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Abstract

The red and grey mudstone, which was interbedded in the middle of the Eocene layers (between
the Gercus and Pila Spi Formation) in northeastern Irag, was studied to determine the origin of
the rocks, the climate that existed then, the intensity of the weathering process back then, and
the way the plates of the earth moved when the rocks were being formed. As per the study of
the X-Ray Fluorescence, the data indicate that MgO and CaO have more value compared to the
Archean Australian Shale (PAAS) and North American Shale Composite (NASC); however,
the amounts of other oxides are lesser. The associations of the key oxides indicate a combination
of rocks of their formation, with most being mafic, and a few being intermediate and felsic
igneous rocks, and indicating that they were formed along both the stable and unstable
continental boundaries. Yet, the samples of clay were strongly chemically weathered, and the
degree to which the chemicals were developed in the region of their origin, and this suggests
that the past climate was more wet or more dry, which suggests that the layers of the material
were not moved long distances, because the element ratios suggest that these rocks were not
oxidized, or were oxidized, and that they may have been moved long distances in the conditions
under which they were deposited being such that were either more or less oxygen-deprived, or
were entirely oxidized, and which could have been caused.

Keywords: Stratigraphic analysis, Geochemistry, Paleo-environment, Ancient climate, Clay beds, Eocene.
1. Introduction

Through analyzing the chemical composition of the sedimentary rocks, chemostratigraphy
tends to infer the sedimentary environment and ecological environment of the past. It does so
by examining changes in elemental ratios in order to identify changes in the sedimentary
settings. The process will also be able to show historic climatic changes and set correlations
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between strata in different regions. The use of chemostratigraphy helps in particular the
reconstruction of the past deposition and climatic patterns, which supplements the geological
interpretation via biostratigraphy and lithostratigraphy (Armstrong-Altrin et al., 2017).

Geochemistry of sediments, which are a product of weathered rocks, can indicate the nature of
(Hayashi et al., 1997) the rocks that formed the sediments, the environment in which the
sediments were also deposited many years ago, the climate at that time, and the tectonic
environment (Hayashi et al., 1997). The geochemical indicators in the sedimentary rocks play
a vital role in establishing the tectonic conditions and the level of weathering that took place in
the past (Roser & Korsch, 1986).

The bedrock composition is also connected to the original source of rocks and the influence of
the diagenetic processes, and this is why it is applicable in several ways, because of the stability
and minimal mobility of some of the elements. The concentrations of immobile elements vary
in a broad way in various source rocks (e.g., felsic or basic) of various tectonic environments
(Wronkiewicz & Kent C, 1989).

The study aims to explain the nature of the tectonic setting, the sedimentary environment, and
the origin of the clay layers that exist between the Gercus and Pila Spi Formations in north Iraq
using the chemical properties of the major and trace elements.

2. Geological Setting

The Gercus and Pila Spi Formations are revealed in the much-twisted area found in the north
of Iraq. The beds of mudstone are very evident towards the lower portion of the Pila Spi
Formation, as compared with the clastic division in the upper portion of the Gercus Formation.
This higher section is much eroded in the high ridges of the High Folded Zone in the Unstable
Shelf in the whole of northern Iraq. The superior section of this formation is of medium to thick,
even beds of mudstones, between which are spread thin beds of siltstones, white marl lenses,
and chert nodules at the top. The bottom is made up of a fossil-bearing, homogenous, hard,
porous, or vitreous, bituminous, white limestone that is uniform and porous. This series depicts
a superficial lagoonal setting (Jassim & Goff, 2006). The Pila Spi Formation is made up of a
series of limestone and marly limestone approximately 240 m thick. The lower limit of the
formation with the Avanah Formation is marked by a lithological transition in the limestone
that is massive limestone layers with chert nodules to bedding that is thickly lithified of grey
color, separated by thinner marl layers, to form a continuous contact. The occurrence of basal
conglomerate is used to define the upper limit of the Fatha Formation, which implies the
presence of an erosion unconformity surface (Fendakly, 2011).
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3. Study Area Location

The investigated area is located within the northeastern part of Iraq, specifically in the Kurdistan
region, within the city of Erbil. This area marks the transitional zone between highly folded and
gently folded terrains. Here, layers of clay are exposed, nestled between the Gercus Formation
and the Pila Spi Formation. The study encompasses two distinct sections: Section A, located
near the village of Bardin with coordinates (N36°39'52.1678" E44°14'01.4889"), and Section
B, situated near the village of Ashkafta with coordinates (N36°36'49.6861" E44°17'55.7037"),

as illustrated in Figures (1, 2, 3, and 4).
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Figure 1. Stratigraphic column of the sections A and B.
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Figure 2. Geological map of the study area (after Sissakian & Fouad, 2016).
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Figure 3. The location map of the study site highlighted the studied section in red triangles.
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Figure 4. Field images: a) for site A near Bardin, and b) for Section B, near the village of
Ashkafta.

