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Abstract
Purpose Water reservoirs around the world suffer from accel-
erated sediment loads and, consequently, contamination. No-
tably, in water-scarce regions such as Jordan, this poses a
threat to an important water source, and identifying the sedi-
ment sources is an important task. Thus, a sediment finger-
printing study in the Wadi Al-Arab catchment of northern
Jordan was implemented with special attention directed to
the development of suitable correction factors necessary to
improve the comparability of source and sink sediments.

The selection of seven conservative elements for the sediment
fingerprinting was made, with specific attention directed to the
chemical environment of the reservoir.
Materials and methods Thirty-six samples from six different
surface and subsurface sources and 38 sink samples from the
Wadi Al-Arab reservoir were collected. In total, 27 organic
and inorganic elements as well as radionuclides were
analysed. Two vertical physicochemical water profiles provid-
ed information on the pH and Eh conditions and common
element concentrations. The stepwise multiple regression
analysis model (SMRAM) was developed to explore param-
eters that influence the element concentrations and their inter-
relations, and to calculate an element-specific correction fac-
tor. The standard selection procedure was expanded by the
comparison of water and sink sediment element concentra-
tions, a literature review concerning the pH and Eh conditions
and, in selected cases, a correlation analysis.
Results and discussion The combination of Al, Cr, Mn, Fe,
232Th, 228Th and 137Cs provided the best source discrimination,
and based on Monte Carlo simulations, the mixing model re-
vealed the existence of threemajor sediment source areas. These
are as follows: (i) olive orchards on slopes, which delivered 59±
8 % of the sediments in the sink; (ii) cultivated fields on plateau
and saddle positions contributed 11±9 %; and (iii) slopes with
natural vegetation used for grazing contributed 29±15 % of the
deposited sediment. With a mean residual error of 1.04 %, the
sum of the source concentrations differs only slightly from sink
concentrations and proves that the model is reliable.
Conclusions The SMRAM model revealed that the different
inorganic (total inorganic carbon, TIC) and organic (total or-
ganic carbon, TOC) carbon contents and the clay/sand content
influence the element concentrations of the sediment samples.
Due to the carbonatic environment, it was mainly necessary to
correct for TIC. Applying an expanded literature review re-
garding the chemical environment under investigation, in
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addition to the standardmass conservation and Kruskal-Wallis
test, prevented possible non-conservative elements from en-
tering the discriminant analysis.

Keywords Correction factors . Grain size selectivity .

Jordan . Soil erosion . Stepwisemultiple regression

1 Introduction

In semi-arid regions, where water is scarce, soil erosion on slopes
decreases the water infiltration potential, causes accelerated sur-
face water runoff and thus reduces the recharge of aquifers.
Eroded sediments are flushed into surface water reservoirs and
often deteriorate the water quality and the reservoirs’ capacity
(Palmieri et al. 2001; Slimane et al. 2013; Vanmaercke et al.
2011). In the extremely water-scarce nation of Jordan, surface
reservoirs play a tremendous role in freshwater supply (Nortcliff
et al. 2008). Increased sediment deposition due to erosion pro-
cesses was reported by several authors in water reservoirs along
the Lower Jordan Valley as they are the final sink for surface
runoff and sediments (Ghrefat and Yusuf 2006; El-Radaideh
2010; Al-Ansari and Shatnawi 2011; Al-Ansari et al. 2012). To
mitigate this problem, it is of great importance to define relevant
sediment sources and their respective contribution to the sink.

Sediment fingerprinting has been proved to be a valuable
tool for this task (Davis and Fox 2009; Owens and Xu 2011;
Mukundan et al. 2012; Koiter et al. 2013a). Each potential
source is characterized by discriminating properties or ele-
ments. By applying a multivariate mixing model, the source
composition is iteratively determined byminimizing the sum of
squared weighted errors of the element concentrations between
the estimated source mixture and sink (Yu and Oldfield 1989;
Walling et al. 1993; Collins et al. 2010; Wilkinson et al. 2012).

A variety of discriminating properties are used, for example,
grain size, sediment colour, plant pollen, mineral magnetism,
organic and inorganic elements, radionuclides, stable isotopes,
rare earth elements and biogenic properties (Foster and Lees
2000; Collins and Walling 2002; Walling 2005, 2013; Davis
and Fox 2009; Mukundan et al. 2012). The basic assumption
of the method is that suitable properties are comparable between
source and sink, and that they stay conservative during transport
(Davis and Fox 2009; Koiter et al. 2013a). However, particle
selection during transport can lead to an accumulation of smaller
particles and organic matter with a higher specific surface area
(SSA) in the sink (Koiter et al. 2013a;Walling 2013).Moreover,
the larger the SSA of a particle, the more the elements are
adsorbed to it and thus have the potential to hinder a direct
elemental comparison between source and sink (Horowitz
1991; Collins et al. 1997; Motha et al. 2002; Koiter et al.
2013a; Walling 2013). In contrast, high carbonate concentra-
tions in a sample dilute the elemental content compared to those
with lower carbonate concentrations (Horowitz 1991).

To make a successful comparison between source and sink,
one may restrict the element analysis to specific grain size frac-
tions, for example, <2 to <63 μm (Motha et al. 2004; Collins
et al. 2012; Wilkinson et al. 2012). This requires profound
knowledge of the transport and the accompanied change in grain
size composition (Koiter et al. 2013a, b;Walling 2013). Another
option is to use correction factors (Collins et al. 1997, 2010,
2012; Walling et al. 1999; Russell et al. 2001; Krause et al.
2003; Foster et al. 2007; Koiter et al. 2013a; Smith and Blake
2014). Some authors additionally remove organic carbon as a
second correction (Motha et al. 2004; Wilkinson et al. 2012).

Since the study presented here was preliminary, no previous
knowledge existed concerning grain size fractions, particle se-
lection, organic/inorganic carbon contents and their effects on
the element concentrations. Consequently, we decided to apply
correction factors to account for the comparability of the sed-
iments, since selective grain size sampling or the removal of
organic matter would have implied the possibility of
overlooking important information within the data.

Correction factors were introduced by Collins et al. (1997)
and have become a widely used procedure in fingerprinting
studies (Walling et al. 1999; Krause et al. 2003; Foster et al.
2007; Collins et al. 2010, 2012). Correction factors have to be
determined for those parameters that influence the element
concentration, such as grain size and/or total organic carbon
(TOC). To derive grain size correction factors, dividing the
SSA in sink samples by the average SSA of the source sam-
ples has become a widely accepted approach (Walling et al.
1999; Krause et al. 2003; Foster et al. 2007; Collins et al.
2010, 2012). To correct the effects of TOC, the factor-
determination is similar and the TOC content of the sink is
divided by the TOC content of the source (Collins et al. 1997).
In the mixing model, both correction factors are sometimes
used as multipliers for each mean source element concentra-
tion, assuming that both influence each element independently
but in the same positive linear way.

However, Collins et al. (1997) and Mukundan et al. (2012)
report that the variances in element concentrations resulting
from the influences of particle size and TOC often overlap.
Thus, interrelations between the influential parameters particle
size and TOC exist, and correcting for both would make an
overcorrection likely. Russell et al. (2001) found that elements
were positively correlated with logarithmic SSA. Further-
more, they argued that the TOC influence is negligible com-
pared to the particle size and is due to the interrelations already
covered by the particle size correction. Smith and Blake
(2014) report that SSA and TOC may vary strongly due to
temporal changes in and between the sources and not exclu-
sively due to particle selectivity. Furthermore, they found in-
consistencies of direction and strength in their linear correla-
tion analysis between geochemical elements and SSA and
TOC. They concluded that establishing specific relationships
between elements and grain size fractions and correcting only
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for SSA should be done solely in cases where correction for
particle selectivity seems appropriate (Smith and Blake 2014).

