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Abstract

The early Carboniferous Harur Formation from the Ora outcrop section of northern
Irag consists of black shale, calcareous shale and carbonate. The mineralogical and
geochemical investigations (major and trace elements) of the black shale and
calcareous shale units have been conducted to evaluate paleoenvironmental conditions
including paleoclimate, paleoredox conditions, paleoproductivity, sedimentary rate,
and to evaluate their effects on organic matter accumulation. The geochemical proxies
such as the Chemical Index of Alteration (CIA), A-CN-K plot, Sr/Cu ratio, and the
relation between the ratio of Ga/Rb and Sr/Cu suggest moderate to intense chemical
weathering under humid conditions. The Rb/K and Sr/Ba ratios indicate a freshwater
environment during deposition. Multiple paleo-redox indicators such as ratios of
V/(V+Ni) and Th/U) and U index indicates deposition under depleted marine oxygen
conditions and consequently recording an Ocean Anoxic Event (OAE). The Th/U
ratio indicates that the sedimentary rate at the lower part of the section is less than that
of the upper part of the section. The terrigenous clastic input index (Ti and Al) shows
that clastic input reduced from the lower to the upper section which implies that the
sea level rose first lower to the upper section. Both Al and Ti have positive correlations
with TOC (Total Organic Carbon) which reveal that clastic input was advantageous
for OM accumulation. The high ratios of (Fe + Mn)/Ti and the presence of nacrite
minerals indicate hydrothermal activity during deposition. Hence, the main control
factors of OM accumulation in the black shale and calcareous shale of the Harur
Formation were terrigenous clastic fluxes, in addition to paleo-redox conditions and
hydrothermal activities. On contrary, paleoproductivity proxies play a relatively less
significant role in OM accumulation.
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event
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1. Introduction

The geochemical properties of some major and trace elements and their elemental ratios
provide important information about the paleoenvironment of deposition. The geochemical
characteristics of elements are influenced by several variables such as paleoclimate, biogenic
activity, acidity (PH) and tectonic site during deposition [1, 2, 3, 4, 5, 6]. Therefore, using some
index elements or their ratios which are susceptible to paleoenvironmental conditions [7].
Numerous studies on this topic (e.g., [8-11]) used the VV / (V+Ni) ratio to explore the paleoredox
of marine conditions.

The Harur Formation is one of the primary source rocks in Irag's western desert and amongst
the most promising in northern Iraq [12, 13, 14]. However, the use of geochemical features to
address its depositional conditions lacks consensus in the literature. This study is the pioneer
study that presents a combination of mineralogy, geochemistry of major and trace elements,
and TOC data for samples collected from the Ora outcrop section in extreme northern lIrag. The
results are used to infer the paleoclimate, paleoredox conditions, paleoproductivity and
sedimentary rate, and paleo marine water depth during deposition of the Harur Formation.

2. Geologic Setting

The Hercynian orogeny formed an intracratonic basin in the central part of the Arabian Plate
in Irag, Syria, and Turkey in the late Devonian-early Carboniferous; Tectonic Mega Sequence
AP4 of Sharland et al [15, 16]. This basin was situated in the southern hemisphere's tropical
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and subtropical regions [17]. In Iraq, the basin extends in both subsurface and surface sections
from the western part (Western Desert, such as the Akkas-1 and Khleisia-1 wells) to the Ora
area in northernmost Iraq (Figure 1). The basin is dominated by mixed siliciclastic-carbonate
succession (Kaista, Ora, and Harur formations) and is thought to have been deposited in a
subsiding basin with a broad geographic distribution, resembling epicontinental or epeiric seas
in a homoclinic ramp [12, 18-20].

The tectonic evolution of the Arabian Plate during the Late Devonian-Early Carboniferous
period was interpreted as a period of extension and compression with Hercynian back-arc
rifting, inversion, and uplift caused by the subduction of the Paleo-Tethys margin [15]. This
was indicated by the presence of Devonian-Carboniferous volcanic and metamorphics in the
Kuh-Sefid area of Irans Sanandaj-Sirjan Zone [16]. At that time, the study area was close to
the Sanandaj-Sirjan Zone, which suggests that the hydrothermal activity was influenced by this
subduction.

