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ABSTRACT

The geochemical separation pattern and environmental behavior of rare earth elements (XREE) have
been investigated in 5 different sedimentary systems related to the Dar-e-Allo copper mine. For this
purpose, the total concentration and sequential patterns of ZREE elements were determined using
multi-acid digestion and mBCR (Modified Community Bureau of Reference, European Commission)
selective extraction method. The normalization patterns of the total concentration of ZREE are drawn
based on the average North American Shale Composition (NASC) and Upper Continental Crust
(UCC). General trends of concentration changes in the five sedimentary systems are very similar
to each other, and the concentration of LREEs is higher than that HREEs, just a sample taken
from under the rock dump that contains sulfide-leached elements shows a pattern different from
other samples and standard patterns. Opposite of the changes in the concentration of XREEs, more
enrichment is seen in HREEs compared to LREEs. This pattern of enrichment changes is consistent
with the higher tendency of HREEs than LREEs for mobility during weathering and oxidation.
The geochemical separation patterns of XREEs in natural sediment and samples containing iron
and manganese oxides are mainly dominated by the residual fraction. Surprisingly, considering the
different conditions of formation and stability in the samples taken from the waterways leading to
the mine, evaporite deposits and sediments washed from the rock dump, the separation pattern of
YREEs is controlled mainly with two parts soluble in Acid and reducible fraction. According to the
enrichment trends, the trend of mobility and bioavailability from LREEs to HREEs increases with an
upward slope. These results show that speciation, geochemical separation pattern and environmental
behavior for XREEs without considering key environmental factors lead to a lack of understanding
or even misinterpretation. The results of this study can be used as a reference in organizing the mine

development and environmental planning of the Dar-e-Allo copper mine.
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1. Introduction

The Dar-e-Allo copper mine is considered as one of the new
generations of mines in the Iranian copper belt. The behavior of
metals in sediments such as mobility and bioavailability is not
predictable based on the total concentration of REEs (Khadhar et
al., 2020). The bioavailable component of REEs is part of the total
concentration that is available to participate in biological processes
(Khadhar et al., 2020). The authors try to determine the level of
bioavailability of REEs from sediments to dynamic systems of
the environment before the expansion of mining activities cause
irreparable damage to the living ecosystem.

The Dar-e-Allo Cu mine is one of the largest copper mines
in the southeastern part of the Urumieh-Dokhtar Magmatic
Belt (UDMB), about 120km south of Kerman, Iran. The oldest
lithologic unit of this region is Eocene in age. The petrology of the
area is predominantly composed of igneous and volcanic rocks. The
host of Cu ores in the Dar-e-Allo mine is a massive granodiorite
(Alimohamadi et al., 2015).

2. Research and Methodology

2.1. Sample selection

Twenty-seven sediment samples from five sedimentary systems
were collected at the end of the dry season (September 2019), when
evaporative phases are formed due to intense evaporation and the
supersaturation process. The sampling locations included waste
rock drainages, sediments along the natural streams, evaporative
deposits, sediments containing ferrous compounds and natural

background sediment.

2.2. Sample analysis

2.2.1. Total Concentration of PTEs

To measure the total concentration of REEs in the investigated
samples we used ICP-MS after the multi-Acid digestion
method (HCI+HNO,+HF+HCIO,) in the Zar-Azma Laboratory,
Tehran, Iran. The total concentration results were evaluated by
normalizing the REEs concentration in the investigated samples
to its corresponding concentrations in the North American Shale
Composite (NASC) (Taylor and McLennan, 1985) and Upper Crust
Continental (UCC) (Rudnich and Gao, 2003).

2.2.2. mBCR Sequential Extraction Procedure

The mBCR methodology was used to obtain information about
the geochemical fractionation patterns of REEs in the collected
samples. Three extraction procedure steps were applied to
clarify the leaching or retention of REEs in contaminated
sediments. The fourth step is the remaining phase in acid to
identify the REEs in the inaccessible part (Keshavarzifard et
al., 2019).

3. Results

The minimum sum average (60.5 mg/kg) of ZREEs can be seen in
the evaporate deposits. The concentration of LREEs is higher than
HREEs in sediment samples. The only sample that has a pattern
different from other samples and even shows drastic changes with
the standard patterns is S22, which was collected from under the
rock dump and has secondary mineral phases.

The evaluation of the enrichment factor shows that there is
no significant enrichment in XREEs. Indeed, the trend of LREEs
to HREEs shows an inverse relationship between concentration
and enrichment factor. This geochemical pattern of enrichment is
is following with the higher tendency of HREEs to move during
weathering and oxidation. (Johannesson et al., 1997). The negative
anomaly of Eu shows an obvious depletion in the sediments (except
sample S22).

