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Fig. 1. Surface geological map of the tailings dam watershed of Dar-e-Allo copper mine (Bavi & Zand-Moghadam, 2025).
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Table 1. Geochemical analysis results of major element oxides in the sediments (green highlight: lowest concentration;

red highlight: highest concentration)

Element  Si0;  ALO3; Fe0;  MgO0 €O N0 K0 Ti0, MO CIA 1Icv
Unit % % % % % % % % %
51 Sz 2687 1004 190 038 116 19 068 008 621 108
$2 5488 2723 1567 203 702 432 341 083 012 6497 123
s3 402 2792 1501 20 634 436 3.46 083 012 6633 115
s4 348 240 29 143 37 343 3.53 120 [ o 151
s5 5321 215 16,50 163 s [ ¢ 092 011 67.14 119
56 5770 2958 1221 171 3.09 385 404 075 009 7293 0.87
7 980 2911 1064 140 5.78 282 454 074 010 6330 08
s8 w5 [ 52 160 211 I s ooe  [NGE
59 Gl 23t 861 17 [ 14 315 049 0.13 5166 140
510 st45 2680 [ 1 284 260 2w [ ¢ s R
s11 434 [0 1021 117 1357 253 348 058 007 53.14 1.42
s12 571 2572 2168 152 5.39 313 3.5 0.8 010 6798 141
sis [l »» ve 079 204 143 433 067 0.10 711 087
s14 6733 268 w15 [OEIEEG 430 440 067 010 TLI6 086
515 026 uA 9T 163 1560 20 £ 051 010 5364 136
s16 742 w17 199 144 3.96 101 445 062 010 7358 105
517 o 2 uvn [ = 356 (25T 0.70 009 678 113
518 4628 2641 107 216 098 337 14 053 008 6261 113
Min 8355 20 8.61 078 200 0.99 237 049 007 5166 0.60
Max 68635 4414 BOS 232 1651 461 6.10 143 0.23 8273 167
Mean 5329 2760 1518 1590 678 318 3.65 076 ot e 116
uce 6660 1540 504 248 3.5 327 280 0.64 0.10

(ke o i 1508 Calllo g CAE (3 oS 25w Sy lbo) Sligus) (£ polic (oaloondyls 5T s ¥ Jgur
Table 1. Geochemical analysis results of minor element in the sediments (green highlight: lowest concentration; red

highlight: highest concentration)

Element Rb Sr Ba Pb Th U ir Nb Y Sc ¥ Cr Co Ni Zn
Unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm pm ppm ppm ppm ppm
sl 2 217 280 11 30 N  « 43 146 141 124 58 153 23 6
s1 51 4108 310 17 27 12 67 15 173 172 161 57 216 u 8l
s3 4 313 20 250 09 70 26 175 132 162 59 183 2 8

s4 52 m 21 [ e v O B o 220 85 296 —-
s5 45 4146 339 1 333 L1 7 65 143 133 183 77 194 )
$6 19 1939 322 16 193 038 7 05 165 176 135 28 199 15 8
s7 50 1793 435 2 251 09 84 45 202 184 12 35 165 18 @
s8 61 1928 439 2 298 08 20 45 1o [ 5 2 197 17 147
s9 41 2356 205 » 135 081 51 36 151 151 110 29 157 17 0
S10 39 160.7 260 2 111 09 36 %7 157 23 [ 13
s 56 3450 443 1 L6l 09 57 4 130 122 1 38 148 B 80
s1z 54 2788 425 20 281 11 7 I v 181 1n 2 203 15 o
siz [ s 634 £ 3356 12 78 69 149 104 106 40 133 15 105
s14 63 m 653 4 4m 12 76 59 148 104 108 38 4 1 107
s1s 50 2615 310 1 121 06 52 43 153 164 123 36 145 0 7
S16 60 w; [ - B 7 65 198 186 120 44 285 o 137
s17 29 2364 215 13 054 08 47 21 169 211 147 39 218 20 7
s18 23 2622 217 12 01 07 48 4 164 20 141 35 212 19 )
Min 28 1528 215 1 054 06 20 05 1839 104 106 21 133 3 6
Max 64 4332 735 52 417 21 03 8 242 26 301 99 315 3 157
Mean 4906 26841 3838 2130 2.8 Lot 63.83 427 1696 1684 15067 477 1978 2011 9617
vce 4 320 456 1 56 13 132 8 10 219 138 135 266 kS 7

% Index of Compositional Variability

! Chemical Index of Alteration



\ald

1P olino) g 3wl FF 0ol AT 0590 (g0 )8 ‘:wL».wug‘w)

(Sl oy s 1308 Collyla g CALE (39 0 s o Wy ) Sliguny (REES) (S 5oL puolie (o Lol 55 56T golis .Y Jgur
Table 1. Geochemical analysis results of REEs in the sediments (green highlight: lowest concentration; red highlight:

highest concentration)