Further difficulties appear if changing conditions overturn
the conservative behaviour of selected properties. This is the
case in the study area, where sediments get flushed from an
oxic environment into the Wadi Al-Arab Dam, where they
settle into an anoxic environment. There, pH changes and
important bio-geochemical reactions can occur, particularly
on sediment–water interfaces (Stumm and Morgan 1996;
Koiter et al. 2013a), possibly rendering fingerprinting ele-
ments non-conservative (Owens and Xu 2011; Koiter et al.
2013a). However, although well known, the influence of
changing environments on, for example, dissolution or com-
plexation of elements has rarely been discussed in fingerprint-
ing studies (Salomons and Mook 1987; Horowitz 1991;
Kelley and Nater 2000; Miller et al. 2005; Beutel et al.
2007; Foster et al. 2007; Kouhpeima et al. 2010; Slimane
et al. 2013).

The objectives of the present study were as follows: (1) to
introduce an alternative estimation of element-specific correc-
tion factors based on linear and nonlinear multiple regression
analysis; (2) to include physicochemical water parameters in the
selection process; (3) to evaluate the conservative nature of the
fingerprinting elements; and (4) to calculate the relative contri-
bution of each sediment source to the Wadi Al-Arab reservoir.

2 Study area

The Wadi Al-Arab catchment extends over 263.5 km2 in the
north west of Jordan. The Wadi itself cuts its way from the
Jordan Valley Escarpment (500 m a.s.l.) down to the Jordan
Valley (-164m a.s.l.) and is a tributary to the Jordan River. The
annual precipitation ranges from ∼530 mm in the east to
∼380 mm in the west, resulting in a Mediterranean to semi-
arid climatic regime. The catchment’s bedrock mainly consists
of limestone and marl with terrestrial input (Al-Sharhan and
Nairn 1997; Moh’d 2000). Figure 1 displays the extension of
the three major lithological units of the Upper Cretaceous and
Paleocene with the oldest unit (Al-Hisa Phosphorite/Amman
Silicified Limestone) in the east and the youngest (Umm
Rijam Chert) in the north and northwest.

Typical soil types for the region are Calcaric Cambi- or
Lithosols on the slopes and Chromic Vertisols or Vertic
Cambisols on top or saddle positions (MoA 1994). A plateau
used for agriculture characterizes the east of the catchment.
From there, an increase in relief is observed to the west and
south. Bare rock/soil (34 %), olive orchards (27 %), fields
(14 %) and natural shrubs on steep slopes (11 %) are the major
land cover units in the catchment. At the western outlet, the
Wadi Al-Arab reservoir collects the overland flow for agricul-
tural projects in the Jordan Valley as well as, during periods of
water shortage, for households in the capital, Amman. From

our own bathymetric investigations in October 2011 and from
GIS analysis, a yearly sedimentation volume of 67,000 m3±
6%was calculated for theWadi Al-Arab lake, posing an acute
threat to the reservoir due to the position of the dam’s outlet
(personal communication, Hussein Al-Shurieki 2011, dam di-
rector; own unpublished data 2011).

3 Definition of sediment sources

The erosive potential of several land units was the subject of
previous work. Under olive trees on slopes, splash, rill and
gully erosion occur and follow the downhill furrows, channel-
izing the runoff. Stone pedestals and siltation features in the
rills and gullies are also visible and tillage erosion is likely
(Kraushaar et al. 2014). On agricultural fields, ephemeral
gullies as well as piping were occasionally observed. Natural-
ly vegetated slopes experience intensive grazing and thus re-
duced resistance to water erosion (Yassoglou and Kosmas
1997; own unpublished results). In areas with sparse or no
vegetation cover, such as south-exposed slopes or accumula-
tions of new sediments from road construction, the accretion
of rills, stone pedestals, gullies as well as the occurrence of
badlands are common. The study aims to differentiate be-
tween these main sources: olive orchards (Source 1=S1;
Fig. 2a); fields for agriculture (Source 2=S2; Fig. 2b); natu-
rally vegetated slopes (Source 3=S3; Fig. 2c) and the uncon-
solidated rock and recent sediments of the three main geolog-
ical units Umm Rijam Chert (Source 4=S4; Fig. 2d),
Muwaqqar Chalk Marl (Source 5=S5; Fig. 2e) and Al-Hisa
Phosphorites/Amman Silicified Limestone (Source 6=S6;
Fig. 2f).

It was known from the literature that the heavy metal con-
centrations of the three different geological units were signif-
icantly different (Al-Sharhan and Nairn 1997; Moh’d 2000;
Moh’d and Powell 2010). Furthermore, observations showed
that the soil development on slopes (geomorphologically
active positions) compared to the top and saddle positions
(geomorphologically stable positions) is marginal. This shows
in the enrichment of conservative elements due to solution
weathering of the carbonatic rock and pedogenesis (Lucke
2007). The use of fertilizers and other agricultural additives
is reflected in certain geochemical elements, for example, N,
P, K and Cd (Ghrefat and Yusuf 2006). Finally, regular tillage
practice is known to homogenize the concentration of fallout
radionuclides, such as 137Cs, to the depth of the plough layer.
Based on these findings, a differentiation between the men-
tioned sources seemed possible. Sources S1–S3 represent sur-
face erosion from the mentioned land use units. Sources S4–
S6 represent subsurface erosion from linear features, as well as
unconsolidated rock and new sediments, differentiated by the
three main geological units (Table 1, Fig. 2).
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Fig. 1 Major geological units and sample locations in Wadi Al-Arab, Jordan
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4 Methods

4.1 Source sampling

For sources S1–S3, six composite soil samples were obtained
from different locations throughout the catchment (Fig. 1). Each
composite sample consisted of 10–20 subsamples depending on
the size of the orchard, field or slope and covered areas of 0.5–
1 ha. Subsamples were collected along transects of 15–20 m in
width, at a depth between 0 and 5 cm, and sieved to <2 mm.
About 1 kg of soil was collected in this way per site, focusing on
areas and material that are likely to erode, such as aggregates in
downhill furrows or loose soil on bare rock on a slope.

Sources S4–S6 represent subsurface samples and thus in-
cluded consolidated and unconsolidated geology. Consolidat-
ed geology samples were collected with a hammer and chisel
from exposed rocks. Care was taken to ensure that the
weathering crust and no material that had direct surface expo-
sure entered the sample. In case of unconsolidated material,
such as the Muwaqqar Chalk Marl (Fig. 1), 10 subsamples
were collected with a plastic shovel as a composite sample
from a depth of >30 cm.

Additionally, three samples of alluvial Wadi deposits (WD)
along the principal valley of Wadi Al-Arab were collected.
Sampling sites included two alluvial terraces from which ma-
terial was derived from the cleaned profiles at a depth of
>50 cm and one recent alluvial deposit, from which a surface

sample of 0–5 cm depth was taken. The aim of these samples
was to gather information on the composition of grain size
fraction during transport, and included the element concentra-
tion in the modified element correction approach.

