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shales, Oxidation-reduction, exploitation of these resources. Geochemical interpretations are also used to identify anomalies, and
\'\/"vie';‘t’rf]earri‘ggfa’e earth elements,  reserves, and determine their composition. Therefore, in this study, to determine the distribution of

' various elements in sedimentary deposits containing oil shales, the main focus has been on the effect of
oxidation-reduction conditions and climate of the source rock formation environment. For this purpose,
to evaluate the deposits around the Qolyan River in the Qalikuh region of Lorestan, 15 surface samples
were taken from these deposits and subjected to XRD and ICP analyses. Also, 80 thin microscopic
sections were prepared for petrographic examination. Rock-Eval Pyrolysis analysis was also performed
to determine the total organic matter content of oil shale samples. The results of geochemical models
showed that detrital minerals (quartz, clay minerals) and carbonate minerals (calcite, dolomite) are the
main minerals in the aforementioned deposits. These deposits are equivalent to intermediate-
intermediate felsic igneous rocks and are located in the arkose, litharenite, and shale ranges, which
were formed in a subduction and collisional environment. The average values of weathering indices
and oxidation-reduction condition determination indices confirm the relatively mild weathering of the
deposits, which are located in the dry climate zone and, with little maturity, have not yet reached the
sedimentary cycle and were formed in a reduction environment. The main factors of geochemical
changes in this study are: Weathering rate (oxides Al,O3, MnO, NazO, TiO,, MgO), zircon mineral
(rare earth elements and minor elements such as: Th, Zr, Nb, Ta), development of total organic matter
(TOC) in oil shales under environment of reduction conditions (Ni .U .V .Co .Cr), dispersion of clay

minerals (Cu, Zn), adsorption-repulsion phenomena and substitution of ions (Sr), alteration (Rb).

Introduction source rock characteristics is higher than the amount of

Geochemical models can be used for the distribution of
rare and minor elements in deposits. Environmental pH and
types of minerals can have a significant effect on the
replacement of elements according to geochemical models.
Black shales are very fine-grained rocks that are usually rich
in minerals (e.g. sulfides) and organic matter. These rocks
contain minor elements that are sensitive to chemical
weathering processes. The amount of LREE in shales with

HREE. Solution pH and minerals can play an important role
in the relocation and distribution of trace and minor
elements during the weathering of black shales.
Decomposition of organic matter and sulfides play an
important role in the mobility of trace elements. Black
shales containing organic matter can play an important role
in the relocation of rare and minor elements. Sulfide
materials such as pyrite play an important role in the
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movement of elements in black shales during weathering.
The largest expansion of Iran's oil shales is related to the
Qalikuh area of Lorestan, which were formed under
reclamation conditions. In these conditions, are formed in
addition to total organic carbon (TOC) and pyrite, is also
formed phosphate (PO4?), which is the main constructors of
rare elements.

Materials and Methods

In this research, sampling of sedimentary deposits, in
addition to preparing thin microscopic sections, ICP.Ms,
XRD and Pyrolysis Rock-Eval analysis were performed on
them. The results of the dispersion of oxides of the main
elements, minor elements and rare earths of the deposits
were compared with the international standards of UCC,
NASC, PAAS, WSA to determine their enrichment and
depletion levels. In addition to the study of microscopic
sections, the ratios of the main oxides of the elements were
used to identify the minerals and rocks of origin equivalent
to the deposits. The type of magma of igneous rocks
equivalent to the deposits was determined through the
elemental ratios. The weathering of the origination area was
investigated using CIA, CIW, PIA, ICV and elemental
ratios Th/U, Rb/Sr and the ternary diagram of chemical
weathering index estimation. Climate of the origination area
and sedimentary cycle was investigated using the ratio of
oxides of main elements and the graphical ratio of Th/Sc-
Zr/Sc elements. The tectonic environment and origin of the
samples were determined using Th/Ta, Ba/Nb, Ba/Ta
elemental ratios. In order to determine the oxidation-
reduction (REDOX) conditions using V/(V+Ni), Ni/Co,
V/Sc, U/Th, Th/U and Eu/Eu*, Ce/Ce* ratios and
calculating Mn*, the environmental reduction conditions
were investigated.

