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Fig. 1. Location of main structural units of Iran (modified after Alavi, 2007) and location of studies phosphorites in Zagros

fold-thrust belt, EAF = East Anatolian Fault; OL =Oman Line
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Fig. 2. Geological map of the studies area from Zagros phosphoritic horizon, A: Kuh-e-Sefid phosphorite of Ramhormoz
(modified after Damiri, 2011), B: Kuh-Rish phosphorite of Behbahan (simplified from Voyseh, 2017), and C: Sheykh-
Habil phosphorite of Dehdasht (simplified from Voyseh, 2017)
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Fig. 3. Geological cross section and stratigraphy column of the phosphorites of Kuh-e-Sefid, Kuh-Rish and Sheykh-Habil
from Zagros phosphoritic horizon showing sampling locality on the stratigraphic column (modified after Voyseh, 2017;
Zarasvandi et al., 2019).
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Fig. 4. Field photographs of studies area showing. A: Main mineralization of Kuh-e-Sefid phosphorite (southwest view),
B: A view of the phosphorite of Kuh-Rish, the square shows the the entrance of excavated tunnel, and C: Phosphorite,
shale and phosphate-bearing limestone layer of Sheykh-habil (southwest view)
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Fig. 5. Phosphoritic hand specimens taken from Zagros phosphorite horizon including A: Kuh-e-Sefid, B: Kuh-Rish and
C: Sheykh-Habil. Photomicrographs of Zagros phosphoritic horizons, D: Micrite cement with abundant microfossils
(Sheykh-Habil), Organic matter in hydrocarbon limestone matrix, pyrite and iron oxide, E: Phosphorite components with
packestone texture (Kuh-Rish), F: Microfossils of foraminifera that its tests filled by apatite (Kuh-e-Sefid), G: Abundant
oval pellet and phosphatic ooid with packestone to grainston texture (Sheykh-Habil), H: Phosphatic components with
packestone texture and oval shape intraclasts (Kuh-Rish), I: Intraclasts with biogenic inclusions (Sheykh-Habil), J:
Gluconite as a core of oval pellet (Sheykh-Habil), and K: Thin layers of organic materials in the field of phosphorite and
pyrite veins that it has been found with dashed line (Kuh-e-Sefid). Abbreviations after Whitney and Evans (2010) (P:
pellet, Oo: Ooid, Gl: Glauconite, Py: pyrite, Bf: bone fragments, OM: Organic matter, I: intraclasts, Cc: calcite)
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Table 1. Major, trace, and rare earth elements of Kuh-e-Sefid phosphorite, (P.h: Phosphorite horizon, P.L: phosphoritic
Limestone, Sh: Shale, 1.O: Iron oxide layer)

Sample Ks-1 Ks-3 Ks-5 Ks-6 Ks-8 Ks-9 Ks-10 Ks-11 Ks-12
Rock P.L Sh P.h L.O P.h P.h Sh P.L
Type