4.2 Sink sampling

4.2.1 Wadi Al-Arab Dam reservoir sediments

Five reservoir sediment cores with an average length of 40 cm
were collected with a gravity corer of UWITEC (Umwelt und
Wissenschaftstechnik; Mondsee, Austria) different locations of
the reservoir (Fig. 1). Each sediment core was sliced into 5 cm
intervals resulting in a total of 38 samples. This sampling strategy
was chosen to represent the spatial and vertical variability of
potential fingerprinting elements in the lake sediment.

4.2.2 Wadi Al-Arab Dam reservoir water profiles

In addition, two profiles over the whole water column (18 m)
were investigated to compare water element concentrations
with those of the reservoir sediments. A peristaltic pump
was used to sample water in 2 m steps from the air–water
surface down to the bottom sediment (n=17). Physiochemical
parameters (Eh, T, pH, EC) were analysed directly with a
calibrated WTW Multiline P4 (Weilheim, Germany). The
measurement of the redox potential was done to avoid any

Fig. 2 Photographs of the six sediment sources: a sloped cultivated olive
orchards (S1); b agricultural fields on plateau and saddle positions (S2); c
slopes used for grazing (S3); d Umm Rijam Chert (S4); e Muwaqqar

Chalk Marl (S5); and f Amman Al-Hisa Phosphorites/Amman Silicified
Limestone (S6)
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significant influence of air oxygen on the measured value.
Each sample was filtered (0.45 μm CA-filter) and filled into
two HDPE bottles (60 ml) for cation and anion analysis. Cat-
ion samples were acidified with 0.2 ml 10 % HCl to prevent
adsorption on the sample bottle. The samples were kept cool
(<5 °C) and dark until analysis.

4.3 Laboratory analysis

For sample preparation, the reservoir sediment samples
were oven dried at 60 °C until constant weight. The
resulting aggregates were carefully ground with a mortar
and pestle for further analysis. The consolidated rock
samples were crushed to a particle size of 2 mm with
a jaw crusher (Retsch type B00; Haan, Germany). Table 2
gives an overview of the different analyses and instruments
used on the sediment samples.

The grain size fractions were determined in the geo-
chemical laboratory of the Technical University of Dres-
den following the Koehn method according to E DIN

ISO 11277:06.94. Due to the generally low TOC con-
tent (mean, 2 %) compared to the higher inorganic car-
bon content (mean, 6.5 %), an exemption of the DIN
was made concerning the destruction of organic carbon
with hydrogen peroxide following Blume (2004). The
elimination of organic carbon using H2O2 on heat plates
would lead to the destruction of the carbonatic sand
particles into silt and clay and cause a high error in
these fractions (Döpke 2004). Thus, the TOC was not
removed before the grain size analysis and therefore
appears as an average error of 2 %, mainly in the sand
fraction. Total inorganic content (TIC) and TOC of the
samples were analysed with a LECO RC 412 Multi-
phase Carbon Determinator (St. Joseph, USA) in accor-
dance with DIN EN 15936.

An energy dispersive X-ray fluorescence analyser
(EDXRF—SPECTRO X-LAB 2000 , Kleve, Germany) was
used to determine the elements As, Ba, Br, Cr, Cu, Fe, Mn, Ni,
Pb, Rb, Sr, Th, Ti, U, V, Zn and Zr. For sample preparation, the
homogenized sample mixture (4 g) and wax (0.9 g) were

Table 1 Characteristics and potential of discriminating elements for the six defined sediment sources

Source
no.

Morphology Soil type Land use Processes assumed to generate
characteristic element contents

Number of
samples

S1 Steep slopes >3–4° Shallow yellow Med. soils Cultivated mainly
with olives, ploughed
2–4 times per year

- 137Cs and 210Pbex ploughed into surface
layer-> concentration less intense,

- Enrichments of fertilizer in top soil (NPK)
- Concentration of conservative elements (e.g.

Mn, Al, Fe) medium enriched through
weathering.

6

S2 Stable positions <3°
(plateau and saddle
pos., terraces)

Deep red Med. soils Cultivated mainly with
wheat and vegetables,
ploughed >4 times
per year

- 137Cs and 210Pbex ploughed more
homogenously into surface layer—
concentration less intense,

- Enrichments of fertilizer in top soil (N, P, K)
- Concentration of Conservative elements

( e.g. Mn, Al, Fe) enriched through
weathering,

6

S3 Steep slopes >3–4° Shallow yellow Med. soils Not cultivated, natural
vegetation, grazing

- 137Cs and 210Pbex concentrated
on the surface

6

Source no. Morphology Sediment type Geological unit Processes assumed to generate
characteristic element contents

Number

S4 On slopes as well
as in levelled
positions

Sub surface samples of
(unconsolidated) rock
representing:

- initial (new) sediments,
- subsurface erosion->gullies,

C-horizons

Umm Rijam Chert (URC) - No 137Cs, no 210Pbex,
- Less pedogenetic enriched with

conservative elements,
- High Ca content,
- Differences in the genesis lead to

differences in the element content

6

S5 Muwaqqar Chalk Marl (MCM) 6

S6 Al-Hisa Phosphorites/Amman
Silicified Limestone (AHP/
ASL)

- No 137Cs, no 210Pbex,
- Less pedogenetic enriched with

conservative elements,
- High Ca content,
- Higher uranium content in phosphorites

6
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pressed to a pellet. Elements such as Al, Ca, K, Mg, Na, P, S
and Si of a sample were analysed with a sequential wave-
length dispersive X-ray fluorescence analyser (WDXRF—
Bruker AXS S4 PIONEER, Billerica, USA) following the
DIN EN ISO 12677 for sample preparation. A calibration
function was generated for both XRF instruments with stan-
dards of a known sample with similar matrix.

Additionally, gamma ray-emitting radionuclides of the
238U- and the 232Th decay chain as well as 40K and 137Cs were
measured with two GAMMA-X, N-type coaxial high purity
Geranium detectors (type GMX90-S; ORTEC, Atlanta,
USA). IAEA standards of similar matrix to the samples were
used for the calibration of the detector. The sample material
was filled in cylindrical plastic containers with a volume of
108 or 32 cm3, weighed and air-sealed to avoid the escape of
the 222Rn gas and keep the activity equilibrium between the
radionuclides of the 238U decay. The measurements were un-
dertaken 3 weeks after filling to guarantee the activity
equilibrium between long-life and short-life radionuclides.
Measurements were performed for 12 h per sample; further

processing was done using the Gamma-W software (Dr.
Westmeier GmbH, Ebsdorfergrund, Germany). 210Pbex was
calculated by subtracting the specific activity of 226Ra from
the specific activity of 210Pb.

Major ions in the water samples were analysed with
either inductively coupled plasma mass spectrometry
(ICP-MS, Elan DRCe, Perkin-Elmer, Waltham, USA)
(As, Cd, Cs, Fe, Mn, Rb, U—NIST Standard Reference
Material 1643e) or inductively coupled plasma atomic
emission spectroscopy (ICP-AES) (B, Ba, Ca, Fe, K,
Li, Mg, Na, P, Si, Sr—CIROS-Spectro Analytical In-
struments, Kleve, Germany) calibrated with matrix-
adjusted standard solutions. NH4 (DIN 38406—E5),
PO4 (DIN 38405—D11-1), NO3 (DIN 38405—D10)
and NO2 (DIN 38405—D10) were photometrically de-
termined using the EPOS Analyser 5060 (Eppendorf,
Hamburg, Germany). Ion chromatography (ICS2000,
Thermo Scientific (Dionex) Waltham, USA) following
EN ISO 10304–2 and DIN 38405 was used for Br,
Cl, NO3, and SO4.

