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Abstract

A sediment source fingerprinting method, including a Monte Carlo simulation framework, was used to quantify the contributions
of terrestrial sources of fine- (<63 pum) and coarse-grained (63—500 pm) sediments sampled from three categories of coastal
sediment deposits in the Jagin catchment, south-east of Jask, Hormozgan province, southern Iran: coastal dunes (CD), terrestrial
sand dunes or onshore sediments (TSD), and marine or offshore sediments (MD). Forty-nine geochemical properties were
measured in the two size fractions and a three-stage statistical process consisting of a conservation test, the Kruskal-Wallis H
test, and stepwise discriminant function analysis (DFA) was applied to select final composite fingerprints for terrestrial source
discrimination. Based on the statistical tests, four final fingerprints comprising Be, Ni, K and Cu and seven final fingerprints
consisting Cu, Th, Be, Al, La, Mg and Fe were selected for discriminating terrestrial sources of the coastal fine- and coarse-
grained sediments, respectively. Two geological spatial sources, including Quaternary (clay flat, high and low level fans and
valley terraces) and Palaeocene age deposits, were identified as the main terrestrial sources of the fine-grained sediment sampled
from the coastal deposits. A geological spatial source consisting of sandstone with siltstone, mudstone and minor conglomerate
(Palacocene age deposits) was identified as the main terrestrial source for coarse-grained sediment sampled from the coastal
deposits.

Keywords Coastal sediment fingerprinting - Monte Carlo simulation framework - Uncertainty - Iran

Introduction

Coastal sediment deposits in Iran extend from the eastern part
of Jask (Hormozgan province) to Chahbahar (Sistan and
Baluchestan province) with coastal plains covering an area
of > 1.56 million hectares of Hormozgan province. Based on
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the wind erosion map of Iran, provided by the Iran Forests,
Range and Watershed Management Organization
(IFRWMO), 29 terrestrial diffuse sediment sources prone to
aeolian erosion comprising sand dunes, clay flats, salty land,
sand sheets, bare land and abandoned agricultural areas occu-
py ~209,000 ha of the coastal plains. In turn, an estimated
475,000 ha of the coastal plains is impacted by the on-site and
off-site consequences of the aeolian erosion of these critical
dust sources. Morshedi Nodej and Rezazadeh (2018) reported
that such coastal plains, and, in particular, their coastal dunes,
have the highest potential to become critical sources of acolian
dust and, accordingly, on this basis, Jask has been identified as
the most important source of wind erosion dust-related prob-
lems in the Hormozgan province of Iran. Since migration and
erosion of coastal sand dunes by wind cause many on-site
(e.g., soil degradation, depletion of soil macro- and micro-
nutrients, a reduction in soil depth) and off-site problems
(e.g., penetration of dust and its constituents into lungs caus-
ing respiratory disease, visibility problems during dust storms)
in the study area and is a serious challenge for rural societies in
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the east of Jask, identifying and quantifying critical sources of
the dust prone to remobilization from these particular coastal
sediment deposits are necessary for improved management
and planning in the coastal plains.

A range of techniques has been employed for studying
sediment provenance in coastal plains, with much of the focus

on using not only mineralogy (Hein et al. 2013; Kairyte and
Stevens 2009; Lahijani and Tavakoli 2012; Wong et al. 2013)
but also multidisciplinary approaches including a combination
of geochemical tracers, direct measurements and numerical
modelling (Bernard et al. 2013); radiometric analyses
(Carvalho et al. 2013); elemental and mineralogical analyses
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Fig. 1 Location of the Jagin study catchment in the Hormozgan province, southern Iran; geology, stream network, terrestrial source and target sediment
sampling sites are shown
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Fig. 2 Schematic of sediment transfer pathways from terrestrial sources
to coastal sediment deposits. S1-S3, SS, TSD and CSD indicate terrestrial
sediment sources, suspended sediment, terrestrial sand dunes and coastal
sand dunes, respectively. The red circle marks the outlet of the study
catchment. Blue arrows indicate the predominant direction of sea
waves. TSD comprise material mobilized both fluvially and by wind
from upstream which is then deposited and prone to subsequent wind
erosion

(Pham et al. 2018); synthesis of grain-size, clay mineralogy,
geochemistry and mineral magnetism (Prizomwala et al.
2014); geochemical properties (Rao et al. 2015; Saitoh et al.
2017), Nd-Sr isotopic ratios (Rosenbauer et al. 2013); rare
carth elements (REE) (Rao et al. 2017); and optically

Fig. 3 Google Earth image
showing the Jagin River
transporting a high suspended
sediment load during a flood in
July 2004 and location of the
sediment deposits included in the
sampling strategy: MS, CD and
TSD

@ Springer

stimulated luminescence (OSL) and thermoluminescence
(TL) (Zular et al. 2015). Whilst most of the studies listed
above have been successful at inferring the critical sources
of coastal sediment deposits prone to acolian erosion, we note
that, in many cases, quantitative sediment fingerprinting with-
in an explicit uncertainty framework has not been used to
ascribe coastal sediment provenance.