YREE [ LREEs | HREEs
Element La Ce Pr Nd Sm En Gd Th Dy Er Tm Yh Lu
Unit ppm ppm ppm Ppm ppm ppm ppm ppm ppm ppm Ppm ppm ppm
s1 16.00 31.00 245 920 225 0.87 215 042 2.60 158 021 190 018
S2 16.00 31.00 27 1120 267 101 267 051 318 202 0.26 270 023
S3 16.00 31.00 273 10.70 269 093 244 049 317 183 027 280 021
w [ B0 sw  ew me as 1w 3w on sa 2w om 4w o |
S5 17.00 31.00 275 1050 242 0.84 190 039 233 150 0.19 230 014
S6 14.00 28.00 232 850 236 0.70 196 041 269 150 022 260 014
s7 17.00 34.00 332 1350 331 111 255 056 353 2.08 0.26 280 022
S8 20.00 36.00 34 1530 390 1.06 44 050 325 182 023 260 019
S9 13.00 26.00 235 930 260 0.76 184 043 2.66 146 0.19 180 016
S10 13.00 21.00 248 9350 261 0.86 192 0.46 3.02 197 0.24 3.60 019
S11 14.00 25.00 236 940 242 0.76 154 040 233 130 017 190 011
S12 16.00 31.00 3.60 1340 339 093 204 049 325 186 023 310 019
S13 18.00 34.00 3 13.80 290 0.84 171 039 232 134 015 19 005
S14 19.00 35.00 428 1520 323 091 172 043 256 137 017 190 010
S15 12.00 24.00 258 970 238 083 167 044 280 146 0.18 210 014
S16 18.00 36.00 4.67 17.80 431 122 222 054 373 205 0.28 3.00 020
s17 11.00 21.00 191 870 255 091 2.06 048 3.08 169 021 2.50 016
S18 11.00 22.00 180 8.10 243 0.81 197 043 3.06 165 0.23 2.30 019
Min 11.00 21.00 1.80 810 225 0.70 154 039 232 130 015 180 005
Max 23.00 48.00 474 1840 475 134 391 073 5.01 292 033 490 024
Mean 15.78 30.28 3.05 1179 295 093 215 047 3.04 1.74 022 259 017
ucce 30 64 71 26 45 0.88 2l 0.64 35 23 033 22 032
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Fig. 2. Geochemical classification of clastic sediments according to Pettijohn et al. (1987). All sediment samples fall
within the greywacke field, which reflects the high content of clay minerals in the samples.
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Fig. 4. Ternary A-CN-K diagram showing the position of the studied clastic sediments (Nesbitt & Young, 1984). The

samples exhibit a clear linear trend toward the direction of increasing chemical weathering, which is associated with a
higher proportion of illite minerals.
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arid to semi-arid climate conditions.
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Fig. 7. Binary diagram of ICV versus CIV showing the position of the studied sediment samples (after Pater et al., 2005). The
results indicate that the sediments were primarily derived from andesitic and basaltic source rocks.
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Fig. 8. La/Sc versus Co/Th binary diagram showing the position of the studied sediment samples (Gu et al., 2002). The diagram
indicates that the sediments were derived from source rocks ranging from andesite to basalt.

Felsic end member

Ultramafic
end member

0 PAAS ‘
Mafic/Ultramafic
contribution

Mafic end member

Th/Sc

100
Cr/Th

...\.15‘50 OM uJbL! G G.A)NT ‘) [TV p) 6!.543,.“' ).>|.o Sww (1AAY .‘5»\415 9 @395&5}9) Th/Sc JJLM 3 Cr/Th St gﬁ.""’ﬁ‘) )‘.)9.0.3 4 JS.N

Fig. 9. Binary diagram of Cr/Th versus Th/Sc (Verma & Condie, 1987) showing the position of the studied sediment samples.
The plot suggests that the sediments were derived from source rocks ranging from andesite to basalt.
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Fig. 10. Zr/Sc versus Th/Sc binary diagram showing the position of the studied sediment samples (McLennan et al., 2003). The
plot indicates that the sediments were derived from source rocks with compositions ranging from andesite to basalt.
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Fig. 11. Binary diagram of La/Sc versus Th/Co (Cullers, 2002) and ternary diagram of V-Ni-Thx10 (Brasher et al., 2007)
showing the studied sediment samples. The binary diagram indicates that the sediments were mainly derived from felsic source
rocks, whereas the ternary diagram suggests that some source rocks had intermediate to mafic compositions.
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Table 4. Minor element ratios for identifying source rock types. The ratios measured in the studied sediments are compared
with the typical ranges for the upper continental crust, felsic (acidic), and mafic (basic) rocks (Zand-Moghadam et al., 2013).