The Harur Formation is exposed in the Kaista and Harur areas, near Chalky Village, the
Khabour Valley, and the Geli Sinat and Derashish areas northwest of Shiranish in the Amadia
district of northern Iraq (Figure 1). This formation has been recorded in the wells Akkas-1, Key
Hole KH 5/1, and Khleisia-1, with thicknesses ranging from 85 to 165 m. [21-24]. The Harur
Formation was first recognized and described from the Ora fold, Amadia district, of the Iraqi
Northern Thrust Zone by Wetzel and Morton, 1952 in [25]. It conformably overlies the Ora
Formation while it is unconformably overlain by the late Permian Chia Zairi Formation (Figure
2). This formation's lithology is composed primarily of thin to medium bedded black,
calcareous shales, dolomitic limestone, and black micaceous shale in its lower and upper parts.
The total thickness of the formation in the type section is about 62 m, while it is about 56 meters
in the studied section. The formation was dated based on the fossil record [25, 26, and 16],
corresponding to early Carboniferous (Tournaisian) time.

The depositional environment is considered to be marine neritic; mostly reef and fore-reef
[26]. Shirwani et al. [27] investigated an outcrop section in Iraq's Northern Thrust Zone and
concluded that the Harur Formation was deposited in a shallow marine environment dominated
by reefs and reef flanks. Whereas a subsurface study of the middle Paleozoic succession
(Pirispiki, Kaista, Ora, Harur, and Raha formations) in several boreholes from the north and
northwestern Iraq by [18] suggested that the Harur Formation was deposited in a deep sub-tidal
environment and is a continuation of the ramp setting of the Ora Formation. It is thought to
mark the end of the overall transgressive late Devonian-early Carboniferous sequence.
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Figure 1: A- Iraqgi structural map modified after [16, 28] to show the location of wells
mentioned in the text. The black box marks the location of the study area in extreme northern
Irag. B-The inset map depicts countries bordering Iraq; the red box indicates the location of
map A.

3. Materials and Methods

This work was carried out on 12 representative samples from calcareous shales and shale
units of the Harur Formation from the exposed northernmost Ora section (Figure 1). These
samples were studied for mineralogical compositions through X-Ray Diffraction and Scanner
Electron Microscopy (XRD and SEM), analyses of major and trace elements (TEs), as well as
Total Organic Carbon (TOC).

The 12 samples for mineralogical examination were subjected to X-ray powder diffraction
using a Bruker D8 Advance XRD apparatus at the Premier Oilfield Group Laboratory in
Houston, United States. PriBeforeole-rock measurements, the sample was powdered in a
McCrone mill for 8 minutes and front-loaded. The measurement parameters were a step scan
in the Bragg-Brentano geometry with CuK radiation (40 kV and 40 mA). Sample mounts were
scanned from 3 to 70 °20 at a counting rate of 1.8 s per 0.02 °260. The EVA suite and TOPAZ
software packages were used to interpret and quantify mineral phases from bulk rock scans.
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Scanning electron microscopy observations were performed on six samples to identify the
main detrital and diagenetic constituents, particularly those of clay minerals. SEM analyses
were performed using a Hitachi S-3000 N Scanning Electron Microscope at the Department of
Earth Sciences at Royal Holloway, University of London.

Major and trace elements of 12 samples were identified using the portable Bruker Tracer 5i
Energy-Dispersive X-Ray Fluorescence (ED-XRF) spectrometer. Geochemical analyses were
also performed at the Premier Laboratory in Houston, Texas, USA.

Twelve samples of shales and intercalated calcareous shales were analyzed for their Total
Organic Carbon (TOC) content using a LECO C230 instrument, which requires adopting
decarbonization of the rock sample with concentrated hydrochloric acid for two hours.
Following that, distilled water was used to remove the treated HCI, and the samples were oven-
dried at 110 C° for 4 hours. The samples were then weighed to determine the carbonate percent
value based on weight loss. The LECO instrument is calibrated with a standard of known carbon
values to check the variation and calibration of the analysis and to verify the data. TOC has an
acceptable standard deviation of 3% from the known value. Then, the samples were analyzed
using a Wildcat Technologies HAWK pyrolysis instrument to determine organic carbon oxide
yields, and the total organic carbon content was calculated using the volume of generated CO..