Sediment fingerprinting is a technique with increasing
adoption rates (Walling 2013; Collins et al. 2017; Owens
et al. 2016) which provides a basis for quantifying the contri-
butions of discrete sources to different types of target sediment
samples. To date, the approach has been most widely used to
identify fluvial sediment sources in river catchments in differ-
ent hydro-climatic settings (Collins et al. 1997, 2012; Walling
et al. 1999; Russell et al. 2001; Mukundan et al. 2012;
Haddadchi et al. 2013; Franz et al. 2014; Pulley and Collins
2018; Le Gall et al. 2016; Tiecher et al. 2018; Koiter et al.
2013; Zhang et al. 2017). Its application in aeolian geomor-
phology has emerged much more recently (Liu et al. 2016a;
Gholami et al. 2017a, 2017b; Wang et al. 2017; Dahmardeh
Behrooz et al. 2019), but there remains scope to continue
testing the applicability of different tracers for discriminating
and apportioning the contributions of critical sources to those
coastal sediment deposits, within an uncertainty framework.
In brief, sediment fingerprinting involves collecting target
sediment samples and comparing their measured tracer prop-
erties with those of potential sediment sources. To date, a
diverse range of tracer properties has been used by sediment
fingerprinting studies including geochemistry (such as heavy
metals, trace or rare earth elements; Collins and Walling 2007;
Collins et al. 2010; Cashman et al. 2018; Tiecher et al. 2018),
biomarkers (Chen et al. 2016), stable isotopes (Le Gall et al.
2016), fallout radionuclides (Wilkinson et al. 2013; Evrard
et al. 2016), soil enzymes (Nosrati et al. 2011), colour
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Table 1 Minimum and maximum concentrations of the geochemical Table 1 (continued)
tracers in the fine-grained (< 63 pm) fraction of source and target sedi-
ment samples Tracer Source Sediment Bracket test
Tracer  Source Sediment Bracket test Min Max Min Max
Min Max Min Max Yb 1.2 23 1.5 3.7 Failed
Zn 37 80 38 111 Failed
Al 3.6 7.2 4.2 5.8 Passed
Ba 147 385 164 2482 Failed
Be 0.36 13 0.5 0.88 Passed
Ca 51 105 6.2 8.9 Passed (Martinez-Carreras et al. 2010), grain size (Weltje 2012) and
Ce 26.4 683 34 130 Failed mineralogy (Walden et al. 1997). In some instances, a mix of
Co 1 32 17 275 Passed differen.t types of tracc?rs hgs beep used ir.lcluding, for example,
Cr 55 191 80 348 Failed a comb1nat1.on of grain size, soil organic rpatter (SOM) con-
cs 79 196 9 46.1 Failed tent,.to.ta.ll nitrogen, phosphorus and potassium, magnetic sus-
Cu 0.0015 0.005 0.0017 00038 Passed ceptibility 'fmd geocheml.cal elements .(Zhang et al. 2017).
Dy 27 59 35 3 Failed Recent reviews are provided by Collins et al. (2017) and
Er 146 315 16 5 Failed szns et al'h (2016). )  biective of b
Eu 071 134 0.85 45 Failed gainst t .e aboye bac gr()lgn'd, the obJ'ectn;e of this ]itu(}ily
Fe 235 486 32 124 Failed was .to quantlfy, using an exp 101j[ uncertainty framework, the
Ga 1" 25 13 59.5 Failed relative contributions of terrestrial sources of dust prone to
Gd 5 Y 2' X | 0' 6 Failed aeolian erosion to both fine- (<63 um) and coarse-grained
. . . alle . . . .
(63—-500 um) sediments in three categories of coastal sediment
Hf 0.01 0.37 0.1 0.29 Passed .. .
) deposits in the Jagin catchment, east of Jask, Hormozgan
Ho 0.69 1.13 0.8 1.67 Failed . .
) province, southern Iran, namely, coastal dunes (CD), terrestri-
Zr 344 723 433 163 Failed . .
L 152 376 108 03 Failed al sand dunes (TSD) or onshore sediments and marine or
: ’ ’ ’ ‘ ane offshore sediments (MS). In doing so, the study aimed to test
K 0.69 24 1.06 1.8 Passed . . . ..
the applicability of geochemical tracers for source discrimina-
Li 9.4 45.5 16 35.2 Passed . . C
tion and apportionment and thereby to report limitations and
Lu 0.14 0.28 0.18 0.78 Failed S .
uncertainties to the user community.
Mg 1.1 37 1.32 3 Passed
Mn 558 997 716.9 1825 Failed
Mo 2.7 21 26 7 Failed Materials and methods
Na 1.15 3.74 1.52 3.8 Failed
Nb 55 12 6.9 42 Failed Study area
Nd 293 63 36.2 59.3 Passed
Ni 50.4 147.6 59 133 Passed The Jagin catchment (25° 32'-26° 56’ N and 57° 32'-58° 24/
P 0.04 0.09 0.05 0.1 Failed E) is located in the east of Jask, Hormozgan province, south-
Pb 4.1 61.1 9.9 29.6 Passed ern Iran and covers an area of 7340 km? (Fig. 1). The study
Pr 1 6.8 34 17 Failed area is located in a region where erosions by water and wind
Rb 33 105.3 29.65 65.8 Failed are serious threats in the upstream and downstream parts of
Sc 6.6 16.4 9.1 20 Failed catchments, respectively. Geologically, the Jagin catchment
Sm 2.9 6.2 3.34 10.5 Failed is underlain by deposits of four geological ages consisting
Sn 44 21.6 7.5 102.7 Failed of clay flat, high and low level fans and valley terraces
Sr 164 2400 204.1 353.7 Passed (Quaternary age deposits); shale, gypsiferous mudstone
Tb 0.18 0.7 0.29 14 Failed and silty shale with minor mudstone and limestone (Sabz
Te 0.11 0.8 0.13 047  Passed and Ghasr Gand geological units; Oligocene—Miocene age
Th 5.8 15.5 6.3 34.5 Failed deposits); sandstone, siltstone, conglomerate, shale, mud-
Ti 0.26 0.58 0.3 1.72 Failed stone and shell beds (Darpahn and Jagin geological units;
Tm 0.13 0.34 0.16 0.75 Failed Miocene age deposits); and sandstone with siltstone, mud-
U 2.7 47 33 9.5 Failed stone and minor conglomerate (Palacocene age deposits)
\Y 58 132 77.8 485 Failed (Fig. 1). Based on the Jask meteorological station, mean
W 1.24 9.8 1.5 5.9 Passed annual air temperatures range between 19 and 35.5 °C.
Y 12.8 23 15 34 Failed Mean annual rainfall is ~ 162 mm. Based on the land use
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Table 2 Minimum and maximum concentrations of the geochemical
tracers in the coarse-grained (63—500 pm) fraction of source and target
sediment samples

