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Erosion caused by water and sediment transport in watersheds leads to on-site and off-site
effects that can cause significant damage to lands and infrastructure. Understanding the source
of sediment yield in river systems is essential for effective watershed management. A key
challenge in sediment source fingerprinting is the use of appropriate tracers. Therefore, the
purpose of this study was to investigate the effectiveness of weathering indicators and
geochemical elements in detrmining the contribution of sub-basin sediment sources in Alvand
watershed by using a Bayesian sediment fingerprinting model. First, 27 samples were taken
from the outlest of three sub-basins as sediment sources and 9 samples were taken from the
outlet of the main basin as sediment target. 9 geochemical elements (Al-Ca-Fe-K-Na-Mg-Si-
Ti-P) were measured for the predominant particle size farction (<125 ) and 42 weathering
indices were calculate based on the geochemical elements in sediment source samples and
target sediment samples. Using Kruskal-Wallis test and discriminant function analysis three
geochemical elements (Na, Mg, Si) and three weathering indices (CPA, ALK, R) were selected
as compsite fingerprints. The sediment source apportionment technique was prepared based
on the Bayesian model, and the percentage contribution of each sediment source was
determined. For the three sediment sources in the Alvand watershed, namely Basin 1 (Ghaleh
Shahin), Basin 2 (Patagh), and Basin 3 (Rijab), the estimated percentages were 97.7%, 0.8%,
and 1.1%, respectively. The Ghaleh Shahin sub-basin was identified as the dominant sediment
source. The results showed that a combination of weathering indicators and geochemical
elements can create an appropriate combination of tracers to be used in sediment provenance.
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EXTENDED ABSTRACT

Introduction

One of the key issues in soil and water management is soil erosion and sediment production in the
watershed, which can lead to problems in environmental, economic, and social issues. Every year, over 75
billion tons of soil from the Earth’s surface, equivalent to 134 tons per km2, are exposed to erosion. In Iran,
the consequences of soil erosion include accumulation of sediments behind dams, loss of vegetation cover,
increased flooding, and soil loss. Sediment fingerprinting is a technical technique that determines the relative
contribution of sediment sources through field sampling, analysis, and statistical modeling and has
predominated by indirect tracing methods. Sediment source tracing methods are increasing worldwide, and the
scope of conventional sediment tracing methods needs further examination. One possible method is using
tracers to identify sediment sources and quickly deliver sediments, responsible for detecting and investigating
chemical substances.

Data and research methods

The study area in this research includes the Alvand watershed located in the southwest of Kermanshah
province. The study area ranges between latitudes 33 degrees 57 minutes to 34 degrees 34 minutes and
longitudes 45 degrees 32 minutes to 46 degrees 28 minutes, situated between the Tigris and Iran Plateau. The
four main sub-catchments of the Alvand watershed include Chelh-Gilan Gharb, Koferavor-Sagan, Sar Pol
Zohab, and Qasr-e Shirin. Due to the vastness of the Alvand watershed, this study focused on the Sar Pol
Zohab sub-catchment, which includes three sub-catchments: Qale Shahin, Reijab, and Patagh. This watershed,
with an area of 1671.93 square kilometers, follows the general direction of the Zagros, running from northwest
to southeast. Its maximum elevation is 2474 meters, and its minimum elevation is 486 meters at the watershed
outlet. The study area has a Mediterranean climate with a rainy season corresponding to the cold season. The
average annual precipitation in the watershed is about 600 millimeters, with an average annual temperature of
13 degrees Celsius. Generally, in the eastern mountainous regions of the watershed, there is more precipitation
and lower temperatures, while in the lower western regions, precipitation is less, and temperatures are higher.