ppm
Ca 407260 427089 4598 404863 33595 413208 369702 43502 487590
Cr 62.61 1405 1794 29688  113.17  251.16 13230 8711 12.06
P 22768 417 356 93653 14182 73026 46243 4934 386
cd 0397 0345 0356 1755  80.62 9.92 475 488 0127
Co 9.00 3.98 438 1629 2.30 6.15 417 487  2.69
Mo 3.35 1.56 2.23 9.54 76.11 15.05 588 414 0310
Ni 17.89 13.78 2460 4538  62.09 64.67 3237 5257 620
Pb 5.87 2.77 331 15.34 435 10.09 658 615 1.86
Se 0466 0022 0907 2933 4162 2.103 1593 0798  0.106
Sr 1424 1349 1177 3070 2396 2757 2519 2339 1374
Th 2.991 1532 0999 6558 0719 3.019 2741 3.035  0.630
U 24162 3599 2106 92563 25971 67551 38568  6.690 1346
v 31.28 1208 788 10847 17573 10520 5114 3878 638
Zn 7.98 3.97 8.05 158 1678 128 57 113 4.18
La 22932 5697 3293 83077 30998 46778 31484 9058  3.024
Ce 38414 11173 6372 132585 35597 63443  47.194 16017 5826
Pr 4.927 1374 0795 16864 4511 8.675 6.003 2142 0.772
Nd 20791 5462 3136  71.049 18153 36496 25360 8.600  3.063
Sm 4778 1120 0668 16241  3.670 8.343 5648 1856  0.651
Eu 1258 0305  0.164 4404 1055 2302 1550 0511  0.160
Gd 5.686 1227 0749 19746 4870  10.188 6.886 2027  0.747
Tb 0888 0176  0.112 3062  0.746 1.622 1100 0310  0.107
Dy 5377 0994 0626  18.619 4888 10274 6940  1.846  0.656
Ho 1174 0205 0128  4.136 1.206 2.355 1548 038  0.136
Er 3424 0540 0361 12455  3.814 7.252 4811 1136 0371
Tm 0448 0073 0047 1627 0528 0.955 0.628  0.150  0.049
Yb 2.743 0458 0296  10.101  3.447 6.046 3873 0955 0295
Lu 0410 0068  0.045 1558  0.559 0.952 0.608  0.144  0.044
Y 52.51 6.97 482 20434 6784 11875 7730 1499 527

SREE  108.06 38477 1888  366.803 10899 189403 145836 91.606 51.979

Ce/Cer  0.823 0.95 0.93 0.80 0.644 0.70 0.77 085 081

EwEw 128 1381 122 130 132 133 132 14 12
Y+ 181 1.34 1.48 2.02 2.41 2.1 204 154 153
Ni/Co  1.99 3.46 5.61 279 27.053 10.51 7767 108 23
Y/Ho 4472 34042 3775 4941 56.24 50.43 4992 3883 3876

(La/N Sm) 74 079 0761 0790 130 0.87 08 075 086

(La/Yb)x  0.56 0.84 0.75 0.55 0.61 0.52 055 064 083
(La/Nd)x  0.92 0.87 0.88 0.98 1.435 1.07 104 088 099
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Table 2. Major, trace, and rare earth elements of Kuh-Rish phosphorite, (P.L: Phosphoritic limestone, P.h: Phosphorite
horizon, L: limestone, Sh: Shale)

Kr- Kr- Kr- Kr- Kr- Kr-

Sample Kr-1 Kr-2 Kr5 Kr-6 Kr-7 Kr-9 10 11 12 13 14 15

Rock

Sh Sh L P.L L P.L P.h P.h L L P.L P.L
Type

ppm
Ca 4776 4536 5011 3753 4175 4722 4277 4083 3703 45392 4723 4861
Cr 28.12 5588 446 586 458 382 17.21 5298 995 5.71 5.8 779

P 1899 7676 176 136 314 121 4591 2774 231 192 96 144
Cd 28.12 5588 446 586 458 3.82 17.21 5298 995 5.71 589 7.79
Co 226  4.67 1.93 2.02 1.70 1.34 347 6.02 235 1.55 1.31 1.30
Mo 0.269 0.850 0.084 0.507 0.102 0.137 4506 4.77 0.103 0.287 0.227 0.090
Ni 9.62 4230 2.51 1.73 273 1.08 10.69 13.78 4.89 1.79 1.19 1.26
Pb 0.999 4.703 0.481 0.275 0.945 0478 2.173 3.479 1355 0.535 0.199 0.296
Se 0.05 0.046 0.050 0.043 0.040 0.048 0969 1.874 0.077 0.410 0.043 0.082
Sr 1395 2127 397 432 344 338 948 1347 259 420 440 392