4. Materials and methods

The field research involved selecting the most suitable and accessible clay layers that are
interleaved within the Pilaspi Formation. A total of 12 representative clay samples were
carefully chosen from these two sections. A clearly exposed section was specifically chosen for
this study. Section A was observed in the field to transition from a 3 — 4-meter-thick layer of
carbonate limestone belonging to the Pila Spi Formation to the reddish, clastic sediments of the
Gercus Formation, with alternating layers of clay beds measuring (2 — 1.5) meters in thickness
(Figure 4a &b). Section B was noted in the field to shift from a (2 — 4) meter thick limestone
layer of the Pila Spi Formation to the red, clastic sediments of the Gercus Formation, which
includes a 1-meter-thick clay bed layer (Figure 4c and d).
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The determination of major oxide elements and certain trace elements was performed using
XRF analysis at the Iragi-German laboratory, which is part of the Department of Earth Sciences
at Baghdad University. The preparation of the samples followed the procedures outlined in
(Abubakar et al., 2019). The XRF spectrometer's material analysis mode is adept at analyzing
a broad spectrum of materials, ranging from aluminum (Z = 13) to uranium (Z = 92). The
equipment can accurately detect material compositions ranging from 0.1% to 100% (Neikov et
al., 2018).

5. Results
5.1. Major oxides geochemistry

The geochemical compositions of the major oxides found in the clay beds are presented in Table
1. The average percentages of oxides in the examined rock samples are detailed in Table 1,
organized from the highest to lowest percentages in both sections, as follows: SiO2, CaO, MgO,
Al>O3, and Fe>0Os. When compared to the average shale compositions of the North American
Shale Composite (NASC) (Gromet et al., 1984) and the Post-Archean Australian Shale (PAAS)
(Taylor & McLennan, 1985), the results indicate that MgO and CaO levels are higher than the
specified limits, while the values of the other oxides are lower.

Table 1. Main contents of clay bed samples (wt%).

Sa'\rlr;ple SiO2 Al>O3 MgO Fe20s CaO TiO2 K20 P.Os Na:O MnO
1A 38.3 8.27 9.91 5.28 15.58 0.49 0.94 0.07 0.61 0.03

2A 33.98 10.38 8.11 6.23 1792  0.46 1.16 016 098 011
3A 31.07 934 7.09 6.38 1599  1.00 0.92 014 120 011
4A 3412 7.82 9.92 6.71 15.88  0.67 0.07 032 079 0.07
5A 17.9 6.43 12.36 2.04 2531 0.28 0.45 0.04 080 0.05
6A 1523  2.66 13.80 2.20 2483 0.18 0.42 0.05 065 0.06
Average 28.43  7.48 10.20 481 19.25 051 0.66 013 084 0.07
1B 33.4 8.99 8.23 4.42 1499  0.78 0.25 0.48 1.40 0.01
2B 20.58  8.64 9.32 2.49 26.07 057 111 015 098 012
3B 36.81 10.88 8.13 3.21 1145 0.61 0.16 033 085 0.01
4B 30.01 841 10.42 3.84 16.87 031 0.65 0.06 069 0.06
5B 1576  2.80 13.58 191 26.24  0.22 0.48 0.02 044 0.02
6B 4519  6.89 8.57 6.53 491 0.59 1.34 0.04 027 0.02
Average  30.29  7.77 9.71 3.73 16.76  0.51 0.67 018 0.77 0.04
PAAS 62.4  18.78 2.19 7.18 1.29 0.99 3.68 0.16 1.19
NASC 64.82 17.05 2.83 5.7 3.51 0.8 3.97 0.15 1.13
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5.2. Trace elements geochemistry

The concentrations of minor elements are presented in Table 2. The sequence of minor elements
in section A is as follows: Mn > Cr > Sr > Ni > Zn >V > Zr > Cu > Rb > Co > Th > U, while
section B shows minor variation in the sequence: Sr >Mn >Cr >Ni >V >Zn >Zr >Rb > Co > Th
>U.

Table 2. Minor elements concentrations (ppm).