The pattern of chemical separation of XREEs in sediments
shows that the oxidizing fraction (F3) plays a minimal role in the
pattern of XREESs separation in all sediments. The average mobility
and bioavailability of REEs in ascending order include: natural
background (02.1%), ferrous sediments (9.1%), washed sediments
from waste dump (30%), sediments of the natural waterway leading
to the mine (4.36%) and evaporative deposits (77%). In general, the
geochemical separation pattern of XREE in the natural sediment
and Fe-Mn compositions is dominated by the residual fraction.
The separation pattern of XREEs in the other samples mainly are
controlled by two parts soluble in acid and reducible fraction.
According to the enrichment trends, the trend of mobility and

bioavailability increases from LREEs to HREEs.

4. Discussions

In general, the geochemical behavior pattern of XREEs during
the primary mineral formation is controlled by high temperature
and pressure conditions. But the environmental behavior of these
elements is mainly controlled by low temperature/low pressure,
weathering processes such as oxidation, dissolution/precipitation,
complexation and sorption/desorption processes (Astrom, 2001).
YREEs do not show a significant positive anomaly in acidic rocks
such as granodiorite in Dar-e-Allo, because XREEs generally
tend to accumulate and be enriched in basic and ultrabasic rocks
(Randive et al., 2014).

Negative anomalies of Eu in sedimentary systems show that
depletion is related to redox conditions during sedimentation.
Minerals such as plagioclase tend to accumulate Eu (IT) whit using
Ca2+, Na+ and K+ isomorphs (Banks et al., 1999).

Based on the results of selective extraction, except for the oxidizing
phase (F3), other phases of mBCR can have the main contribution
to the chemical separation pattern of REEs. Undoubtedly, during

the weathering of primary minerals, especially in acidic conditions,
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HREEs have a higher release potential than LREEs, but ultimately
the fate of the released REEs strongly depends on the environmental
conditions. The evaluation of the total concentration and selective
extraction of mBCR in this study showed that HREEs can easily be
released in acid-soluble phases. Also, these elements in sediments
containing secondary phases, have a high potential in occupying
the reducible phase. All these processes are controlled under
low temperature and pressure conditions and specific climatic

conditions.

5. Conclusion

To clarify the pollution status of different sedimentary systems
before the development of mining activities in the study area,
the total concentration and enrichment factor of XREEs have

been evaluated. Significant differences between the level
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of XREEs concentration in standard samples and samples
collected from mining area show that human resources play
a main role in increasing of XREEs pollution in sedimentary
systems. If these toxic elements accumulate in bio-available
phases, they can have serious effects on the health of the
surrounding plant and animal ecosystems and ultimately on
humans. The Selective extraction shows low to very high
mobility and bioavailability of XREEs in vital ecosystems
around Dar-e-Allo copper mine. The results of the sequential
extraction analysis showed that the toxicity and mobility of
YREEs in sediments depend on their specific chemical form
and chemical bonding. It is expected that with the expansion
of mining activities in the region, the pattern of geochemical
separation of REEs has changed, which reflects the change of

2REE concentration in different fractions.
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Figure 1. Geological map of the studied area (adapted from the 1:100,000 map of
Sarduiyeh, Zolanj et al., 1972).
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Table 1. Statistical summary of total concentration results for XREE elements in 5 groups of sediments.

YREE Sl sl g5 LREEs HREEs
Element La Ce Pr Nd Sm Eu Gd Th Dy Er Tm Yh Lu
DL 1 0.5 0.05 0.5 0.02 0.1 0.05 0.1 0.02 0.05 0.1 0.05 0.1
Unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Mean 18.00 3525 317 1226 303 101 263 0.51 328 198 023 296 020
Std. Deviation 3.37 8.50 1.05 416 1.16 023 0.90 0.15 121 0.63 0.06 134 0.04
Minimum sefireniie 16.00 31.00 245 9.20 225 0.84 1.90 0.39 233 1.50 0.19 1.90 0.14
Maximum 23.00 48.00 474 18.40 475 134 301 0.73 5.01 202 033 490 024
Mean 13.68 2575 1 10.71 287 092 1.90 0.46 3.02 1.67 021 249 0.15
Std. Deviation 4.00 825 1.05 3.58 0.67 0.17 038 0.06 0.50 029 0.04 0.56 0.0
Minimum 6.00 11.00 111 5.00 1.86 0.70 1.07 0.37 233 124 0.13 1.70 0.05
Maximum 20.00 36.00 467 17.80 431 122 255 0.56 384 2,08 028 3.60 022
Mean 4325 108.25 1927 86.36 2497 6.19 1264 313 2263 11.19 1.38 1171 1.00
Std Deviation 4501 140,01 2737 12857 3886 959 19.89 487 36.37 1768 219 17.57 160
Minimum 18.00 32.00 469 17.50 431 1.16 218 0.58 3.77 183 023 230 0.14
Masimum 112.00 318.00 6030 279.13 83.24 2057 4247 10.43 77.20 37.70 4.66 38.05 3.40
Mean 21.00 2967 498 19.65 474 1.18 293 0.75 5.40 3.15 034 490 023
Std. Deviation | ool slea S gl Sl 361 10.60 1.17 405 1.06 031 1.04 0.31 268 203 022 285 0.14
Minimum e dgoee 53 338 18.00 20.00 425 16.90 3.78 082 1.82 0.42 286 134 0.13 240 0.10
Masimum 235.00 41.00 6.33 2430 5.87 136 3.89 1.04 820 533 0.56 8.00 0.38
Mean 9.00 1550 251 11.50 481 129 2.58 0.85 5.56 288 031 3.55 020
Std. Deviation - mo s 0.00 495 0.94 5.66 233 093 086 0.21 115 0.13 0.01 0.78 0.01
Minimum 9.00 12.00 1.84 .50 3.16 0.63 197 0.70 475 550 030 3.00 0.19
Maimum 9.00 19.00 3.17 15.50 6.46 195 3.19 0.99 6.37 298 032 410 020
RSD % 268 217 463 465 420 544 339 3.15 3.38 332 292 147 1127
NASC T | 66.7 19 2740 559 1.18 353 0.85 3.13 1.79 05 3.06 0456
Standards A 5