Th 039 1.746 0327 0.144 0463 0.052 1426 2704 0.465 0.322 0.103 0.123
Ti 19.82 66.07 687 4.05 13.68 261 3534 1448 10.60 887 279 4.86
U 0981 4.846 1.661 3.112 2.724 1515 6.273 23.84 3974 1.729 2201 3.710
\Y% 22,52  90.61 3.71 724 691 478 1234 3212 20.03 327 7.15 6.87
Zn 1273 6535 219 246 349 1.71 1479 29.07 624 219 336  3.27
La 1.924 7.168 3.093 0.536 3.462 0954 6.661 19.85 3.030 1.909 0.572 0.734
Ce 3.522 1235 6362 1.041 6932 1715 1133 30.44 5780 4217 1.212 1.480
Pr 0431 1.524 0.749 0.164 0.841 0.196 1526 4.040 0.772 0.511 0.152 0.184
Nd 1.653 5951 2943 0.675 3.340 0.767 6.415 17.89 3.122 2.013 0.610 0.767
Sm 0.373 1.257 0.595 0.140 0.688 0.144 1391 4.234 0.643 0.389 0.111 0.160
Eu 0.088 0.307 0.124 0.025 0.157 0.028 0.336 1.238 0.156 0.085 0.018 0.030
Gd 0.030 1.376 0.595 0.113 0.734 0.123 1.558 4945 0.705 0.364 0.096 0.136
Tb 0.050 0.204 0.073 0.016 0.115 0.022 0.244 0.742 0.103 0.055 0.016 0.023
Dy 0.304 1.240 0399 0.124 0.630 0.141 1.417 4.448 0.605 0.297 0.103 0.148
Ho 0.069 0.253 0.074 0.022 0.121 0.030 0.292 0.987 0.116 0.060 0.022 0.031
Er 0.176 0.722 0.188 0.045 0.333 0.065 0.812 2.887 0.308 0.140 0.048 0.068
Tm 0.026 0.092 0.026 0.007 0.044 0.011 0.107 0.380 0.042 0.021 0.008 0.012
Yb 0.153 0.596 0.143 0.050 0.253 0.050 0.619 2214 0.246 0.119 0.039 0.062
Lu 0.023 0.089 0.018 0.008 0.040 0.008 0.095 0.324 0.035 0.017 0.005 0.010
Y 256 920 252 .02 3.72 .12 11.75 4245 3.54 1.89  0.85 1.21
>REE 11.7 4232 1790 3990 21.41 5372 4455 137.1 1921 12.09 3.865 5.058
Ce/Ce* 092 087 099 084 09 092 082 0.76 0.9 092 0981 0.94
EwEu* 1.32 1.24 1.112  1.07 1.18 1.081 1.20 144 1232 1.201 095 1.065
Y/Y* 1.53 1.42 1.27 1.71 1.17 1.49 1.58 1.75 1.16 1.23 1.53 1.56
Ni/Co 426  9.06 .30  0.85 085 085 3.077 229 2.08 1.15 091 0.97
Y/Ho 37.18 36.39 34.05 4745 30.75 37.68 40.19 43.02 30.53 31.69 3791 39.52

(La/NS“‘) 079 088 080 059 077 1.022 074 072 073 076 079 0.71

(La’Yb)n  0.85  0.81 146 073 093 1.29  0.73 0.61 0.83 1.08 099 0.79
(La/Nd)n  0.97 1.01 088 0.66 0.87 1.04 087 093 0.1 0.79 078  0.80




bl s O 5 g5l ry-

(oo :Sh ey aud 331 :Ph ¢ 2 jind ¢SaT P.L) Julard o i (ST 55l 5 ClaS (ol ol Y Joa
Table 3. Major, trace, and rare earth elements of Sheykh-habil phosphorite, (P.L: Phosphoritic limestone, P.h: Phosphorite
horizon, Sh; Shale)

Sample Sh-1 Sh-2 Sh-3 Sh-4 Sh-5 Sh-6 Sh-7 Sh-8
Rock P.L Sh P.L P.h P.h P.h P.h P.h
Type

