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Abstract:

The present study conducted a geochemical analysis of the core sediments from the Jouybar and Zaghmarz
areas located on the South Coast of the Caspian Sea in northern Iran. The aim of the study was to investigate
the paleoclimate conditions and recycling effects of these sediments. The cores, named AZS (Azad University
Shorsahra area) and AM (Amirabad), have depths of 9.3 m and 8.2 m, respectively. They consist of three
lithological units, including sandy mud, mud, and silty sand. A total of 50 samples were collected from these
units for X-ray diffraction (XRD), geochemistry (ICP-AES), and radiocarbon analyses.

The X-ray diffraction analysis revealed that the samples predominantly composed of clay and non-clay
minerals (e.g., Quartz, Feldspar, and Calcite). Various chemical indexes based on major and trace elements
were used to assess the intensity of weathering. The results showed that sandy mud and muddy sediments
experienced slightly higher weathering compared to silty sand sediments, indicating a weak to moderate degree
of chemical weathering in the source region. Additionally, the A-CN-K and SiO; vs. (Al;03+K;0+Na,0)
plots supported the conclusion of weak to moderate chemical weathering in arid and semi-arid paleoclimate
conditions.

Furthermore, the index of compositional variability (ICV) and the relationships between Zr/Sc and Th/Sc
ratios suggested that sedimentary recycling in the core sediments was negligible. Binary plots of V/Cr
vs. U/Th and Ni/Co vs. U/Th indicated that dysoxic/oxic conditions predominantly prevailed during the
deposition of the two cores’ sediments.
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1. Introduction

The geochemical composition of terrigenous sedimentary
rocks is influenced by various factors, including the orig-
inal composition of rocks in the source area, the degree
of chemical weathering, transportation processes, and pa-
leoclimatic conditions (Nesbitt and Young, 1982; Verma
and Armstrong-Altrin, 2013; Madhava Raju et al., 2016;
Mazumder, 2017). Fine-grained clastic sediments, such
as mudstone and claystone, are particularly useful for pre-
serving the geochemical characteristics of the source rocks
(Taylor and McLennan, 1985; Cullers, 1988, 2000; Cullers

and Podkovyrov, 2000; Hessler and Lowe, 2006; Fu et al.,
2011; Wang et al., 2017).

Geochemical investigations of the fine-grained clastic sed-
iments can provide information regarding the degree of
chemical weathering of the source material, paleoclimatic
conditions, and paleo-redox conditions that existed during
their sedimentation. (Selvaraj and Chen, 2006; Gallala et al.,
2009; Nesbitt and Young, 1984; McLennan et al., 1993; Cox
et al., 1995; Zhang et al., 1998; Jin et al., 2006; Lee, 2009;
Al-Khirbash et al., 2013; Sahoo et al., 2016; Christopher
and Elderfield, 1990; Jones and Manning, 1994; Nath et al.,
1997; Madhava Raju et al., 2016).
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The values of the geochemical proxies can indicate both
the degree of chemical weathering in the sediments and the
conditions of climate evolution (Li et al., 2009). Some trace
elements (e.g., Co, Cr, Hf, Sc, Th, and Zr) in the sediments
are used to study the source area due to their immobile
nature (McLennan et al., 1983; Bhatia and Crook, 1986;
Von Eynatten et al., 2003; Tao et al., 2014; Moradi et al.,
2016).

Most developed dating techniques, such as AMS14C, OSL,
137Cs, and 210Pb, have been utilized in Holocene paleocli-
mate reconstruction. Among these methods, AMS14C and
OSL are the most widely employed (Ha02015?; Gosse and
Fred, 2001).

The core sedimentary successions in the Jouybar and Zagh-
marz areas, located on the southern coast of the Caspian Sea,
are characterized by sandy mud, muddy, and silty sand fa-
cies. This study aims to gather information about the history
of chemical weathering, the impact of weathering on source
rocks, and the conditions of paleo-oxidation and reduction.
In this study, an attempt has been made to investigate the
geochemical characteristics of the fine-grained sediments
from the AZS and AM cores in the Jouybar and Zaghmarz
areas due to the absence or lack of information regarding
paleoclimate changes and the paleo-oxidation and reduction
environment in the middle to late Holocene on the southern
coast of the Caspian Sea.

Dehghan Chenari et al.

2. Geological setting and lithostratigraphy

The sediment cores AZS (36° 43/ 28.2" N, 52° 51’ 20.9"” E)
and AM (36° 49’ 47.8"” N, 53° 21’ 26.9” E) were obtained
from the southern Iranian part of the Caspian Sea’s coastal
plain (Fig. 1). The south part of the Jouybar and Zaghmarz
areas is characterized by the presence of the Alborz Moun-
tain ridge, known as the Central Alborz Structural Zone
(Fig. 1).

The Alborz range began forming in the mid-Cenozoic era
due to the uplift resulting from the convergence between
the Arabian and Eurasian plates (Aghanabati, 2004). This
mountain range contributes a significant amount of clastic
material to the southern basin of the Caspian Sea. The geo-
logical formations found in the southern part of the Caspian
coastal plain include sedimentary rocks (shale, sandstone,
marl, and massive limestones), volcanic rocks (basaltic and
andesitic), and metamorphic rocks (Aghanabati, 2004; Lahi-
jani and Tavakoli, 2012).

Based on the lithologic characteristics and grain size anal-
ysis, the AZS and AM cores have been divided into three
lithofacies (Tables 1 and 2). These lithofacies include sandy
mud, mud, and silty sand facies (Figs. 2 and 3). The sandy
mud facies, with a thickness ranging from 75 to 420 cm,
have the maximum thickness in both the AZS and AM cores
(Fig. 2).
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Figure 1. Map of Iran (changed from (Wilmsen et al., 2009)) and the simplified geological map of the south coast of the Caspian Sea (Vahdati Daneshmand

and Saidi, 1991) with the location of the two studied cores.
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Table 1. Results obtained from grain size analysis of the AZS core sediments.

Depth . Clay Silt Mud Sand Gravel .
Sample No. (cm) Facies (%) (%) (%) (%) (%) Sorting
AZSI 20 sandy mud 3651 4539 8190 18.10 0 2.29
AZS2 35 sandy mud 2455 37.11 61.66 3830 0 3.07
AZS3 60 sandy mud 28.64 3433 6297 37.03 0 3.02
AZS4 155  mud 5057 39.66 9023 676 0 1.67
AZS5 235 shehtyeravelly 00 607 2749 6936 304 259

muddy sand

AZS6 290  sandy mud 4205 2534 6739 3260 O 2.93
AZST 310  sandy mud 39.02 4377 8279 1720 0 2.66
AZS8 390 sandy mud 4485 3250 7735 2270 0O 2.61
AZS9 410  sandy mud 2993 3682 6675 3330 0 2.87
AZS10 470 sandy mud 20.16  49.86 70.02 29.98 0 2.40
AZS11 530 sandy mud 2891 3124 60.15 39.90 0 3.13
AZS12 570  sandy mud 4315 3102 7418 2580 O 1.96
AZS13 627  sandy mud 3240 33.18 6558 3440 0 3.49
AZS14 745 silty sand 18.80 30.16 4896 51.04 0 3.08
AZS15 855  mud 4361 4827 9188 812 0 2.98
AZS16 900  mud 4122 4978 90.00 9.10 0 2.75
Max. 5027 4986 9188 6936 3.14  3.49
Min. - - 1122 1627 2749 676 0 1.67
Average 3347 3654 6996 2961 020 272

