; Madhavaraju et al., 2009) can yield additional

provenance information.

2 Mineralogical composition

More important than the use of physical properties is the use of mineralogy to trace back
sediment sources. Mineralogical tracers have been widely applied, and different mineral
groups can be used. Whereas some studies take into account the bulk mineralogical
composition of the sediments (Abu-Zeid et al., 2001; Arribas et al., 2000; Benedetti et al.,
2006), others have focussed on clay minerals (Eberl, 2004a; Gingele and De Deckker, 2005)
or the heavy mineral content (Basu and Molinaroli, 1991; Damiani and Giorgetti, 2008; Dill,
1998; Dinis and Soares, 2007; Ergin et al., 2007; Hounslow and Morton, 2004; Morton and
Hallsworth, 1999; Oszczypko and Salata, 2005; Sabeen et al., 2002; Vezzoli et al., 2004;
Vologina et al., 2007; von Eynatten and Gaupp, 1999). The choice of an appropriate method
is obviously dependent on the grain size distribution of the sediment. Clay mineralogy is used
for fine grained deposits and heavy mineral analysis is a classical provenance technique
applied to sandy sediments. A more controversial and less straight forward technique is to use
the cathodoluminescence behaviour of quartz as a provenance indicator. Although this
method might yield good results in some cases, it is not recommended to use it as a sole
fingerprint (Bernet and Bassett, 2005; Boggs et al., 2002; Gotte and Richter, 2006; Gotze et
al., 2001).

3 Mineral magnetic signal
The magnetic properties associated with soils and sediments are largely dominated by the

presence of iron bearing minerals. The resulting magnetic signal is, however, not only
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affected by the mineralogy and geochemical composition of the phases in question, but also

by size and shape-related properties (Dearing, 2000). Several magnetic parameters can be

used, such as the magnetic susceptibility X (low, high frequency and frequency dependent),
magnetic remanence properties such as anhysteretic remanent magnetisation (ARM) and
isothermal remanent magnetisation (IRM). Furthermore, derived remanence parameters (S
ratio or HIRM) and magnetic ratios are often used. A comprehensive overview of magnetic
properties is provided by Dearing et al.(2001) and by Foster et al. (2008). The signal derived
from these parameters is often interpreted in terms of mineral assemblages. A distinction can
be made between primary and secondary magnetic minerals. Where primary minerals are
inherited directly from the parent material, secondary minerals are formed by pedogenic or
biogenic processes. Moreover, it is believed that temperature may enhance the magnetic
signal so burnt and unburnt soil can be distinguished (Blake et al., 2006; Oldfield and
Crowther, 2007). As an alternative to classical magnetic measurements, the magnetic signal
derived from mineral inclusions can be used (Hounslow and Morton, 2004; Maher et al.,
2009).

Although there are clear links between mineralogy and magnetic parameters, there are still
some problems regarding the interpretation of magnetic signals (Oldfield, 2007). Nevertheless
magnetic tracers have been used in several sedimentary environments, ranging from aeolian
(Hesse, 1997; Liu et al., 1999), coastal and marine settings (Ghilardi et al., 2008; Jenkins et
al., 2002; Lees and Pethick, 1995; Liu et al., 2003; Wheeler et al., 1999) to lacustrine
environments (Boar and Harper, 2002; Dearing et al., 2001; Foster et al., 2008; Hatfield and
Maher, 2008; Hatfield et al., 2008; Shen et al., 2008; Walling et al., 2003) and fluvial systems
(Caitcheon, 1998; Charlesworth and Lees, 2001; Chiverrell et al., 2008; Duck et al., 2001;
Foster et al., 1998; Hatfield and Maher, 2009; Jenkins et al., 2002; Oldfield et al., 1999;
Walden et al., 1997; Zhang et al., 2008).

4 Geochemical composition

Probably one of the most used fingerprint properties is the geochemical composition of
sediments. This tracer property has been applied to an extensive range of settings, but in
different ways. First of all the major and trace element composition, expressed on bivariant
“Harker” diagrams and normalised multi-element diagrams, so-called ‘“spiderplots”
(Rollinson, 1993), may yield qualitative information about a detrital input from potential

source areas. For instance REE (Rare Earth Element) patterns provide information about
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possible contributions from several magmatic units, as REE patterns are excellent
petrogenetic indicators (Wilson, 1989). This method is often applied on sedimentary rocks
(Barovich and Hand, 2008; Il Lee, 2009; Kasanzu et al., 2008; Rahman and Suzuki, 2007),
but may also be used to gain provenance information of dust (Jahn et al., 2001; Yang et al.,
2007b) and recent stream sediments (Lee et al., 2008; Singh, 2009; Xu et al., 2009).
Moreover, to reduce the effects of sorting and alteration, ratios of immobile elements may be
used (Fralick and Kronberg, 1997). In quantitative sediment fingerprint studies geochemical
tracers are quite popular because composite fingerprints comprising a set of different elements
are often quite effective in discriminating potential sediment sources (Carter et al., 2003;
Collins and Walling, 2002; Fu et al., 2006; Minella et al., 2008). Also, the geochemical
compositions of specific minerals have proven to be valuable provenance indicators
(Hallsworth and Chisholm, 2008; Morton, 1991; von Eynatten and Gaupp, 1999). This can be
especially so when the potential sources form a continuum of geochemical compositions (e.g.
volcanic successions) (Decou et al., 2009). The geochemical composition of both the light and
heavy mineral fraction (Hardy et al., 2010) or of heavy minerals such as ilmenite (Bernstein et
al., 2008; Grigsby, 1992), magnetite (Grigsby, 1990) and zircon (Grimes et al., 2007; Hoskin
and Ireland, 2000) may allow to determine sediment provenance. Moreover the Si/Al ratio of
white mica has proven to be a useful source indicator for sedimentary rocks (Wang et al.,

