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The Chia Gara Formation at Rania section is located in the Shawli
anticline near the village of Hangerah in the Rania district of
Sulaymaniyah northern Irag. This section consists mainly of
limestone and shale containing organic matter. Geochemical data of
major and trace elements were used to constrain paleoenvironmental
conditions including paleoproductivity, redox conditions,
hydrodynamic conditions, paleoclimate, paleo-water depth,
hydrographic  conditions, and hydrothermal activity. The
productivity proxies (Ba/Al and P/Ti ratios) indicate lower
productivity. Redox proxies for trace elements [V/(V+Ni), V/Cr,
Ni/Co, and Mo] suggest anoxic to dysoxic marine conditions. The
Zr/Rb values indicate roughly that the hydrodynamic energy
increased from the lower to the upper section. Sr/Cu and Rb/Sr ratios,
which are paleoclimate proxies, indicate semiarid to arid climatic
conditions. The Co*Mn proxies refer to open marine environments
associated with upwelling as well as subordinate restricted marine
environments. Ni—Zn—Co plot suggests hydrothermal activity during
deposition. The Rb/Zr ratio indicates shallowing upward during
sedimentation.
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Introduction

The Late Jurassic-Early Cretaceous period represents the time when the Chia Gara
Formation was deposited, specifically during the Tithonian-Berriasian age. The Balambo-
Tanjero zone and the high folded zone in northern Iraq are the areas where the Chia Gara
Formation was exposed and is equivalent to several local formations including Karimia,
Makhul, and Yamama in the Foot Hill Zone, and Ratawi Formation in central Iraq, and Zubair
Formation in the Rutba Uplift Zone. However, no equivalent formations have been recorded in
the regional areas due to the lack of exposure and outcrops (Jassim and Buday, 2006).

Wetzel was the first who study the Chia Gara Formation in 1950, in the Chia Gara area
South of Amadiya, Dohuk, northern Iraq, within the High Folded Zone. The Chia Gara
Formation has a thickness of about 232 meters in its type section and is composed of dark
limestone and dark shale rocks due to their organic matter content, limestone, and shale, are
rich in ammonite and radiolarian fossils, and the color changes to gray or light yellow, gradually
upward. The Chia Gara Formation crops out in several areas in northern Irag, such as Shiranish,
Banki, Ora, Amadiya, Chia Gara, Beakhma, Kork, Barsarin, Rania, Surdash, and Sirwan
George. In the sub-surface, the formation was penetrated in the wells of the Kirkuk oil field in
the K-109 well, the Qara Jogh-1 well, and the Bai Hassan-81 well (Bellen, et al.,1959).

The Formation in Rania sections consists of a sequence of limestone rocks with shale
containing organic matter. The Formation is bounded conformably by the Barsarin Formation
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(Kimmeridgian-Early Tithonian) at the bottom. At the top, the Formation is also conformably
bounded by the Balambo Formation (Valanginian).

The depositional conditions of ancient sedimentary rocks such as shales have been
extensively determined using major and trace element geochemical data (Chen et al., 2019;
Kettanah et al., 2020). This article presents geochemical analyses of the Ghia Gara Formation
in the Rania section of Northeastern Iraqg.

Aim of the Study

The study aims to assess the conditions of paleoenvironmental that were present when
the Chia Gara Formation was deposited in the Rania section of Northeastern Iraq through
geochemical constraints.

Geological Setting

The studied section is located in the Shawli anticline near the village of Hangerah in the
Rania district of Sulaymaniyah Governorate, at the intersection of latitude coordinates
(36°17'19.3"N) and longitude coordinates (44°51'11.1"E). The formation in this section is (105)
meters thick (Fig. 1).

The rock beds from the Jurassic and Cretaceous periods were exposed and uncovered in
the peripheral areas of the High Folded and Thrust Zones, due to the tectonic activity that
occurred in northern and northeastern Iraq. The Chia Gara Formation was deposited over a long
period, at the end of AP7 and the beginning of AP8, specifically, in two periods (the Late
Jurassic and Early Cretaceous), during which important geological events took place. The
Jurassic period is considered one of the important periods in geological events, which marked
the start of the formation of the new Tethys Sea in the northern and eastern regions of the
Arabian Plate (Buday,1980).
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Fig. 1. Tectonic map of the Unstable Shelf zones of Iraqg indicating the location of the study area,
modified from (Fouad, 2015).