Table 2 Overview of samples,
analyses and instruments Sample ID Number of

samples
Grain sizea Element

concentrationb, c
Radionuclidesd TOC/

TIC contentse

Source S1 6 X Xb X X

Source S2 6 X Xb X X

Source S3 6 X Xb X X

Source S4 6 Xb X X

Source S5 6 Xb X X

Source S6 6 Xb X X

WD 3 X Xb X X

Core 1 6 Xb X

Core 2 8 Xb X X

Core 3 8 Xb X

Core 4 8 X

Core 5 8 Xb X X

Water profile A 6 Xe

Water profile B 7 Xe

X = analyses was performed
a Pipette method following Köhn (DIN ISO 11277: 08.02)
b X-ray fluorescence (WDXRF, AXS S4 PIONEER, Bruker, Billerica, USA: DIN EN ISO 12677): Al, Ca, K,
Mg, Na, P, S, Si. Energy dispersive X-ray fluorescence analysis (EDXRF, X-LAB 2000, SPECTRO, Kleve,
Germany): As, Ba, Br, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Rb, Sb, Se, Sn, Sr, Th, Ti, U, V, Zn, Zr
c Inductively coupled plasma mass spectrometry (ICP-MS, Elan DRCe, Perkin-Elmer, Waltham, USA): As, Cd,
Cs, Fe, Mn, Rb, U. Optical emission spectrometry ICP-AES (Spectro BCiros^, Kleve, Germany): B, Ba, Ca, K,
Li, Mg, Na, P, Si, Sr. Ion chromatography (ICS2000, Thermo Scientific (Dionex), Waltham, USA: EN ISO
10304–2, DIN 38405): Cl, NO3, SO4, Br. Photometry (EPOS Analyser 5060, Eppendorf, Hamburg, Germany:
DIN 38406/05): NH4, PO4, NO3, NO
dN-type coaxial HPGe gammaspectrometer (GAMMA-X GMX90-S, ORTEC, Atlanta, USA): 137 Cs, 40K,
210 Pb, 226 Ra, 228 TH, 232 Th, 238U
e Infrared absorptions photometry (RC 412 Multiphase Carbon Determinator, LECO, St. Joseph, USA: DIN EN
15936): TIC, TOC
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4.4 Data correction—revised data correction factor

In the carbonatic catchment of Wadi Al-Arab, we considered
the sand, silt and clay content; the TOC as well as the TIC
percentage to potentially influence element concentrations, as
described by Horowitz (1991). These parameters that affect
the element content of a sample will be labelled as influential
parameters. A stepwise multiple regression analysis model
(SMRAM) was implemented to investigate linear and nonlin-
ear relationships, according to the best fit, between grain size
fractions, TOC and TIC, and the geochemical elements and
radionuclides, respectively. Results were incorporated into an
element correction factor while taking account of possible
interrelations between all the influencing parameters.

The basic assumption of the method is that a part of
the concentration variance of an element (elementi) can be
explained by the concentration variances of different influ-
ential parameters. The common variances need to be min-
imized to reliably relate source to sink samples. Applying
a regression model, the resulting R2 indicates the impact,
and the slope of the regression represents the intensity of
the influential parameter on the element concentration.
However, several influential parameters can impact the
variance of the elementi while at the same time also
impacting each other (inter-correlation). Establishing cor-
rection factors independently for the parameters could lead
to overcorrection. Therefore:

1. The SMRAM is driven on semi-partial coefficients and
Eq. (1) was chosen to simulate the natural concentration

variance of each element (bYi).

2. An element- and source-specific correction factor (CFis) is

produced from the ratio between simulated sink (bY isink )

and mean simulated source concentration of elementi (bYis)
(Eq.(2)).

3. Finally, a corrected element data set Ycis is generated for
the mixing model with Eq. (3).

The example given in Fig. 3 starts with bi-plots of the raw
data of each element (Yraw; n=21) in relation to the influencing
parameters. Here, the two with the highest R2 values at p
level=0.05 (*) are TIC and clay (Fig. 3a, b). The residuals
of the regression with the highest R2 (Fig. 3a) are then taken
to a semi-partial regression analysis (Fig. 3c) to explore the
interrelations between TIC and clay. In the case of the exam-
ple, the best fit was given by a linear relationship. However,
for each element, different positive and negative linear and
nonlinear models were appropriate and therefore used. The
semi-partial regression analysis is repeated until no more sig-
nificant R2 values between the residuals and the influencing
parameters occur. In the example of Fig. 3, Si only needs to be
corrected for TIC.

Once all significant influential parameters are identified for
each element and their influences quantified in regression
equations, they are summarized in one element-specific mul-
tivariate equation to merge the effects:

bY i ¼ Y raw IP1ð Þ þ Y resIP1 IP2ð Þ þ…þ Y resIPn−1 IPnð Þ ð1Þ

Where

bY i = simulated concentration of elementi based on the related

influential parameters; Yraw(IP1) = regression equation of Yraw
and influential parameter1 with highest R2; Y resIP1 IP2ð Þ =
semi-partial regression equation with the residual of Yraw(IP1)
and influential parameter2 with highest R

2; and n = number of
influential parameters.

Using Eq. (1), the mean element concentration of the var-
ious sources and the sink is simulated based on the quantified
relation of the relevant influential parameters content. This
allows one to relate the simulated concentrations of sink

(bY isink ) and source (bY is) and defines the source and element-
specific correction factors (CFis):

CFis ¼
bY isinkbY is

ð2Þ

Where

CFis = correction factor of elementi and sources; bY isink = sim-

ulated mean sink concentration of elementi; bY is = simulated
mean concentration of elementi in sources.

The correction factors are then used to correct the raw
element concentrations of the sources:

Ycis ¼ ri � CFis � Y rawis þ 1−rið Þ � Y rawis ð3Þ

Where
Ycis = corrected concentration of elementi in sources; ri =

adjusted R2 value of the multivariate regression equation; CFis
= corresponding correction factor of elementi in sources; and
Yrawis = raw concentration of elementi in sources.

The adjustedR2 of the multivariate regression equations are
included in Eq. (3) as a weighting. This ensures that raw ele-
ment concentrations have more weight in the correction of
Bless influenced^ elements compared to Bstrongly influenced^
elements.

The element data was divided into two data sets: surface
sources S1–S3 with the three Wadi deposit samples (n=21)
and subsurface sources S4–S6 (n=18). Since the latter
consisted of crushed stones, a grain size analysis was not
applied and only TOC and TIC were considered as influ-
ential parameters. However, Fig. 6 displays the mean TIC
contents of sources S4–S6, which are located above the
mean sink content. A data correction of TIC effects based
on the regression Eqs. (1–3) would therefore imply an
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extrapolation of the data set. This extrapolation is associ-
ated with increasing inaccuracies in the prediction of value
simulations and could therefore lead to overcorrections
(Freund et al. 2006). We decided to determine correction
factors for sources S4–S6 by using the Collins et al. (1997)
method for TIC together with the determined R2 values of
the regression analysis in Eq. (3) for data correction.