Tracer Source Sediment Bracket test
Min Max Min Max
Al 33 74 4 55 Passed
Ba 136 639 165 385 Passed
Be 0.29 1.3 0.52 0.9 Passed
Ca 4.6 11.7 7.2 14 Failed
Ce 223 39 26 33 Passed
Co 7.5 303 7.2 16 Failed
Cr 40.1 159 46 81 Passed
CS 4.7 18.6 2.3 8.6 Failed
Cu 0.001 0.0053 0.0012 0.0025 Passed
Dy 23 44 3 3.6 Passed
Er 1.26 2.8 1.4 1.72 Passed
Eu 0.6 1 0.7 0.9 Passed
Fe 1.8 5 2 32 Passed
Ga 74 16.3 7.5 11.4 Passed
Gd 1.7 39 1.8 2.8 Passed
Hf 0 0.3 0.04 0.11 Passed
Ho 0.67 0.95 0.7 0.82 Passed
Zr 27 62.5 28 433 Passed
La 16.5 27 18 22 Passed
K 0.63 2.44 1 1.7 Passed
Li 94 45 114 31 Passed
Lu 0.1 0.29 0.11 0.19 Passed
Mg 0.9 3.1 1 2.7 Passed
Mn 513 1012 696 1194 Failed
Mo 2.6 184 2.1 52 Failed
Na 1 7.5 1.7 3.6 Passed
Nb 2.7 12 39 6.9 Passed
Nd 31.2 61 37 63.2 Failed
Ni 32 161 40 74.5 Passed
P 0.01 0.08 0.03 0.09 Failed
Pb 4.6 73 5.6 13 Passed
Pr 0.8 73 29 59 Passed
Rb 27 102.5 28.9 69 Passed
Sc 5.9 17 7 10.2 Passed
Sm 22 4.5 2.3 34 Passed
Sn 1.1 20 3.74 94 Passed
Sr 149 611 214 595 Failed
Tb 0.1 0.59 0.14 0.48 Passed
Te 0.1 0.72 0.08 0.15 Passed
Th 3.6 14.2 3.7 7.1 Passed
Ti 0.21 0.39 0.2 0.29 Passed
Tm 0.08 0.31 0.1 0.17 Passed
U 24 43 2.6 33 Passed
\% 45 133 48 79 Passed
w 0.62 9 1 5.6 Passed
Y 12 17.4 12.6 14.5 Passed

@ Springer

Table 2 (continued)

Tracer Source Sediment Bracket test
Min Max Min Max

Yb 1 1.8 1.2 14 Passed

Zn 25 79 27 52 Passed

map of Iran provided by IFRWMO, the land use of the
study area includes rangelands (53%), rock outcrops
(27%), bare land (14%), salt lands (5%), planting for com-
bating wind erosion and for stabilizing sand dunes (0.6%),
orchards (0.08%), agricultural land (0.06%) and mangrove
forests (0.01%).

The approach

The fingerprinting approach (shown schematically in Fig. 2)
adopted in this study involved the comparison of target sedi-
ment samples collected from three categories of coastal sedi-
ment deposits (CD, TSD and MS) with terrestrial source sam-
ples used to characterize different geological units. The study
focused on terrestrial sources of acolian dust in coastal de-
posits since these were judged to be more important than
alternative sources.

Sampling and laboratory work

Source samples were collected from the surficial layer
(0-2 cm) of four geological spatial sources consisting of
Quaternary (Q) (n=32), Palacocene (P) (n=28), Miocene
(M) (n=12) and Oligocene—Miocene (OM) (n=10) age
deposits (Fig. 1). Twenty target sediment samples were
taken from three different positions comprising nine
coastal dune samples (CD; S1-S9), five terrestrial sand
dune or onshore samples (TSD; S10-S14) and six ma-
rine sediment or offshore samples (MS; S15-S20)
(Figs. 1 and 3). All sediment and source samples were
air-dried and dry sieved using <63 pum (fine-grained
fraction) and 63-500 pum (coarse-grained fraction)
meshes. The geochemical analysis of the sediment and
source samples was carried out after acid digestion with
aqua regia (Collins et al. 2012). Forty-nine geochemical
elements including Al, Ba, Be, Ca, Ce, Co, Cr, Cs, Cu,
Dy, Er, Eu, Fe, Ga, Gd, Hf, Ho, In, La, K, Li, Lu, Mg,
Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pr, Rb, Sc, Sm, Sn, Sr,
Tb, Te, Th, Ti, Tm, U, V, W, Y, Yb, Zn and Zr were
measured at the fine-grained and coarse-grained frac-
tions (<63 um and 63-500 wm) using ICP-OES in the
central laboratory of University of Hormozgan, Iran.
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Selection of final composite fingerprints
for terrestrial source discrimination

Prior to applying a statistical procedure for selecting final
fingerprints, a range or so-called bracket test (Collins et al.
2010; Gellis and Noe 2013) was used to identify outliers
and, therefore, significantly non-conservative tracers for
exclusion from further analysis. Here, the maximum and
minimum tracer concentrations in the source and sediment
samples were used for identifying outliers. Tracers failing
the bracket test (i.e. tracer concentrations measured for the
target sediment samples fell outside the corresponding
ranges of the source sample tracer concentrations) were
removed from further analysis (Nosrati et al. 2018). In step
2, a two-stage statistical process (Collins et al. 1997) was
applied to select final composite fingerprints for source
discrimination. In step 1, the Kruskal-Wallis H test was
used to assess the ability of individual properties for dis-
criminating the three sources. All properties passing the
Kruskal-Wallis H test entered stage 2. In this second stage,
stepwise discriminant function analysis (DFA) based on
the minimization of Wilks’ lambda was used to identify
the final signatures for tracing the sources of both the <
63 pm and 63—-500 pm size fractions of the target sediment
samples. As a further test of tracer conservation, bi-plots of
all tracers comprising the final composite signatures were
used to assess similarities in the relationships between
tracers in source and target sediment samples.

Terrestrial source apportionment using a Monte Carlo
simulation framework

Results produced by sediment fingerprinting studies
have various inherent uncertainties (Walling 2013).

® Quaternary Age a)
4 Oligocene-Miocene age

¢ Miocene age

* Paleocene age

O Group Centroid

5.07

o

>
>
>
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Two principal data processing frameworks are widely
used to quantify the uncertainties associated with sedi-
ment fingerprinting results. Many studies (e.g., Franks
and Rowan 2000; Collins et al. 2013a, b, 2014; Stone
et al. 2014; Liu et al. 2016b; Pulley and Collins 2018;
Habibi et al. 2019) have used a frequentist approach
incorporating a Monte Carlo framework for uncertainty
analysis. Alternatively, Bayesian approaches have also
been used to evaluate uncertainties associated with the
results generated by sediment fingerprinting (Nosrati
et al. 2018; Gholami et al. 2017b; Cooper et al. 2014,
2015; Abban et al. 2016; Cooper and Krueger 2017;
Habibi et al. 2019). Here, a critical factor influencing
the choice of data processing framework concerns
whether the source and sediment tracer data satisfy the
requirements of Bayesian methods, including exhibiting
normal distributions. In many instances, tracer data do
not satisfy this basic requirement (Collins et al. 2013a,
b, 2014).