4. Results
4.1. Mineralogical study
4.1.1. XRD analysis

Mineral compositions of the studied samples from XRD analyses have revealed that they
are primarily composed of clay minerals represented by mixed layered illite/smectite (I/S)
(21.3%) followed by varying amounts of illite/mica (I/M) (17.7%), kaolinite (3.3%), nacrite
(2.9%) and chlorite (2.5 %). By contrast, the non-clay mineral assemblages are dominated by
quartz (33.0%), carbonate (calcite, 15.5%), dolomite (1.2%), g

goethite (8.1%), k-feldspars (2.2%), plagioclase (1.6 %) and anatase (0.7%) (Figure 3, Table
1). The main carbonate mineral phases are calcite and minor Fe-rich dolomite (ankerite).
However, calcite is not uniformly distributed throughout the shale units (CaCO3 0.5 75.4 %,
avg.= 15.5).
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Figure 2: Lithological section of the Harur Formation in northern Iraq, with sample locations
and geochemical parameters indicating paleoenvironmental conditions.

Table 1: Mineral comEosition S%Z of selected samEIes from the Harur Formation.

1D Quartz slse;r Plagioclase Calcite Dolltznirenite Chlorite Illite/Mica 1/S Kaolinite Nacrite Anatase Goethite

Har 12 Jiep! 28.9 2.0 235 20.2 0.7 5.4
Har 11 27.0 30.4 12.4 10.4 4.4 0.4 11.9
gEI®OS 208 3.6 0.3 1.1 1.6 28.4 35.6 1.0 7.6
Har 9 334 23 1.1 0.9 23.9 18.6 3.6 0.9 10
Har 8 29.1 32 0.3 0.6 1.5 26.9 26 1.9 0.8 6.7
Har 7 29.6 3.4 0.5 0.5 15 25.6 24.4 1.8 0.7 8.5
Har 6 372 11 0.5 1.1 2.9 17.6 25.6 4.5 0.8 8.7
Har 5 301 3.6 0.7 0.8 26.6 30.8 0.9 6.6
Har 4 62.1 05 35 3.2 0.4 17.1 3.8 9.4
Har 3 496 04 3.7 15.6 3.7 4.00 15.5 1.6 0.5 55
Har 2 427 18 0.8 16.8 28.4 0.7 8.7
Har 1 14.4 75.4 0.8 5.8 3.2

Avg. 330 22 1.6 11515 1.2 2.5 17.7 21.3 3.3 2.9 0.7 8.1
Max 62.1 3.6 3.7 75.4 1.6 3.7 28.4 35.6 45 4.4 1.0 11.9

Min 144 04 0.3 0.5 0.8 0.8 0.4 3.2 1.6 1.8 0.4 5.4
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Figure 3 : Representative X-ray diffractograms of the main clay and non-clay mineral
components in the studied shales. I/S=lllite/Smectite; I/M=Illite/Mica, Qz=Quartz, kfs=K-
Feldspar, G=Goethite, An=Anatase, P=Plagioclase, K=Kaolinite, and Ch=Chlorite.
Quantitative mineral content is found using the EVA suite and TOPAZ software.

4.1.2. SEM analysis

Scanning electron microscopic analysis shows that the shale is mostly composed of
illite/smectite (1/S) and detrital illite/mica (I/M) in the form of irregular interlocking flakes.
(Figure 4a). lllite/smectite is commonly found in the form of webby or honeycomb morphology,
whereas Figure 4b displays the kaolinite absence. Detrital mica plates are often present and
associated with I/S (Figure 4b and c). Non-clay minerals are dominated by detrital carbonate
(calcite with few dolomites) and quartz which occur as fine grains and/or lumps either filling
fractures and pore space or distributed randomly throughout the matrix (Figure 4d). Fractures
and vugs/pores are commonly present in the studied samples (Figure 4 a-d).
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Figure 4 : Scanning electron micrographs of Harur shales. a) Matted sheets of irregular, ragged
detrital illite/smectite oriented parallel to each other (Harl). b) honeycomb and flaky illite-
smectite mixed layer associated with detrital mica (M), note micropores (arrows) in mica plates
and booklet-like kaolinite grains (red arrow) (Harl0). c) Poorly developed detrital
illite/smectite (1/S) and illite/mica (I/M) (Har8). d) Enlarged area of white rectangle in ¢
showing mixed-layer I/S aggregate replaced by fibrous illite (I), illite/mica (I/M), carbonate
(Car.), quartz (Q), kaolinite (K), pores (P) and possible halloysite or nacrite? (Hal., Nac).