These facies are characterized by pale-yellow to light
brown coloration, partly mottled with dark-brown and
white shades, and occasionally exhibit parallel lamina-
tion (Fig. 4 (a)). The sandy mud facies contain excessive
amounts of calcite grains, individual endogenic gypsum
minerals, plant fragments, and shell fragments, with ex-
tremely poor sorting and a lack of marine fossils (Fig. 5 (a)).
The muddy facies exhibit alternating horizontal layers of
light green to dark grey-colored silty clay, with poor sort-
ing and thickness ranging from 30 to 220 cm (Figs. 2 and

4 (b)). These facies are dominated by marine fossils (0s-
tracod and foraminifera), as well as a high proportion of
plant and root fragments (Fig. 5 (b)). The silty sand facies,
with a maximum thickness of 90 cm, is less extensive com-
pared to the muddy and sandy mud facies within the AZS
and AM cores (Fig. 2). Silty sand facies are characterized
by unconsolidated, lightly gray silty sand, with alternating
silt and fine to medium sand, poor sorting, and an unclear
and irregular boundary with the underlying facies (Fig. 4).
These facies contain major minerals such as quartz, feldspar,

Table 2. Results obtained from grain size analysis of the AM core sediments.

Depth . Clay Silt Mud Sand Gravel .
Sample No. (cm) Facies (%) (%) (%) (%) (%) Sorting
AM1 75 sandy mud 37.10 43.50 80.60 18.35 1.05 2.66
AM2 100 sandy mud 40.03 37.15 77.18 21.85 0.97 2.95
AM3 140 Slighdyeravelly )13 3543 7656 2093 249 313

sandy mud

AM4 200 sandy mud 32770 3590 68.60 3140 O 3.10
AMS5 285 sandy mud 36.81 38.10 7491 2508 O 2.80
AM6 300 sandy mud 28.17 4270 70.87 28.13 1 2.84
AM7 385 mud 68.30 22.63 9093 9.06 O 1.98
AMS 425 mud 3523 5547 90.70 9.29 0.92 1.87
AM9 475 mud 50.57 39.66 9023 9.76 0 1.67
AMI10 560 sandy mud 28.04 40.53 68.57 3045 098 2.83
AMI11 600 sandy mud 21.20 40.65 61.85 37.25 0.90 2.93
AMI12 655 sandy mud 2040 41.06 61.46 37.62 0.90 2.89
AM13 675 sandy mud 38.40 50.79 89.19 10.81 O 2.23
AM14 800 mud 40.54 48.63 89.17 10.02 0.80 2.22
Max. 68.30 5547 9093 37.62 249 3.13
Min. - - 2040 22.63 6146 9.06 O 1.67
Average 37.26 40.66 77.92 2143 0.72 2.58
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Figure 2. Lithostratigraphy columns of cores AZS and AM in the Jouybar and Zaghmarz areas (The location of two cores is shown in Fig. 1).

and rock fragments lower to moderate amounts of calcite,
mica, and magnetite minerals, with well-sorted and poorly
to moderately rounded clasts (Fig. 5 (c), (d)).

3. Materials and methods

Detailed field investigations were conducted on two core
sediments from the Jouybar and Zaghmarz areas in the
South Coast of the Caspian Sea, Mazandaran (northern
Iran). The rotary drilling machine was used to obtain cores
AZS and AM, with depths of 9.3 m and 8.2 m, respectively,

AZS A
AM e

during the 2016 and 2017 fieldworks. To characterize the
grain size and sediment types, 20 core sediment samples
were analyzed using wet sieving. The sediment samples
were then classified according to Folk (1974)‘s diagram. In
order to perform dating, layers rich in organic matter were
carefully sampled to prevent contamination by plant roots.
Four samples, including ostracod, from different depths of
the cores were analyzed for radiocarbon analysis by Ac-
celerator Mass Spectrometry at the University of Waterloo,
Canada, and the results were calibrated by the OxCal pro-
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Figure 3. Classification of the AZS and AM core sediments based on Folk (1974)’s diagram.
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Figure 4. Field photograph of the studied facies, (a) light brown sandy mud in the core AZS, (b) light green to dark gray muddy facies in the core AM,

and c) light gray silty sand in the core AZS.

gram. Additionally, forty-six representative samples were
collected from two cores at different depths of the sedi-
mentary column (Tables 3 and 4) for XRD (8 samples) and
whole-rock geochemical (38 samples) analysis: 26 samples
from sandy mud, 15 samples from muddy, and 5 samples
from silty sand (Fig. 2, Tables 4 and 5). Post-collection,

the samples were properly sealed to avoid weathering influ-
ence and external contamination. Subsequently, the samples
were dried and powdered to less than 200 mesh using an
agate mortar. The mineralogy of the whole-rock powder
(< 2 um) of 8 samples was studied by X-ray diffraction
(XRD) at the Geological Survey and Mineral Exploration

Figure 5. Images of selected samples of (a) Sandy mud, (b) Muddy, (c) and (d) Silty sand facies. Scale bar 100 um. (Q: Quartz, Fld: Feldspar, RF: Rock
Fragment, M: Mica, Ca: calcite, Gp: Gypsum, Mag: Magnetite, Bv: Bivalve, Os: Ostracod, F: Foraminifera, R: Root).
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Table 3. Analytical data of major elements (in wt.%), elemental ratio, and chemical indicators of the AZS core sediments.