4.5 Element selection and mixing model

From the literature, we knew that all of the possible elements
analysed have been identified in previous studies as potential
fingerprinting properties and successfully implemented. Many
rely on the conservativeness of P, 238U, 226Ra, 210Pb and
210Pbex (van Wijngaarden et al. 2002; Motha et al. 2002;
Yeager et al. 2005; Collins and Walling 2007; Davis and Fox
2009; Evrard et al. 2011; Schuller et al. 2013). However, for
Wadi Al-Arab, these elements were excluded prior to element
selection because the geological unit Al-Hisa Phosphorites
crops out in the Wadi bed (Fig. 1) and contains easily mobi-
lized uranium and phosphorus (Moh’d and Powell 2010).

The procedure used in this study is based on commonly
used selection tools in sediment fingerprinting (Collins et al.
2010; Davis and Fox 2009; Wilkinson et al. 2012) and was
expanded by the inclusion of the water analysis results, a
literature review and statistical analysis (shaded block;
Fig. 4). This additional information ensured that the elements
passing the mass conservation test and the Kruskal-Wallis test
are surveyed a second time in regard to the corresponding

element concentration in the water profile and characteristics
mentioned in the literature concerning their solubility under
the given pH and Eh. If an element does not pass one of the
tests, it is excluded from further procedures.

The mass conservation test (Fig. 4a) ensured that the ele-
ment concentrations of the sink are located in between the
sources with the highest and lowest median concentration
plus/minus the corresponding median absolute deviation
(MAD). A violation hints at the element’s non-conservative
behaviour and/or the absence of important sediment sources
(Foster and Lees 2000; Haley 2010). The non-parametric
Kruskal-Wallis test (Fig. 4b) identifies elements that can dis-
criminate between at least two sources using the source median
concentrations of an element (Collins and Walling 2002). The

Fig. 3 The SMRAMmodel implementation in two steps: (1) Regression
analyses between Si and a influential parameter 1 (= TIC); b influential
parameter 2 (= Clay). (2) Regression (a) shows a higher R2 and therefore

the residuals of Si (TIC) are then plotted against influential parameters 2
(= Clay) in a semi-partial regression analyses. The low R2 of graph c
indicates that the variance of TIC also explained the variance of clay

Fig. 4 The element selection approach
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water analysis results (Fig. 4c) serve as an additional indicator
to eliminate the obvious soluble elements and reach a quick
reduction of elements for the following literature review. There-
fore, the element concentration of the sediments (mg kg−1) and
the element concentration of the water samples (mg l−1) were
converted to parts per million. Following the simple assump-
tion, if an element is soluble, then the content (ppm) in thewater
will be enriched by >1 % compared to the sediment content
(ppm). Elements that did not show any peculiarities or were not
analysed in the water samples were evaluated in regard to the
prevailing pH and Eh conditions, following the literature. All
elements that were described as soluble were excluded
(Fig. 4d). All elements that are compound-dependent soluble
were correlated with the respective elements and were rejected
in cases of a two-tailed significant relationship.

The remaining elements entered a stepwise linear discrim-
ination function analysis (Fig. 4e) to find the best source dis-
criminating composite fingerprint based on the raw data. The
element combination with the highest reclassification accura-
cy is used as the composite fingerprint in the mixing model
proposed by Collins and Walling (2002) (Fig. 4f and Eq (4)).
Instead of using a forward selection of elements driven by the
minimization of Wilks’ lambda, as suggested by Collins et al.
(1998), we agree with Haley (2010) that Wilks’ lambda may
not necessarily provide the best element combination in view
of the reclassification result due to variance inhomogeneity,
non-normal distribution and co-linearity of the element data.
Hence, the reclassification accuracy for all combinations of
the remaining elements was tested.

Collins et al. (2012) advocate the use of normality tests of
the data before element selection to decide if parametric or
non-parametric scale and local estimators of selected elements
are used in the mixingmodel. Due to the small sample number
within each source (n=6), median concentrations of the
sources as local parameters and the corresponding MAD as
scale parameters were used in this study. This guarantees a
reduced influence of data outliers.

The mixing model according to Collins et al. (2010) and
modified by Wilkinson et al. (2012; Eq. (4)) is solved itera-
tively by inserting random values for the unknown source
composition parts P1 to Pm until the sum of squares of the
weighted relative errors (ε) is minimized. This process is im-
plemented under the following constrains:

Pt ≥0X
Pt ¼ 1

ε ¼
Xn
i¼1

Si−
Xm
t¼1

PsV isYcis

 ! !
=Si

( )2

Wi

ð4Þ

Where
ε = sum of squares of the weighted relative errors; n = number
of elements used in the composite fingerprint; m = number of

sediment sources; Si = sink concentration of elementi; Ps =
unknown composition part of sediment sources; Vis = within-
source-variability weighting of elementi and sources; Ycis =
corrected concentration of elementi in sources and Wi = dis-
criminatory weighting of elementi.

To account for the heterogeneous nature of sediment
sources, the model was not only solved for the mean
element source concentrations, but also framed by a Mon-
te Carlo sampling procedure giving information about the
uncertainty of the source contributions based on the vari-
ability in element concentrations of the sources (Rowan
et al. 2000; Small et al. 2002; Krause et al. 2003; Collins
et al. 2010; Wilkinson et al. 2012). Student’s t distribu-
tions were computed for each element in each source by
using the source medians as local estimators and the cor-
responding MAD as the range of the corrected element
data (Ycis). The mean element concentrations of the core
samples reflect the sink concentrations in the mixing mod-
el. The mixing model was then solved 2000 times, ensur-
ing a homogenous distribution, with randomly generated
element fractions of Ycis within the two-tailed 95 % con-
fidence interval of the Student’s t distributions. The mean
of the 2000 mixing model results defines the source com-
position of the reservoir sediment and the standard devia-
tion reflects the source uncertainties.

For providing information about the reliability of the esti-
mated source composition, the mean relative error (MRE;
Wilkinson et al. 2012) was used:

MRE ¼ 1

r

Xr

j¼1

ε
n

� �
ð5Þ

Where
r = number of iterations; n = number of sources and ε = sum
of squares of the relative element equation errors (Eq. (4)).

The data correction and sediment fingerprinting was main-
ly applied using the open source statistic program R (R De-
velopment Core Team 2011). Table S1 in the Electronic Sup-
plementary Material provides an overview of the R-packages
and functions used.

5 Results

5.1 Sink chemistry, sediments and influencing parameters

The physiochemistry of the Wadi Al-Arab reservoir showed
an abrupt decrease from an alkaline (pH 8.2) to a neutral pH
(pH 7.3) as well as a drop of redox potential to <300 mV
below 8 m water depth, indicating anaerobic conditions in
the lower water body of the meromictic lake (Beutel et al.
2007). The reservoir sediment cores showed neither vertically
nor spatially significant variability in the element and isotope
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concentrations. Thus, the mean tracer concentrations of all
core sediment samples were used in the subsequent analysis.

The grain size analysis from the sources and the sink
showed a clear trend in grain size selectivity (Fig. 5). Sand
accumulates mostly in the Wadi deposits. Clay and silt frac-
tions are mainly transported through to the reservoir as
suspended sediment yield. The TOC and TIC contents of the
sources differ from the mean contents of the reservoir sedi-
ment (Fig. 6). Hence, grain size selectivity and substantial
differences in organic matter and carbonate content are
influencing parameters prohibiting the direct comparison be-
tween sink and source samples.