We used a Monte Carlo simulation framework, pro-
posed by Collins et al. (2012), to determine the contri-
butions of the terrestrial sources to the target coastal
sediment sample sand the corresponding uncertainty
ranges for those contributions. In reality, only a limited
number of source and target sediment samples can be
collected by any fingerprinting investigation (Collins
et al. 2017). This limitation results in uncertainty in
the estimation of sediment source contributions. One
means of taking explicit account of the uncertainties
generated by limited sample numbers involves the use
of a Monte Carlo simulation framework in conjunction
with the un-mixing model (Eq. 1) used to apportion
sediment sources. Here, the means and standard devia-
tions of the tracer data for the source and target
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Fig. 4 Scatter plots of the first and second discriminant functions derived from stepwise DFA. a Fine-grained fraction. b Coarse-grained fraction
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Table3  The results of the Kruskal-Wallis H test and stepwise DFA for
the ability of the individual geochemical tracers and final composite fin-
gerprints to discriminate the source samples, using either the fine- or

coarse-grained fractions, respectively. *Statistically significant at p <
0.05; **statistically significant at p <0.01; and ns not statistically signif-
icant at p <0.05

Fine-grained fraction

Coarse-grained fraction

Kruskal-Wallis H test Stepwise DFA Kruskal-Wallis H test Stepwise DFA
Tracer H value P value Tracer selected Wilks’ lambda Tracer H value P value Tracer selected Wilks’ lambda
Al 17.46 0.001%* Be 0.459 Al 14.72 0.0027%* Cu 0.431
Be 26.37 0.000%* Ni 0.257 Ba 3.34 0.342ns Th 0.246
Ca 19.35 0.000%* K 0.171 Be 18.48 0.000%* Be 0.158
Co 16.43 0.001%*:* Cu 0.128 Ce 4.9 0.179ns Al 0.118
Cu 21.48 0.000%** Cr 17.44 0.001%* La 0.096
Hf 5.15 0.16ns Cu 24.23 0.000%* Mg 0.078
K 21 0.000%* Dy 17.47 0.001%* Fe 0.063
Li 21.02 0.000%* Er 14.68 0.002%*
Mg 9.7 0.021%* Eu 10.31 0.016*
Nd 22.01 0.000%* Fe 23.7 0.000%*
Ni 12.81 0.005%* Ga 18.5 0.000%*
Pb 5.89 0.117ns Gd 23.54 0.000%*
Sr 11.4 0.01%* Hf 1.62 0.654ns
Te 11.24 0.01%* Ho 2.59 0.485ns
w 7.18 0.066ns La 21.41 0.000%*

K 12.58 0.005%*

Li 17.22 0.001%*

Lu 22.23 0.000%*

Mg 15.85 0.001%*

Na 20.82 0.000%*

Nb 19.98 0.000%*

Ni 19.56 0.000%*

Pb 14.08 0.003%*

Pr 28.01 0.000%*

Rb 8.81 0.032*

Sc 20.19 0.000%*

Sm 13.14 0.004%*

Sn 13.06 0.005%*

Sr 6.45 0.092ns

Tb 11.56 0.009%*

Th 19.93 0.000%*

Tm 17.74 0.000%*

U 22.28 0.000%*

\% 24.33 0.000%*

W 7.69 0.053ns

Y 8.8 0.032%*

Yb 5.86 0.118ns

Zn 20.02 0.000%*

Zr 12.81 0.005%*

sediment samples are used to construct probability den-
sity distributions (pdfs; Hughes et al. 2009; Collins

@ Springer

et al. 2013a, b; Brosinsky et al. 2014) and these are
repeat sampled during the Monte Carlo simulations to
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Fig. 5 Bi-plots for all pairings of the geochemical tracers in the final
composite signature, measured on the fine-grained (< 63 pum) fraction
of the source and target sediment samples. Q, P, M and OM indicate

generate deviate source and target sediment sample
mean tracer values for estimating source proportions
(Hughes et al. 2009; Voli et al. 2013; Collins et al.
2013a, b; Brosinsky et al. 2014). Using Latin hypercube
sampling (LHS), 10,000 random samples were drawn
from the pdfs to permit Eq. 1 to be solved 10,000
times. Proportional source estimates generated by the
Monte Carlo simulations were, in turn, converted to pdfs
and used to provide 95% confidence intervals for source con-
tributions based on the 2.5 and 97.5 percentiles of the predict-
ed source contributions for each target sediment sample. The
structure of the un-mixing model is provided by the following

Quaternary, Palacocene, Miocene and Oligocene—Miocene age deposits,
respectively

objective function (f{X;)) which is minimized during the
Monte Carlo routine (Collins et al. 1997):

2
Cm X P ) /Ci (1)
f=

where 7 is the number of fingerprint properties, 7 is the num-
ber of sediment sources, C; is the deviate mean concentration
of fingerprint property (i) in the target sediment sample, P; is
the deviate relative contribution of source (j) to the target
sediment sample and X; ; is the deviate mean concentration