Sample No. Depth (cm)  Facies Si0, ALO3; CaO Fe;O; MgO K,O NaO TiO, P,0s MnO LOI* | CIA CIW PIA ICV | ALO3/Na,O
AZS1 5 sandy mud 43.81 15.71 8.05 7.49 2.29 298 095 0.80 0.18 0.13 17.56 | 71.14 83.35 79.90 1.09 13.47
AZS2 20 sandy mud  37.12  13.28 15.9 6.36 2.17 2.38 1.13 0.67 0.16 0.11 1991 | 67.84 78.12 7422 232 11.75
AZS3 35 sandy mud  47.04 16.36 6.70 8.14 2.44 3.10 1.37 0.98 0.19 0.14 12.62 | 67.49 7837 7422 092 11.92
AZS 4 100 sandy mud  51.51 19.19  1.66 842 247 365 143 093  0.18 <0.1 927 68.88 80.30 7638 <0.1 | 13.41
AZS 5 155 mud 4771 1782 431 1004 218 350 150 0.89 0.15 <0.1 1032 | 67.13 7832 7398 <0.1 | 11.89
AZS 6 210 mud 4955 1822 279 10.02 227 369 141 096  0.22 <0.1 945 6778 79.63 7531 <0.1 | 12.86
AZS7 245 silty sand 45.04 1405 10.98 5.79 229 252 217 0.92 0.18 0.10 1425 | 58.66 6623 6122 158 6.45
AZS 8 275 mud 4290 12.23 13.52  5.11 2.19 198 272 0.91 0.20 0.10 1544 | 52.37 57.68 5290 2.17 4.48
AZS9 310 sandy mud 4942 18.23 2.85 7.40 245 3.57 1.70 0.86 0.16 <0.1 1145 | 65.80 7649 7193 <0.1 | 10.70
AZS 10 325 sandy mud  40.96 13.89 1256  6.32 2.13 2.31 1.95 0.81 0.18 0.13 1698 | 60.84 68.35 63.89 1.80 | 7.10
AZS 11 348 sandy mud 44.31 14.38 9.35 9.09 2.54 2.83 1.32 0.82 0.19 0.21 14.03 | 6593 76.70 72.15 1.36 10.83
AZS 12 410 sandy mud 48.18 15.52 7.55 6.50 2.86 3.02 1.58 0.89 0.17 <0.1 12.44 | 64.60 74.80 70.07 <0.1 | 9.76
AZS 13 425 sandy mud  49.84 18.77 1.71 6.73 3.27 343 1.82 0.79 0.15 <0.1 11.16 | 6587 7574 7146 <0.1 | 10.27
AZS 14 450 sandy mud 4398 14.04 1174 634 243 260 1.66 0.83 0.15 0.10 14.62 | 6281 71.89 67.14 1.68 | 8.4l
AZS 15 470 sandy mud 4527 1591 889 845 230 3.09 146 093 0.6  0.11 12.67 | 66.06 76.73 7225 1.19 | 10.85
AZS 16 515 sandy mud  51.80 1511 735 696 263 299 1.68 1.03  0.18 0.14  9.08 6325 7317 68.18 1.06 | 897
AZS 17 530 sandy mud  44.87 16.00 9.20 8.22 235 2.99 1.40 0.94 0.17 0.13 1295 | 67.09 77.65 7347 122 11.43
AZS 18 570 sandy mud  44.72  13.72 1229 6.94 223 2.59 1.60 0.84 0.16 0.11 14.08 | 62.89 72.16 67.35 1.79 8.53
AZS 19 627 sandy mud 42.89 12.07 1469 698 245 2.55 1.50 0.84 0.18 0.17 1493 | 61.02 7091 65.28 2.38 8.02
AZS 20 700 sandy mud 4349 12.78 1331 745 2.39 2.59 1.45 0.80 0.19 0.13 14.65 | 62.76 7278 67.61 2.06 8.80
AZS 21 780 silty sand 51.82 1471 5.53 7.30 2.56 2.94 1.88 0.84 0.20 <0.1 1099 | 61.04 70.34 65.01 <0.1 | 7.80
AZS 22 855 mud 4045 1149 17.49 5.82 2.29 2.08 1.48 0.74 0.16 0.10 17.13 | 61.62 70.12 65.33 2091 7.72
AZS 23 900 mud 43.50 1281 1472 6.80 2.32 2.52 1.5 0.78 0.16 0.11 14.08 | 62.55 7220 67.13 225 8.54
Min. - - 37.12  11.49 1.66 5.11 2.13 198 0.95 0.67 0.15 0.10 9.08 52.37 57.68 5290 0.92 4.48
Max. - - 51.82  19.19 17.49  10.04 3.27 3.69 272 1.03 0.22 0.17 17.56 | 71.14 8335 79.90 291 13.47

Litho: Lithology; *LOI: loss on ignition; CIA = [Al,03/ (Al,03+CaO0*+NayO+K;0)] x 100 (Nesbitt and Young, 1982); CIW = [Al,03/
(Al,03+Ca0*+Nay0)] x 100 (Harnois, 1988); PIA = [(Al,03-K20)/ (Al,03+Ca0*+Na,0-K»0)] x 100 (Fedo et al., 1995). ICV =
[Fe;03+K,0+Na; O+CaO+MgO+MnO+TiO]/ Al203 (Cox et al., 1995).

in Tehran, Iran. Thirty-eight representative samples from
cores AZS and AM have been selected for their major and
trace-element analyses. The concentrations of major and
some trace elements were measured using Inductively Cou-
pled Plasma-Atomic Emission Spectroscopy (ICP-AES) at
the Geological Survey and Mineral Exploration of Iran. The
samples were accurately quantified (50 mg) and put into the
muffle furnace at 500 °C for 2 hours. The samples were then
digested in a mixed solution of HCI+HC1O4+HF+HNO3 for
two hours, filtered into bottles, and left to stand for 24 hours.
The chemical index of alteration (CIA; (Nesbitt and Young,
1982)), the chemical index of weathering (CIW; (Harnois,
1988)), the plagioclase index of alteration (PIA; (Fedo et al.,
1995)), and the index of compositional variability (ICV;

(Cox et al., 1995)) were used to determine the intensity of
chemical weathering and compositional maturity, respec-
tively.

Dating

Four samples of Ostracod fossils were collected from mud
and sandstone facies. These samples included two from the
AZS core, at depths of 175 cm and 460 cm, respectively,
and two from the AM core, at depths of 115 cm and 850
cm, respectively. The age of these samples was determined
using the carbon-14 method. The carbon-14 ages of the AZS
and AM core samples are 1917, 2320, 1498, and 4455 years,
respectively (Table 5). Table 5 and figure 2 demonstrate that
all four carbon-14 ages are consistent with the stratigraphic

Table 4. Analytical data of major elements (in wt.%), elemental ratios, and chemical indicators of the AM core sediments.

Core Depth (cm)  Facies Si0, ALO3; CaO Fe;03 MgO K,O Na,O TiO, P,0s MnO LOI* | CIA CIW PIA ICV | ALO3/NaO
AM1 30 sandy mud 3896 1277  15.19 6.07 260 249 159 077 0.2 <01 1949 | 61.73 7097 6586 0.50 | 8.04
AM2 100 sandy mud ~ 41.07 9.88 19.66  4.88 226 179 159 078 0.16 <01 1835 | 5793 6534 6026 0.58 | 6.20
AM3 200 sandy mud 3849 1043 1991 4.08 2.05 1.88  1.64 0.70  0.11 <0.1 21.18 | 5837 65.89 60.84 0.7 | 6.36
AM4 300 sandy mud  40.09 1227 1637 6.61 231 244 1.60 098  0.13 <0.1 1748 | 60.76 69.92 6458 0.54 | 7.65
AMS5 325 sandy mud  38.82 1248  17.30 6.27 228 246 145 083  0.13 <0.1 1837 | 6271 7237 6734 0.54 | 8.62
AM6 425 mud 3249 9.99 22.84 551 2.33 1.90 1.73 061 010 <01 2074 | 5632 63.73 5824 0.63 | 5.78
AM7 455 mud 2648 622 31.13  3.16 1.77 120 151 045 <01 <01 2725 | 4979 5557 4973 0.75 | 4.12
AMS8 475 mud 37.04 11.54 1958 5.64 231 221 1.62 083  0.11 0.10 18.58 | 59.96 6846 6325 0.58 | 7.14
AM9 545 mud 30.50 5.66 30.05 242 196 101 179 053 <01 <01 2501 | 4475 4897 4366 0.76 | 4.16
AM10 655 Sandy mud 3531 10.59 21.51 4382 2.76 2.03 1.40 0.73 0.10 0.13 2049 | 60.95 69.77 6466 0.62 | 7.59
AM11 730 Sandy mud 37.68 11.76 18.25 6.59 2.83 2.27 1.25 0.78 <0.1 0.14 19.25 | 64.13 7408 6932 0.57 | 9.40
AM12 750 mud 3140 8.17 26.10 4.13 2.19 1.45 1.64 0.52 0.10 <0.1 23.66 | 53.94 60.18 5497 0.67 | 497
AM13 775 mud 3508 10.00 2231 4.68 2.34 189 147 077 0.10  0.10 2081 | 59.19 67.33 62.12 0.63 | 6.78
AM14 787 silty sand 4379 1255 1478 6.61 241 224 161 089 0.14  0.12 1544 | 6194 7035 6569 0.51 | 7.80
AM15 800 mud 4445 9.67 1836 3.89 2.16 1.96  2.20 063 0.15 <0.1 1654 | 50.82 5721 51.05 0.55 | 440
Min. - - 2648 622 1478 242 1.77 1.01 125 045 0.10 0.1 15.44 | 4475 4897 4366 0.50 | 4.12
Max. - - 4445 1277 3113 6.61 283 249 220 098 0.16 0.14 2725 | 64.13 7408 6932 0.76 | 9.40
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Table 5. Carbon 14 dating results and recalibrated ages related to the studied samples from two selected cores.