2009).

5 Biogeochemical tracers

Biogeochemical tracers mainly consist of organic N, C and P. As these properties are
dependent upon the organic matter content, they are suited for discriminating areas under
different land use (Alt-Epping et al., 2009; Fox and Papanicolaou, 2008b; Hasholt, 1988;
Hillier, 2001; McConnachie and Petticrew, 2006). In present day studies they can be used in
combination with regular geochemical and radionuclide tracers. It should be noted that the
enrichment or depletion of organic material can have a severe impact on the conservativeness

of these tracers.

6 Fall-out radionuclides
The fall-out related radionuclides '*’Cs and *'°Pb have often been used in shallow cores for
dating purposes. These radionuclides have been moreover extensively used to study sediment

redistribution (He et al., 1996; Van Oost et al., 2005). Beside these main applications, B3cs
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and *'°Pb have proven to be valuable elements to obtain information about the contributions
from areas under contrasting land use practices and on the proportion of surface to sub-
surface erosion (Davis and Fox, 2009). In the latter case they are usually combined with other
(geochemical, mineral magnetic,...) tracer properties to yield better source discriminations
(Carter et al., 2003; Collins and Walling, 2007; Foster et al., 2007; Gruszowski et al., 2003;
Krause et al., 2003; Nagle and Ritchie, 2004; Russell et al., 2001; Wallbrink and Fogarty,
1998; Walling, 2005). In addition to these radionuclides, the naturally occurring cosmogenic
radionuclide 'Be can be used to study contemporary sediment dynamics (Evrard et al., 2010;
Rhoton et al., 2008). There are, however, some important assumptions associated with the use
of "Be, for instance a spatially uniform input of "Be and a uniform distribution of any pre-
existing 'Be. Therefore, it is crucial to carefully plan field campaigns to meet the objectives
put forward by the study (Mabit et al., 2008). The greatest disadvantage of these tracers is
that their use is limited in time. Whereas 'be can only be applied on contemporary erosion
events, the use of '*’Cs and *'°Pb is limited to time scales of respectively 50 and 100 years.
Finally, it should not be forgotten that the use of radionuclides implies some major
assumptions. As indicated in a recent review on the use of B by Parsons and Foster (2011)
these assumptions might often not be valid and “’Cs tends to show non-conservative

behaviour.

7 Cosmogenic radionuclides

Earth materials contain cosmogenic radionuclides in different forms. These nuclides can be
formed in the atmosphere and later on adsorbed on soil particles (meteoric), or be directly
formed in certain minerals within the soil (in-situ). Cosmogenic nuclides have several
applications, such as exposure and burial dating, calculating denudation and uplift rates and
studying soil dynamics (Dunai, 2010). In addition to these applications, cosmogenic nuclides
can be useful in provenance studies. Several studies (Belmont et al., 2007; Chappell et al.,
2006; Clapp et al., 2002; Nichols et al., 2002; Perg et al., 2003) use in-situ 08¢ and Al to
distinguish sediment sources. The main application of these radionuclides is to calculate
erosion rates and unravel sediment dynamics by using mass balance equations. Moreover, the
target grain size classes consist of sand to gravel sized clasts, limiting the application to
coarse deposits. Differences in radionuclide concentration between different grain size classes
(sand versus gravel) can allow a quantification of hillslope and channel processes (Belmont et

al., 2007). On the other hand, when quartz grains are not readily available, meteoric B¢ and
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°Al might be used instead (Willenbring and von Blanckenburg, 2010). Because of its very
short half life (53.3 days) "Be is not used for in situ applications (Dunai, 2010). It can,

however, be a useful tracer in contemporary studies as is discussed in the precious section.

8 Isotope ratios

In general a distinction can be made between stable (§'°0 ,8"°N, §"°C, § ®Zn, §'Zn, §**Zn...)
and radiogenic (eNd, ¥’Sr/*Sr, *®Pb/”"Pb, *”’Pb/*™Pb, **°Pb/**Pb, eHf, "*’0s/'™0s...)
isotope ratios. While differences in stable isotope ratios are caused by fractionation processes,
distinct radiogenic isotope ratios find their origin in differences in age or initial concentration
of parent isotopes (Rollinson, 1993). Briefly this means that certain minerals, rocks or organic
materials are characterised by distinct isotope ratio signatures, giving isotope ratios the
potential to be good sediment source discriminators.