Results and Discussion

According to the SiO2/Al,Os3 ratio, the deposits have
undergone slight maturation. KoO/Al203 and K2O/Na20
ratios confirm that illite is the dominant clay mineral in the
deposits. The correlation value Al203-MgO, Al>0O3-Ca0,
Ca0-MgO graphs is in direction of calcite as the dominant
carbonate mineral, which is confirmed by the results of
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XRD diagrams. In the study of microscopic sections, pyrite
(FeSp), apatite (Cas(POas)3(F, Cl, (OH)), zircon (ZrSiOas)
minerals were identified. According to the average
K2O/AlO3 ratio, granodiorite igneous rocks are equivalent
to the studied deposits. Based on the Al203/TiO ratio, these
equivalent rocks are classified as felsic igneous rocks. The
average values of SiO2*, the average Al,O3/SiO; ratio put
these equivalent rocks in the intermediate-intermediate
felsic range.

According to the average Th/Ta (4.8), there is a
possibility of their formation in the tectonic environment of
convergent and subduction margins. The average amount of
Ba/Nb ratio (115), and Ba/Ta ratio (599) confirm the
formation of source rocks in subduction environments. The
average positive values of the Th/Nb ratio (0.7), and the
high Nb/Ta elemental ratio (6.2) indicate the role of the
upper continental crust in the formation of source rocks.

The average value of CIA, CIW, CIW', PIA indices
(<50) confirm relatively mild weathering and fresh rocks.
The average ICV index (>1) indicates active tectonic
environments and the beginning of the cycle of deposits.
The average ratios of Th/U (0.49) and Rb/Sr (0.04) show
little weathering of the deposits. According to the graphs,
the sediments were formed in dry climatic conditions with
low chemical maturity and have not reached the stage of
sediment recycle. Based on the results of elemental ratios,
Mn*, average EU/Eu*, Ce/Ce* ratios, strong positive
correlation Ni-Co (0.89), negative correlation HREE/LREE-
Ce/Ce* ratio (-0.88), reducing environment has played a
significant role in the formation of deposits. The average
ratio of U/Th in the studied deposits (2.3) shows that the
deposits are derived from the source rock with the least
weathering. Based on the ratios of Th/U, V/Sc ratios, in the
sediments sample of station P2, the reduction conditions are
higher than in other samples.

According to the correlation of different graphs such as;
Th/Zr (r=0.8), it is likely that the distribution of rare earth
elements is related to the zircon, which is completely true
for Th in the deposits of this research, and the strong
correlation in the graphs of > LREE-Zr (r=0.88), > HREE-
Zr (r=0.8) shows that zircon is correlated to rare earth
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elements. In these deposits, the main factors affecting the
dispersion of rare and minor elements in sedimentary
deposits are considered to be the amount of weathering and
zircon, reduction-oxidation conditions in the environment,
oil shales and clay minerals, the adsorption-desorption
phenomenon and the replacement of ions and alteration.
The dispersion of AlO3, MnO, Na2O, TiO2 and Rb in Gz is
the result of greater weathering and alteration, while the
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more oxidised conditions in G7 played an effective role in
the dispersion of REE, Cs, Nb, Th, Zr and Ta. The higher
concentration of As, Co, Ni, Sb, U, V in P2 is related to the
higher reductional conditions of the environment and the
formation of total organic matter in oil shales.
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Table 1. Statistical factors of the main oxides and elements and Rock-Eval pyrolysis analysis data