Hemental Ratio uce Mafic rocks Felsic rocks Dar-e-Allo sediments
La/Sc 221 0.43-0.86 2.5-163 0.30-5.13
Th/Sc 0.79 0.05-0.22 0.84-20.5 0.002-4.9
La/Co 1.76 0.14-038 1.80-13.8 0.11-2.1
Th/Co 0.63 0.04-1.40 0.67-194 0.001-0.5
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Fig. 12. Binary diagram of SiO: versus K:O + Na:O showing the tectonic setting of the studied sandstones (Roser & Korsch,
1986). The plot indicates that the sandstones were deposited in settings corresponding to continental active margins and oceanic

arcs.
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Fig. 13. Binary diagram of SiO: versus Log (K:O/Na.0O) showing the tectonic setting of the studied sandstones (Roser &
Korsch, 1986). The diagram indicates that the samples were deposited in an oceanic island arc setting.
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Fig. 14. Ternary diagrams illustrating the tectonic setting of the studied sandstones. (A) Major element ternary diagram (Cox
et al., 1994), showing that most samples plot in field A. (B), (C), and (D) Trace element ternary diagrams (Bhatia & Crook,

1986), also indicating that the sediments predominantly fall within field A. The definitions of each field are as follows: A:
Oceanic Island arc; B: Continental Island arc; C: Active continental margin; D: Passive continental margin.
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Tables 5. Tectonic setting of the clastic sediments from the Dar-e-Allo copper mine inferred from trace and rare earth
element ratios, compared across different tectonic environments (Yan et al., 2012; Bhatia & Crook, 1986).

Provenance type Th/U Th/Se Rb/Sr La/Th  Tectonic setting

Undiss ected magmatic arc 2.1 0.15 0.05 426  Oceanic island arc (OIA)
Dissected magmatic arc 4.6 0.85 0.65 236 Continentalisland arc (CIA)
Uplifted basement 48 259 0.89 1.77  Active contmental margm (ACM)
Craton interior 5.6 3.00 1.19 222 Passive contmental margin (PM)

Mean Dar-e-Allo sandstone 241 0.16 0.2 7.99  Oceanic island arc (OIA)
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Abstract

The sedimentation lake formed behind the waste dam of the Dar-e-Allo copper mine in south of Kerman,
annually is the host of detrital material derived from the natural weathering and erosion of various
upstream lithologies. To determine the provenance of these sediments, 18 samples were collected from
clastic deposits along the main drainage channels as well as from sediments accumulated behind the
dam. These samples were analyzed geochemically using XRF and XRD techniques to quantify the
concentrations of major, minor, and rare earth elements. The calculated Chemical Index of Alteration
(CIA) values, together with the A—-CN-K ternary diagram, indicate a low to moderate degree of chemical
weathering under arid to semi-arid climatic conditions in the provenance. The distribution patterns in
binary and ternary geochemical diagrams reveal that the sediments are primarily derived from
intermediate to mafic volcanic rocks (andesite and andesite-basalt), with minor contributions from felsic
lithologies (dacite and rhyodacite). Low concentrations of chromium and nickel exclude any significant
contribution from ultramafic sources. The position of the samples in binary and ternary discrimination
diagrams, along with key geochemical ratios such as Th/U and La/Th, suggests a magmatic provenance
associated with a tectonic setting typical of an Oceanic Island Arc. These findings provide valuable
baseline data for sediment resource management in mining areas and contribute to the development of
sustainable resource management strategies.

Keywords: Dar-e-Allo copper mine, Waste dam, Provenance, Sediment Geochemistry, Weathering
Indices

Introduction runoff and sediment accumulation. It also
Sediments possess a remarkable ability to serves to mitigate flood risks and protect
record and reflect key information related to downstream settlements. Previous studies have
their provenance, weathering, and erosion indicated that natural erosion, driven by active
history from source to sink site. Geochemical tectonic settings and intense weathering
characterization of sediments—including processes, is the primary source of sediments
analyses of major, minor, and trace elements— entering the dam reservoir. The upstream
serves as a powerful tool for interpreting parent rocks mainly consist of tuff, andesite,
geological processes and identifying sediment basalt, dacite, and rhyodacite, characterized by
sources. The chemical mobility of elements phyllic, argillic, and propylitic alterations,
largely depends on the composition of the which make them highly susceptible to
parent rock, prevailing climatic conditions, and erosion. The main objective of this study is to
physicochemical alterations during identify the primary sources of sediments and
weathering. Moreover, sediments act as major determine the parent rocks with the highest
reservoirs for heavy metals and potentially natural erosion potential. To achieve this, a
contaminating elements (PCEs), playing a comprehensive geochemical investigation of
significant role in geochemical cycles and in major oxides and trace elements in the
assessing both natural and anthropogenic sediments is essential. Such analyses enable
influences. The Dar-e-Allo copper mine the reconstruction of weathering, erosion, and
sedimentation dam, located in southern transport processes, ultimately contributing to
Kerman Province, represents a key the sustainable management of the region’s

hydrological infrastructure designed to control water and soil resources.
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Materials & Methods