Similar to the corresponding elemental concentrations, the isotope ratios 8'°N and §'°C are
used for tracing contributions from areas under contrasting land use in contemporary
catchments (Alt-Epping et al., 2009; Fox and Papanicolaou, 2008a, 2008b). On the other hand
the isotope ratios of Nd, Sr and Pb are typically used in large scale provenance studies, such
as those of aeolian sediment and dust (Borg and Banner, 1996; Grousset and Biscaye, 2005;
Honda et al., 2004; Nakano et al., 2004; Yang et al., 2009), marine sediments (Bentahila et
al., 2008; Carpentier et al., 2008; de Mahiques et al., 2008; Farmer et al., 2003; Tutken et al.,
2002) or (meta-)sedimentary rocks (Barovich and Hand, 2008; Dantas et al., 2009). Isotope
ratios have, however, also provided provenance information in moderate scale studies in lakes
(Jin et al., 2006; Revel-Rolland et al., 2005; Zhou et al., 2009) and river catchments (Douglas
et al., 1995; Gingele and De Deckker, 2005; Lee et al., 2008; Singh and France-Lanord, 2002;
Yang et al., 2007a). In addition to these common used isotope ratios sometimes Zn, Hf and Os
isotope ratios are used (Bentahila et al., 2008; Grousset and Biscaye, 2005; Lupker et al.,
2010). Although the use of this technique is rather limited, 80 ratios can be applied to
unravel the origin of quartz (Aleon et al., 2002; Neall et al., 2001; Yang et al., 2008) and chert
(Dutta, 1998; Mizota et al., 1996). The great advantage of using isotope ratios as tracers is
that they seem to be conservative on large scales, both spatially and temporally. The
disadvantage is that values of isotope ratios often cover a wide range, so in most cases isotope
ratios only yield qualitative to semi-quantitative provenance information, although there are

exceptions (Gingele and De Deckker, 2005).
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9 Mineral ages

Within palaeographical reconstructions, mineral ages of zircon and monazite (Gleason et al.,
2007; Kirkland et al., 2009; Nascimento et al., 2007; Schwartz and Gromet, 2004; Veevers
and Saeed, 2007) and to a lesser extent muscovite (Reynolds et al., 2009) have been widely
applied. If potential sediment sources contain a satisfactory amount of zircons with differing
ages, zircon ages can also be powerful provenance indicators in present day studies (Amidon
et al., 2005; Morton et al., 2008). To gain provenance information from mineral ages, the age
distributions of selected minerals of the sediment are compared visually with the age
distributions of the potential sources, yielding a qualitative provenance determination. If one
wishes to gain quantitative provenance information, it could be an option to use an approach

similar to the one used to un-mix grain size distributions (e.g. Weltje and Prins, 2007).

10 Biogenic tracers

Where biogenic inclusions in sediment are often indicators of sedimentary environment or
(palaeo)climate, these characteristics may also be indicators of provenance when potential
sediment sources contain a distinct set of biogenic species. These potential sources are usually
themselves older sediments with for example a distinct of pollen or spores (Brown, 1985). In
lacustrine and coastal settings the occurrence of ancient species of respectively diatoms
(Vologina et al., 2007) or foraminifera (Haslett et al., 2000) can indicate the reworking of

older sediments.

11 Artificial tracers

In present-day studies where natural properties fail to distinguish potential sediment sources,
artificial properties can be added by man. The introduction of artificial tracers implies the
major assumption that the material introduced acts the same way as the sediment itself. A
large variety of artificial tracer techniques can be applied to trace very fine to coarse material.
To document the erosion of fine sediments, labelled clays (Mahler et al., 1998a; Mabhler et al.,
1998b) or rare earth elements (REE) (Kimoto et al., 2006; Polyakov and Nearing, 2004) can
be used. For tracing coarser sediments different sorts of tagged particles can be applied
(Hassan and Ergenzinger, 2003; Sear et al., 2000). These techniques can be divided into
visual (painted and fluorescent particles, exotic lithology), passive (radioactive, iron oxide
coating, metal strips or plugs, iron cores, aluminium, natural and artificial magnetic,

electronic) and active tracers (acoustic or radio tagged pebbles). Whereas visual tracers are
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quite cheap and easy to apply, passive tracers can be measured remotely. Active tracers on the
other hand have the advantage that they yield continuous measurements, but their use is

limited to large gravels and acoustic and radio transmitters are very expensive.

12 General constraints

Given this set of potential fingerprints, first of all some general constraints can be made
concerning the application of certain tracer properties on different temporal and spatial scales,
and for various sediment textures. As the temporal scale increases, there will be a larger
potential for several processes to influence tracer concentrations and therefore some tracer
properties are not conservative over longer time periods. Considering the spatial scale of the
study, the spatial heterogeneity of tracer properties may restrict the use of certain tracers.
Another restriction on the use of fingerprint properties is the grain size distribution of the
sediments in question. Fine grained sediments will require other methods than a very coarse
deposit. In general the sedimentary environment controls the dominant particle size of the
sediments involved, with higher energy environments yielding coarser deposits. Considering
the influence of grain size (sedimentary environment), time and spatial scale, different
domains of application can be defined for different tracer properties (Figure 2). When the
field of interest is the fingerprinting of historical alluvium sources, some additional
constraints can be made concerning the application of fingerprints. For example, tracer
properties that are only useful for present day studies (e.g artificial tracers) obviously should

not be considered at all.