According to (Buday and Jassim, 1987), the Arabian Shelf was divided in the northern
part of Iraq into two regions: a stable region, and an unstable region, which was characterized
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during the Jurassic period by thrust faulting covered by a thin sedimentary layer that undergoes
some discontinuities. These sediments were deposited in toxic, low-oxygen environments. In
the Cretaceous period, specifically in the AP8 age, where the Chia Gara Formation was
deposited, the Late Tithonian-Berriasian period, when the Sulaiy Formation, which represents
the deep internal shelf facies of the Mesopotamian basin, the Mukhul Formation, which
represents the outer shelf and deep basin, and the Ghia Gara Formations, which were deposited
within the high folds and the Karimia Formation, which is represented by the foothills of the
mountains, were the most common (Jassim and Goff, 2006) (Fig.1).

Materials and Methods

Ten samples of shale from the Rnia section of the Chia Gara Formation are gathered for
geochemical analysis. Major and trace elemental analysis was conducted at the German Iraqi
laboratory, University of Baghdad/Irag. Samples were examined using an X-Ray fluorescence
spectrometer (Spectro Xepos). Corundum metal was used as the standard material (Feret et al.,
2000).

Results

Major Elements

The most abundant major element oxide of the studied samples are SiO (11.47—45.13%,
avg. 31.26%), Al>O3 (4.36-21.85%, avg. 11.88%), CaO (14.21-44.54%, avg. 26.9%) and Fe;03
(1.48-10.81%, avg. 4.11%) while K>O, MgO, MnO, Na20, P.Os and TiO- are less abundant
major elements (<2%) (Table 1). The geochemical classification based on (Herron, 1988) was
applied to sediments from the Chia Gara Formation using log ratios of SiO2/Al.O3 versus
Fe>03/K20 (Fig. 2). This graph shows that the studied samples are chemically categorized as
shale and Fe-shale.

Table 1: The concentrations (wt.%6) of major element oxides from the Chia Gara Formation.

Sample No. SlOZ A|203 CaO Fe203 Kzo MgO MnO NaZO PzOs TIOZ

10 11.95 4.36 41.76 3.06 1.67 0.22 0.48 0.54 0.12 0.35
9 38.23 12.96 20.24 2.35 0.55 1.34 0.02 1.07 0.11 0.34
8 31.91 11.42 26.81 4.60 0.50 0.26 0.11 0.31 0.12 0.95
7 33.74 12.07 21.64 4.59 0.76 0.35 0.01 0.40 0.08 1.09
6 34.71 11.91 23.87 1.48 0.42 0.91 0.01 0.72 0.10 0.19
5 39.40 12.31 25.08 2.02 0.45 0.21 0.02 0.21 0.09 0.26
4 11.47 5.37 44.54 2.36 0.36 0.27 0.03 0.52 0.10 0.45
3 39.59 21.85 14.21 10.81 0.79 0.33 0.05 0.25 0.20 1.64
2 45.13 17.68 17.86 5.96 0.62 0.29 0.01 0.18 0.16 1.24
1 26.49 8.87 33.01 3.86 0.85 0.47 0.02 0.46 0.24 0.74
Avg. 31.26 11.88 26.90 411 0.69 0.47 0.08 0.46 0.13 0.72
Max 45.13 21.85 44.54 10.81 1.67 1.34 0.48 1.07 0.24 1.64
Min 11.47 4.36 14.21 1.48 0.36 0.21 0.01 0.18 0.08 0.19

Trace Elements

The concentrations of trace elements in the studied shale samples are listed in (Table 2).
The average values of Cr (128.40 ppm), Mo (76.94 ppm), Ba (106.91 ppm), V (495.02 ppm),
Ni (112.67 ppm), Cu (52.49 ppm), Zn (130.30 ppm), Rb (23.56 ppm), Sr (576.90 ppm) and Zr
(136.62 ppm). These elements are relatively abundant in our samples, whereas other elements
such as U, Th, and Co present in low concentration (< 10%) with an average of 3.75 ppm, 8.54
ppm, and 5.79 ppm and ppm respectively.
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Fig. 2. Geochemical classification of the clastic rocks of the Chia Gara section using the log (SiO2/Al203)-
log (Fe203/K-0) diagram after (Herron, 1988).