Sampling is done in two ways, one based on sediment sources and the other based on the target sediment
or basin output. In other words, in sediment provenance, samples should be taken from sediment sources and
sediment outputs. All sediment and source samples were dried at 60 degrees temperature and for 24 hours.
They were sieved using a sieve smaller than 125 micrometers. XRF analysis was performed on 36 sediment
samples. 20 grams of each sample were taken for this purpose, and the concentrations of important
geochemical elements including Al, Ca, Fe, K, Na, Mg, Si, Ti, P, and LOI were measured using X-ray
fluorescence (XRF) equipment. In order to assess the efficiency of air pollution indices computable using the
measured geochemical elements, 42 air pollution indices (Table 1) were calculated to provide useful tracers
for inclusion in sediment provenance. All elements were converted to oxide percentages, and then the
molecular weights of the oxide forms were calculated using molar mass.

For investigating the proportion of each source of sediment in tributary, three main steps were used. First,
the non-conservative behavior of tracers and a mass conservation test was performed. Second, a two-stage
statistical procedure identified the optimum set of source material properties to use as composite fingerprints.
The abilities of individual properties to discriminate among sources were tested via the Kruskal-Wallis rank
sum test, and those properties that return a P value >0.05 were excluded. Then, a stepwise discriminant function
analysis (DFA) was performed to determine the proportion of samples that were accurately classified into the
correct source groups. Third the mixture sampling-Importance-Resampling (Mix SIR) Bayesian model was
used to estimate source proportion.

Results

The results of the standard bracket test showed that in the erosion units under the sub-basins, 11 trace
elements (WIP, Pl, KR, IR, WI-1, WI-2, SSAF, STI, SF, Birkeland, LOI) were not conservative and were
excluded from further analysis. For the sediment sources erosion, among 9 geochemical elements and 42 air
pollution indices that passed the Kruskal-Wallis test, 3 elements (Na, Mg, Si) and 3 pollution indices (CPA,
ALK, R) were selected for the composite fingerprintd, which separated and classified 96.6% of the sample
sources correctly.

Discussion
This research looked into how much sediment each sub-basin contributes using sediment fingerprinting
approach based on geochemical elements and weathering indices. The results revealed that the Qaleh Shahin
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sub-basin had the highest sediment yied (97%) among other sub-basins, with three chemical elements (Na,
Mg, Si) and three weathering indices (CPA, ALK, R) identified as the best tracers out of 9 elements and 42
indices examined, as they had the highest ability to discriminate sediment sources.
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WIP (Weathering Index of [2Na,0/0.35+Mg0/0.9+2K,0/0.25+Ca0/0.7] X100 Parker (1970)
Parker)
CPA (Chemical Proxy of [ALO3/(Al,03+Na,0)] x100 Buggle et al. (2011); Cullers (2000)
Alteration)
PI (Product Index) [(SiO; x100)/(Si0,+TiO,+Fe,03+ALO;3)| Ruxton (1968)
ALK Ratio [(K;0/(K,O+Na,0))] x100 Harnois and Moore (1988)
CIA (Chemical Index of [ALO3/(Al,05;+Ca0O+Na,0+K,0)] x100 Nesbitt and Young (1982)
Alteration)
Kr (Silica- Sesquioxide Ratio) [Si0,/(Al,O5tFe;03)] Moignien (1966);
AKN (Alumina to potassium- [ALLO3/(K,0+Na,0)] Harnois and Moore (1988)

sodium oxide Ratio)