5.2 Data correction for sources one to three and Wadi
deposits

A total of 27 elements were analysed with SMRAM for the
influence of the influential parameters (i.e. sand, silt, clay,
TOC, TIC). Table S2 in the Electronic Supplementary Mate-
rial summarizes the results performed on the pedogenetic

sources S1–S3 and the Wadi deposit samples. Significant re-
lationships during the initial regression analysis are highlight-
ed and show that clay (2), TOC (7) and TIC (14) each have an
influence on 23 of 27 elements. Ni is not influenced by any of
the tested parameters, whereas Ba, Br, Cr, Cu, Na, P, Sr, Zn,
210Pb and 137Cs are only influenced by one of the aforemen-
tioned influential parameters. Furthermore, it is noticeable that
TOC-related elements are not influenced by sand, silt, clay
and/or TIC, and vice versa. Apart from Ca and Sr, the direc-
tion of dependency between TIC and the related elements is
negative, as is the dependency between sand and the related
elements. Clay (with the exception of P) and TOC are always
positively related with the elements. This study showed that
the silt content of a sample has no significant influence on the
element concentrations.

In the first-order semi-partial regression analysis, no further
significant relationships were observed between the residuals
from the initial regression analysis and the remaining influen-
tial parameters. Hence, the equations of the initial regression
analysis serve as element correction functions (Eq. (1)) and
the corresponding R2 values serve as goodness of fit for the
corrected data set development (Eq. (3)).

Table 4 shows the raw and corrected element
concentrations following the SMARM in comparison to the
method by Collins et al. (1997) using the SSA. Furthermore,
we added the within-source variability weighting used in the
mixing model. The SMARM-corrected values have a higher
similarity to the original concentrations and are therefore more
environmentally sensitive compared to the SSA method.

5.3 Data correction for sources 4 to 6

No significant relationships could be identified between TOC
and the elements using the SMRAM, while TIC is positive
linear related with Ca (R2=0.97) and negative linear related
with Cr (R2=0.39), Ni (R2=0.72), P (R2=0.54), Si (R2=0.82)
and Zn (R2=0.54) at p values <0.01.

Fig. 5 Mean grain size contents between sources S1 to S3, and Wadi
deposits and sink

Fig. 6 Mean TOC and TIC
contents for all sources, sink and
the Wadi deposits
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5.4 Element selection

Table 3 summarizes the selection procedure and shows that
Zn failed the mass conservation test. Ba, Br and Pb failed
the Kruskal-Wallis test. The comparison of water and sink
element content identified Na as non-conservative since
the water samples were enriched by 10.93 % compared to
the sediment concentration. The concentrations of Ca, Fe,
K, Mg, Mn, Si and Sr were <1 % and together with the
radionuclides they entered the literature review stage

(Fig. 4d) concerning pH and Eh. Horowitz (1991) and
Scheffer and Schachtschabel (2010) state that for an alka-
line to neutral pH and a relatively high mean content of
TIC—as found in the reservoir sediments—Al, Cr, Cu and
Ni behave conservatively. Fe and Mn-oxihydroxides are,
besides clay, important absorption partners for cations
(Horowitz 1991; Slattery et al. 1999), which may become
recycled under anaerobic conditions. However, in the Al-Arab
reservoir, the pH never falls below 7.3 and Eh always exceeds +
127 mV (own unpublished data; Saadoun et al. 2010), resulting

Table 3 Results of the element selection procedure

Element Mass conservation test
(Fig. 3a)

Kruskal-Wallis H test
(Fig. 3b)

Concentration in water
(Fig. 3c)

Literature and correlation
(Fig. 3d)

Source Chi2 p value Ø Water cont.c [mg l–1] Ø Water cont. [%] Conservative elements enter
linear discriminant analysis

Mina Maxa Sinkb

Al [ppm] 2000 33,913 30,267 31 0.000 n.m. n.m.d cons. Al

Ba 24 2268 573 10 0.080* /d / / Ba

Br 4 21 10 9 0.093* / / / Br

Ca 162,497 321,371 246,406 27 0.000 74 0 n.cons. Ca

Cr 11 238 223 21 0.001 n.m. n.m. cons. Cr

Cu 16 60 54 18 0.003 n.m. n.m. cons. Cu

Fe 350 25,256 20,002 31 0.000 0 0 cons. Fe

K 140 5030 3690 27 0.000 10 0 n.cons. K

Mg 1195 11,003 7007 24 0.000 38 1 n.cons. Mg

Mn 8 832 316 28 0.000 0 0 cons. Mn

Na 305 1156 1006 12 0.036 110 10.93e / Na

Ni 4 182 97 15 0.007 n.m. n.m. cons. Ni

Pb 2 12 11 10 0.061* / / / Pb

Si 8391 152,066 88,680 27 0.000 9 0 cons. Si

Sr 245 976 675 13 0.019 1 0 n.cons. Sr

Ti 155 3258 2244 31 0.000 n.m. n.m. cons. Ti

Zn 31 203 229f / / / / / Zn

Zr 5 152 80 31 0.000 n.m. n.m. cons. Zr
137Cs [Bq kg−1] 0 28 6 33 0.000 n.m. n.m. cons. 137Cs
40K 1 144 114 26 0.000 n.m. n.m. n.cons. 40K
228Th 1 18 15 31 0.000 n.m. n.m. cons. 228Th
232Th 1 17 10 30 0.000 n.m. n.m. cons. 232Th

TOC [%] 0 4 2 24 0.000 n.m. n.m. n.cons. TOC

Bold format when element is rejected

n.cons. not conservative, n.m. not measured, cons conservative

*Rejection if p value >0.05
aMedians of corrected elements±MAD
bØ Concentration of reservoir core samples [n=35]
cMean content of water profiles [n=17]
d (/) Rejected by previous test
e Rejection if >1 %
f Rejection if value is outside max and min range
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in stable conditions (Scheffer and Schachtschabel 2010) and,
hence, Mn and Fe can be considered as conservative. The ox-
ides and associated minerals of Ti, Zr and Th (232Th, 228Th) are
highly insoluble (Adriano 1986; Scheffer and Schachtschabel
2010) and consequently conservative, as is 137Cs (Motha et al.
2002).

Due to high phytoplankton production during winter
(Saadoun et al. 2008), and subsequent in situ sedimentation
of organic matter, TOC is excluded from the element selec-
tion. Furthermore, Adriano (1986), Horowitz (1991) and
Scheffer and Schachtschabel (2010) reported that the nutrients
K (including 40K) and Mg are possibly subject to leaching.
Thus, they were excluded from the selection procedure as a
precautionary measure. Overall, 12 components (Al, Cr, Cu,
Fe, Mn, Ni, Si, Ti, Zr, 137Cs, 232Th and 228Th) proved to be
conservative and were used for the stepwise linear discrimi-
nant analysis (Table 4).

The combination Al, Cr, Fe, Mn, 137Cs, 232Th and 228Th
provided the best source discrimination with a cross-validated
accuracy rate of 94.4 %. One sample of source S6 and one
sample of source S5 were misclassified to source S4. All sur-
face sources S1–S3 were correctly classified during cross-
validation (Table 5).