Table 2: Trace elements for the Chia Gara Formation, measured in (ppm).

Sea,r\l“g’_' cr U Th Mo Ba v Co Ni cu Zn Rb sr zr
10 5802 540 3670 2200 45261 7489 3060 10147 914 89379 5412
9 20033 520 320 1000 20160 5266 2194 4704 20970 28223 1903 30036 104.83
8 12008 1200 13300 6810 11220 20000 4993 19852 2643 79816 15754
7 10769 1070 1280 13240  60.00 90243 1140 16141  39.62 14268 3164 59378 21513
6 8272 930 240 1580 23870 2353 897 3261 1550 5278 1628 26146 5745
5 16729 320 1280 18970 5098 4102 2005 8323 1701 29613 7225
4 26.00 480 8220 4850 28512 7363 1861 4603 1335 37950 5597
3 15415 440 1710 2880  80.60  387.63 810 11473 3515 14662 3795 55547 30131
2 9852 260 1600 11020 6300 71253 747 _ 13870  38.27 11400 3118 47007 22750
1 6924 530 760 _ 19850 9690 _ 960.68 20180 6742 13545 3264 12202 12008

Ave 12840 375 854 7694 10691 49502 579 11267 5249 13030 2356 57690  136.62
Max 40033 107 1710 19850 23870 11220 2104 24180 20970 28223  37.95 12202 30131
Min 2600 000 240 1280 2200 _ 2353 000 _ 3261 1550 4603 914 26146 5412

Discussion

Paleoproductivity

One of the most important limiting components in the marine environment and a
necessary nutrient for plankton is phosphorus (P) (Tyrrell, 1999). P is also an essential
component of skeletal tissue and plays a significant role in metabolic processes (Xiao et al.,
2020). As a result, it is frequently used to deduce paleoproductivity (Algeo et al., 2011).
Another indicator of metabolic activity is Ba, which is also employed to measure marine
paleoproductivity (Dymond et al., 1992; Paytan et al., 1996). To reduce the dilution impact of
Ba and P from terrigenous clastic materials, the Ba/Al and P/Ti ratios are typically utilized
(Shen et al., 2015).

The intake of dissolved inorganic carbon by primary marine producers and its
sequestration into organic compounds, as shown by the Ba/Al and P/Ti ratios, is a key indicator
of nutritional conditions and paleoproductivity (Tribovillard et al., 2006; Algeo et al., 2011; Li
et al., 2020; Zhang et al., 2020). Due to its considerable contribution to skeletal tissue and
involvement in a variety of metabolic processes, phosphorus is necessary for all living forms
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on earth (Li etal., 2020; Zhang et al., 2021). The availability of organic materials in sedimentary
deposits is correlated with P and Ba concentrations, probably due to high productivity
(Tribovillard et al., 2006). Paleoproductivity is calculated using Ba/Al and P/Ti ratios since Al
and Ti are frequently produced from terrigenous detrital matter (Li et al., 2020). P/Ti values
below 0.34 indicate lower productivity, 0.34 to 0.79 indicate intermediate productivity and 0.79
or higher indicates high productivity (Li et al., 2020). In this study, the ratios of Ba/Al and P/Ti
vary from 6.73 to 37.86 (avg. 17.80) and 0.05 to 0.39 (avg. 0.18) respectively (Table 3, Fig. 3).
Also, Ba/Al and P/Ti curves display similar trend. These values are generally indicating lower
productivity.

Redox conditions

Numerous trace elements like U, V, Mo, Ni, and Co demonstrate that the redox state
variations in the sedimentary environment also affect their solubility and oxidation state. This
has led to their extensive use in reconstructing conditions of the paleoredox for sedimentary
rocks and marine sediments (Tribovillard et al., 2006; Algeo and Tribovillard, 2009).