minor elements Nb Th Zr Co Ni U \Y Cr Zn Cu Sr Ba Rb Ta
Unit ppm
DL 1 0.1 5 1 1 0.1 1 1 1 1 1 1 1 1
AVE 1.64 135 138 6.2 33 385 1084 31 514 243 416 150 9.46  0.27
MAX 39 315 31 111 105 12.8 408 64 139 61 1038 580 25 0.37
MIN 0 0.76 7 3.8 8 1.7 22 18 2 8 93.8 24 4 0.22
rare earth elements Ce Eu La Nd Pr Sc Sm Dy Er Gd Lu Th Y Yb
Unit ppm
DL 0.5 0.1 1 05 005 05 002 002 0.05 0.05 0.1 0.1 0.5 0.05
AVE 10.2 0.3 63 6.63 183 26 046 112 0.56 15 0128 0.268 7.42 0.7
MAX 26 083 14 146 389 49 129 222 113 254 019 044 112 1.1
MIN 6 0.1 4 41 124 18 002 075 029 122 0.1 0.21 4.7 0.5
major oxides Alos  Mno NaO TiO; CaO Fex03 KO MgO SiO2  P20s
Unit %
AVE 8.2 048 021 038 2758 223 159 12 444 0.12
MAX 6.5 001 01 024 243 049 12 0 426 0.25
MIN 10.3 0.1 04 049 326 424 19 0 50 0.03
TOC NO:1 NO:2 NO:3 NO:4 NO:5 NO:6 NO:7 NO:8 NO:9 NO:10 NO:11 NO:12 NO:13 NO:14 NO:15

153 878 138 063 34 202 224 2393 152 191 13 1158 1959 1397 6.52
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Fig. 3. Diagrams of the percentage of major oxides of sedimentary deposits compared to global standard
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Table 2. Correlation coefficient between trace elements (light-hig

h) and total organic matter content

Al0s [ MnO [ NaO | TiO, [ CaO [ Fe20s | K20 [ MgO [ SiO2 [P20s| S | P [JLREE | YHREE | TOC |

Al203 1

MnO | 061 1

Na2O | 069 081 1

TiO; | 006 -047 -022 1

CaO | 005 007 -007 -003 1

Fe20s | -0.12 -001 -019 0  -02 1

K20 04 011 -018 003 -018 022 1

MgO | -005 028 019 -052 049 -009 -014 1

Si0. | -011 -026 018 038 -031 -029 -012 -02 1

P2.0s | 041 061 04 -062 023 -043 -02 034 -026 1

S 029 018 036 -02 -003 -05 -033 018 -011 042 1

P 041 06 039 -061 021 -044 02 032 -025 099 042 1

YLREE | -0.38 016 003 -053 -021 -013 044 008 -008 005 013 0.05 1
YHREE | -017 028 013 -061 -0.08 -041 023 011 -0.12 044 0.36 044 0.8906 1

TOC [ 036 025 037 -028 -029 -045 -008 -026 -004 039 049 04 03816 0.564 1

s V g Ni yolie g las lasbin) 4 cas U S o8 (2012
Ly o o@ sl s (TOC) Jolge JuSzs L UCC &
Pourshaban et al., 2022; ) o)ls eediee dal, oL
=2 =l (Rahiminejad and Zand-Moghadam, 2023
slo i LLs) 5l Sl (1O o /F < I8Y I8V V) U WV
Cige ubl) (o) Sl G (SuSly el yolie ol b sl
Zn 4 (Usman, 2008) Cu ,ole Sab 2é el j (Sudsh jae
;3 NASC « s (Hudson-Edwards and Wright, 2011)
s CU yolie o (698 Cudie  Stucod o pd ol 0l laaigs
oy b el K0Sy b polie ol b3l 5l Sl (+/¥R) Zn
yobie oS Sl (nl We G polie o Ggmm (oo oo
e S g s (Siewed Jy> solie 251L Sr g Rb Ba
Ot el polie opl 4o glite LSas Laylpd wge a5 5l
o Il Slse Gl (Y Jgaz) cesl (-+/FY) Ta 5 Ba ,ole
5 CIPYE 5 +I8Y0) Ni g ZNn jolic U1, Staon o yidn
(o) CIFE)Y SE L1, Saed (S