ppm
Ca 431288 422188 448366 380175 409398 410681 399803 362874
Cr 16.17 53.13 16.53 209.73 221.12 166.02 205.98 191.17
p 364 3454 592 116898 124196 105932 118242 105579
cd 0.068 1.205 11.64 45.13 47.61 25.68 50.53 25.54
Co 1.88 7.85 2.99 10.63 13.41 7.90 8.01 11.50
Mo 0.347 0.810 0.402 8.14 9.50 7.34 6.92 8.47
Ni 11.59 60.92 13.22 64.35 75.58 51.57 84.24 56.70
Pb 0.587 3.643 0.871 8.174 8.688 7274 8.637 8.307
Se 0.071 0.590 0.074 5.702 3.026 1.836 5.749 1.354
Sr 1390 2121 1394 3251 3205 3187 3182 3193
Th 0.292 2.927 0.504 2.865 2.815 2.553 3.303 2.952
Ti 5.85 7.43 4.20 31.30 29.09 24.20 37.66 27.47
U 0.310 4.056 1.047 164.557 186.331 150.026 179210  157.313
% 6.31 23.89 15.95 234.66 255.52 179.02 238.32 207.56
Zn 4.41 26.20 9.68 227 286 164 324 182
La 2.030 9.864 1.898 46.475 48.025 42.459 48.345 44.052
Ce 3.686  20.002 3.689 70.763 72.496 64.774 74.120 67.668
Pr 0.398 2.422 0.419 8.752 8.934 8.103 9.448 8.487
Nd 1.537 9.763 1.634 37.413 38.305 34.616 39.670 35.593
Sm 0.283 2.082 0.339 8.288 8.378 7.512 8.883 7.989
Eu 0.074 0.518 0.075 2.173 2211 1.972 2312 2.053
Gd 0.304 2.229 0.346 10.149 10.333 9314 10.825 9.521
Tb 0.046 0.327 0.052 1.543 1.563 1.397 1.688 1.501
Dy 0.285 1.869 0.307 9.336 9.623 8.780 10.211 9.220
Ho 0.063 0.363 0.064 2.095 2.121 1.957 2.267 2.053
Er 0.168 1.028 0.173 6.289 6.459 5.803 6.902 6.135
Tm 0.024 0.130 0.025 0.831 0.843 0.758 0.897 0.815
Yb 0.152 0.772 0.153 5.047 5.147 4711 5.473 4.877
Lu 0.024 0.114 0.028 0.769 0.788 0.703 0.845 0.764
Y 2.40 13.29 2.50 103.59 105.01 95.29 109.86 98.15

YREE 11473 64779  11.706 313.511 320.237 288.148 331.748  298.881

Ce/Ce* 0.95 0.97 0.97 0.78 0.77 0.78 0.78 0.78

EwEuw* 1.353 1.28 1.163 1.26 1.26 1.26 1.25 1.25
Y/Y*  1.551307 1.399502  1.546212  2.026578  2.012456  1.98946  1.976676  1.95258
Ni/Co 6.17 7.760 4.424 6.051 5.64 6.53 10.522 4.93
Y/Ho 38.123  36.64 39.02 49.434 49.512 48.684 48.465 47.8052

(La/Sm)x  1.11 0.73 0.86 0.87 0.88 0.87 0.84 0.85
(La’Yb)x 090 0.86 0.8385 0.62 0.63 0.61 0.59 0.61

(La/Nd)~ 1.11 0.85 0.97 1.04 1.05 1.03 1.02 1.04
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Fig. 6. Correlation diagrams for studied phosphorites of Zagros horizon, A: Correlation between P and Ca, B: Correlation
between P and U, C: Correlation between U and Y REE, D: Positive correlation P and Sr, E: Positive and strong correlation
between phosphorus and vanadium, and F: Cobalt and vanadium correlation
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2004)
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Table 4. Comparison of the characteristics of studied phosphorites of Zagros belt and the most important phosphate
deposits in Iran (data from: Cheshmehsari, 2012; Rajabzadeh et al., 2014; Khirekesh, 2016; Voyseh, 2017).