V/ [V+ Ni] ratio is frequently used as a proxy for conditions of redox. When this ratio
<0.46 indicates oxic conditions, 0.46 to 0.60 represents dysoxic conditions, between 0.60 and
0.80 refers to anoxic conditions, and > 0.8 implies euxic conditions (Marinez et al., 2015). The
shale's VV/ [V+ Ni] value ranges between 0.42 and 0.86 (avg. 0.7) (Table 3). These findings
indicate that The Chia Gara Formation's shale was deposited in anoxic conditions (Fig. 3).

Additionally, the V/Cr ratio is utilized to evaluate redox conditions, with values greater
than 4.25 indicating anoxic (strongly reducing) conditions, from 2.0 to 4.25 indicating dysoxic
conditions, and less than 2.0 indicating oxic conditions (Li et al., 2018). The shale's V/Cr ratio
in the current study ranges from 0.13 to 13.87 (avg. 6.08) (Table 3), indicating anoxic
conditions.

Similarly, Ni/Co values greater than 7.0 indicate a depositional environment is anoxic,
between 5.0 and 7.0 a dysoxic environment, and below 5.0 oxic conditions (Guo et al., 2011).
Ni/Co value of the shale ranges between 2.19 and 18.57 (avg. 10.54) (Table 3). This value is
also denoting anoxic conditions.

The Molybdenum (Mo) concentrations are commonly employed to estimate the redox
conditions in both modern and ancient euxic environments (Werne et al., 2002). The value of
Mo < 25 ppm reflects oxic conditions (Scott et al., 2017), 25 to 100 ppm indicates intermittent
between anoxic and euxic conditions (Helz et al., 2011), >100 ppm suggests permanent euxic
conditions (Lyons et al., 2003). The average concentration of Mo in shale for this study is 76.94
ppm with a range of (12.8-198.5 ppm) (Fig. 3; Table 2), this value also supports anoxic
conditions.

Hydrodynamic Conditions

The integrating effects of wave base, current velocity, and water depth are known as
hydrodynamics, additionally, when hydro energy declines, the amount of organic matter that
may be retained in sediments often increases (Hunt 1979). Trace elements such as Zr and Rb
are beneficial to infer the conditions of hydrodynamic for the depositional environment.
Typically, Zr is depleted in sediments with fine grains but enriched in sediments with coarse
grains in the form of zircon (Hu et al., 2017). On the other hand, Rb is primarily deposited in
low-energy conditions and accumulates in minerals with fine grains such as clay minerals and
mica. Thus, the ratio of Zr/Rb can be used as a proxy indicator to quantitatively reflect
hydrodynamic changes. Hence, an environment with high hydro energy is typically indicated
by a high Zr/Rb value, and vice versa (Tenger et al., 2006). The values of Zr/Rb in this study
are between 3.53 and 7.94 (avg. 5.48) (Table 3; Fig. 3). The curve trend of these value increase
from the bottom to the top of the study section, which denotes roughly that the hydro energy
increased over time.
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Paleoclimate

Different palaeo-climatic conditions can be distinguished using trace elements sensitive
to ancient climatic changes, such as Ba, Co, Cr, Cu, Ni, Sr, Pb, and V (Tao et al., 2017). The
ratios of Sr/Cu and Rb/Sr, for example, are trace elemental indicators that are frequently used
to infer palaeoclimatic conditions. Generally, Warm, humid climates are often indicated by
Sr/Cu ratios between 1 and 5, whereas arid climates are denoted by ratios greater than 5. While
Rb/Sr ratios decrease in dry climates, high and low ratios reflect cold and warm climates,
respectively (Chen et al., 1999). The ratio of Sr/Cu in this study is greater than 5, and the ratios
of Rb/Sr range from 0.01 to 0.07 (avg. 0.05) (Table 3). On the Rb/Sr versus Sr/Cu ratios plot,
most of the study samples fall on a semiarid to an arid field (Fig. 4). These facts show that semi-
arid to arid climate conditions prevailed when the Chia Gara shale was deposited.