4.2. Geochemistry
4.2.1. Major elements

The average concentration of Major Element Oxides (MEO) is dominated by SiO> (44.14%),
followed by Al>03 (15.11%), Fe203 (9.40 %), CaO (8.55%), K20 (2.60%), and MgO (1.82%).
Other MEO fall below 1.0%, which include TiO2 (0.86%), Na2O (0.58%), P205 (0.07%), and
MnO (0.03%). According to a cross plot of Log (Fe203/K20) versus Log (SiO2/Al>03), most of
the studied samples are classified as Fe-shale and shale (Figure 5).
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Figure 5: Geochemical classification of siliciclastic sediments of Harur shales (after [29]).

4.2.2. Trace elements

The concentration of trace elements (TEs) for the Harur Formation as presented in Table 2
shows that the most abundant TEs in their average concentrations are Mn (450.01ppm) Ba
(417.11 ppm), V (220.51ppm), Zr (187.69ppm), Cr (106.77ppm), Sr (101.82 ppm), Rb
(89.60ppm), Zn (88.00ppm), Ni (38.81ppm), and Cu (23.25 ppm). The other TEs are lower than
10ppm, which include U (7.46ppm), Mo (5.78ppm), Th (5.60ppm) and Co (3.07ppm (Table 2).

The enrichment factor (EF) has been widely used to characterize the degree of enrichment
in different clastic sediments by normalizing each element to aluminium (Al) and comparing
their normalization ratios to the upper continental crust (UCC; [30]). The average enriched TEs
(EF > 1) of the studied samples mainly include Mo (3.89), U (2.55), V (2.33), Zn (1.41), Ga
(1.37), Co (1.31), Cr (1.30), Cu (1.12), Zr (1.00) and Pb (1.00) (Table 2). Conversely, the
depleted TEs (EF < 1) are composed of Ni (0.98), Ba (0.87), Rb (0.84), Sr (0.73), and Th (0.57),
(Figure 6).

4.2.3. Total Organic Carbon (TOC)

TOC contents in shales and calcareous shale samples are presented in Table 2 and Figure 2.
TOC values vary from 0.12 to 1.43 wt. %, with a mean value of 0.4 wt. %. Lower values of
TOC less than 1% wt. % were found in ten samples, while higher values of more than 1% wt.
% were found in two samples (Har7 and Har9). The TOC contents, on the other hand, vary
throughout the section, with higher values in the middle and lower values in the lower and upper
parts (Figure 2).

Table 2 : TOC and major-element oxide concentrations (in weight%), as well as the Chemical
Index of Alteration (CIA).

0.31 3964 1497 054 655 003 193 1791 352 0.06 0.09 97.56
0.24 3257 1138 043 1007 003 161 2172 167 069 014 9135
0.89 4966 2138 140 940 003 201 104 433 042 000 98.00
114 4722 1784 128 1155 003 18 141 283 077 000 9574
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0.89 50.74 19.79 1.19 9.28 0.03 1.90 1.11 3.77 0.65 0.00 96.73

143 4952 1949 136 10.04 0.03 1.82 1.06 344 0.70 0.00 96.46

044 46.66 1787 1.05 1229 0.03 2.13 129 242 0.97 0.00 94.76

0.91 5057 20.05 1.36 9.29 0.03 1.80 1.14 3.78 0.73 0.01 96.39

0.28 48.09 8.34 0.29 13.70 0.03 2.35 195 044 055 0.22 93.47

053 43.36 1051 0.33 9.96 0.03 1.97 13.08 1.16 0.84 0.17 90.75

059 5215 15.69 0.98 9.32 0.03 1.60 200 267 0.44 0.00 97.04

0.43 19.48 4.01 0.11 1.40 0.03 0.85 38,93 1.18 0.14 0.18 82.81

0.67 4414 15.11 0.86 9.40 0.03 1.82 855 260 0.58 0.07 94.26

143 5215 2138 140 13.70 0.03 235 3893 4.33 0.97 0.22 98.00

0.24 19.48 4.01 0.11 1.40 0.03 0.85 1.04 0.44 0.06 0.00 82.81
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Figure 6 : EFs diagram of the Harur Formation's selected trace elements. An element
enrichment or depletion is indicated by a horizontal line (EF = 1).
Table 3: Trace elements (in ppm) and elemental ratios sensitive to environmental conditions
of the study samples for the Harur Formation.