III Processes affecting tracer properties from source to sink

As mentioned earlier, one of the main assumptions regarding tracer properties is that they are
conservative. That is why it is important to know which potential controls there are on initial
tracer concentrations and how these concentrations might be altered by sedimentary and post-
depositional processes. Several processes might affect tracers from the moment the sediment
is generated, during alluvial transport, when it is deposited and afterwards. Here the most
important processes impacting the use of tracers for fingerprinting alluvial sediment at

historical timescales are discussed, an overview is given in Figure 3.
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1 Source area weathering and erosion

The primary control on tracer properties is source area weathering. There are three main
factors that determine the nature and degree of source area weathering, namely lithology,
climate and topography. Where in many cases there is a clear link between soil parent
material composition and lithology (Klassen, 2009) and the primary grain size distribution of
sediment sources is dependent on the underlying lithology (Abraham et al., 1999), the nature
of the topsoil depends mostly on the degree of weathering. Moreover chemical weathering has
the ability to significantly alter sediment source compositions. Whereas the success of a
provenance study largely depends on the degree that potential sources can be discriminated,
the spatial distribution of potential sediment sources determines the spatial resolution that can
be achieved. The spatial heterogeneity of the sources thus limits the spatial resolution of
provenance determinations. In present day studies this heterogeneity can be enhanced with the
use of artificial tracers (Collins et al., 2010b), whereas for studies on larger temporal scales,
the distribution of different lithologies largely controls the attainable spatial resolution. As
temperature and moisture determine the degree of chemical and physical weathering, the
distribution of climatic zones defines spatial patterns of weathering (Pope et al., 1995). Long-
term climatic fluctuations may also induce different weathering conditions resulting in
temporal variations in sediment source compositions (Morton and Hallsworth, 1999). Next to
climate, also the erosion rate relative to the weathering rate is important for understanding the
composition of the regolith. If erosion goes faster than weathering, the characteristics of the
parent material will be better preserved, whereas faster weathering will yield more altered
material (Morton and Hallsworth, 1999). Topography is an important factor controlling both
erosion and weathering rates. As weathering can have a profound impact on the composition
of source materials, the degree of weathering can determine which tracers are available to
differentiate between potential sediment sources. As weathered and un-weathered material
can significantly differ in composition, both should be considered as potential sediment
sources (Yu and Oldfield, 1993). This can be especially important for historical sediment
fluxes as progressive erosion may induce an increasing contribution from un-weathered

material.

2 Size selectivity of erosion and sedimentary processes
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Although sediments will resemble to some degree the grain size distributions of their sources,
generally speaking there will be a discrepancy between the grain size distributions of
sediments and sources resulting from the size selectivity of erosion and sedimentary processes
(Mclaren, 1981). As finer particles are more likely to be transported than larger ones,
sediment carried by runoff has a higher proportion of fine grains than its source (Basic et al.,
2002; Mclaren and Bowles, 1985; Stone and Walling, 1997). When considering suspended
load on the other hand, the effect of selective erosion seems to be of minor importance when
compared to preferential deposition during transport (Walling and Moorehead, 1989). During
transport coarser grains tend to be preferentially deposited (Mclaren, 1981). It should be noted
that presence of soil aggregates has a significant impact on the size selectivity of deposition
processes (Beuselinck et al., 2000). The hydraulic behaviour of detritus is, however, not only
a function of grain size, but also of density and grain shape. Whereas grain shape is an
important factor for platy minerals, the hydraulic behaviour of most sub-spherical particles is
controlled by size and density (Dietrich, 1982). Generally speaking the principle of hydraulic
equivalence dictates smaller, denser grains to be deposited with larger, lighter grains. On the
other hand particles that are settling-equivalent are not necessarily equally prone to
entrainment. During the reworking of sediment, coarser but less dense particles tend to be
easier entrained than smaller but denser particles (Garzanti et al., 2008). In this way, heavy
minerals can be accumulated, but also ratios of more and less dense (heavy) minerals can be

altered, resulting in compositional heterogeneities within deposits (Garcia et al., 2004).

Besides sorting effects, several wearing mechanisms are responsible for the abrasion of
sedimentary particles. Where sorting will result in the concentration of different mineral
groups into different grain size classes, abrasion will cause weaker clasts to break down into
finer particles, resulting in a gradual concentration of more resistant particles in coarser grain
size classes and vice versa. Although the effects of abrasion are certainly important on coarse
particles in high-energy sedimentary environments (Kodama, 1994a, 1994b; Whitmore et al.,
2004), there seems to be no significant effects of abrasion on large sand-bed rivers (Frings,

2008).