Core Facies Sample depth Carbon 14 Sample age Calibrated age
(cm) (years) with o1 range

AZS Mud 175 78.77 1917 27

AZS  Sandy Mud 460 74.92 2320 27

AM Sandy Mud 115 82.99 1498 35

AM Mud 800 57.43 4455 50

order, indicating a continuous sedimentary history dating
back to approximately 4455 years ago. Age determination
with carbon-14 isotope in AM and AZS cores were also
applied to determine the sedimentation rate. The average
sedimentation rate in AM and AZS cores is around 1.6 mm
per year.

4. Result and discussion

4.1 Bulk mineralogy

Clay minerals are widely used to find the origin of and
reconstruct weathering conditions in marine and lake envi-
ronments (Campo et al., 2007). The origin of clay minerals
involves both primary (debris) during physical erosion and
chemical weathering of source rocks, as well as secondary
minerals (degradation) formed from diagenetic changes af-
ter deposition. Consequently, the distribution of clay miner-
als in modern sediments reflects the climate and intensity
of weathering in the source area (Chamley, 1989).

X-ray diffraction (XRD) analysis was utilized to determine
the bulk mineralogy of eight powdered samples from sandy
mud and muddy units (Fig. 2). Figure 6 illustrates the X-ray
diffraction patterns of the brown sandy mud facies of the
AZS core (depth 350 cm) and the dark mud facies of the
AM core (depth 500 cm) from Jouybar and Zaghmarz areas,
respectively, in the southern coasts of the Caspian Sea. In
figure 6, the strong peaks of 3.67, 3.02, 2.27, and 2.88 A con-
firm the abundant presence of calcite and dolomite in these
samples. The peaks of 24.4 and 3.33 A indicate the pres-
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ence of quartz. Feldspar and secondary minerals (hematite)
are characterized by peaks of 4.13 and 3.19 A, and 2.56
and 91.9 A, respectively (Fig. 6 (a), (b)). Weak peaks of
14.02 and 4.69 A suggest the presence of smectite and chlo-
rite. The peak at 56.7 A represents the first-order peak of
kaolinite and the second-order peak of chlorite. Comparing
the relative intensity of the most prominent peak of each
component, quartz, illite, mica, feldspar, and calcite appear
to be the most abundant minerals (Fig. 6 (a), (b)). The clay
fraction includes illite, kaolinite, smectite, and chlorite min-
erals (Fig. 6 (a), (b)).

Therefore, the dominant presence of sedimentary rocks
(shale, sandstone, marl, and massive limestone), volcanic
rocks (basaltic and andesite), and metamorphic rocks in
the southern parts of the Jouybar and Zaghmarz areas can
strongly explain the presence of clastic, carbonate minerals
(calcite and dolomite), and clay minerals (such as chlo-
rite and smectite) in the studied samples. The amount of
calcium carbonate (calcite) indicates the paleoclimatic con-
ditions (Yunfei, 1993; Das et al., 2006). The excessive
amount of calcium carbonate in the samples indicates the
prevailing arid weather conditions in the region. Addition-
ally, the presence of primary and secondary calcite and
gypsum minerals, along with unstable components such as
feldspar and pebbles in the sandstone and silty sand facies
(Fig. 5 (a), (¢), (d)), is confirmed to be a result of arid and
semi-arid weather conditions during the deposition of these
facies. Furthermore, the presence of calcite, dolomite, as
well as illite, chlorite, and smectite clay minerals in the

I,

3
2-Theta =S¢

ale

Figure 6. X-ray diffraction patterns of representative bulk samples from (a) brown sandy mud facies (3.5 m depth) in AZS core, and (b) dark muddy
facies (5 m depth) in AM core (Q: Quartz, I: Illite, M: Mica, Fld: Feldspar, Ca: Calcite, Dol: Dolomite, K: Kaolinite, Chl: Chlorite, Sm: Smectite, Plg:

Plagioclase, He: Hematite).
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studied samples, indicates arid and semi-arid climatic con-
ditions (Dixon and Weed, 1992). Smectite clay minerals are
also indicators of arid climatic conditions with wet seasons
(Chamley, 1989), which corresponds to the semi-arid cli-
matic conditions during the deposition of the studied facies.
The mineralogical composition results obtained from the
XRD patterns indicate that the selected samples are similar,
indicating a common source for the core sediments.

4.2 Major element

Environmental conditions have an impact on the chemi-
cal properties of elements and compounds. Changes in
sediment geochemistry can indicate fluctuations in paleo-
environmental conditions during sedimentation and diagen-
esis. Consequently, the major elements found in sediments,
namely SiO;, K,0, CaO, MgO, Na,0, Al,O3, Fe,03, and
TiO,, serve as useful indicators for determining paleo-
environmental conditions (Wei et al., 2015). The concen-
trations of major elements in sandy mud, muddy, and silty
sand facies at various depths from the AZS and AM cores
are provided in Tables 4 and 5, respectively. SiO; is the
most abundant oxide in all samples, with an average content
of 45.58% and 38.63% in sandy mud, 45.92% and 33.92%
in muddy, and 45.77% and 43.79% in silty sand facies from
the AZS and AM cores, respectively. The second most abun-
dant oxide is Al,O3, with average contents of 15.31% and
11.45% in sandy mud, 15.27% and 8.75% in muddy, and
13.42% and 12.55% in silty sand facies from the AZS and
AM cores, respectively. Following Al,O3, the next most
abundant oxide is CaO, with average contents of 8.99% and
18.31% in sandy mud, 8.84% and 24.34% in muddy, and
11.33% and 14.78% in silty sand facies from the AZS and
AM cores, respectively. Fe,Oj3 is the next most abundant
oxide, with average contents of 7.36% and 5.62% in sandy
mud, 7.99% and 4.20% in muddy, and 6.30% and 6.61% in
silty sand facies from the AZS and AM cores, respectively.
The average contents of MgO are 2.46% and 2.44% in sandy
mud, 2.92% and 2.15% in muddy, and 2.36% and 2.41% in
silty sand facies from the AZS and AM cores, respectively.
The average contents of K,O are 2.92% and 2.19% in sandy
mud, 2.92% and 1.66% in muddy, and 2.51% and 2.24% in
silty sand facies from the AZS and AM cores, respectively,
while the average contents of Na,O are 1.50% and 1.50%
in sandy mud, 1.78% and 1.71% in muddy, and 1.84% and
1.61% in silty sand facies from the AZS and AM cores,
respectively. These findings are broadly consistent with
the indications from XRD analysis (Fig. 6). On the other
hand, the contents of other oxides, including TiO,, P,Os,
and MnO, are less than 1.0%. Therefore, the abundance of
oxide compounds in the studied cores follows the sequence:
Si0, > Al,O3 > CaO > Fe,03 > MgO > K»>O > Na,0 >
TiO, > P05 > MnO. Al,O3 is considered immobile dur-
ing weathering and sedimentation; therefore, the abundance
of major and some trace elements is plotted against Al,O3
to investigate the primitive geochemical nature (McLennan
et al., 1993; Cardenas et al., 1996; Bauluz et al., 2000). The
positive correlations between K,O, Fe;03, SiO;, and TiO;
with Al,O3 (with correlation coefficients R of 0.93, 0.65,
0.53, and 0.47, respectively) in the sediments of the AZS