@ Springer



13568 Environ Sci Pollut Res (2019) 26:13560-13579

16.00 3.50 29.00
oom XP A Sediment mQ OOM @M  XP  ASediment OOM @M  XP  ASediment
14.00 3.00 » a 27.00 =y
o
12.00 A &f po
250 5. ‘. L] - 25.00 ™
™y L]
10.00 . a momg
2.00 23.00 L]
< 800 ) L L © g X
£ s o i = -
150 = 21.00 44 ua
600 .
mo m ¢ A.H o o
1.00 19.00 AYY "o o
4.00 T A oo
- ) o
200 050 17.00 o, o
000 000 15.00
0.00 1.00 2.00 3.00 4.00 500 6.00 000 1.00 200 3.00 400 500 600 000 1.00 2.00 3.00 4.00 5.00 6.00
Fe Fe Fe
16.00 140 16.00
mQ OOM @M XP  ASediment mQ OOM @M  XP  ASediment og mQ OOM @M  XP  ASediment
14.00 120 14.00
12.00 12.00
1.00
10.00 o 10.00
o 080
= = =
£ 800 z £ 800 .
060
600 6.00
040
4.00 400
[]
2.00 029 200
000 000 000
0.000 0.001 0002 0003 0004 0005 0.006 2.00 3.00 4.00 5.00 600 7.00 800 200 3.00 4.00 500 6.00 7.00 800
Cu Be Al
350 350 29.00
ma oom XP A Sediment mQ OOM @M XP  ASediment ma oom XP A& Sediment
3.00 . 3.00 27.00
o o o
o > o m o
250 ‘i . ,* 250 a 25.00
an
2.00 [ § 4. 2.00 m) 3.00
s L4 3
150 “ AR, 150 21.00
W oL o
1.00 [ ] M' x 1.00 19.00 o
o
050 050 17.00 o o
000 000 15.00
200 3.00 4.00 5.00 6.00 7.00 800 0.000 0.001 0.002 0,003 0004 0.005 0.006 0.000 0.001 0002 0003 0.004 0.005 0.006
Al Cu Cu
6.00 6.00 P mQ OOM @M XP _ ASediment
aom XP  ASediment mQ OOM @M  XP  ASediment -
3.00
500 o 500
o
gee L Fop &
L] . e
400
a 4.00 . o . .
200
L] ’f a w0
2 300 2 300 » x® =
- ’ 150
[
2,00 200 1.00 »
1.00 1.00 050
000 000 0.00
0000 0001 0002 0003 0004 0005 0.006 0.00 020 040 060 080 100 120 3ib 0.00 020 040 060 080 1.00 1.20 1.40
Cu Be Be
2800 16.00 0.006
oom A Sediment OOM @M  XP  ASediment mQ OOM @M  XP  ASediment
26.00 1400 0005
o
12.00 oo
24.00 61004 o
o
10.00
2200 = & o °
3 = £ 800 - a"en o003 .
20.00 i
O 600 0002
o o ) 4.00 []
o @ 0.001
3600 200
14.00 000 0.000
0.00 0.20 0.40 0.60 0.80 1.00 120 140 0.00 0.20 0.40 0.60 0.80 1.00 120 140 0.00 0.20 040 060 080 100 120 140
Be Be Be
29.00 6.00 0006
mq oom mQ OOM OM  XP  ASediment mQ OOM @M XP  ASediment
27.00 500 g 0,005
25.00 00 0.004
23.00
© @ 300 30003
3 &
21.00 - i
200 0002
19.00 -
0.001
17.00 1.00
15.00 0.00 9000,
2.00 3.00 4.00 5.00 6.00 7.00 8.00 2.00 3.00 4.00 5.00 6.00 7.00 800 200 3.00 4.00 5.00 6.00 7.00 800
Al Al Al
16.00 16.00 50
oom XP A Sediment mQ OOM @M  XP  ASediment RO Dow; ek e Assdimant
14.00 14.00 L] 3.00
. []
12.00 12.00 [] a" 250 o -,
L] L]
10.00 10.00 o L] L] - .
o o LI L] 2,00 a
oo w
£ 800 £ 800 Og oe e " L =
A o= 150 H
6.00 6.00 L] §< A L]
L LT P 1.00
4.00 4.00 X,
050
200 2.00
000 000 0.00
0.00 050 1.00 150 200 250 3.00 350 1500 1700 1900 2100 2300 2500 2700  29.00 100 2700 1900 2100 " B0; 2500 27000 2900
Mg
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Fig. 7 Probability density functions of the Monte Carlo simulation results for estimating the sources of fine-grained sediment in CD samples (S1-S9)

of fingerprint property (7) in source (7). The multivariate un-
mixing model must satisfy two boundary constraints:

0<P;<1

pP=1

(2)
(3)

The goodness-of-fit (GOF) suggested by Manjoro et al.
(2016) was used to evaluate un-mixing model performance in

terms of the fit between the source-weighted predicted and mea-
sured tracer concentrations for the target sediment samples, viz.:

GOF — (1—[SQRT’i‘ { (Ci (z P’"X"') ) /Ci}z} h )

The accuracy of the modelled estimates of terrestrial
source proportions was evaluated using a virtual, rather
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Table 4 The average mean contributions from the geological spatial
sources to the fine-grained fraction in the three categories of coastal sed-
iment deposits comprising: CD, TSD and MD

Sediment category ~Sediment sample no.  Geological spatial source

Q OM M P

CD S1 33 6 18 43
S2 26 1 13 60
S3 36 5 17 42
S4 47 3 14 36
S5 58 5 10 27
S6 38 5 16 41
S7 100 0 0 0
S8 98 0 0 2
S9 77 0 22
Contribution (%) 57 3 10 30
TSD S10 48 4 15 33
S11 50 2 15 33
S12 44 5 15 36
S13 58 2 13 27
S14 29 4 21 46
Contribution (%) 46 3 16 35
MD S15 15 18 29 38
S16 15 15 32 38
S17 11 24 34 31
S18 20 6 27 47
S19 47 4 13 36
S20 45 6 13 36
Contribution (%) 25 12 25 38

than artificial, mixture test (Haddadchi et al. 2014;
Pulley and Collins 2018). Here, the un-mixing model
was evaluated against the known source proportions
comprising six artificial sediment mixtures. The out-
comes of the virtual mixtures tests were assessed using
root mean squared error (RMSE) and mean absolute
error (MAE), viz.:

Z (Yl(nown_YPredicted)2
RMSE = \| = (5)
n
2 [Yknow™ Y predicted|
(MAE == (©

where Yinown 1S known percentage source contribution in the
artificial mixture, Ypegicted 1S percentage source contribution
predicted by the model and n represents the number of sedi-
ment sources (n =3).