5.5Mixingmodel andMonte Carlo uncertainty estimation

The results of the mixing model indicate that 59±8 % of the
sampled reservoir sediments are delivered from sloped culti-
vated olive orchards (S1). Fields for agriculture on plateau and
saddle positions (S2) are associated with 11±9 %, with 29±
15 % derived from slopes used for grazing (S3) and 1±1.4 %
derived from the geological unit Al-Hisa Phosphorites/
Amman Silicified Limestone (S6). However, with reference
to the error, no sediment originated from the geological
sources (S4–S6). It was possible to reconstruct the mean ele-
ment concentrations of the sink with a mean residual error of
1.04 %.

6 Discussion

6.1 Data correction and element selection

Results showed that the grain size composition of the <63 μm
fraction of source and sink sediments was substantially differ-
ent (Fig. 5). Although Walling (2013) maintains that most
sediments transported are <63 μm, the change in fraction vol-
ume would have prohibited a direct comparison of source and
sink sediments, rendering the additional implementation of
correction factors necessary. Sampling smaller grain sizes
(<10 μm) as suggested byWilkinson et al. (2012) implies that
the source affiliation is only limited to this fraction and de-
mands proof that the chosen fraction represents the major
component of the sink sediment (Walling 2013). This was
not the case for the Al-Arab reservoir sediments since the
major component was silt (<63 μm).

Koiter et al. (2013a, b) shows that in catchments where
disintegration and/or attrition of sediments during transport
is likely, the general assumption that finer-grained material is
more chemically reactive can be an incorrect conclusion and
thus selective sampling of smaller grain size fractions is inap-
propriate. This might be of special relevance to carbonatic
catchments, such as the Wadi Al-Arab, where the disintegra-
tion of carbonatic sand particles needs to be considered. How-
ever, we recognize that in certain cases, and with the necessary
prior knowledge about the composition of the grain size frac-
tions before and during transport as well as after deposition,
the selective sampling approach has the potential to give better
accuracy to the results than any numerical correction. Never-
theless, as in most cases, the work implemented in north Jor-
dan was a pilot study and no prior knowledge existed as to
grain size fractions, particle selectivity and organic or inorgan-
ic carbon content. Selective grain size sampling or the removal
of organic material would have implied the risk of neglecting
important information beforehand and, with regards to the
results, would have followed incorrect assumptions.

Table 5 Source prediction of the linear discriminant analysis with Al, Cr, Mn, Fe, 232Th, 228Th, 137Cs

Source Source prediction with Al, Cr, Mn, Fe, 232Th, 228Th, 137Cs Element Percenta TDWb

S1 S2 S3 S4 S5 S6 Al 58.33 1.5

S1 6 (100 %) 0 0 0 0 0 Cr 50 1.3

S2 0 6 (100 %) 0 0 0 0 Mn 38.89 1

S3 0 0 6 (100 %) 0 0 0 Fe 63.89 1.6

S4 0 0 0 6 (100 %) 0 0 232Th 58.33 1.5

S5 0 0 0 1 (16.7 %) 5 (83.3 %) 0 228Th 61.11 1.6

S6 0 0 0 1 (16.7 %) 0 5 (83.3 %) 137Cs 58.33 1.5

a Source samples predicted correctly by individual elements
b Element discriminatory weighting used in unmixing model

2168 J Soils Sediments (2015) 15:2155–2173



The SMRAM confirms that sand and TIC generally dilute
(negatively correlate) a sample, whereas TOC and clay enrich
the concentration, corresponding to known literature (Adriano
1986; Horowitz 1991; Scheffer and Schachtschabel 2010).
The positive relation of TIC with Ca (R2=0.99) and Sr (R2=
0.42) leads to the suggestion that the TIC content, and thus the
bedrock in the catchment, mainly consists of calcium carbon-
ate and partly of strontium carbonate. The method further
revealed that TIC, from all tested influential parameters,
showed the highest R2 values and best explains the variance
of the 14 out of 27 related elements. Thus, the inclusion of TIC
as an influencing parameter is judged as essential for
carbonatic areas, as was recommended by Horowitz (1991).
More importantly, the SMRAM revealed the absence of any
further relationships after the first regression analysis, ex-
plained by the interrelations of the influential parameters
(Table 6). Clay and TIC show a significant negative relation-
ship, while sand and TIC have a significant positive one. This
indicates that the sand fraction is made of carbonatic particles.
TOC is free of interrelations with any other influential param-
eter. Collins et al. (1997), Russell et al. (2001) and Mukundan
et al. (2012) report a general influence by TOC, which is most
probably closely related to grain size influence, so one has to
be careful of over correction when addressing both.

In north Jordan, existing uranium and phosphorus deposits
in the bedrock prevent the use of P, 238U, 226Ra, 210Pb and
210Pbex as fingerprinting elements because they can enter the
system in additional, undetermined amounts. Additionally, we
tested the elements using the element selection procedure for
reassurance. Results affirmed the decision for exclusion. 238U,
226Ra and 210Pb failed the mass conservation test, due to un-
known enrichment. The 210Pbex core values were mainly neg-
ative because the unknown accumulation in 226Ra disturbs the
comparability with 210Pb; both form the basis of the atmo-
spheric 210Pbex calculation. Phosphorus was excluded because
of its possible solubility (Scheffer and Schachtschabel 2010).
The results generally suggest that a profound knowledge of
the geological background of the study area is of advantage
for the choice of suitable fingerprinting elements.

The water analysis results provided important information
on the pH and Eh conditions in the water profile, thus allowing
evaluation of the changing environmental conditions that the
sediments go through while settling. Including the water ele-
ment concentrations, the literature review and the correlation
analysis into the expanded selection procedure helped to
quickly eliminate elements whose conservative behaviour in
water could be doubted. Results showed that the mass conser-
vation and Kruskal-Wallis test did not suffice in rejecting the
elements Ca, Na and Sr, which are undoubtedly soluble in
water, but have been used as conservative fingerprinting prop-
erties in other studies analysing suspended sediment sources
(e.g. Russell et al. 2001; Collins and Walling 2002; Carter
et al. 2003; De Miguel et al. 2005). Furthermore, the problem
of phytoplankton production in lakes is quite common and
prohibits the use of organic properties, such as TOC. Addi-
tionally, K and Mg are potentially soluble and were therefore
removed by the expanded procedure, although they are, to-
gether with TOC, considered as conservative fingerprinting
properties in other studies using lake sediments (Kelley and
Nater 2000; Kouhpeima et al. 2010; Slimane et al. 2013).

6.2 Results of the sediment fingerprinting

Despite the uncertainties associated with the source composi-
tion, the results clearly show that steep slopes with shallow,
yellow, Mediterranean soils underlying cultivated olive or-
chards (S1=59±8 %) and grazing land (S3=29±15 %,
Table 1), when combined, contributed ∼90±17 % of the res-
ervoir sediments. The marly substrate of the yellow Mediter-
ranean soils have a high Na content, leading to unstable ag-
gregates and surface crusting, concurrently delivering good
conditions for runoff generation, favoured by the fragmented
vegetation cover (Yassoglou and Kosmas 1997; Thornes
2005; García-Ruiz 2010; unpublished field observations).
These developments are of special relevance within the catch-
ment on the south-facing slopes as soil temperature and pos-
sible rain shadow visibly enhance this development strongly.
These unfavourable characteristics of the present soils, togeth-
er with the steep slope gradient and agricultural use, trigger the
high soil erosion in these land units.