Typically, sand and clay to silt sized deposits with a similar provenance can have distinct
compositions due to the accumulation of different types of minerals in different grain size

classes (Ohta, 2004, 2008). Sorting effects moreover cause shifts in composition between bed
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load, suspended load and floodplain deposits (Singh, 2009). The compositional discrepancy
between different particle size classes originates during source area weathering, as less stable
grains are more readily decomposed to finer particles (Nesbitt et al., 1996). Moreover, metals
seem to be concentrated in the fine fraction of sediment (Stamoulis et al., 1996). As chemical
weathering is expected to impose linear trends on composition versus grain size, physical
processes tend to create stepwise patterns of composition in function of grain size (Tolosana-
Delgado and von Eynatten, 2010). Although there are some strong relations between grain
size and sediment composition, surface area is likely to be equally important (Horowitz and
Elrick, 1987).

Finally, not only the input of detrital material is determining the composition of sediments,
also the biogenic flux of organic and skeletal material can have an important influence on
sediment composition (Sageman and Lyons, 2003). In particular differences in organic matter
content between sources and sediment can yield erroneous provenance determinations as
organic matter has an important influence on the geochemical and radionuclide composition
(Hirner et al., 1990).

As discussed above, different stages of weathering and hydraulic sorting yield compositional
differences between different grain size classes. This not only implies that different grain size
classes from a deposit with a similar provenance can differ in composition, but also that the
different grain size classes within a deposit can have a distinct provenance (Benedetti et al.,
2006; Eberl, 2004b; Piper et al., 2006; Thoms et al., 2008). It is therefore important to split
both the sediments and their potential sources in a range of representative grain size classes
and focus on one class or study the different classes separately. Moreover, different particle
size classes can require different tracers to unravel their provenance. The question is where to
draw the line. First of all, a distinction can be made between suspended load and bed load.
Whereas for bed load, gravel- and sand-sized should be treated separately, further subdividing
the sand fraction may yield erroneous provenance determinations (Garzanti et al., 2009). For
suspended load a strong grain size control on sediment composition has been recognised, but

nevertheless the <63 um fraction seems to be representative (Horowitz and Elrick, 1987).

3 Post-depositional alteration of alluvial sediment properties
After deposition, sediments are prone to a range of processes related to soil formation and
weathering. First of all, leaching of unstable minerals (Morton and Hallsworth, 1999) can

result in altered mineralogical and geochemical compositions. As for source area weathering,
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the degree of leaching is strongly climate dependent. Besides climate, the sedimentary
environment needs to be considered as well. For instance, in coastal areas rising sea levels can
introduce salt water into sediments causing cation exchange reactions resulting in an
alteration of certain elements, as has been demonstrated for 37Cs in coastal lagoons in SW
England (e.g. Foster et al., 2006). Moreover oxido-reduction reactions associated with
groundwater table variations may result in the solution of Fe-bearing minerals, which are the
key feature for magnetic measurements (Dearing, 2000). Besides the destruction of minerals,
also new phases can be formed, e.g. authigenic carbonate and bacterial Fe-oxides. Finally,
sediments may be disturbed by biological activity, mixing sediments of different ages or
adding organic material to the deposits.

Consequently, care should be taken when appropriate tracers are selected for provenancing
floodplain deposits and potentially unstable phases should be avoided. To get an idea of the
degree of weathering within the floodplain, detailed field observations are necessary and
furthermore several geochemical indexes of weathering can be used (Burke et al., 2007; Le

Pera et al., 2001; Roy et al., 2008).

IV Suitable fingerprints for historical alluvial sediments

A state of the art overview is provided in Figure 4, in which the number of alluvial
provenance studies is represented for each temporal, spatial and grain size class.

As tracers have different fields of application regarding grain size, the type of floodplain will
imply some constraints regarding the use of fingerprints. The provenance determination of a
coarse gravel deposits will obviously require a different approach than the study of a fine
grained deposit. Moreover due to weathering and hydraulic sorting different size fraction may
be characterized by a distinct composition and/or provenance. Therefore, it is necessary to
split sediments in different grain size fractions and study those fractions separately or focus
on one specific size fraction. The chosen fraction(s) should of course be representative for the
deposit being studied. As in this paper the main concern is to study the anthropogenic impact
on soil erosion on a historical time scale, the grain size window is the clay and silt fraction.
The field of interest is thus to unravel the provenance of fine grained (< 63 pum) alluvial
sediment on a historical time scale (50 — 10 000 a) and an intermediate catchment scale (10 —