@ Springer

Results and discussion
Terrestrial sediment source discrimination
Step 1: range or bracket test

For the fine-grained fraction, 33 properties (Ba, Ce, Cr, Cs,
Dy, Er, Eu, Fe, Ga, Gd, Ho, In, La, Lu, Mn, Mo, Na, Nb, P, Pr,
Rb, Sc, Sm, Sn, Tb, Th, Ti, Tm, U, V, Y, Yb, Zn and Zr) were
identified as outliers (Table 1). For the coarse-grained fraction,
concentrations of nine properties (Ca, Co, Cs, Mn, Mo, Nd, P,
Te and Ti) measured in the target sediment samples were out-
side of their corresponding ranges in the source samples
(Table 2). In both cases, these properties were assumed to be
non-conservative for the two size fractions in the study area
and thereby excluded from further analysis. Previous studies
using geochemical properties as sediment source fingerprints,
albeit in different environmental settings, have reported rea-
sonably high failure rates on the basis of the range test (e.g.,
Gellis and Noe 2013; Collins et al. 2013a, b). Non-
conservative behaviour is also typically greater in the finest
fractions (Collins et al. 2017). Whilst failure of the bracket test
might result from the absence of a source in the sampling
strategy, this specific reason would most likely result in con-
sistently high failure of the conservation test across both size
fractions. Since that was not the case here, it is more likely that
various biogeochemical processes are responsible for the non-
conservative behaviour of the tracers in the fine-grained
fraction.

Step 2: Kruskal-Wallis H test and stepwise DFA

All properties passing the range or bracket test were further
assessed using the Kruskal-Wallis H test. For the fine-grained
fraction, three tracers (Hf, Pb and W) of the 16 properties
passing the range test failed the Kruskal-Wallis H test at
p <0.05 (Table 3). Among the 39 properties passing the brack-
et test for the coarse-grained fraction, seven properties (Ba,
Ce, Hf, Ho, Sr, W and Yb) were not significantly different at
p<0.05. In both cases, all properties with p <0.05 were used
in the next step of statistical analysis for sediment source
discrimination.

Based on the stepwise DFA, four (Be, Ni, K and Cu) and
seven (Cu, Th, Be, Al, La, Mg and Fe) properties were iden-
tified in the final composite signatures for source discrimina-
tion using the fine- and coarse-grained fractions, respectively
(Table 3). The results of the stepwise DFA (Table 3; Fig. 4)
indicated that 74% and 85.5% of the source samples were
classified correctly for the fine- and coarse-grained fractions,
respectively using these final signatures. Previous studies
have reported similarly low source sample discrimination
rates albeit in different environmental situations (e.g. Owens
et al. 1999; Bottrill et al. 2000).
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Step 3: bi-plot tests for the tracers in the final composite
fingerprints

Results from the bi-plot tests for the fine- and coarse-grained
fractions are presented in Figs. 5 and 6, respectively. Plots
wherein the source and sediment samples do not fall in the
same general space suggest non-conservative behaviour of the
tracers in question. Generally speaking, the plots in Figs. 5 and
6 suggested conservative behaviour for the tracers comprising
the final composite signatures used to discriminate the two
size fractions of the potential terrestrial sediment sources.

Terrestrial source apportionment—fine-grained
sediment fraction

Figure 7 presents probability density functions (pdfs) for the
Monte Carlo simulations for predicting the geological spatial
sources of fine-grained sediments in CD samples (S1-S9).
Corresponding average mean source proportions are present-
ed in Table 4. The mean contribution from the Quaternary age
terrestrial spatial source was estimated at 57% (corresponding
uncertainty range; 0-100%). Mean contributions from the
Oligocene—Miocene, Miocene and Palacocene age terrestrial
spatial sources were estimated at 3% (uncertainty range 0—
100%), 10% (uncertainty range 0—100%) and 30% (uncertain-
ty range 0—100%), respectively (Fig. 7; Table 4).
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Figure 8 and Table 4 show the corresponding source ap-
portionment results for the four geological spatial sources of
fine-grained sediment in TSD (S10-S14). In this case, fine-
grained sediment contributions from the Quaternary,
Oligocene—Miocene, Miocene and Palacocene age spatial
sources were estimated 46% (uncertainty range 0-100%),
3% (uncertainty range 0—100%), 16% (uncertainty range 0—
100%) and 35% (uncertainty range 0—100%), respectively
(Fig. 8; Table 4).

The uncertainty ranges for the predicted source contribu-
tions to the fine-grained sediments in MD (S15-S20) are il-
lustrated in Fig. 9. Corresponding average mean contributions
are shown in Table 4. North WykePalacocene age deposits
were predicted to be the main spatial source (38%; uncertainty
range 0—100%).The mean contributions from the Quaternary,
Oligocene—Miocene and Miocene geological spatial sources
were estimated at 25% (uncertainty range 0—100%), 12% (un-
certainty range 0—100%) and 25% (uncertainty range 0—
100%), respectively (Fig. 9; Table 4).

Terrestrial source apportionment—coarse-grained
sediment fraction

Figure 10 presents the uncertainty ranges for the predicted
contributions from the four geological spatial sources to the
coarse-grained sediment fraction in CD samples (S1-S9).
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Fig. 8 Probability density functions of the Monte Carlo simulation results for estimating the sources of fine-grained sediment in TSD samples (S10-S14)
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Fig.9 Probability density functions of the Monte Carlo simulation results for estimating the sources of fine-grained sediment in MD samples (S15-S20)

Table 5 shows the corresponding average mean contributions
from the individual terrestrial sources to the coarse-grained
fraction. The predicted mean contributions from the
Quaternary age deposits ranged between 0 and 100%, with a
corresponding average mean contribution of 4%. The average
mean contributions from the Oligocene—Miocene, Miocene
and Palacocene geological spatial sources were calculated at
0% (uncertainty range 0—100%), 17% (uncertainty range 0—
100%) and 79% (uncertainty range 0—100%) (Fig. 10;
Table 5).

The uncertainty ranges estimated for the spatial source con-
tributions to coarse-grained sediment in TSD samples (S10—
S14) are presented in Fig. 11. Ranges in the contributions from
the Quaternary, Oligocene—Miocene, Miocene and
Palacocene age spatial sources were calculated as 0-100%
(average mean contribution 9%), 0—100% (average mean con-
tribution 8%), 0—100% (average mean contribution 20%) and
0-100% (average mean contribution 63%), respectively
(Fig. 11; Table 5).

Figure 12 presents the estimated source contribution ranges
for the coarse-grained fraction in MD samples (S15-S20).
Here, the average mean contributions from the Quaternary,
Oligocene—Miocene, Miocene and Palaeocene age spatial

@ Springer

sources were estimated 12% (uncertainty range 0—100%),
13% (uncertainty range 0-100%), 21% (uncertainty range
0-100%) and 54% (uncertainty range 0—100%), respectively
(Fig. 11; Table 5).