Eighteen sediment samples were collected
from first-order upstream channels and the
waste dam to investigate their geochemical
characteristics. After natural drying, removal
of impurities, grinding, and sieving, about 50
mg of each sample was analyzed by XRF and
XRD at Zar-Azma Laboratory. The detrital
sediments, influenced by weathering, erosion,
and fluvial transport, were analyzed for nine
major oxides (wt%), fifteen minor elements,
and thirteen REEs (ppm). Element
concentrations were normalized to the Upper
Continental Crust (UCC), providing key
insights into sediment composition and
provenance.

Results and Discussion

The SiO: content ranges from 38.55% to
65.68%, with an average Al2Os of ~27.6%, and
a low Si02/Al20s ratio indicating a greywacke
composition rich in clay minerals. Fe:Os is
significantly enriched, while MgO and Na.O
are depleted, suggesting a volcanic source with
low Mg and Na content. Trace elements like
Ba, Sr, and V are abundant, though most show
depletion relative to UCC. REE patterns reveal
LREE enrichment, reflecting derivation from
intermediate to mafic igneous rocks. Overall,
the geochemical data indicate a volcanic
provenance modified by weathering and
sedimentary processes.

To assess the degree of weathering in the
source area, various indices based on the ratio
of mobile (Na2:O, K.O, CaO, MgO) to
immobile (Al.Os, TiO., ZrO:) oxides were
used. The Chemical Index of Alteration (mean
CIA=609.6) suggests moderate chemical
weathering and a semi-arid to arid
paleoclimate. A-CN-K ternary plots show
samples trending toward the illite field due to
depletion of Na and Ca, confirming
progressive weathering. XRD analyses support
the presence of illite as a dominant alteration
product. The Th/U ratios (<3.8) indicate
limited weathering and minimal sediment
recycling. Overall, geochemical proxies
consistently point to low-to-moderate
weathering intensity under dry to semi-arid
climatic conditions in the provenance.

The provenance of the studied sediments was
investigated using major, trace, and rare earth
element geochemistry, as well as weathering
and compositional indices. The A-CN-K
ternary diagram indicates a weathering trend

from felsic parent rocks toward the Al, while
CIA-ICV relationships suggest derivation
from  intermediate  volcanic  sources.
Al205/TiOz ratios (18—79) point to intermediate
to felsic parent lithologies, mainly andesite and
rhyodacite. Trace-element ratios (e.g., La/Sc,
Th/Sc, Co/Th) and binary plots (e.g., Cr/Th vs.
Th/Sc, Zr/Sc vs. Th/Sc) consistently indicate
an andesitic to basaltic provenance with
minimal sediment recycling. Low Cr and Ni
concentrations exclude ultramafic sources, and
Rb contents suggest most samples were
derived from intermediate to felsic rocks. REE
patterns, with enriched LREEs relative to
HREEs, further support a felsic signature.
Combined geochemical data and petrographic
observations confirm a dominant
intermediate-mafic source (andesite to basaltic
andesite), with minor contributions from felsic
(dacite, rhyodacite) and subordinate carbonate
sources. Overall, the sediments reflect a mixed
provenance dominated by intermediate
igneous lithologies. Geochemical
discrimination diagrams using major, trace,
and REE data consistently place the studied
sediments within an oceanic island arc (OIA)
tectonic setting. Binary and ternary plots (SiO2
vs. K2O+Na:O, La-Th-Sc, Th-Sc-Z1/10)
confirm deposition related to active continental
margins and magmatic arc environments.
Elemental ratios such as Th/U, Th/Sc, La/Th,
and Rb/Sr further support this tectonic
interpretation. These findings, combined with
field observations, suggest sediment derivation
from weathering and erosion of andesite-
basaltic to rhyodacite lithologies under arid to
semi-arid conditions within an active oceanic—
continental margin setting.

Conclusions

This study aimed to identify the primary source
rocks contributing to sediment erosion and
transport into the Dar-e-Allo waste dam and to
assess the enrichment of major oxides, minor
elements, and REEs relative to the upper
continental crust (UCC). Geochemical analyses
reveal enrichment in Al, Fe, Ca, K, Ti, Mn, Pb,
and Zn and depletion in Si, Mg, Na, Sr, Ba, Th,
U, Zr, Nb, Y, Sc, Cr, Co, Ni, and REEs. Binary
and ternary plots support derivation under natural
weathering and erosion in arid to semi-arid
climates. CIA values indicate low to moderate
weathering intensity consistent with regional
conditions. Tectonic discrimination diagrams
further place the sediments within an oceanic
island arc (OIA) setting.