Our erosion measurements in seven olive orchards on
slopes >10 % showed very high potential erosion rates (95±
8 t ha−1 year−1) mainly attributed to the downhill ploughing,
the canalisation of runoff water and, consequently, the trigger-
ing of excessive water erosion (Fig. 2a, Kraushaar et al. 2014).
These findings are supported by other studies from the Med-
iterranean on conventionally tilled olive orchards using differ-
ent methods of investigation (Gómez et al. 2003; Milgroom
et al. 2005; Bruggemann et al. 2005; Francia Martínez et al.
2006; Ramos et al. 2008; Barnevald et al. 2009;
Vanwalleghem et al. 2010, 2011). Slopes that are not ploughed
but undergo grazing are likely to suffer from different

Table 6 Regression coefficient of influencing parameters (influential
parameters; Spearman correlation)

n=21a TOC TIC Clay Silt

TIC −0.21
Clay −0.15 −0.73**
Silt −0.07 −0.25 0.23

Sand 0.33 0.67** −0.91** −0.46*

*Significant with p value <0.05

**Significant with p value <0.01
a 18 samples of sources S1–S3 and 3 samples of the Wadi deposits
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processes including thinning of vegetative coverage, compac-
tion of soil surface, reduced infiltration and therefore in-
creased runoff (Yassoglou and Kosmas 1997). Furthermore,
as with Wadi Al-Arab, substantial evidence of mechanical
translocation of the stony mulch layer that protects the surface
is highly evident. A typical pattern of sheep and goat tracks
exists on the majority of the slopes, leaving a reduced resis-
tance to water erosion (Fig. 2c).

Fields used for agriculture on plateau and saddle positions
that contain red Mediterranean soils (S2) show a much lower
contribution to the sink at only 11±9 %. The existence of red
Mediterranean soils with their various pedogentic features
(Yaalon 1997) and their advanced soil development can be
interpreted as proof of stable geomorphic conditions (Verheye
and de la Rosa 2005; Federoff and Courty 2013). However,
recent changes in management caused shallow gullies in the
red soils throughout the catchment. Broken road boundaries or
the clearance of vegetation strips channelize and accelerate
surface water runoff in upstream positions, increase transpor-
tation capacity and cause gullying, even in almost levelled
locations. Typically, soils in grain fields are unprotected dur-
ing the rainy season (October–February) and are, therefore,
highly vulnerable to extreme rainfall events causing rills and
shallow ephemeral gully erosion (García-Ruiz 2010). These
results are supported by Khresat and Taimeh (1998) who re-
port water erosion and improper farming practices to be the
major causes of physical soil degradation in the study area.

Sources S4–S6 were, with regard to the error, not detected
in the sink as these sediments do not contain 137Cs that was
present in the lake sediments. These sources were chosen to
represent subsurface samples as C-horizons from gully ero-
sion, in addition to new sediments derived from construction
work on roads where enormous masses of unconsolidated
bedrock sediments are produced and dumped onto the slopes.
However, with regards to the fingerprinting data, either they
did not deliver enough material to the sink for the model to
detect, and/or the bedrock samples do not represent these
sources well enough. Future research should focus on sam-
pling the aforementioned sources directly and consider the
vertical sampling of profiles to differentiate topsoil from gully
erosion for their relative contribution to the sink.

6.3 Implications for the Wadi Al-Arab reservoir

The reservoir experienced ∼9 % loss of total water storage
volume in 26 years. The clayey and silty sediments accumu-
late at the wall of the dam near the water outlet. Here, the
sediment line is around 1–2 m below the outlet, posing an
acute threat to the reservoir as there is no available removal
equipment (personal communication, Hussein Al-Shurieki
2011, dam director; own unpublished data 2011).

Particle selectivity leads to an enrichment of the heavy
metals, such as chromium (228 mg kg−1), nickel

(99.5 mg kg−1) and cadmium (4 mg kg−1), in the reservoir
sediments, exceeding the probable effect level for an ecosys-
tem (USEPA 2014: Cr=90 mg kg−1; Ni=36 mg kg−1; Cd=
3.53 mg kg−1). Due to the amount of clay, the high concentra-
tion of iron, and the carbonatic background (mean TIC=
7.4 %), and thus a pH >7, the heavy metals are considered
as immobile in the reservoir sediments (Blume 2004). How-
ever, sediments should not be hauled to the surface and used
as agricultural amendments since heavy metals might become
mobile under changing conditions, such as agricultural use.
Thus, the only effective way of managing the reservoir is to
prevent sediments from entering it, with counter erosion mea-
surements on the slopes, predominantly in the most affected
source areas, such as olive orchards and slopes used for
grazing.

7 Conclusions

A sediment fingerprinting procedure was implemented for a
Mediterranean to semi-arid catchment in north Jordan with six
potential sediment sources. On the basis of this pilot study, an
adapted correction factor approach is suggested to guarantee
comparability of sink and source samples. This approach in-
cludes the exploration of possible linear, as well as nonlinear,
positive and negative relationships between individual ele-
ments, radionuclides and the identified influential parameters
of clay, silt, sand, TOC and TIC. Correction factors were de-
veloped that incorporate the concept of interrelations in the
calculation of element-specific correction factors. Results
highlight the influential impacts of TIC, particularly in the
carbonatic Wadi Al-Arab catchment, and the majority of the
elements needed to be corrected for differences in TIC con-
tent. TOC did not show interrelations to other influential pa-
rameters, such as clay, silt or sand. However, when more than
one influential parameter existed (usually clay, sand and TIC),
the correction of TIC was sufficient to erase the influence of
the other parameters due to interrelations between them. Fi-
nally, Ni did not need any correction. The strong influence of
the TIC content is assumed to exist in regions of carbonatic
bedrock as well as in areas of carbonatic dust input.
Carbonate-free areas should be free on any TIC influence on
the element concentration.

The correction factors are calculated element—but not
source-specific since the regression analyses are sensitive to
outliers in small data sets. The general trend (positive or neg-
ative) between the influential parameters and the element are
assumed to be similar for each source. Nevertheless, it would
be of great advantage to further explore source-specific rela-
tions with an expanded data set.

The element selection procedure should not rely solely on a
cross check of the element’s application in other, similar re-
search studies nor the conventional element selection
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procedure comprising a mass conservation test and the
Kruskal-Wallis test. Both approaches are not enough to reli-
ably eliminate non-conservative elements, especially when
considering reservoir or lake sediments. Additional physio-
chemical information on the sink environment gained through
water samples, a literature review and correlation analysis
helped to reject further elements. However, the study also
showed that an additional comprehensive and conservative
literature review with consideration of prevailing pH and Eh
conditions alone would have eliminated these respective ele-
ments. When using lake or reservoir sediments in sediment
fingerprinting, organic elements need to be carefully evaluated
for their conservativeness due to possible phytoplankton pro-
duction, and thus an unspecified additional organic source.

We conclude from the analysis of the lake sediments that
the element concentrations did not vary significantly in the
core samples and throughout the lake, and thus indicate sim-
ilar source contributions throughout the 26 years of the reser-
voir’s existence. Furthermore, no exhaustion of the identified
surface sources, and the related human impact on the system,
could be detected. The observed sediment delivery to the res-
ervoir, and associated sedimentation, has resulted in an acute
threat to the reservoir’s life span.
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