Har 12
Har 11
Har 10
Har 9
Har 8
Har 7
Har 6
Har 5
Har 4
Har 3
Har 2

15.88
11.76
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

28.46
36.33
41.19
47.43
40.25
41.80
48.12
42.48
46.28
39.67
38.95

14.14
19.67
30.02
19.56
26.29
14.55
34.07
19.26
35.18
33.35
19.78

29.02
96.95
56.52
81.38
69.40
151.22
86.88
86.02
187.91
90.81
107.94

24.23
18.05
33.39
29.69
31.21
27.39
26.49
31.44
14.44
14.79
27.81

15.88
12.58
12.97
13.81
14.62
14.62
13.78
15.10
18.81
11.92
15.83

7.97
2.38
11.20
521
8.08
7.37
4.35
8.78
0.00
1.46
7.45

129.05
42.33
176.36
86.55
128.93
117.57
73.49
140.24
0.00
24.25
120.17

82.23
164.26
0.00
16.31
37.60
50.48
41.44
25.73
175.30
109.28
22.01

169.54
141.42
215.48
222.64
224.41
301.64
228.00
227.77
116.98
242.31
134.26

6.23 4.20
6.42 3.09
790 581
561 1252
3.72 13.24
11.00 12.14
6.74 8.96
712 1294
325 7.01
730 498
344 422

103.25
72.09

148.51
136.19
143.19
144.41
116.75
146.74
48.22

59.52

122.79

285.65
267.29
188.28
215.24
187.65
205.95
276.26
194.35
260.35
248.58
243.69

359.77
391.36
367.45
333.26
988.99
388.52
394.09
192.58
425.10
398.31
521.44
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915 1481 13.09 1193 418 997 3.00 36.31 49719 2781 060 036 3956 7281 244.43
3.07 3881 2325 88.00 2359 1416 5.60 89.60 101.82 187.69 5.78 7.46 106.77 220.51 417.11
15.88 48.12 35.18 187.91 33.39 18.81 11.20 176.36 497.19 301.64 11.00 13.24 14851 285.65 988.99
0.00 1481 13.09 1193 418 997 0.00 0.00 0.00 2781 060 036 3956 7281 192.58

Table 3, Continued

Sr/IC Sr/ Rb/

u Ba K

gclgs 091 04 122 27 019 581 023 000 05 012 0.01 454 43 19 0.04

12 9 7 4 3 4 0 8 0
SEleN 088 0.2 159 3.7 043 835 042 000 1.3 023 001 649 23 0.7 0.04
11 0 1 3 0 8 8 8 7
SE@Y 082 05 122 12 0.19 0.00 05 32.4 19 0.07
10 3 7 5 2 8 3
SEACN 082 02 176 15 034 083 005 000 24 352 20. 04 0.08
4 8 4 0 9 43 2
SEI#N 082 03 166 13 024 143 004 000 1.6 000 000 944 26. 06 0.07
8 1 4 4 2 2 30 1
SElvA| 083 0.1 166 1.4 023 347 013 000 16 376 7.7 06 0.08
0 3 4 5 7 0 1
SElG 085 03 172 23 036 122 011 0.00 20 416 95 04 0.07
9 7 4 6 7 1 9
SEIeM 082 02 163 13 022 134 013 000 14 0.00 000 181 74 06 0.08
2 2 4 7 6 5 9 8
SEI/N 085 01 2.00 54 498 041 053 0.02 963 24 0.04
9 0 7 3 3
SEI#eN 086 03 182 41 061 328 027 000 34 037 001 716 36 02 0.04
7 8 3 1 1 4 4 9
SEI@2 086 01 126 19 023 111 0.04 000 05 62.8 23. 1.7 0.07
8 8 5 7 1 70 6
SEIM 083 1.1 053 1.8 0.12 203 000 01 1.19 0.04 115. 04 82 0.03
0 4 4 2 5 6 9 2
\%p| 085 03 151 24 029 318 035 000 1.4 035 002 597 98 16 0.06
7 3 4 2 0 6 1
VEV&S 091 11 2 54 061 835 203 000 34 119 0.04 115 26. 82 0.08
5 1 5 6 3 2
\VIiPY 082 01 053 12 012 0.83 0.04 0.00 01 000 001 181 04 0.2 0.03
7 3 2 2 5 9 9
5. Discussion