Ore Geographical . . Grade
Zones deposits Type location lithology Formation Age (WE%)
L .
66 km of oca:le(li in uj)per S
Alborz Dalir southern shae .an Soltanich o OZC?IC- 11.6
overlaid by Cambrian
Chalous .
dolomite
. Containing t
Pa- Sedimentary Northeast of ;I:Sa;?zliri:g Upper 9
ghaleh Phirouz-Kuh p Devonian
and carbonate .
Central Jeirud
Alborz Phosphate
Jeirud 58 Km of horizon is hosted Uppe.r 9.13
Northern Tehran by sandstone and Devonian
conglomerate
Apatite horizon
Central lose to Iron | .
en. e . Northeast of closeto .ro.n ens Protozoic-
Iranian  Esfourdi Igneous containing Tashk . 12
Bafgh, Yazd : Cambrian
Block Apatite and Iron
minerals
phosphorite
neralizati
Kuh-e- 170 km to the funeratization, Cretaceous
Sefid t of Ah oxide minerals Terti 12.42
z -Tertiar
© casto va and hydrocarbon ertaty
shale
bituminous
shales,
hosphorit
90 km to the phosphorite Pabdeh
Zagros Kuh- Sedimentary cast of mineralization, Cretaceous 293
Rish Behbahan phosph.orlte- -Tertiary
bearing
limestone and
limestone
gray shale and
Sheykh- northeast of disc-shaped Cretaceous 21
Habil Dehdasht phosphoritic -Tertiary

limestones
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Table 5. Comparison of the average of some trace elements in studied deposits from Zagros phosphorite horizon with

some Iranian deposits and the world

Country Iran Iran Iran Iran Iran Peru Morocco
Origins Sedimentary Igneous  Sedimentary
Ore Kuh- Sheykh- b . d !
deposit Kuh-e-Sefid Rish Habil ghaleh® Dalir® Esfourdi Sechura Khouribga
U (ppm) 55.144 471 105.36 5.24 11.25 47.35 121.5
Mo (ppm) 13.93 0.99 5.24 1.09 - 36.44 7.25
Cr (ppm) 109.70 16.85 134.98 - - 144 187.125
Cd (ppm) 13.22 0.240 25.93 - - 21.89 18.25
V (ppm) 59.66 18.13 145.15 30 12.5 91.06 51.55 158.375
Co (ppm) 5.98 2.49 8.02 2.6 421 - 9.66 0.5
Ni (ppm) 35.51 7.80 52.27 1.08 11.2 - 16.11 25.25
Sr (ppm) 2615 736 2045 955 709.4 24148 1239.11 1087
ZREEXY h445 27042 205060 7313 2121 1487.11 i i
(ppm)
*Khirekesh, 2016
b Cheshmehsari, 2012
“Rajabzadeh et al., 2014
9Bech et al., 2010
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Fig. 8. PAAS-normalized REE patterns of the samples in the phosphorites of Kuh-e-Sefid, Kuh-Rish and Sheykh-Habil

from Zagros belt (Pourmad et al., 2012)
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Fig. 9. A: Binary diagram of (La/Sm)n versus (La/Yb)n for phosphorites of Kuh-e-Sefid, Kuh-Rish and Sheykh-Habil

from Zagros belt (Reynard et al., 1999; Fazio et al., 2007; Kechiched et al., 2020), and B: Binary diagram of (La/Nd)n
vs. Y anomaly for studied phosphorites of Zagros (Fazio et al., 2007)
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Fig. 10. A: Scatter diagram of trace elements of the Zagros phosphoritic horizon compared with Iranian phosphates
(Cheshmehsari, 2012; Rajabzadeh et al., 2014; Khirekesh, 2016), and B: Other phosphoites of the world (Soudry et al.,
2002; Imamoglu et al., 2009; Bech et al., 2010; Baioumy, 2011; Tzifas et al., 2014; Zarasvandi et al., 2019)
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Introduction

Phosphorites are marine sediments of biogenic
origin containing 15-20 wt% P205 and between
50 and 120 ppm U (Boggs, 2009; Tzifas et dl.,
2014; Zarasvandi et al., 2019). The study of
phosphorites,  especially  trace  elements
geochemistry, confirms the importance of
deposition conditions and diagenesis on the
elemental composition of phosphatic minerals.
Even more importantly, marine phosphorites are
considered to have an economic potential for
elements such as REE, Sc, U and Th (Altschuler,
1980). Some trace elements, including Sr, Ba, Se,
Mo, Ag, Pb, Zn, V, Cr, Ni, Cu, Cd, and U are
commonly found in phosphorites and sediments
rich in phosphorusrelated to the crystal structure of
apatite and carrier organic ligands (Tzifas et d.,
2014, Zarasvandi et al., 2019). In general, more
than seven horizons with an extent of ~400 to
100km have been delineated in the Zagros
Mountains. The Zagros phosphorite horizon of
Eocene-Oligocene age hosted by the Pabdeh
Formation is located in the Zagros fold belt with
NW-SE trend (Halalat and Bolourchi, 1994;
Zarasvandi et al., 2019). The aim of thisstudy isto
investigate the geochemistry of trace elements in
order to obtain the deposition and genesis
conditions of these elements in the Zagros
phosphorite horizon.