Dehghan Chenari et al.

and AM cores (Fig. 7 (a-d)) suggest that these elements are
predominantly hosted in clay minerals, particularly illite,
or are derived from detrital sediments (McLennan et al.,
1983; Das et al., 2006; Lee, 2009). The negative correlation
between CaO and Al,O3 (with a correlation coefficient R of
—0.90) (Fig. 7 (e)) indicates that CaO is not associated with
Al-bearing minerals and may originate from carbonate rock
fragments (Rahman and Suzuki, 2007; Lee, 2009). The
sediments of both cores have a high concentration of CaO,
indicating the predominance of arid paleoclimate conditions
with evaporation in the basin (Gromet et al., 1984; Sun et al.,
2012). There is no obvious correlation between other major
oxides, such as NayO and Al,O3 (Fig. 7 (f)).

4.3 Trace elements

The distribution of elements in sediments or sedimentary
rocks is influenced by paleoclimate and environmental pro-
cesses, making their trace element ratios particularly useful
for studying paleoclimate (Bailey1996; Song et al., 2016).
The concentrations and ratios of trace elements in the sandy
mud, muddy, and silty sand facies at different depths from
the AZS and AM cores are listed in Tables 6 and 7, respec-
tively. The data for trace elements show high values of Sr
(average 774.57 and 169.14 ppm in sandy mud, 682.88 and
160.76 ppm in muddy, and 688.74 and 173.00 ppm in silty
sand facies from the AZS and AM cores, respectively), Zr
(average 248.25 and 73.71 ppm in sandy mud, 249.73 and
76.00 ppm in muddy, and 220.39 and 63.00 ppm in silty
sand facies from the AZS and AM cores, respectively), Cr
(average 243.57 and 100.29 ppm in sandy mud, 257.12 and
84.00 ppm in muddy, and 227.61 and 83.00 ppm in silty
sand facies from the AZS and AM cores, respectively), Rb
(average 212.40 and 79.71 ppm in sandy mud, 188.47 and
86.14 ppm in muddy, and 188.60 and 70.00 ppm in silty
sand facies from the AZS and AM cores, respectively), and
V (average 137.53 and 103.71 ppm in sandy mud, 134.91
and 104.43 ppm in muddy, and 118.48 and 93.00 ppm in
silty sand facies from the AZS and AM cores, respectively)
(Tables 6 and 7).

The bivariate relationship between some trace elements (Sc,
V, Hf, Th, and Rb) and Al,O3 is shown in Fig. 8. Strong
to moderate positive correlations between Sc, V, and Hf
with Al,O3 (R =0.92, 0.91, and 0.51, respectively) in the
sediments of AZS and AM cores (Fig. 8 (a-c)) indicate
their association with clay minerals (Roy and Roser, 2012)
(Fig. 6). The low or negative relationship of Al,O3 with Th
and Rb (Fig. 8 (d), ), suggests that their fractions are not
related to clay mineral contents (Roy and Roser, 2012).
Various discrimination diagrams based on major oxide con-
centrations in clastic sediments exist (Pettijohn et al., 2012;
Herron, 1988). Among these, log (Na,O/K,0) and log
(Fe,03/K;0) vs. log (510, /Al,03) classification diagrams
proposed by Pettijohn et al. (2012) and Herron (1988) have
been used. Based on these plots, the samples from the AZS
and AM cores can be classified as greywacke, litharenite,
and shale lithologies (Fig. 9).

4.4 Paleoweathering and paleoclimate

Generally, the high values of the chemical alteration of the
source area are attributed to the omission and leaching of
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Figure 7. The diagram of variation of major elements plotted against A1203 for the investigated sediments from the AZS and AM cores.

mobile cations (e.g., Cat, Na™, and K) from the sediments
in relation to the less mobile or residual constituents (A13+,
Ti**, and Si**) (Nesbitt and Young, 1982; Fedo et al., 1996;
Cingolani et al., 2003). Therefore, the intensity of chemical
weathering of source rocks and sedimentary recycling can
be determined by analyzing the composition of sediments
(Nesbitt and Young, 1982; Armstrong-Altrin et al., 2004;
Lee, 2009).

Three weathering indexes, namely the Chemical Index of
Alteration (CIA), Chemical Index of Weathering (CIW),
and Plagioclase Index of Alteration (PIA), as presented by
Nesbitt and Young (1982), Harnois (1988), and Fedo et
al. (1995) respectively, are applied to study the degree and
intensity of chemical alteration of the AZS and AM core
sediments.

In the CIA formula, CaO* represents the Ca content in
silicate-bearing minerals (Nesbitt and Young, 1982) and
is calculated as CaO* = CaO - 10/3 x P,Os, as reported
by McLennan et al. (1993). In this study, CaO was cor-
rected according to the method proposed by McLennan et
al. (1993), where CaO values are accepted only if CaO <
NayO. If CaO > Na,O, it is assumed that the concentration
of CaO is equal to Na,O.

Generally, low, moderate, and high CIA values (< 60,
60 — 80, and > 80) depict cold and dry, warm and humid,
and hot and humid climate conditions, respectively, in which
the sediments undergo weak, medium, and intensive chemi-
cal weathering (Nesbitt and Young, 1982; Fedo et al., 1995;
Yan et al., 2010; Fu et al., 2015; Ma et al., 2015). CIA
values of the sandy mud, muddy, and silty sand sediments
from the AZS and AM cores are given in Tables 4 and 5,
respectively. In the studied samples, the CIA values range
from 60.84 to 71.14 (avg. 65.27) and 57.93 to 64.13 (avg.
60.94) in sandy mud, 52.37 to 67.78 (avg. 62.46) and 44.75
to 59.96 (avg. 53.54) in muddy, and 58.66 to 61.04 (avg.
60.44) and 61.94 in silty sand facies from AZS and AM
cores, respectively (Tables 4 and 5), indicating weak to
moderate chemical weathering in the source areas.

The CIW values proposed by Harnois (1988) are used to
assess the intensity of chemical weathering in the source
area. In the CIW formula, the CaO* contents were also
calculated according to McLennan et al. (1993). The CIW
values of the studied sediments range from 68.35 to 83.35
(avg. 75.47) and 65.34 to 74.08 (avg. 69.76) in sandy mud,
57.68 to 79.63 (avg. 71.96) and 48.97 to 68.46 (avg. 60.21)
in muddy, and 66.23 to 70.12 (avg. 68.90) and 70.35 in silty
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Table 6. Some selected trace element concentrations (in ppm) and their ratios of the AZS core sediments.