5.1. Paleoenvironmental conditions
5.1.1. Paleoclimate and salinity

The paleoclimate of the sediments is traditionally reconstructed using the Chemical Index
of Alteration (CIA= [Al;O3/ (Al203 + CaO* + Na2O + K;0)] x 100; [31] and to assess the
parent rock's degree of weathering [32]. The CIA is calculated as CIA=
[(Al203)/(Al203+Ca0O*+ Na,O + K20)]100, where Al203, CaO, Na2O, and K20 are in molar
proportions and CaO* is calcium derived from silicate minerals [30]. In this study, we use the
method of McLennan et al. [33] to obtain CaO*. If the CaO value after apatite correction [molar
CaO (corrected) = molar CaO-(10/3 molar P20s)] is greater than Na.O, the CaO* is accepted
as Na2O. Otherwise, the CaO* value is assumed to be the same as the CaO value.
The CIA values of the study samples range from 82.81 to 98.00 (avg.94.26; Table 2), indicating
a moderate to a high degree of chemical weathering.
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The A-CN-K diagram can also be used to restore the paleo-weathering condition ([34];
Figure 7). The studied samples are located above the K-feldspar-plagioclase line, parallel to the
A-K join, and close to the illite point in this plot, indicating moderate to intense chemical
weathering under humid conditions.

The Sr/Cu ratio is another common proxy for paleoclimate studies, and a higher ratio
indicates a dry paleoclimate condition [35]. According to these authors, Sr/Cu ratios between
1.3 and 5 indicate a humid climate, whereas Sr/Cu ratios greater than 5 indicate a dry and hot
climate. The Sr/Cu ratios of the studied samples range from 0.83 to 8.35 (avg. =3.18) and are
less than 5, indicating that the Harur Formation was deposited under humid climatic conditions,
as shown in Table 3. Moreover, the cross plot of the Ga/Rb versus Sr/Cu ratio indicates that the
majority of the studied samples fall on a warm humid field (Figure 8).

The type of clay minerals can also reflect the palaeoclimate. The clay mineral assemblage of
the shale samples (Table 1) is dominated by illite/smectite, as revealed by SEM analysis. The
high illite/smectite ratio, combined with illite/mica, and chlorite (Table 1, Figure 4) indicate
intense chemical weathering under warm and humid climatic conditions [36].

Furthermore, kaolinite is an excellent predictor of a humid climate, whereas smectite and
smectite mixed layers are byproducts of a warm, moist climate [35]. Chlorite, on the other hand,
does not typically survive in cool, moist environments, its presence in sediments as a detrital
clay is a good indicator of cool/dry climates [37, 38].
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Figure 7: Ternary plot ACNK [Al>O3 - (CaO*+Naz0) - K20; all in molar proportions] for the
Harur Formation (After [31, 34]).
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Figure 8 : A cross plot of the Ga/Rb versus Sr/Cu ratio suggests primarily a warm-humid
climate (after [35]).

All of the data presented above is consistent with the Devonian-early Carboniferous

paleoclimate of the broad shelf depositional basin, including the Harur Formation in Irag, which
was located between tropical and subtropical southern hemispheres [14].
The ratios of Rb/K [39] and Sr/Ba [39] can be used to assess paleosalinity conditions during
deposition (e.g., [40, 41]). Rb/K ratios of < 0.004 reveal freshwater column, 0.004 < 0.006
denotes a fresh to the brackish water environment, and >0.006 values indicate fully marine
water conditions. Sr/Ba ratios greater than one indicate saline water conditions, 1.0 to 0.6
indicate brackish water conditions, and less than 0.6 indicates freshwater conditions [40, 41].
The Rb/K ratios of the studied samples range from 0.003 to 0.005 (avg. 0.004), which is typical
of freshwater conditions. Similarly, the Sr/Ba ratios range from 0.04 to 2.03 (avg. 0.35) (Table
3), indicating a freshwater environment during deposition.