No. Vv Cr Mn Co Ni Cu Zn Rb Sr Zr Th U
1A 15180 335.74 202.83 11.95 22459 15.02 40.01 3319 9225 6455 3.9 1
2A 7170 362.49 879.01 16.28 217.84 3595 79.54 43.43 404.03 12533 4.9 1
3A 14956 574.93 882.88 16.28 198.66 34.03 7857 4133 396.84 13540 4 0.6
4A 8459 289.90 525.86 7.86 117.56 76.37 485.19 40.97 323.02 13096 6.9 1
5A 5434 72115 407.67 3.07 17430 13.10 30.85 17.01 589.97 1.04 1 2.29
6A 11259 150.25 440.74 7.39 148.68 103.53 40.97 14.72 456.37 1562 0.8 1
AVG 104.10 405.74 556.50 10.47 180.27 46.33 125.85 31.78 377.08 78.82 358 1.15
1B 18541 97.36 7954 6.06 48.17 1478 133.69 22.95 119.23 107.86 6.9 4.3
2B 98,59 43857 903.02 2595 21336 3571 83.87 4343 41316 12215 5.1 1
3B 12996 9469 8271 3.07 3780 1813 7215 17.19 12523 85.58 6 2.2
4B 8459 244,94 497.67 13.29 313.24 1861 4491 2405 910.71 2191 1 1
5B 128.84 276.49 16248 3.07 77.88 76.45 2756 16.73 93.44 2858 2.4 1
6B 322.10 535.46 169.99 36.02 459.09 38.82 89.66 57.88 74480 55.67 0.7 2.8
AVG 158.25 281.25 31590 1458 19159 33.75 7531 30.37 401.09 70.29 3.68 2.05

5.3. Provenance

Ratios of key elements are often used as indicators to determine the origin and parent rocks
(Armstrong-Altrin et al., 2017).

Discriminant functions established by Roser and Korsch (1988) are based on the concentrations
of TiOy, total Fe;O3, MgO, Na20, and K20, where F1 = 30.638 TiO2/ Al.O3 — 12.541 Fe 03(t)/
Al2O3 + 7.329 MgO/ Al,03 + 12.031 Na2O/ Al2O3 + 35.402 K20/ A1203 — 6.382; F2 = 56.500
TiO2/ Al,O3 — 10.879 Fe 03(t)/ Al203 + 30.875 MgO/ Al>O3 — 5.404 Na,O/ Al,Os + 11.112
K20/ Al,03 — 3.89) (Figure 5). The claystone samples from both sections plot within the range
of mafic to intermediate igneous origins, while two samples fall into the field of quartz
sedimentary origin.
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Figure 5. Plot illustrating discriminant scores used to differentiate source signatures; Section
A is shown in red, and Section B is shown in green.

The AI203/TiO2 ratio commonly points to a sedimentary source, with values between 3 and 8
indicating a mafic igneous source, 8 to 21 suggesting an intermediate source, and 21 to 70
representing a felsic igneous source, respectively (Hayashi et al., 1997). The analyzed samples
show a ratio of 9.3 — 23.2 in section A and 11.5 — 26.9 in section B, suggesting a mixed source
of intermediate and mafic igneous origin.

Plots of Zr against TiO2 for the analyzed samples indicate that the source is primarily
intermediate igneous rocks, with a minor presence of mafic rocks (Figure 6).
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Figure 6. TiO2-Zr plot for source
Section B- green color.
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5.4. Paleotectonic Framework

The tectonic setting of clastic rocks within the basins can be determined by using discriminating
plots of major and trace elements. Tectonic categorization by Bhatia & Crook (1986) indicates
several tectonic settings (island arc, active margin, and passive margin). The SiO2/Al>Oz-
K20/Na20 diagram by (Roser & Korsch, 1986) displays similar divisions, with passive margin
rocks characterized by high values in both ratios, while active margin rocks show a decreasing
SiO2/Al>03 ratio and varying low K>O/NaO ratio (McLennan et al., 1993). As per the (Roser
& Korsch, 1986) plot, the clay samples from both sections plot within the fields of passive and
active margins (Figure 7).
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Figure 7. Paleotectonic representative graph, section A in red color and section B in green
color.