10 000 km?).
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As shown in Figure 4, most research is conducted on contemporary river systems. Popular
fingerprints in present-day studies for fine grained fluvial sediments are geochemical tracers,
fall-out radionuclides and mineral magnetic signals (Figure 5). However, when the spatial
scale increases, geochemical tracers maintain their dominant position, but other properties
diminish, making place for mineralogical tracers and isotope ratios. Shifting to larger
temporal scales will put some constraints on the use of certain tracers, for instance
biogeochemical tracers are not conservative beyond the scale of contemporary studies and the
use of radionuclides is limited to recent historical (50 - 100 a) research (e.g. Mabit et al.,
2008). The number of tracer groups that have been applied for fingerprinting fine sediment on
a historical time scale is rather limited, only geochemical tracers, radionuclides, mineral
magnetic tracers and physical properties have been used (Figure 5). This is mainly because of
the low number of studies in this field and does not mean that other properties cannot be
useful. Furthermore, a large proportion of these studies were performed on deposits from the
last 200 years, and hence the main reason for the position of radionuclides. As shown by the
more general overview provided in Figure 2, both mineralogical tracers and isotope ratios
show great potential to fingerprint historical alluvium (Figure 2). Especially the isotope ratios

of Nd, Sr and Pb might be useful, because of their conservative nature.

Processes that affect tracers after deposition should be considered as well. Not all tracers used
in contemporary studies are necessarily conservative on a historical time scale due to post-
depositional alteration processes. The use of tracer properties that are potentially not
conservative should hence be avoided. For instance, the formation of secondary ferrimagnetic
minerals and the reductive transformation of iron-bearing minerals can have a severe impact
on the magnetic signal derived from floodplain deposits. Although mineral magnetic tracers
have been used in historical studies (e.g. Foster et al., 2007; Ghilardi et al., 2008; Owens et
al., 1999), sometimes it might be favourable to use magnetic inclusions instead (Hounslow
and Morton, 2004; Mabher et al., 2009). When certain minerals are leached after deposition,
specific extraction methods can be used to focus on the composition of the geochemically
stable phases. For instance, if the carbonate fraction behaves non-conservatively due to
solution phenomena or the formation of authigenic carbonate nodules, the carbonate-free
geochemical signal can be used instead of the bulk composition. Moreover, in low-energy

sedimentary environments, floodplain deposits can contain a considerable amount of organic
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material. As this can have a significant impact on the geochemical composition of the

sediment, the organic material should be removed prior to analysis.

To illustrate use of tracers on historical alluvium, three case studies are considered. As
mentioned before, popular fingerprints used on a historical time scale consist of geochemical
and mineral magnetic properties (Figure 5). Collins et al. (1997b), for instance, used
geochemical fingerprints to identify the sediment sources of recent historical flooplain
deposits (100 a) of the Exe and Severn catchments, UK. While in the Exe catchment sediment
sources remained constant over time, except for a flood in 1960, sediment sources changed
considerably through time in the Severn catchment (Figure 6). This is a nice illustration of
how two different catchments, both prone to land use changes, show a distinct response to

human impact.

Foster et al. (1990) on the other hand used mineral magnetic fingerprints to determine
historical (1765 — 1853) and contemporary (1986 — 1987) sediment yields and sources of the
Seeswood and Merevale catchments in Midland England. The sediment source area model of
the Seeswood catchment (Figure 7) shows the change of sediment sources through time and
its significant impact on sediment yield. Especially the contributions from sliding banks and
poaching in the northern stream have significantly increased through time. This example is a
nice illustration of the advantage of incorporating provenance data into sediment budgets.
Finally, Hamlin et al. (2000) studied sediment dynamics on a much larger temporal scale
(Pleistocene to recent) to elucidate the response of the Voidomatis river in North-west Greece
to climatic cycles (Figure 8a). Both geochemical and mineral magnetic properties were used
to differentiate sources and calculate their contributions. The first cold sedimentation phase
following the last interglacial is characterised by a notable input of flysch material, which had
been prone to weathering and soil development during the preceding warmer period. Later
cold fine sediment fluxes are dominated by material derived from the limestone areas,
reflecting the importance of glacial weathering and erosion. The post-glacial period was
characterised by advancing incision due to the decline of glacial erosion and the stabilisation
of slopes by vegetation. Only in the Late Holocene higher rates of sediment accumulation
were recorded, with elevated inputs from the flysch area (Figure 8b). In all three examples
mentioned, a quantitative approach was used, namely a linear mixing model. More

information about possible approaches is given in the following section.
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V Sediment source ascription

Given a set of suitable tracers, the data obtained can be processed in different ways to yield a
provenance determination of the deposits in question (Foster and Lees, 2000; Walden et al.,
1997). These approaches range from qualitative means of describing likely sources of
sediment to quantitative mixing models that actually allow to calculate the contributions from
different potential sediment sources. Although the ultimate goal is a quantitative assessment
of sediment provenance, it is very useful to start with a qualitative inspection of the tracer
data. An overview of different approaches is provided in Figure 9.