ad,ls

YOY

Zr gNb RD ;o Sad a5 oodn (G52 polie ogas )0

O anSs el RO wpas Sas 5 (F JSC0) 05 o canlie
Fulignati et al., ) il o Sle,5s slasld pln b ,lwals
0> ol sl sl SIS s i Zr 5 Nb ol (1999
~lsgie )5l () SlaSi )3 wlgi oo Jy W)l s9zg Ly
Emami, ) acsl acsls o454 P DHge @ (Lt alo) wils 5
rolie LZN G (698 Cute (Sad o pd (0w gl (2022
o b oS S bl age (/AY /A +/aY) Ta .Th Nb
5 Sl slbay (a3, 4 ST e (Sasgd ool jole
bl @ @ilyodz sn g aihie )0 (ow) gla B (SusSTy
S g9 o> SLLE sbolass jo jaie opl 1y bl e
yare cpl Pl il g 03Kl coge Ca L ST paie ajlis
Sl el Wl g 55 Skl 05 e il S bl O o
iz b U jate ol 1 s Slgw, 53 ST oasle (s paie
Spbss Pyt Shgwy 0 (ow) Sl bey (e
pos b bas,e OF lsdl a5 Ba Gdls,, (Langmuir, 2004)
of sl 48 Cedl Yo Cdo SpaB by ey sl G Lyt )] i
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Table 3. Correlation coefficient between trace elements and total organic matter content

No | Th [ zr [ Co [ Ni [ U [ v [ ¢ [ zn [ cu ] sr | Ba | Rb [ Ta | TOC |
Nb 1
Th | 0.909 1
Zr | 0936 0.805 1
Co | 0714 0613 0.824 1
Ni | 0474 031 059 0.894 1
U | 0187 0055 029 07 091 1
V_ | 0224 0113 0352 0.774 0942 0.98 1
Cr | 085 0755 0928 0934 0741 0442 0.537 1
Zn | 0214 0131 0.285 0567 0.711 0737 0.786 0.428 1
Cu_ | 0057 0007 0135 0503 0594 0694 0728 0302 0.796 1
Sr | 038 -027 -026 006 0137 0201 0317 -0.04 0569 0.584 1
Ba | -033 -02 -023 0003 0051 008 0185 -0.03 0421 0292 0555 1
Rb | 0761 0901 055 0323 0075 -011 -007 0476 0091 -0.07 -023 -0.19 1
Ta | 074 0638 0831 0727 0504 0218 0273 0769 0.02 0079 -027 -0.43 0.351 1
TOC [ 0406 0359 0332 0.608 0.624 0561 0598 0537 0.625 0.613 0166 029 029 0217 1
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Fig. 5. Diagrams of the percentage of rare earth elements of sedimentary deposits compared to global standards
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Table 4. Correlation coefficient between rare earth elements and total organic matter content

Ce | Eu | ta | Nd [ pr | sc | sm | Dy | Er [ Gd | uw | 7 [ Y [ Yb | TOC |
Ce 1
Eu | 0.324 1
La | 0973 0.453 1
Nd | 0975 0468 0.98 1
Pr | 0979 046 0982 0.995 1
Sc | 0956 0.437 098 0.968 0971 1
Sm | 0785 0832 086 087 0866 084 1
Dy | 093 0559 0973 0981 097 096 091 1
Er 0.87 0609 094 0941 0931 0941 00907 0.984 1
Gd | 0979 0458 0982 0.998 0.997 0967 0.864 0.978 0.939 1
Lu | 0825 0651 0912 0914 0906 0922 0916 0.962 098 0.907 1
Tb | 0954 0542 0982 0.993 0098 00967 0909 0993 0.965 0.99 0.944 1
Y | 0718 0697 0831 0823 0807 0844 0879 091 0963 0.818 0.957 0.869 1
Yb | 081 0565 09 0883 0878 0918 0.854 0933 097 088 0.952 0.908 0.946 1
TOC | 0292 0524 0387 0431 0444 0347 0532 0506 0.558 0458 0549 0.473 0.581 0.543 1
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Fig. 7. Microscopic thin section images of studied deposits: a) Pyrite, b) Sulfur, ¢) Apatite, d) Zircon, e) Organic Matter, f) Quartz
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Table 5. The amount of weathering indicators