Evaluation of the predicted terrestrial source
proportions using virtual mixtures

The un-mixing model accuracy was tested using virtual sam-
ple mixtures of tracer values (Pulley and Collins 2018;
Haddadchi et al. 2014). The comparison between predicted
and known source proportions is presented in Table 6.

Table 7 shows the corresponding results of RMSE and
MAE tests for evaluating the accuracy of the un-mixing model
results for the fine- and coarse-grained fractions (S1-S6). For
the fine-grained fraction (< 63 pm), the poorest performance
on the basis of RMSE (11.1%) and MAE (3.8%) was estimat-
ed for S4, whereas the best performance (RMSE 2.3%, MAE
0.02%) was calculated for S6.

For the coarse-grained (63—500 pm) fraction, the best mod-
el performance using RMSE (1.7%) and MAE (0.2%) was
estimated for S2, whereas the worst performance (RMSE
15.2%, MAE 4.7%) was calculated for S3.
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Fig. 10 Probability density functions of the Monte Carlo simulation results for estimating the sources of coarse-grained sediment in CD samples (S1-S9)

Based on the Monte Carlo modelling approach, the full
uncertainty ranges (frequently 0—-100%; Figs. 7, 8, 9, 10, 11
and 12) were estimated for the spatial source contributions to
both fine-grained and coarse-grained sediments in the three
categories of coastal deposits (CD, TSD and MD). These full
uncertainty ranges for the predicted mean source proportions
represent feasible solutions. Since these uncertainty ranges are
based, in part, on the corresponding variation in source finger-
prints, the latter should be considered carefully in the selection
of tracers properties, in addition to mass conservation alone.

Overall, the source apportionment modelling sug-
gested that the Quaternary (consisting of clay flats, al-
luvial fans and terraces) and Palaeocene (including
sandstones, mudstones and minor conglomerate) age de-
posits are the main sources for fine-grained sediment
samples collected from CD, TSD and MD deposits.
The Palaecocene age deposits (including sandstones,
mudstones and minor conglomerate) were identified as
the main source of the coarse-grained sediment samples
collected from the CD, TSD and MD deposits.
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Table 5 The average mean contributions from the geological spatial
sources to the coarse-grained fraction in the three categories of coastal
sediment deposits comprising: CD, TSD and MD

Sediment category ~Sediment sample no  Geological spatial source

Q OM M P

CD S1 3 0 16 81
S2 4 0 20 76
S3 8 0 21 71
S4 2 0 17 81
S5 6 0 20 74
S6 2 0 13 85
S7 6 0 21 73
S8 1 0 10 89
S9 1 0 16 83
Contribution (%) 4 0 17 79
TSD S10 14 33 24 29
S11 8 1 20 71
S12 17 6 20 57
S13 2 0 20 78
S14 2 0 16 82
Contribution (%) 9 8 20 63
MD S15 20 33 21 26
S16 12 6 23 59
S17 21 28 21 30
S18 14 12 24 50
S19 1 0 16 83
S20 4 0 19 77
Contribution (%) 12 13 21 54

The above apportionment results suggest that the fine-
grained (< 63 pum) fraction of coastal sediments mainly orig-
inates from the clay flats located in the lowlands in the vicinity
of the study catchment outlet. Different landforms exhibit
varying potentials such as dust sources due to the limitations
on emissions imposed by differences in the supply of fine
sediment and subsequent availability of this sediment for en-
trainment (Muhs et al. 2014). Rao et al. (2011) suggested a
provenance local to the sampled deposits (< 75 um fraction),
with the source in that case being fluvial materials in the
Yellow River.

The source apportionment results reported herein sug-
gested that the coarse-grained (63—500 pwm) fraction of the
samples collected from the three categories of coastal sedi-
ment deposits mainly originates from sandstone and
conglomerate sources located in the upstream mountains. In
contrast, Du et al. (2018) reported that the coarse-grained frac-
tion of sand dunes sampled in the Qaidam Basin, Tibetan
Plateau, has a local origin comprising fluvial and alluvial
sediments. Similarly, Gholami et al. (2017b) reported that
Quaternary alluvial fans and terraces (alluvial sediments) are

@ Springer

the main source of the coarse-grained (62.5—150 pum) fraction
of samples collected from the sand dunes in the Yazd-Ardekan
plain in Central Iran. Ahmady-Birgani et al. (2018) reported
that samples retrieved from the Urmia Lake sand dunes, north-
western Iran, originated from alluvial and fluvial processes,
with wind erosion acting as a secondary agent but playing an
important role in the source contributions to the sediment de-
posited in the lower reaches of the study area.

Limitations of the fingerprinting approach
for estimating sediment provenance

A principal limitation for source analysis of sediments at
large-scale concerns the uncertainty associated with the col-
lection of a limited number of source and sediment deposit
samples. Where resources permit, high-density sampling is
preferable (Wang et al. 2017). In the study area, however,
there were limitations related to complex topography and the
remoteness and extensive area of the Jagin study catchment.
The uncertainty resulting from the sampling programme was
assessed explicitly using a Monte Carlo framework, but inter-
pretation of the results should, nevertheless, bear in mind the
sampling density. The latter continues to represent an impor-
tant challenge for all source tracing investigations using sed-
iment fingerprinting. Although tracer conservation was
assessed using a bracket test and bi-plots of tracer pairings in
the two grain size fractions of the source and sediment sam-
ples, these procedures do not confirm the complete absence of
any transformation. The study did not undertake any work to
investigate the potential reasons for non-conservative behav-
iour which might include biogeochemical alterations arising
from sorption, dissolution, precipitation, reduction or oxida-
tion. The lack of such work continues to be common to the
vast majority of source fingerprinting investigations, and this
gap thereby requires further attention. Tracer conservation
could be tested using both laboratory pot-scale experiments
in controlled surroundings simulating local ambient environ-
mental conditions (e.g. temperature, sunlight, rainfall) and
plot-scale experiments to examine the likelihood of non-
conservative behaviour over short transport distances. Here,
however, the construction of pdfs for the sediment sample
tracer values in each size fraction, and the Latin hypercube
driven sampling of those pdfs, means that ranges in the sedi-
ment tracer values were used explicitly and those ranges are
likely to help represent the likely impacts of any tracer trans-
formation. Source apportionment estimates commonly differ
on the basis of using composite signatures comprising differ-
ent types of tracers. As a result, the interpretation of the source
apportionment estimates generated by this study should bear
in mind that final composite signatures were only constructed
using geochemical tracers rather than multiple tracer types.
The high failure rate, returned for the range test using the
fine-grained fraction, suggests that geochemical tracers should
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Fig. 11 Probability density functions of the Monte Carlo simulation results for estimating the sources of coarse-grained sediment in TSD samples (S10-S14)
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Fig. 12 Probability density functions of the Monte Carlo simulation results for estimating the sources of coarse-grained sediment in MD samples (S15 S20)
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Table 6 Comparison of the modelled estimates of geological spatial source contributions for fine-grained and coarse-grained sediment fractions with
known source proportions comprising six artificial sediment mixtures (S1-S6)