ACN (Alumina to Calcium- [ALO5/(Al,03;+K;0+Na,0)] Harnois and Moore (1988)
sodium oxide Ratio)
MWPI [(K;0+Na,0+Ca0+MgO0)/(Si0,+ALO;+Fe,0;+K,0+Na,O Vogel (1975)
+Ca0+MgO)] x100
IR CIA/WIP Garzanti et al., 2014
V (Vogt’s Residual Index) [(ALO3+K20)/(MgO+CaO+Na,0)] Vogt (1927)
R Si0,/ALOs Ruxton (1968)
CIW (Chemical Index of [AL,O3/(Al,O3+Ca0O+Na,O] x100 Harnois and Moore (1988
Weathering)
PIA (Plagioclase Index of [AL,05-K,0)/(Al,05+Ca0+Na,0-K,0] x100 Fedo et al. (1995)
Alteration)
CALMAG Index [AL O3/ (AL, O3+ CaO + MgO)] Nordt and Driese (2010); Udagedara et
al.2016
Brownl Ln ((CaO+Na,0)/Al,03) Von Eynatten et al. (2003); McLemore et al.
(2008)
Brown2 Ln (Na,0/Al03) Von Eynatten et al. (2003); McLemore et al.
(2008)
WI-1 [(SiO,+Ca0)/ (Fe O3+ TiO,)] Darmody et al. (2005); McLemore et al.
(2008)
WI-2 [(SiO,+Ca0)/ (AL,O;+ Fe,05+Ti0,)] Darmody et al. (2005); McLemore et al.
(2008)
Mg Index 100x (ALOs/ (Al,O3+ MgO)) Maynard (1992); McLemore et al. (2008)

Rc (Residual coefficient)

[(ALOs+Fe;03)/(K,0+Na;0+Ca0+MgO)]

Li et al. (1995); McLemore et al. (2008)

bal [(K,O+Na,0)/Al,0;] Rocha Filho et al. (1985); DuzgorenAydin et
al. (2002); McLemore et al. (2008)
ba2 [(CaO+MgO)/AL O3 Rocha Filho et al. (1985); DuzgorenAydin et
al. (2002); McLemore et al. (2008)
ba3 [(K;O+Na,0+MgO)/ AL,O3] Rocha Filho et al. (1985); DuzgorenAydin et
al. (2002); McLemore et al. (2008)
Al [(K;0+Na,0)/(K,0+MgO+Na,0+Ca0)] Piché and Jébrak(2004); McLemore et
al.(2008)
Al2 [(K>0+MgO)/(K,0+MgO+Na,0+Ca0)]*100 Ishikawa et al. (1976); Large et al. (2001);
McLemore et al. (2008)
Chittleborough [(CaO+MgO+Na,0)/ TiO,] Chittleborough (1991); McLemore et al.
(2008)
Colman [(K;0+Na,0+Ca0+MgO)/(Al,03+Fe;03+Ti0,)] Colman (1982); McLemore et al. (2008)
Birkeland [Si02/(Al,O3+Fe;,03+TiO)] Birkeland (1999); McLemore et al. (2008)

Ba (Bases to Alumina)

CCP1

S/SAF Index
Alumina-titania Index

STI (Silica-titania Index)

[(K20+Na20+CaO)/Ale3]

[(100% (MgO+FeO))/ (MgO+FeO+Na,0+K;0) |
[Si0,/(SiO:+ALO+Fe;03)]
[(ALO3/TiO,)/((Si0/TiO,) +(Si02/Al,03) +(ALO;/TiO,)]
x100

[(Si02/Ti0,)/((Si02/Ti0,) +(Si0,//Al,03) +(AL,O3/Ti0,))]
x100

Rocha Filho et al. (1985); Duzgoren-Aydin et
al. (2002); McLemore et al. (2008)
Large et al. (2001); McLemore et al. (2008)
Hill et al. (2000); Udagedara et al. (2016)
Jayawardena and Izawa (1994); Udagedara
et al. (2016)

Jayawardena and Izawa (1994); Udagedara
et al. (2016)

FENG [ALLO3+Fe;0;5)/(Na,0+K,0+MgO+P,0s] Feng (1997)
SF SiO,/Fe; 03 Jenny (1941)
sesquioxide content (SOC) Al203+Fe203 Irfan (1996); McLemore et al. (2008); Ng et
al. (2001)
A1203 /Fe203 Jenny (1941)
AL O3 /Si0, Xie et al. (2012)
LOI Suoeka et al. (1985)
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