Materials and methods

A total of 29 sampleswere taken from phosphorite,
hydrocarbon-bearing shale, phosphorite and
limestone and oxide zone of the studied
phosphorites of Zagros. Hence, based on

stratigraphy, different samples from Zagros
phosphorite horizons were collected from the
phosphorites of Kuh-e-Sefid (n=9), Kuh-Rish
(n=12) and Sheykh-Habil (n=8). Mineralogical and
geochemical studies were carried out using |CP-
MS anayses. 20 polished-thin sections were
prepared. Mineralogy and petrography of the
samples was determined and examined using
polarizing-reflected light optical microscopy at the
Shahid Chamran University of Ahvaz in Iran.
Geochemical studies on mineralized and host rocks
of Zagros phosphorite horizon were performed by
the ICP-MS technique (Thermo Scientific- X
Series 1I; DL= 0.001 ppb) at the Department of
Earth Sciences, Pondicherry University in India.

Results

According to the petrographic studies, phosphorite
components and non-phosphorite  components
mainly consist of pellets, Ooids, intraclasts, fish
skeletal  fragments, micro-fossils, glauconite,
calcite, pyrite, iron-oxide and quartz. Severa
elements that substitute Ca including rare earth
elements and trace elements are suitable for
contribution in the carbonate-rich fluorapatite
(francolite) crystalline structure. Thus, some oxo-
anions such as VOs, As,0s, SO,, SO4 and COz can
be substituted into PO, structure in apatite group
lattices (Tzifas et a., 2014; Zarasvandi et dl.,
2019). Consistently, the Zagros phosphorite
horizon exhibits different concentrations of
elements such as Sr, REE, Zn, V, Mo, Cr, Cd, Se,
Asand U. Trace element distribution patternsin the
studied phosphorites are similar to phosphorite in
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Iran and worldwide, especidly in terms of
concentration of U, Se, and Cd that can be related
to apatite group minerals crystal lattice (Tzifas et
al., 2014; Zarasvandi et al., 2019). Due the low
entrance rate of detrital components from
continental to the basin, the most probable source
for trace elements is hydrocarbon-bearing shale in
the stratigraphic column as a result of activities of
microorganisms.

Discussion

Field observation and microscopic studies showed
that the phosphorite components occur as
authigenic apatite with sparite cement, abundant
pellets, ooids of symmetrical to elongated shape
due to pressures caused by diagenesis, oval shape
intraclasts, fish skeletal fragments and abundant
microfossils. In additions to phosphorite and
biogenic components, non-phosphorite minerals
such as calcite, glauconite, pyrite, iron oxide, and
microcrystalline quartz are present.

There are many indications of change in
conditions. They include bituminous shale in
stratigraphic  sequence, presence of abundant
framboidal pyrites, PAAS-normalized patterns of
REEs, negative Ce anomaly of all samples and
positive Eu anomaies of al samples except
bituminous shale sample of Kuh-e Rish
phosphorite, the Ni/Co ratio and also the diagram
of V/(V+Ni) vs. Ni/Co. These indicate changes in
conditions from oxides during phosphate
deposition into dysoxic to anoxic due to
degradation and decomposition of organic
compounds by microorganisms and the entry of
trace elements such as uranium into the crystalline
structure of apatite in the Zagros Basin.

The significant economic  potential  of
organometallic elements especially U and REE is
observed in the Zagros phosphorite horizon due to

favorable conditions of dysoxic to anoxic as a
result of decomposition of organic compounds and
then the entry of the elements into the apatite
crystal structure.
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