ucc 30 64 71 26 45 0.88 38 0.64 33 23 033 %3 032
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e ) %100
total
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Table 2. Selective extraction results of XREE elements with average RSD, average recovery and mobility factor for each of the collected

sediment samples.

Elements La Ce Pr Nd sm Eu Gd To Dy Yo lu
Unit b b b b b b b b b b b
4 PP PP PP PP PP Pp Pp PP PP PP PP MeanRecovery  MeanMF
Detection Limit 1.00 1.00 1.00 0.01 0.01 0.10 001 1.00 01 1.00 01
Sample  Fraction | Total  Fraction  Total  Fracton  Total  Fraction  Total  Fraction  Total  Fraction  Total  Fracion  Total  Fraction  Total  Fraction  Total  Fraction  Total  Fraction  Total  Fraction
F1S3 148 400 30 144 30 0 38 1 18 20 2
F253 1356 3600 204 520 128 36 m 2 166 44 2
€3 23000 18000 4740 13400 4750 1340 3010 730 5010 1500 240 m 1
F383 1 200 1 102 % u 46 6 30 20 2,
FiS3 13034 26000 3438 15942 3774 776 3804 536 3302 1078 138
FIS14 1428 3000 507 3066 397 249 1005 150 963 42 63
F2S14 303 900 120 582 135 39 144 . b} 108 39 3
sS4 18000 36000 4670 17800 4310 1220 220 540 3730 3000 200 61 36
F3S14 30 300 E] 15 3 3 15 3 6 30 3
F4S14 8199 13000 1746 7500 1458 381 1584 174 936 264 42
FIS22 24804 79200 8498 46084 13418 3288 17302 2306 13786 3930 510
Fas2 23186 86400 . 96958 . 13630 14040 pusss 3306 g 19812 s 2020 = 17398 . 616 p 44
522 112000 318000 60293 279150 83240 20563 a 463 B 10425 B 7193 38030 3393 [ 30
F3s22 4702 600 1676 9212 3004 758 3592 510 3194 766 84
F4822 17772 112000 754 34208 0038 2410 11214 1784 11026 6172 770
F1524 622 1200 88 396 9% 2 132 18 86 30 2
2514 = 1476 2800 244 970 - 202 48 356 52 e 328 134 12
84 25000 41000 6330 24300 5870 ¥ 1360 3090 780 5150 i 4300 20 103 19
Fasa4 it 400 8 192 2 15 66 0 54 20 2
F4s4 20868 42000 5416 23972 5390 176 5956 756 4254 1590 194
F1827 3372 6000 836 3868 112 23 1730 213 1706 102 762
F252 2 200 b1 - 94 2 6 32 2 o 2% 2 2 o
527 9000 12000 1840 7500 3160 630 1970 700 4750 3000 190 55
F382° 20 200 2 10 2 0 2 2 2 2
F4527 1820 2000 434 1594 338 88 328 32 192 10 5
Mean RSDy13: (%) 0.96 240 179 135 121 312 0.83 5.58 205 314 280
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Figure 3. The trend of changes in the XREEs concentration in five different sedimentary systems A) natural background,

B) sediments of streams originate from the mine, C) sediments containing sulphide minerals, D) sediments containing

Fe and Mn oxy-hydroxides, and E) evaporative sediments (dashed lines indicate the trend of changes of XREEs in the

NASC and UCC).
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Figure 4. XREE enrichment patterns with A) UCC and
B) NASC standards; (The broken lines show the trend

of changes in the enrichment of elements and the box

Samples / NASC
REEconcentration (mg/kg)

plots show the distribution of the total concentration
of XREEs).
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