5.1.2. Paleoredox conditions

Trace elements in sediments such as V, Ni, U, and Mo are more sensitive to environmental
changes than other elements and have been widely used to infer paleoredox conditions of water
due to their insolubility in reducing environments and being more enriched under anoxic marine
conditions [ 8, 9, 42, 11]. The V/(V+Ni) ratio is a useful proxy for palaeo-redox reconstruction
because it consistently indicates lower oxygen regimes than other paleoredox indicators [10].
Hatch and Leventhal [8] proposed V/(V+Ni) ratios ranging from 0.46-0.60 in dysoxic
environments to 0.54-0.82 in anoxic environments and up to 0.84 in euxinic environments. The
V/(V+Ni) ratios of the shale samples in this study range from 0.82 to 0.91 (avg. = 0.85). (Table
3). These values all point to deposition under anoxic conditions.
The Th/U ratio is also used as a redox indicator, with ratios ranging from 0 to 2 indicating a
reducing environment, 2 to 7 denoting an oxic environment, and > 8 implying a strongly
oxidizing environment [43]. The Th/U ratios of the shale samples range from 0.3 to 8.2 (avg. =
1.6), indicating anoxic conditions. The U index [&U = U/~0.5 x (Th73 + U)] is another proxy
for reconstructing paleoredox conditions, with a value greater than one indicating a reducing
environment and a value less than one indicating an oxidizing environment [44]. The U index
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values of the Harur shale vary from 0.5 to 2.0 (avg. = 1.5) (Table 3), indicating an anoxic
condition, as do the other indicators.

5.1.3. Paleoproductivity

Many geochemical proxies, including phosphorus and barium, have been used to assess the
role of paleoproductivity in the formation of organic-rich rocks [45, 46]. Phosphorus (P) and
barium (Ba) are the two most abundant elements in skeletal material and play critical roles in
metabolic processes [47-49]. The P/Ti and Ba/Al ratios are commonly employed because they
ignore the effect of detrital input [50, 51].

The P/Ti and Ba/Al ratios of the Harur shale range from 0.00 to 0.04 (avg. 0.01) and
18.15*10-4 to 115.26 *10-4 (avg. 59.67*10-4) respectively (Table 3; Fig. 2). These ratios are
significantly less than the lower productivity value of P/Ti (0.34) and Ba/Al (34*10-4)
respectively. Moreover, these ratios have a weak correlation with the TOC (R2 =-0.3 and -0.2
respectively) (Figure 9). These data may indicate that productivity is less significant in organic
matter accumulation.
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Figure 9 : Correlation coefficients (A-D) between TOC with (A) P/Ti, (B) Ba/Al, (C) Ti and
(D) Al, and (E and F) between Al with both Ti and Si.
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5.1.4. Terrigenous clastic input and sedimentary rate

Aluminium and titanium elements have been considered indicators of detrital flux since they
are commonly immobile during diagenesis [52-54]. However, these elements can only be used
when there is a positive correlation between Al and Ti because they may be influenced by other
factors independent of terrestrial flux, such as pH and authigenic clay minerals [55, 56, 54].
The results of the present study demonstrate that Al and Ti have similar curve patterns (Figure
2) and they display a strong positive correlation (R2 = 0.91; Figure 8) suggesting that they are
mainly sourced from terrigenous detrital. Furthermore, Al>Os has a positive correlation with
SiO2 (R2= +0.58), indicating that Si is mostly present as aluminosilicate rather than quartz.
Thus, the source of aluminosilicate could be inferred as continental flux.

A mineralogical analysis of the study samples reveals the presence of quartz, clay minerals,
feldspars, goethite, and anatase (Figure 3 and Table 1). These minerals may indicate the
contribution of detrital input and support geochemical parameters. Iron can be found in the
structure of clay minerals or goethite. According to Sharma [57], in the marine environment,
iron hydroxides are carried as particles and colloids in suspension and thus tend to aggregate in
the fine fraction of sediments. Anatase is typically found as discrete minerals within clays [58].
Ti has a strong positive correlation with Al (R2 =0.9) (Figure 8), indicating that Ti is primarily
associated with clays and reflects its terrigenous origin.

Detrital flux depends on the relative sea level, which shifts the site of sedimentation
landward during transgression and basinward during regression [52]. Al and Ti generally
exhibit decreasing trends from the lower toward the upper section (Figure 2) suggesting that
sea-level rise may be due to subsidence and/or transgression.