The degree of source rock weathering can also be determined using the Rb/Sr ratios
(McLennan et al., 1993). According to (Table 3), the average Rb/Sr ratio in the current study is
0.05, which is less than the averages for UCC (0.33) and PAAS (0.08). This suggests that the
source rocks underwent less chemical weathering.
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Fig. 4. Paleoclimate discriminating plots comparing Sr/Cu and Rb/Sr after (Li et al., 2021).

Another clue to paleoclimate is the concept of (C-value), which is predicated on the
observation that several elements, including Mn, Fe, Ni, Co, Cr, and V are improved in humid
environments, while the precipitation of salty minerals causes the concentration of Na, Mg, Ca,
K, Ba, and Sr in dry environments (Hu et al., 2017). The formula for determining the C-value
is C-value= [Mn+Fe+Ni+Co+Cr+V]/[Na+Mg+Ca+K+Ba+Sr] (Ding et al., 2018). When C-
value is greater than 0.8, the climate is humid; between 0.6 and 0.8, it is semi-humid; between
0.4 and 0.6, it is semihumid-semiarid; between 0.2 and 0.4, it is semiarid; and below 0.2, it is
arid (Zhang et al., 2020). The studied samples exhibited C-values between 0.058 and 0.68 (avg.
0.18) suggesting arid paleoclimate (Table 3). Furthermore, the curve of C-values shows
decreasing trend upward which suggests that the climate was becoming more arid than the lower
part of the section (Fig. 3).

Paleo-water depth

The stable element zirconium (Zr), which is present in shale, is commonly transported as
detrital zircon. Since its concentration steadily declines from the source region to the
sedimentary basin, Zr can be utilized to pinpoint the presence of shale-containing terrigenous
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clasts. The content of rubidium (Rb), on the other hand, tends to rise as the water depth
increases, and it's an alkaline soil element with a chemical activity that migrates easily and is
absorbed by clay minerals (Wang and Guo, 2020). As a consequence, the ratio of Rb/Zr can be
utilized to determine the depth of paleo-water. Its higher value, therefore denotes a body of
deep water (Loucks and Ruppel 2007). The range of Rb/Zr ratios for the studied samples is 0.13
to 0.28, with an average of 0.20 (Table 3; Fig. 3). It was noted that the largest values are
concentrated at the bottom of the section, which indicates that the formation was in a state of
relatively upward shallowing during the sedimentation.

Hydrographic Conditions

Trace elements such as (Mn and Co) have been employed as useful proxies for
paleoenvironmental reconstructions to establish the hydrographic state of the sedimentary basin
and paleoredoxic conditions (Algeo and Lyons, 2006; Tribovillard et al., 2006). The Co*Mn
proxies were used by (Sweere et al., 2016) to differentiate between hydrographically restricted
marginal marine basins and open marine environments associated with upwelling. These
authors have demonstrated that Co*Mn values above 0.4 are typical of hydrographically
restricted settings, whereas Co*Mn values below 0.4 are typical of upwelling settings. In the
present study, the Co ppm*Mn% range from 0.04-1.92 (avg. 0.51) (Table 3). Additionally, the
majority of the examined samples, except for one sample, fall in unrestricted upwelling settings,
as shown by the plot of Co (ppm)*Mn (%) versus Al (%) (Fig. 5). These findings suggest that
upwelling-associated open marine environments and subordinate restricted marine
environments are where the Chia Gara Formation was primarily deposited.

100
m ChiaGara Fm
10
Restricted
n
5 1 |
g ,
g-: 0.4 ‘
=
@ 0.1
8 [
0.01 Open/Upwelling
0.001 —
0 1 2 3 4 5 6 7 8 9 10

Al (%)
Fig. 5. Diagram of Co (ppm) * Mn%b versus Al% for the studied section after (Sweere et al., 2016).