It should also be mentioned that some tracer properties consist of compositional data, being
proportions or percentages, often referred to as closed data because they sum up to some
constant, equal to 1 for proportions, 100 for percentages or another constant depending on the
unit of the data. Care should be taken when analysing such data and appropriate
transformations might be needed before applying certain multivariate techniques (Aitchison,

1986).
1 Biplots and Ternary diagrams

The simplest method is to use biplots of sediment tracing properties to explore which of the
potential sources has the greatest affinity with the sediments in question. Moreover this
approach provides a first indication of which tracers best discriminate the potential sediments
sources. Although only yielding qualitative results, plots of geochemical element ratios
provide robust provenance information, not biased by sorting effects or post-depositional
alteration and thus conservative on large temporal scales (Fralick and Kronberg, 1997).
Besides biplots, ternary plots are also quite popular for provenance determinations. However,
when tracers are plotted in a ternary diagram, a closure operation is performed, making the
data compositional. Because different tracers can differ significantly in order of magnitude,
compositions may plot close the boundaries of the ternary diagram. To circumvent this
problem and gain a better visualisation the data can be centred on the plot (von Eynatten et
al., 2002). Moreover compositional trends can be described mathematically, yielding
quantitative information about processes influencing sediment composition (von Eynatten,

2004). Garzanti et al. (2006) used a ternary diagram to describe the mineralogical
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composition of Nile river sands (Figure 10). Although this plot clearly indicates that different
river sections are characterised by different sediment sources, reworking and weathering,
quantitative information about the linkage between different parts of the catchment cannot be

directly derived from this plot.

2 Statistical approaches

One of the basic requirements of tracer properties is that they clearly differ between different
potential sediment sources. Moreover, it is often useful to identify the smallest set of tracers
that allows to distinguish sediment sources, a so called optimum fingerprint (Collins et al.,
1997a). To investigate the suitability of tracers, several statistical approaches can be used. At
first the tracers significantly different between the sources need to be identified. When
selected tracer properties are normally distributed, the Tukey test can be utilised. However, if
tracer properties are not characterised by normal distributions, as is often the case, non-
parametric tests are more powerful. When there are only two potential sediment sources, the
Mann-Whitney U-test, also known as the Wilcoxon rank sum test, can be applied. In the more
common case, where there are more than two potential sources, the Kruskal-Wallis H-test can
be used (Davis and Fox, 2009). Once significantly tracers have been identified, multivariate
techniques can be used to test which properties best distinguish the different sources.
However, one should always consider the underlying assumption made when applying
multivariate techniques. One of these assumptions is that the data analysed are normally
distributed. As already mentioned, this is often not the case. An additional issue is that data
can be compositional. To cope with these difficulties, it can be useful to apply transformations
to the data (e.g. Reimann et al., 2008). One of the most applied methods to determine the
“optimum fingerprint” is linear discriminant analysis. This multivariate method is used to
estimate a relationship between a non-metric dependent variable (sources) and a set of metric
independent variables (tracers) (Hair et al., 1998). To identify the “optimum fingerpint” a
stepwise procedure is used based on the minimisation of Wilks’ Lambda (Collins et al.,
1997a). This is a test statistic used in multivariate analysis of variance to check for
differences between the means of predefined groups on a combination of dependent variables
(Everitt and Dunn, 2001). Similar to discriminant analysis, it is also possible to apply logistic

regression on compositional data. . Thomas and Aitchison (2005) used binary logistic
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regression to select the geochemical sub-composition that best differentiates two types of

limestone.

In addition to statistical approaches that allow to identify the best discriminating tracers, it
might be useful to apply data reduction methods such as principal component analysis (PCA)
or Factor analysis to visualise data (Hardy et al., 2010; Piper et al., 2006). Especially in the
case where a large number of tracers is used this may be handy. Moreover, related variables
can be grouped according to the loadings on different components (Ohta, 2004). When
applying multivariate techniques on compositional (closed) data, one should always bear in

mind to apply appropriate data transformations (Filzmoser et al., 2009; Reimann et al., 2008).

3 Linear mixing models

Finally, to yield a quantitative source ascription, multivariate linear mixing models are
developed. It should be noted that only properties that are linear additive can be used in these
linear models. It has been shown that certain magnetic properties are not linear additive (Lees,
1997) and although elemental ratios tend to be robust measures (Fralick and Kronberg, 1997),
they seem to be not linear additive and cannot be used in linear mixing models (Walling,
2005). In this linear modelling approach the sediment sources are regarded as end-member
compositions of which the contributions to different sediment samples can be calculated
(Renner, 1993). If the sediments would be perfect mixtures of the sources, a series of linear
equations could be written that expresses sediment samples as unknown proportions of

sediment sources.

Mi = PISM+ R PnSni

Mm = P1$11m+ R PnSnm

M =PS Pi+..+P=1 Py, ....P,=0
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Where M; represents the concentration of tracer i in a sediment sample, S;; the concentration
of tracer i in source j and P; the proportion of source j, given that there are m tracers and n
sources. In reality the sediments will not be perfect mixtures of the source end-members, so

the system should better be described with

M=PS+E

Where E represents the tracer concentration discrepancy between the natural sediment and the
simulated mixtures. Furthermore, in many cases there are more tracers than sources, so the
number of equations exceeds the number of unknowns and the system is over-determined.