S35lop slaarly (i -0 Jouor

CIA CIwW CIw* PIA ICV Th/U Rb/Sr
Gl 27.03 28.37 28.69 24.63 3.18 0.99 0.25
G2 20.08 21.04 21.13 17.11 4.66 0.35 0.08
G3 20.66 21.39 21.45 18.52 4.38 0.33 0.03
G4 16.08 16.83 16.88 12.76 5.93 0.43 0.03
G5 23.43 24.38 24.47 20.85 3.87 0.44 0.01
G6 23.16 24.45 24.53 20 3.77 0.42 0.01
G7 19.93 21.08 21.23 16.22 4.7 1.85 0.1
G8 20.29 21.35 21.47 17.15 4.32 0.96 0.04
P1 19.67 20.7 20.77 16.31 4.36 0.29 0.05
P2 24.59 25.58 25.84 22.45 3.32 0.11 0.01
P3 25.085 25.95 26.12 23.29 3.39 0.18 0.01
P4 21.4 22.03 22.19 19.67 3.9 0.29 0.009
P5 22.8 23.83 23.98 20.22 3.82 0.19 0.005
P6 22.61 23.56 23.71 20.21 3.72 0.27 0.006
P7 2.18 23.19 23.35 19.53 4.2 0.36 0.009
Ave 20.59 22.91 23.054 19.26 4.1 0.49 0.04
Weathered Value <50-100 >1 <38 0.04-34
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Fig. 11. Diagrammatic ratios for detecting the amount of weathering and reduction-Oxidation conditions
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Table 6. The amount of reduction-oxidation indicators

* e3

V/(V+Ni) Mn* U/Th Th/U VICr Ni/Co VISc Eu/Eu CelCe
Gl 0.73 0.14 1 0.99 1.22 21 115 0.64 0.71
G2 0.7 0.1 2.8 0.35 2.15 3.8 20.4 0.69 0.62
G3 0.74 0.18 3 0.33 1.44 2.2 144 0.69 0.61
G4 0.73 0.12 2.3 0.43 1.72 25 147 0.73 0.77
G5 0.72 0.18 2.2 0.44 142 25 11.7 0.77 0.77
G6 0.71 0.28 2.3 0.42 2.6 4.7 28.2 1.07 0.65
G7 0.65 0.42 0.5 1.85 1.04 34 134 1.13 0.8
G8 0.6 0.21 1 0.96 1.22 5.2 16.3 1.05 0.71
P1 0.73 0.09 34 0.29 381 8 62.5 0.99 0.71
P2 0.79 -0.34 8.8 0.11 8.68 94 145 0.99 0.71
P3 0.79 0.27 5.4 0.18 5.83 7.2 75.45 2.76 0.55
P4 0.82 -0.21 3.3 0.29 5.73 5 47.1 1.77 0.58
P5 0.85 -0.12 52 0.19 5.47 3.9 57.5 1.61 0.61
P6 0.75 -0.16 3.6 0.27 3.55 6.1 46.8 1.82 0.57
P7 0.82 -0.11 2.7 0.36 3.83 4.2 46 1.81 0.65
Ave 0.74 0.07 3.2 0.49 331 4.6 40.73 1.23 0.66
Value >0 0< >1.25 0-2 >2 >5 > 40 >1 <1
Anomaly (-) Anomaly (+)
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