Core Litho. Co Cu Cr Hf La Ni Se Sr Th A% Zr Rb U/Th V/Cr Ni/Co Sr/Cu Rb/Sr Zr/Sc Th/Sc
sand

AZS 1 Y 1741 3947 24328 9.15 91.35 107.61 76.20 1000.78 24.76 140.51 246.29 27423 | 0.42 0.58 6.18 25.36 0.27 3.23 0.32
mud

AZS2 ” 13.78 37.05 206.85 9.68 79.05 87.54 64.27 176243 2441 11532 242.68 485.66 | 0.42 0.56 6.35 47.56 0.28 3.78 0.38

AZS3 ” 19.47 38.83 256.41 17.07 99.36 113.55 78.63 1148.06 24.08 14450 262.51 320.01 | 0.39 0.56 5.83 29.57 0.28 3.34 0.31

AZS 4 ” 22.62 5024 311.60 2571 10423 139.00 90.81 591.78 21.60 179.28 269.01 165.74 | 0.47 0.58 6.14 11.78 0.28 2.96 0.24

AZS 5 mud 18.55 3620 291.56 3444 93.01 122.05 81.58 583.86 24.10 164.04 26493 163.30 | 0.46 0.56 6.58 16.13 0.28 3.25 0.30

AZS 6 ” 2095 44.83 290.10 21.66 101.19 122.72 89.65 540.31 2373  169.78 25543 147.83 | 0.48 0.59 5.86 12.05 0.27 2.85 0.26
silt

AZS7 Y 16.34 3895 23859 1430 90.57 96.38 63.66  823.85 2334 117.05 282.51 22498 | 0.29 0.49 5.90 21.15 0.27 4.44 0.37
sand

AZS 8 mud 14.19 3399 22965 14.13 76.18 78.07 4796  981.37 2192 91.19 24597 27421 | 0.30 0.40 5.50 28.87 0.28 5.13 0.46
sand

AZS 9 Y 1998 4498 29222 2330 102.69 125.89 86.27 655.04 2241 165.86 247.77 181.53 | 0.37 0.57 6.30 14.56 0.28 2.87 0.26
mud

AZS10 ”~ 15.62 3474 20935 15.13 81.12 85.39 59.95 1179.18 2331 11046 218.87 320.62 | 0.34 0.53 5.47 33.95 0.27 3.65 0.39

AZS11 ” 17.78 3540 229.72 1535 84.27 103.28 69.28  546.07 26.32 13742 27195 148.65 | 0.48 0.60 5.81 15.42 0.27 3.93 0.38

AZS12 ” 18.79 3544 24692 15.16 90.82 11571 76.34 543.31 2348 14743 26534 147.26 | 0.36 0.60 6.16 15.33 0.27 3.48 0.31

AZS13 ” 21.52 5255 30649 2230 106.21 125.76 89.09 550.01 21.21 172.88 283.81 151.77 | 0.41 0.56 5.84 10.47 0.28 3.19 0.24

AZS14 ” 1598 35.19 22346 17.37 87.09 95.85 64.73  945.65 2340 123.10 23937 25495 | 0.34 0.55 6.00 26.87 0.27 3.70 0.36

AZS15 ” 21.78 40.20 25821 14.87 97.24 115.01 78.70 512.26 25.62 14522 258.02 143.17 | 0.39 0.56 5.28 12.74 0.28 3.28 0.33

AZS16 ~ 2259 3471 237774 13.89 8497 113.51 68.05 723.37 2241 12626 191.66 198.49 | 0.40 0.53 5.02 20.84 0.27 2.82 0.33

AZS17 ” 19.78 50.75 259.66 15.05 97.58 116.96 80.26 573.32 25.65 14541 25046 155.76 | 0.39 0.56 591 11.30 0.27 3.12 0.32

AZS18 ” 19.22 2876 21522 1394 8431 97.07 63.18  568.27 2428 11691 25090 153.37 | 0.38 0.54 5.05 19.76 0.27 3.97 0.38

AZS19 ” 1742 4040 196.88 9.23 76.37 93.13 5775 546.28 25.09 112,55 241.89 148.60 | 0.34 0.57 5.35 13.52 0.27 4.19 0.43

AZS20 ” 17.14 33.13 203.11 10.81 77.67 90.99 61.59 54724 2449 117.36 23144 148.65 | 0.38 0.58 5.31 16.52 0.27 3.76 0.40
silt

AZS 21 Y 17.44 4343 25480 1575 82.88 107.46  70.36 567.81 2276 13645 19695 156.84 | 0.38 0.54 6.16 13.07 0.28 2.80 0.32
sand

AZS22 mud 13.61 29.77 189.43 11.50 143.13 90.24 53.37 674.55 23.66 101.94 181.71 183.98 | 0.30 0.54 6.63 22.66 0.27 3.40 0.44

AZS23 ” 15.14 3248 217.17 11.38 73.50 95.37 61.27 62597 2444  114.62 23258 16855 | 0.32 0.53 6.30 19.27 0.27 3.80 0.40
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Table 7. Some selected trace element concentrations (in ppm) and their ratios of the AM core sediments.

Core  Litho. Co Cu Cr Hf La Ni Sc Sr Th V Zr Rb | U/Th V/Cr Ni/Co Sr/Cu Rb/Sr Zr/Sc¢ Th/Sc
AM1 sandy 14.50 3399 90 236 22 46 1350 150 679 106 84 86 | 0.29 0.57 4.67 30.27 0.24 8.29 0.60
mud
AM2 ? 1550 2382 112 250 23 60 1480 151 74 110 8 90 | 0.29 0.55 4.11 65.71 0.24 10.05 0.72
AM3 ” 1460 2493 127 196 23 76 1240 166 6.61 91 66 63 | 024 0.51 3.94 30.66 0.24 8.77 0.65
AMA4 ? 11.80 3630 91 191 23 40 1130 181 6.68 97 64 70 | 0.32 0.53 4.93 19.28 0.24 8.32 0.55
AMS ” 1420 3537 119 179 22 43 1280 18 6.65 105 69 78 | 0.28 0.53 4.88 21.64 0.25 8.21 0.51
AMG6 mud 1420 30.11 87 224 22 45 1300 205 657 101 74 79 | 0.29 0.48 5.25 55.58 0.25 8.89 0.68
AM7 ” 16.50 16.60 92 206 24 49 1460 139 778 117 68 95 | 0.21 0.35 3.77 152.47 0.25 10.00  0.99
AMS ? 1420 88.44 81 202 24 43 13.00 843 6.60 94 70 80 | 0.30 0.50 4.94 11.99 0.25 8.87 0.60
AM9 ” 12.80 1191 76 263 23 45 1490 175 7.81 111 93 85 | 0.16 0.29 3.85 197.35 0.25 11.33 1.03
AM10 Sandy 12.50 2498 78 221 21 45 1370 164 699 107 73 85 | 0.28 0.53 4.57 53.02 0.26 8.18 0.62
mud
AM11 ” 16.30 28.19 85 207 23 52 1390 18 644 110 71 86 | 0.31 0.56 5.07 40.97 0.26 6.82 0.56
AM12 mud 9.60 19.38 80 228 21 36 1330 177 7.17 105 79 92 | 0.29 0.40 4.75 106.23  0.26 9.85 0.75
AM13 ” 1450 24.12 86 241 24 51 1360 160 7.12 103 83 87 | 0.29 0.56 4.64 51.54 0.26 7.90 0.61
AM14 mnﬁw 1040 37.71 83 1.62 23 38 11.80 173 634 93 63 70 | 0.34 0.44 5.14 18.32 0.27 7.30 0.52
san
AM15 mud 12.10 1631 86 204 23 42 1320 18 659 100 65 85 | 0.28 0.38 4.82 52.45 0.28 10.14 0.62
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Figure 8. The diagram of variation of some trace elements plotted against Al O3 for the investigated sediments from the AZS and AM cores.

sand facies from AZS and AM cores, respectively (Tables 4
and 5). This indicates weak to moderate chemical weather-
ing with semi-arid to semi-humid climate conditions.