5.5. Palaeoweathering Environment

The weather conditions, coupled with the movements in the crust of the earth, influence the
intensity of rock breakdown and the wearing away of the original rocks. An index to quantify
chemical alterations (CIA) = (Al203/ Al,Oz+ CaO + Na2O + K>0) x100 and an index to quantify
chemical wearing (CIW) = molar (Al20s/ [AlO3 + CaO+ Na2O]) x 100 are useful in the
determination of previous weathering activity. CIW and CIA are assumed in the same way, so
that a value of approximately 50 is interpreted to mean that there is no weathering, and a value
near 100 is interpreted to mean that there is a lot of weathering (Taylor & McLennan, 1985;
Nesbitt, 2003). Clay layers of area A (80 — 86.9) and area B (78.7 to 84.6) had a variety of data
(CIW) of 80 — 86.9 and 78.7 — 84.6, respectively, which indicated that the original rocks had
undergone significant chemical weathering (Table 3).

Table 3. Elemental ratios average of clay samples

Section Sr/Cu Rb/Sr Ni/Co VINi U/Th V/(Ni+V) CIA CIwW

A 13.78 0.127 227 059 0.72 0.36 78.7 84.6
B 1597 0.12 1503 1.7 1.1 0.52 80 86.9
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5.6. Chemical Maturity and Paleoclimate

The graph of Na vis-a-vis Mg to identify the environment of deposition in ancient times, as
proposed by Nicholson (1992), shows that the tested samples are a reflection of a marine
environment (Figure 8).

Na -Mg plot
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2 01 Shalow Marine
i}
=
0.01
Fresh Water
0.001
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Figure 8. Mg vs Na diagnostic plots show the sedimentary environment for the studied samples
after (Nicholson, 1992), section A-red color and section B- green color.

The percentage of SiO. /(Al,O3 + K20 +Na.0) ratio also provides useful information on the
ancient weather patterns at the time of sedimentation (Suttner & Dutta, 1986). A two-part
diagram of the samples under consideration (Figure 9) indicates primarily wet weather
conditions, as well as growing chemical development. This depends on the weather conditions
under which settling of sediments takes place, in that warm and wet climates are more favorable
to chemical weathering (Rocks, 1968).
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Figure 9. Climate diagram, section A in red color and section B in green color.
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Past climate can also be estimated using trace elements. The Sr/Cu ratio of 1.3 — 5 indicates a
warm or wet climate, whereas the Sr/Cu ratio above 5.0 is the indication of the hot, dry climate
(Tao et al., 2017). On the other hand, a low value of the ratio of Rb/Sr means that there is a dry
climate, whereas high values depict a warm climate (Xu et al., 2010). The mean Sr/Cu ratio of
the samples analyzed is (13.78 and 15.9) in the samples of area A and B, respectively, indicating
a hot dry climate, whereas a low mean value of the Rb/Sr ratio (0.127 to 0.12) in the samples
of areas A and B, respectively, indicates a dry climate (Table 3).

5.7. Redox Environments

Various elemental ratios, including U/Th, Th/ U, Ni/Co, V/ Ni, and Cu/Zn, are examined to
determine the previous redox conditions during the time that sediments settled. The Ni / Co
ratio below 5 indicates that there are oxic conditions, and the ratio above 5 indicates suboxic
and anoxic conditions (Bal Akkoca et al., 2019).

The samples that were examined contain Ni/Co values of 22.7 in section A and 15.03 in section
B, which indicate a suboxic environment and an anoxic environment (Table 3).

A V/ Ni ratio above 3 is associated with reducing environment, and a V/Ni ratio of 1.9 -3 is
associated with suboxic conditions (Galarraga et al., 2008). Sections A and B indicate a suboxic
environment with VV / Ni levels of 0.59 and 1.7, respectively.

A U/Th ratio of below 1.25 is the indication of an oxic environment, and above 1.25 is the
indication of a suboxic and anoxic environment (Nagender Nath et al., 1997). The clay samples
in the present study are low in U/Th (0.72 -1.1) in Part A and B, and this indicates an oxic
environment (Table 3).

Oxic environments have a V / (N i + V) ratio of lower than 0.46, whereas suboxic and anoxic
environments have 0.54 - 0.82 levels and higher (Hatch & Leventhal, 1992). The ratio of clay
V / (Ni + V) in sections A and B is 0.36 and 0.52, respectively, indicating the presence of
suboxic and anoxic conditions.

6. Discussion of Results

The mineral and chemical composition of sedimentary rocks is largely dependent on some
factors, such as the mineral and chemical makeup of the rocks with which they formed, the
influence of breaking and erosion, movement, settling, post-depositional changes, and
movement of the Earth's crust (McLennan et al., 1993; Dickinson & Suczek, 1979).