Organic matter is mainly sourced from two parts, it is partly provided by terrigenous clastic
input and the biological productivity in marine environments [59]. The terrigenous clastic influx
influences OM accumulation in marine sediments by diluting the OM or providing sites for OM
adsorption on clay minerals [60-64; 53]. As a consequence, more than 80% of sedimentary
terrigenous OM delivered to the ocean is buried near continental borders at a rate 8 to 30 times
greater than in open oceans [65].

Both Al and Ti have positive correlations with TOC (Fig. 8), (R2 =0.5 and 0.7 respectively).
In addition, the TOC trend pattern decreases from the lower to the upper part of the studied
section and it is nearly identical to the Ti/Al curve (Figure 2). This may reveal that clastic input
plays a major role in OM accumulation.

The Ti/Al ratio is a good predictor of siliciclastic grain size and, consequently,
sedimentation rate [66, 67]. Thus, because Al occurs primarily in clay minerals, whereas Ti
occurs in both clays and sand- and silt-sized grains such as quartz, augite, sphene and ilmenite,
higher Ti/Al values represent larger grains [61]. The Ti/Al ratios in the studied section ranged
between 0.03 and 0.08 (avg. 0.06), and the curve trend does not entirely match the TOC curve
(Figure 2). These average values suggest that the grain sizes have a minor effect on OM
distribution.

The Th/U ratio can be used as an indicator of sedimentary rate, and higher Th/U values
generally indicate a higher sedimentary rate [68]. The curve pattern of Th/U ratios decreases
from the lower to the upper section, as shown in Table 3 and Figure 2, indicating that the
sedimentary rate decreases toward the upper part of the section.
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5.1.5. Hydrothermal Activity

The ratios of (Fe + Mn)/Ti are efficient indicators for tracing hydrothermal activities. When
this ratio is more than 20 + 5 indicates that the sediments were affected by hydrothermal activity
[69]. As shown in Fig. 2 and Table 3, the (Fe + Mn)/Ti ratios of samples Har 4 and Har 11 are
55 and 28, respectively, which may indicate hydrothermal activity during the Harur Formation's
deposition. The occurrence of nacrite and dickite, whether associated with pyrophyllite or not,
signifies the existence of hydrothermal activity [70, 71]. Mineralogical study reveals the
presence of nacrite which reaches a higher amount (4.4 % in Har 11), (Table 1). The area of
study as noted previously was affected by tectonic and hydrothermal activities during the Late
Devonian-Early Carboniferous period.

6. Conclusions

Geochemical and mineralogical investigations of the early Carboniferous Harur Formation
from the Ora section of northern Irag were conducted to constrain paleoenvironmental
conditions including; paleoclimate, paleoredox conditions, paleoproductivity, terrigenous
clastic input, and hydrothermal activity. The paleoclimate proxies such as the CIA, A-CN-K
plot, Sr/Cu ratio and binary plot of Ga/Rb versus Sr/Cu ratio, as well as the SEM result, indicate
that deposition occurred primarily in a warm-humid climate with moderate to intense chemical
weathering. Furthermore, lower Rb/K and Sr/Ba ratios indicate deposition in freshwater
conditions and a humid climate. These may coincide with the global Devonian-early
Carboniferous paleoclimate. Paleo-redox trace elements indicators like V/(V+Ni), Th/U ratios,
and the U index suggest deposition under anoxic marine conditions. Paleoproductivity proxies
such as the P/Ti and Ba/Al ratios, as well as their weak correlation with TOC, suggest that
productivity plays a relatively minor role in organic matter accumulation. The presence of
aluminium and titanium elements, quartz, clay minerals, feldspars, goethite and anatase indicate
terrigenous clastic fluxes to the depositional area. Al and Ti curves generally exhibit decreasing
trends from the lower to the upper part of the section suggesting that sea-level rise may be due
to subsidence and/or transgression. Th/U ratios exhibit a decreasing trend from the lower to the
upper section, indicating that the sedimentary rate decreases toward the upper part of the
section. In addition, the positive correlation between Al and Ti with TOC reveals that clastic
input plays a major role in OM accumulation, while the Ti/Al ratio indicates that grain size has
a minor effect on OM distribution. The high ratios of (Fe + Mn)/Ti and the presence of nacrite
minerals indicate hydrothermal activity during deposition.
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