The degree and intensity of chemical alteration can also
be inferred by calculating PIA values. PIA values range
from 50 to 100 for fresh or unweathered plagioclase and
secondary aluminous clay minerals (e.g., kaolinite, illite,
and gibbsite), respectively (Fedo et al., 1995). Therefore,
the PIA values vary from 63.89 to 79.90 (avg. 70.97) and
60.26 to 69.32 (avg. 64.69) in sandy mud, 52.90 to 75.31
(avg. 67.33) and 43.66 to 63.25 (avg. 54.72) in muddy, and
61.22 to 65.01 (avg. 63.85) and 65.69 in silty sand facies
from AZS and AM cores, respectively (Tables 4 and 5).
This indicates weak to moderate chemical weathering in the
source region.

Likewise, according to the binary plots of Shaltami (2012),
the CIW and PIA versus CIA projected values of both cores’
sediments are in the low to intermediate weathering fields
(Fig. 10).

The degree of chemical weathering and mobility of elements
is also determined by using an Al,O3 (A), CaO*+Na,O
(CN), and KO (K) ternary diagram in molar proportions.
The CIA values can be plotted on the A-CN-K triangular di-
agram to interpret compositional variations related to chem-

ical weathering, paleoclimate, and source material compo-
sition (Nesbitt and Young, 1984; Fedo et al., 1995; Fedo
et al., 1996; Fedo et al., 1997a; Fedo et al., 1997b; Ghosh
et al., 2012; Deepthi et al., 2013), as shown in Fig. 11 (a).
The total samples from the AZS and AM cores are plot-
ted above the K-feldspar-plagioclase join line, following
a linear trend close to the A-CN join line. They display a
tendency towards the A apex, indicating that these samples
were not subjected to intensive chemical weathering in the
source areas. A bivariate major oxides plot was also used
to interpret the core samples’ paleoclimate and chemical
maturity, plotting SiO; against AlO3+K;0+NayO (Suttner
and Dutta, 1986). This plot shows that the two core samples
exhibit semi-arid to semi-humid paleoclimate conditions
with low chemical maturity (Fig. 11 (b)).

The results obtained from the study of chemical weathering
indices (CIA, CIW, PIA) and the compositional variability
index (ICV) show a low to moderate degree of weathering
in the source area. Additionally, it indicates the prevalence
of arid to semi-arid conditions during the deposition, which
suggests an active tectonic setting in the source area (rapid
uplift) and a lower sedimentary cycle for the sediments.
Alborz mountain range (a branch of the Alpine-Himalayan
orogenic belt) has been extensively studied using various
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Figure 9. The diagrams of geochemical classification of AZS and AM core samples from Jouybar and Zaghmarz areas using: a) Log (Na,O/K,0) vs.
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approaches, including seismicity analysis, GPS (Global
Positioning System) data, and morphotectonic indices, to
document its high tectonic activity (Tourani2024). Based
on this, it can be concluded that both the AZS and AM
core sediments experienced alternating arid and semi-arid
paleoclimate conditions during the Holocene period, ap-
proximately 4455 years ago.

4.4.1 Elemental ratios

Several chemical ratios, such as Sr/Cu, Rb/Sr, and
Al,03 /Na, O, may be considered important indicators of cli-
mate changes and source-rock weathering, which determine
the characteristics of the sediment (Jin and Zhang, 2002;
Chen et al., 2001; Meng et al., 2012; Bai et al., 2015; Fu
etal., 2016). Therefore, low Sr/Cu and high Rb/Sr ratios in
sediments are commonly associated with warm and humid
climate conditions, as intense chemical weathering in warm
and humid climates mostly removes Sr compared to Rb
and Cu (Lerman et al., 1995; Meng et al., 2012; Cao et al.,
2015). Sr/Cu ratios ranging from 1 to 10 indicate warm and
humid paleoclimate conditions, while ratios greater than
10 (> 10) indicate arid conditions (Gang and Dongsheng,
2007). The relatively high Sr/Cu ratios (average 19.95 and
60.50) and low Rb/Sr ratios (average 0.27 and 0.25) of
the studied sediments from the AZS and AM cores, respec-
tively (Tables 6 and 7) indicate arid to semi-arid climate
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conditions. The low CIA and Rb/Sr ratios, along with the
relatively high Sr/Cu ratios and elevated carbonate content
of the samples (Figs. 5 and 6), indicate that these samples
were deposited during arid periods and that the paleoclimate
controlled the terrigenous sediment flux to the basin. These
results align with the climate conditions documented by
CIA, CIW, and PIA (Tables 4 and 5). Under humid climate
conditions, aluminum, as a stable element held within clay
minerals, remains while labile cations such as K+ and Na™
leach from sediments during chemical weathering (Nesbitt
et al., 1980; Gao et al., 1985; Fedo et al., 1995). Therefore,
high Al;O3/NayO ratios primarily reflect strong chemical
weathering due to the removal of Na from parent rocks dur-
ing humid climate conditions (Yang and Jung, 2004). As
shown in Tables 4 and 5, the Al,03/Na;O ratios in the AZS
and AM core sediments range from 4.48 to 13.47 (average
9.74) and 4.16 to 9.40 (average 6.60), respectively, indicat-
ing low chemical weathering in both core sediments. As
indicated in Tables 4-7, there is a slight vertical variation
in Sr/Cu, Rb/Sr, and Al,03/NayO ratios throughout the
depth profile, which is consistent with CIA, CIW, and PIA.

4.5 Recycling effect

The Index of Compositional Variability (ICV) of sediments
is used as an indicator to estimate the degree of composi-
tional maturity of the source rock (Cox et al., 1995). The
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Figure 10. Binary plots of (a) CIW vs. CIA and (b) PIA vs. CIA (Shaltami, 2012) are representing paleoweathering conditions during deposition of the
studied sediments. (CIA: Chemical index of alteration; PIA: Plagioclase index of alteration; CIW: Chemical index of weathering).
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Figure 11. a) Al,03-[CaO+Na0]-K,0 (A-CN-K; compositions as molar proportions) ternary diagram (after (Nesbitt and Young, 1982)) showing
weathering trend for fine-grained sediments of AZS and AM cores, b) Bivariant major oxides plot for the studied samples according to Suttner and Dutta
(1986). (kaolinite (Ka); chlorite (Chl); illite (I1); muscovite (Mu); smectite (Sm); plagioclase (P1); K-feldspars (Kfs)).