Diagrams were utilized based on the likely origin of the rock contents of layered sediments and
the ancient structural framework based on the methods suggested by Hayashi et al. (1997) and
Roser & Korsch (1986). The sampled ones belonged to the basic and intermediate igneous rock
origins, and this condition signifies that there was a diverse source. The samples are in passive
and active margin setups. Active-margin sediments typically contain a very low SiO2/Al;03
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ratio and a slightly varying K>O/Na.O ratio, whereas passive-margin deposits have higher
percentages of the ratios. AP10 is the Middle Palaeocene-Eocene Megasequence, when a new
phase of sinking and volcanic activity took place, as the NeoTethys finally closed in. This
caused elevation along the NE side of the Arabian Plate, forming ridges and basins which
generally extended along the NW — SE directions in the north and center of Iraq, so the E-W
direction in western Irag. Through these structural characteristics, there were major variations
in the kinds of rocks (Jassim & Goff, 2006).

Chemical Index Alteration (CIA) and Chemical Index Weathering (CIW) indicate that the
original sediments experienced a large level of disintegration. An increase in high CIA values
depicts the volume of clay minerals relative to feldspar, which has the capacity to augment the
quantity of Al>Os (Oghenekome et al., 2018). The boundary between Paleocene and Eocene is
characterized by the diversity of biological, mineralogical, and even chemical factors describing
the global transformations of the ancient environment, including the essential alterations of
climate (Kender et al., 2012).

The graph presented by (Suttner & Dutta, 1986), SiO. wt. per cent vs (Al03 + K>O + Na0)
wt. Per cent shows the historical climatic situation that influenced the deposition of the
sediments. The samples of the clay are primarily those of the humid climate, with the elemental
ratios of Sr/Cu and Rb/Sr indicating a hot, dry climate. Such changes in ancient climate will
have some effects on the chemical component of the source rocks, which will be able to show
alteration in the ancient climate at the time of deposition (Gu et al., 2022). The elemental ratios
employed to determine the conditions of the primitive environment show that suboxic, anoxic,
and oxic conditions might have prevailed in the deposition of sediments. This environment of
deposition of the detritus sediments of reducing nature can indicate that an increase in the level
of the sea was succeeded by a gradual decrease in the levels during the deposition of the layers
analyzed.

Anoxic conditions can take place in basin sediments in two different ways. The former is when
the waters of the sedimentary basin are anoxic themselves. The second one is when the speed
at which the sediments are covered is greater than the speed at which the dissolved oxygen is
restored. Trace and minor elements under oxic, as well as anoxic conditions in the marine
environment, are likely to act differently (Calvert & Pedersen, 1993). The ice/oxygen variations
between suboxic/anoxic and complete oxic conditions may be associated with the presence of
continental input, which may be attributed to non-oxidized rock formation or oxidized rock
formations.

The relative deepening of the environment in comparison with the earlier state, as well as the
variety of the geological conditions that affect the processes of bed formation, cause the change
in the redox conditions, which transforms the oxic to the non-oxic state (Liu et al., 1988).
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7. Conclusions

A study on the geochemical composition of the clay layers within the Eocene strata indicates
that the major oxides in their average concentration are: SiO,, CaO, MgO, Al:0s, and Fe>0s,
which are the major building blocks of the clay. In comparison with PAAS and NASC, the
concentrations of MgO and CaO increase, but the concentrations of other oxides decrease. The
elements in section A are presented in the following order, namely: Mn > Cr > Sr > Ni>V >
Zn>Zr >Rb > Co > Th > U, whereas the elements in section B are slightly different in that they
are listed as follows: Sr > Mn > Cr > Ni>V > Zn > Zr > Rb > Co > Th > U. As a result, it is
possible to use geochemical discrimination diagrams to identify the source rocks and
provenance of the mafic igneous, intermediate, and felsic igneous rocks, indicating a
heterogeneous source.

As far as multi-elemental diagrams are concerned, it is important to note that passive and active
margins are the main cause behind the paleotectonic formation of clay layers and that the
application of paleo-weathering conditions implies that clay samples experienced extensive
chemical weathering and increased chemical maturity of the source area. The Na vs. Mg plot
reveals that it has a marine depositional basin. In regards to the climate, the analysis revealed
that with the bivariate plots of the Al,O3 + KO + Na2O against the SiO> binary diagrams, it
would suggest that the climate would likely be humid but the elemental ratios, Sr/Cu and Rb/Sr,
suggests a hot, dry climate and in that order, the elemental ratios suggest that the elements could
have been under suboxic, anoxic, and oxic conditions when depositing the sediments.
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