Virtual sediment sample no  Percentile (%) Fine-grained fraction (< 63 pm) Coarse-grained fraction (63-500 pum)
Geological spatial source Geological spatial source
Q oM M P Q oM M P
S1 2.5 0 0 0 0 0 5 0 0
25 0 11 0 8 5 20 0 25
50 14 22 17 34 15 27 14 40
75 30 31 37 54 25 34 29 53
97.5 81 70 90 100 51 49 61 70
Average (%) 20 23 23 34 17 27 18 38
Artificial sediment mixture (%) 25 25 25 25 25 25 25 25
S2 2.5 0 0 0 0 0 7 0 0
25 0 13 0 5 2 22 0 27
50 13 24 17 32 12 29 14 42
75 29 33 38 52 22 35 29 54
97.5 80 72 92 100 47 50 60 71
Average (%) 19 25 23 33 14 29 18 39
Artificial sediment mixture (%) 15 30 15 40 15 30 15 40
S3 2.5 0 0 0 0 0 0 0 0
25 0 9 1 8 3 16 2 30
50 10 19 22 35 13 23 16 45
75 25 29 42 55 23 30 31 57
97.5 73 87 100 100 48 44 62 75
Average (%) 16 22 27 35 15 23 20 42
Artificial sediment mixture (%) 20 20 40 20 20 20 40 20
S4 2.5 0 0 0 0 0 1 0 0
25 3 7 0 9 9 18 0 21
50 20 17 12 37 20 25 13 38
75 37 27 32 56 31 33 29 51
97.5 99 57 80 100 58 48 61 70
Average (%) 25 19 20 36 21 26 18 35
Artificial sediment mixture (%) 40 20 20 20 40 20 20 20
S5 2.5 0 0 0 0 0 15 0 0
25 0 19 0 0 3 31 0 14
50 11 31 15 24 14 38 13 30
75 28 41 37 45 25 46 28 43
97.5 78 82 97 100 50 62 58 61
Average (%) 18 31 23 28 16 39 15 30
Artificial sediment mixture (%) 20 40 20 20 20 40 20 40
S6 2.5 0 0 0 0 0 0 0 0
25 0 7 0 12 3 15 1 33
50 15 17 18 38 13 21 15 47
75 31 26 38 57 23 28 29 59
97.5 82 65 86 100 47 42 60 77
Average (%) 20 19 23 38 15 22 18 45
Artificial sediment mixture (%) 20 20 20 40 20 20 20 40
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Table7  Results of RMSE and MAE tests for evaluating the accuracy of
the un-mixing model results using six artificial sediment mixtures (S1—
S6)

Fraction Test Artificial sediment mixtures
S1 S2 S3 S4 S5 S6
<63 um RMSE 56 63 10.3 11.1 625 23
MAE 13 1 092 3.8 047  0.02
63-500 um  RMSE 8.2 1.7 15.2 124 5 345
MAE 2 0.2 1.2 4.7 1 1.2

be augmented with, or replaced by, alternative property types
when tracing the sources of dust mobilized, redistributed and
deposited in arid environments similar to the case study area.
The testing of additional property types will inevitably re-
quire access to different laboratory equipment. Equally, the
relatively low source sample discrimination rates again im-
ply that tracer selection needs to be based on careful con-
sideration of the environmental setting and sources in
question and that the classification of potential sources
should be explored in more depth using techniques includ-
ing cluster analysis rather than being based on groups se-
lected a priori (Pulley et al. 2017). The latter is relevant to
the case study reported here in that the principal overlap
between sources involved geological sources M (sand-
stone, siltstone, conglomerate, shale, mudstone, and shell
beds; Darpahn and Jagin geological units; Miocene age
deposits) and P (sandstone with siltstone, mudstone, and
minor conglomerate; Palacocene age deposits). Source dis-
crimination and apportionment errors can also be improved
by screening tracers on the basis of between-source to
within-source group tracer concentration ratios.

Conclusions

Although there have been many studies of sand dunes of
Quaternary age in both arid and semi-arid zones, much of
the focus of previous research has been on genesis, sedimen-
tary structures and the chronology of sand dunes. To date,
there has been much less work on understanding dune sedi-
ment provenance, with many studies simply assuming an un-
derlying rock or nearby sedimentary deposit as the primary
source or ignoring the source issue altogether. Part of the rea-
son that sand dune provenance studies are uncommon in aco-
lian geomorphology is that many of the techniques required
are time-consuming, prone to operator error and highly spe-
cialized, often requiring expensive (some geochemical tech-
niques) or sophisticated instrumentation (Muhs 2017; Muhs
etal. 2017). Against this knowledge gap, this contribution has
reported the results of fine-grained and coarse-grained

sediment fingerprinting, based on the application of a Monte
Carlo simulation framework, in the coastal catchment of
Jagin, south-east of Hormozgan province, southern Iran. The
study area is impacted by many on-site and off-site effects of
wind erosion, and research is needed to investigate practical
mitigation options for aeolian dust transport and the costs
involved. The preliminary results generated by this study, al-
beit in the context of the inherent limitations and uncertainties
common to such work, underscore some of the challenges for
this type of sediment fingerprinting application and provide
some information for the targeting of mitigation options for
wind erosion control. There is a need, however, for on the
ground follow-up in the critical source areas to pinpoint the
placement of control measures.
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