high abundance of immature rock-forming minerals, such as
plagioclase and K-feldspars (indicative of immature source
rocks), as well as clay minerals like kaolinite and illite (in-
dicative of alteration products), are associated with ICV
values greater than 1 and less than 1, respectively (Cox et
al., 1995). The variation in ICV values may be attributed to
differences in weathering conditions and changes in source
rock composition (Cox et al., 1995). To accurately deter-
mine the compositional maturity of the AZS and AM core
sediments, we also examined sedimentary recycling. The
ICV values of the studied samples range from 0.1 to 2.38
(average 1.57) and 0.5 to 0.62 (average 0.56) for sandy
mud; 0.1 to 2.25 (average 2.21) and 0.58 to 0.76 (average
0.65) for muddy; and 0.1 to 2.91 (average 2.25) and 0.51
for silty sand facies in the AZS and AM cores, respectively
(Tables 4 and 5). Overall, this suggests that the AZS core
samples belong to compositionally immature rocks and can
be considered as first-cycle sediments, while the AM core
samples are associated with compositionally mature rocks
characterized by low to moderate chemical weathering.
The vertical distributions of the geochemical indexes (CIA,
CIW, PIA, and ICV) values of the two core facies from
the Caspian coastal area are presented in Tables 4 and 5.
The variation patterns of CIA, CIW, and PIA in the sandy
mud, muddy, and silty sand facies from the AZS and AM
cores are similar, whereas the trend of ICV differs from
that of CIA, CIW, and PIA. The Zr/Sc ratio (Cox et al.,
1995; Hassan et al., 1999) and Th/Sc ratio (McLennan et
al., 1993) are useful indexes for assessing sediment recy-
cling, compositional maturity, and intensity of alteration in
source materials. Therefore, a Zr/Sc versus Th/Sc bivariate
diagram was used to illustrate sorting-related fractionations
in sediments. The values of Zr/Sc and Th/Sc indicate that
the AZS and AM core sediments were not affected by sedi-
mentary recycling, which is consistent with the ICV values,
indicating first-cycle sedimentation during the Middle to
Late Holocene (Tables 6 and 7).

4.6 Paleoredox conditions

The extent of paleo-redox states of sediments during their
deposition in the basin can be evaluated through chemical

analyses, such as those conducted by Dypvik (1984), Dill
(1986), and Jones and Manning (1994). It is important to
consider these proxies collectively, as the proxies of trace
elements are not reliable when used individually. Uranium,
vanadium, and nickel are combined with sediments in low
capacities. Therefore, the ratios of trace elements such as
U/Th, V/Cr, and Ni/Co are considered credible indicators
of the depositional environment, indicating redox conditions
(Tribovillard et al., 2006; Lézin et al., 2013; Zeng et al.,
2015; Zhou et al., 2015; Madhava Raju et al., 2016). Under
surficial conditions and weathering, U is generally oxidized
and mobilized, resulting in a decrease in the U/Th ratio,
indicating redox conditions (Morford et al., 2009). A U/Th
ratio greater than 1.25 indicates an anoxic environment,
while values ranging from 0.75 to 1.25 suggest a suboxic to
a dioxic environment. A ratio of less than 0.75 indicates an
oxic environment (Jones and Manning, 1994). The U/Th
ratios of the sandy mud, muddy, and silty sand facies from
the AZS and AM cores range from 0.34 to 0.48 (average
0.39) and 0.24 to 0.32 (average 0.29), 0.30 to 0.48 (average
0.39) and 0.16 to 0.30 (average 0.26), and 0.29 to 0.38 (aver-
age 0.32) and 0.34, respectively, indicating dysoxic to oxic
conditions (Tables 6 and 7). Values of Ni/Co and V /Cr ra-
tios greater than 7 and 4.25, respectively, indicate an anoxic
environment, while values less than 5.0 and 2.0 reflect oxic
environmental conditions. Jones and Manning (1994) also
proposed that low to high Ni/Co values in sediments reveal
oxidizing, dysoxic, and reducing conditions. The moderate
values of Ni/Co ratios for the sandy mud, muddy, and silty
sand facies from the AZS and AM cores range from 5.20
to 6.35 (average 5.75) and 3.94 to 5.07 (average 4.60), 5.5
to 6.58 (average 6.06) and 3.77 to 5.25 (average 4.57), and
5.9 to 6.63 (average 6.23) and 5.14, respectively, suggesting
that the dominant conditions during the deposition of these
deposits were dysoxic to oxic (Tables 6 and 7).

During low-oxygen conditions, V is insoluble and immobile
compared to Cr, which tends to concentrate in sediments
(Calvert and Pedersen, 1993; Jones and Manning, 1994).
Therefore, low and high V/Cr ratios reflect oxidizing to
reducing depositional conditions, respectively (Jones and
Manning, 1994; Riquier et al., 2006). The V/Cr ratios of
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the sandy mud, muddy, and silty sand facies from the AZS
and AM cores fluctuate from 0.53 to 0.6 (average 0.56) and
0.51 to 0.57 (average 0.54), 0.4 to 0.53 (average 0.52) and
0.29 to 0.56 (average 0.42), and 0.49 to 0.54 (average 0.52)
and 0.44, respectively, which are lower than the oxic thresh-
old of 2.0, also indicating oxic conditions (Tables 6 and 7).
As discussed above, the redox-sensitive trace element ratios,
such as U/Th, V/Cr, and Ni/Co, indicate that the studied
samples were formed under dysoxic to oxic conditions dur-
ing deposition. Based on these ratios and the binary plot
of Ni/Co and V/Cr against U/Th, both core samples are
positioned in the dysoxic and oxic fields, displaying trends
from oxic to anoxic environment (Fig. 12).

5. conclusion

Based on the XRD and geochemical analyses of fine-
grained facies from the AZS and AM cores in the Jouybar
and Zaghmarz areas (southern coast of the Caspian Sea),
we have reached the following conclusions:

1) The bulk mineralogy of the sandy mud and muddy units
in the AZS and AM cores consists of quartz, illite, mica,
feldspar, and calcite minerals. The presence of abundant
carbonate mineral (calcite) along with gypsum, as well as
unstable components such as feldspar and rock fragments,
indicates low chemical weathering conditions and arid to
semi-arid climate periods during sedimentation.

2) There is a clear positive correlation between K,O,
Fe; 03, Si0O;, and TiO; with Al,Os3 in the sediments of the
AZS and AM cores, suggesting that they are hosted in clay
and K-bearing minerals (particularly illite) or are derived
from detrital inputs from the surrounding basin shoulders
(Alborz mountains).

3) Strong to moderate positive correlations between Sc, V,
and Hf with Al;O3 in the AZS and AM core sediments
indicate their association with K-feldspar and clay minerals.
4) On the Log (Na;O/K;0) and Log (Fe;03/K;0) versus
Log (SiO,/Al,03) plots, the most points of the studied
samples lie within the shale and greywacke fields.

5) The Chemical Index of Alteration (CIA), the Chemical
Index of Weathering (CIW), and the Plagioclase Index of
Alteration (PIA) of both core sediments suggest semi-arid
to semi-humid climatic conditions during sediment
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deposition, with weak to moderate chemical weathering.
6) The high Sr/Cu ratios and low Rb/Sr ratios in the
studied sediments from the AZS and AM cores indicate
relatively semi-arid climate conditions and the presence of
carbonate rocks in the source area.

7) The index of compositional variability (ICV) of the core
sediments shows negligible sedimentary recycling (compo-
sitionally immature source rocks) during transportation and
deposition.

8) Overall, the redox-sensitive parameters (e.g., V/Cr,
Ni/Co, U/Th) in the studied core sediments indicate
dysoxic—oxic conditions in the coastal environment during
the Middle to Late Holocene.

9) It is expected that the results of this study will contribute
to a better understanding of the paleoclimatic conditions
and paleoenvironment during the Middle to Late Holocene.
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