There are several ways to solve such a system. One way is to minimise the sum of squares of
the errors between the calculated and actual sediment composition (Collins et al., 1996). To
reduce the complexity of over-determined systems, a set of linear combinations of the
variables can be used instead of the tracer data itself. For this purpose, data reduction methods
such as PCA can be applied (Liu et al., 2008). Another way to solve the system is to describe
the tracers of each source with multivariate normal distributions. With the help of Bayesian
statistics, a probabilistic solution for the system can be found. The posterior distribution of all
unknown parameters, including the proportions of the sources, is determined via Markov
Chain Monte Carlo simulation (Fox and Papanicolaou, 2008b). This approach is moreover
applicable to compositional data as they have a logistic normal distribution (Aitchison and
Bacon-Shone, 1999; Billheimer, 2001). An advantage of the Bayesian approach is that spatial

variability can be implemented in the model (Palmer and Douglas, 2008).

The fact that in the Bayesian approach sediment source compositions are represented by
distributions points out that sources are not fixed compositions, but are defined by a cluster of
observations (Aitchison and Bacon-Shone, 1999). The resulting posterior distribution thus
gives an idea of the uncertainty associated with the source ascription. Small et al. (2002)
showed that this uncertainty is largely dependent on the number of samples in each source
group, with more source group samples (twenty to hundred) significantly reducing
uncertainty. To incorporate the variation of the source composition in the least squares
method and get an idea of the uncertainty, a Monte Carlo approach is used and tracers are
randomly sampled from their distributions (Collins et al., 2010a; Joerin et al., 2002; Martinez-

Carreras et al., 2008; Rowan et al., 2000). This will yield probability density functions of the
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contributions from the different sources. To reduce the uncertainty of the model and cope
with different factors that influence sediment composition, it is possible to implement a series
of correction factors to take account differences in grain size distribution and organic material
content between sources and sediments, the within-source variation of each tracer property
and to weigh the different tracer properties according to their ability to distinguish potential
sources (Collins et al., 2010a). Although the effects of sorting on sediment composition are
widely recognised, the effect of the compositional discrepancy on provenance determinations
is disputable, especially when the study focuses on a restricted particle size range. Fu et al.
(2008) found that element concentrations were enriched in the finer fraction, but that this had
no significant impact on the provenance determination, meaning that the fraction smaller than

63 um can be considered representative for suspended load.

Obviously linear mixing models yield the provenance information needed to study historical
sediment fluxes. Quantitative determinations of the contributions of different sediment
sources provide a means to elucidate the coupling between different geomorphic areas. As
illustrated in the previous section, the response of different river systems to land use changes
can be nicely unravelled with the use of linear mixing models (e.g. Figure 6 and 7). Whereas
plots of tracers give a nice idea about the main sediment sources (e.g. Figure 10), they lack
the quantitative output generated by linear mixing models. Qualitative approaches are

nevertheless useful to explore a set of tracers before applying quantitative models.

VI Concluding remarks

The method of sediment fingerprinting is a powerful tool to obtain more detailed information
on sediment sources and sinks in addition to historical sediment budgets. Especially when
quantitative provenance information is incorporated in sediment budgets and modelling
approaches, valuable information is gained on sediment dynamics. Depending on the
floodplain typology of the river system in question, several tracer properties can be applied. It
should however not be forgotten that the primary requirement is that spatially defined sources
are sufficiently different from each other and that their spatial heterogeneity allows a good
resolution of the fingerprint outcome. So far, the review only considered several tracer

properties separately, it should be noted, however, that is often better to combine different
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sets of tracers. In this way, it is easier to detect the non-conservative behaviour of certain
tracers.

There are, however, some limitations of historical provenance studies compared to
contemporary studies. First, the temporal resolution of present day studies is usually much
higher, mainly because a detailed chronology of floodplain deposits often cannot be
established. Secondly, the spatial resolution of historical studies is limited when compared to
contemporary research. The distinction of historical sediment sources is mainly based on
differences in lithology and weathering, while radionuclides and biogeochemical tracers can
also be used in present-day studies to distinguish areas under different land use. For historical
time periods, information on historical land use patterns is often not available (e.g.
Verstraeten et al., 2009a). Furthermore, the spatial resolution of contemporary studies can be
increased by applying artificial tracers.

Moreover, the choice of tracers is often determined by the equipment present in an institution.
This is one of the reasons why e.g. geochemical fingerprints are quite popular. Also, cost-

effectiveness issues can prohibit the use of particular methods.
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Figure 1 Conceptual catchment with: (a) regular sediment budget; (b) contributions of source
areas to floodplain deposits as elucidated by fingerprinting; (c) contributions of tributaries to

floodplain deposits as elucidated by fingerprinting
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Figure 2 Overview of tracer properties considering their fields of application, the thickness of

each bar is relative to the number of studies in each class.
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Figure 3 Processes affecting tracer properties from source to sink
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Figure 5 Tracers used to fingerprint fine grained alluvium in a number of settings, on

contemporary and historical time scales and local to regional spatial scales.
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Severn (b) catchments, UK (Collins et al., 1997b)
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Figure 8 (a) Geological map of the Voidomatis catchment (b) Results of the linear mixing

model of several alluvial units (Hamlin et al., 2000)
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