Hydrothermal Activity

The typical method for determining if hydrocarbon source rocks have undergone
seafloor hydrothermal activity during the early phases of deposition is a Ni-Zn-Co diagram
(Choi and Hariya, 1992). This plot is also used to estimate the hydrothermal effect on the
sediment during deposition. According to this plot, the hydrothermal field contains most of the
studied samples (Fig. 6). This was supported by the tectonic setting of the Northeastern margin
of the Arabian plate in the late Tithonian-Cenomanian which was affected by volcanic activity
that result from the opening of the Southern Neo-Tethys ocean (Jassim and Goff, 2006). This



Paleoenvironmental Conditions of the Chia Gara Formation from Rania Section North Eastren Iraq...... 163

could be a breakup unconformity, which is a potential stage for the spreading of the ocean floor
during the opening of the Southern Neo-Tethys Ocean. A small microcontinent drifted away as
a result of the opening of the Southern Neo-Tethys Ocean, and a new passive margin formed
along the northeastern margin of the Arabian Plate.

11-Hydrothermal sediments 1-Hydrogenetic sediments

Fig. 6. Ternary diagram showing a comparison of Ni-Zn— Cu Cu constituents of the Chia Gara Formation
shales modified after (Chen et al., 2019).

Table 3. Elemental ratios sensitive to environmental conditions for the Chia Gara Formation

Sample Ba/Al P/Ti VI[V+Ni] VICr VINi  Ni/Co Zr/Rb  C-value  Rb/Sr Sr/Cu  Rb/Zr  Co*Mn
No.

10 9.54 0.24 0.86 7.8 6.04 5.92 0.0805 0.01 29.21 0.17
9 29.38 0.24 0.52 0.13 1.1 2.19 5.26 0.1077 0.07 1.43 0.19 1.92
8 11.27 0.09 0.85 9.34 5.61 5.96 0.168 0.03 15.99 0.17
7 9.39 0.05 0.85 8.38 5.59 14.16 6.8 0.2008 0.05 14.99 0.15 0.21
6 37.86 0.39 0.42 0.28 0.72 3.64 3.53 0.058 0.06 16.87 0.28 0.24
5 29.12 0.24 0.55 0.3 1.24 4.25 0.0793 0.06 14.77 0.24
4 17.05 0.15 0.79 10.97 3.87 4.19 0.0521 0.04 20.39 0.24
3 6.97 0.09 0.77 2.51 3.38 14.16 7.94 0.6788 0.07 15.8 0.13 0.14
2 6.73 0.09 0.84 7.23 5.14 18.57 7.3 0.3132 0.07 12.28 0.14 0.04
1 20.65 0.23 0.8 13.87 3.97 3.68 0.1133 0.03 18.1 0.27
Ave 17.80 0.18 0.7 6.08 3.66 10.54 5.48 0.18 0.05 16.18 0.2 0.51
Max 37.86 0.39 0.86 13.87 6.04 18.57 7.94 0.678 0.07 29.21 0.28 1.92
Min 6.73 0.05 0.42 0.13 0.72 2.19 3.53 0.058 0.01 1.43 0.13 0.04
Conclusion

The Chia Gara Formation in the Rania section of northeastern Iraq is primarily composed
of limestone rocks with shale rocks. Geochemical investigations of the shale units were carried
out to constrain paleoproductivity, redox conditions, hydrodynamic conditions, paleoclimate,
paleo-water depth, hydrographic conditions, and hydrothermal activity. The ratios of Ba/Al and
P/Ti are generally denoted by low productivity. Anoxic to dysoxic marine conditions are
indicated by redox proxies for trace elements V/ [V + Ni], V/Cr, Ni/Co, and Mo. The Zr/Rb
values indicate roughly that the hydro energy increased from the lower to the upper section.
The proxies for paleoclimate (C-value, Sr/Cu, and Rb/Sr ratios) suggest semiarid to arid
climatic conditions through the deposition of the Chia Gara sediments. The deposition on the
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continental margin is primarily in open marine settings related to upwelling and subordinate
restricted marine settings, according to the use of the Co*Mn proxies. Using Ni-Zn—Co ternary
diagram suggests the Chia Gara Formation was affected by the hydrothermal solution during
deposition. The Rb/Zr indicates that the formation was in a state of relatively upward
shallowing during the sedimentation.
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