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The Paleocene-Eocene (P-E) Sinjar Formation from Kalka Smagq
section, Dokan area, Sulaimaniya, northeastern Iraq has been studied
in terms of mineralogy and geochemistry using X-Ray Diffraction
(XRD) supported by Scanning Electron Microscopy (SEM) and
elemental X-Ray Fluorescence (XRF) geochemical analyses in
addition to stable isotopic C and O analysis. The study revealed
indications for mineralogical and elemental variation across the P-E
transition which may refer to the regionally recognized depositional
and paleoclimate changes of the Paleocene Eocene Thermal
Maximum (PETM) in the region. The dominance of shallow marine
water deposition is interrupted by fresh-water deposition accompanied
by increase in temperature suggesting the warming conditions in the
Eocene. This result is supported by mineralogical variation in calcite,
Mg-calcite and dolomite accompanied with anomalies in §'80 and
513C data and variation in CaO, MgO, SiO», TiOz, Fe,03, and Al,Os in
addition to Co, Ni, Sr and Ba elemental data, which in general may
suggest the increase in precipitation and low effect of weathering
across the P-E transition boundary in the region.
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Introduction

The Paleocene-Eocene period includes several events that are regionally recognized, such
as the Paleocene-Eocene Thermal Maximum (PETM) and the Oceanic Anoxic Events (OAES)
that are characterized by various climatic and paleo-environmental changes affecting the
sedimentary environments and their bio-content due to change in carbon and biochemical
cycles (Singh et al., 2022). The Thermal Maximum (~55.5 Ma) represents a period of
geologically rapid, extreme global warming, superimposed on a long-term warming trend of
the early Cenozoic (Kennett and Stott, 1991; Zachos et al., 2008).

Bowen et al. (2006) considered that rapid and extreme changes in earth system may be
triggered by natural carbon cycle perturbation even in times of globally warm climate and in an
ice-free world and the PETM phenomena was the obvious indicator to that perturbation.
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The Paleocene-Eocene (P-E) boundary is characterized by various biological,
mineralogical, and geochemical factors that explain the global paleo-environmental changes
including significant climatic changes. These changes include a strong negative carbon isotope
excursion (CIE ranging from —2 to —7%o) as reported by Kender et al. (2012). An increase in
water salinity, a decrease in oxygen levels, a shoaling of the Calcite Compensation Depth
(CCD), an extinction of approximately 50% of benthic foraminifera, and a turnover in most of
the calcareous Nano-fossils and planktic foraminifera (Gawenda et al., 1999; Zachos et al.,
2008; Alegret et al., 2009; Self-Trail et al., 2012; Al-Fattah et al., 2017; Keller et al., 2018; Al-
Fattah et al., 2020a; Ghandour, 2020; Al-Mutwali and Al-Rubai, 2021; Ghafor and Muhammad,
2022).

In the current study, an outcrop section of Sinjar Formations (late Paleocene-early
Eocene) at Kalka Smag, near Dokan area, northeastern Iraq has been chosen and subjected to
mineralogical investigation and geochemical analyses using X-Ray Diffraction (XRD)
supported by Scanning Electron Microscopy (SEM), and elemental X-Ray Fluorescence
(XRF). The Sinjar Formation is predominantly made up of well-layered limestone, which has
undergone recrystallization.

This paper aims to characterize the variations in mineralogical components and
geochemical major and trace elements across the P-E boundary in the Sinjar Formation and to
determine the possible causes for such variation in relation to the global paleo-environmental
changes during this period.

Geological setting

The study area is located in the Iraqi part of the Western Zagros Fold—Thrust Belt, at the
boundary between the High and Low Folded Zones (Jassim and Goff, 2006).

At the end of the Paleocene, the Tethyan Ocean was an extensive northward deepening
epi-continental basin covering most of the Arabian Craton including Irag and neighboring areas.
The southern margin of the Tethys was strongly affected by intermittent upwelling episodes
due to its location in the northern tropical zone (Speijer and Wagner 2002; Schulte et al., 2011).
In the region, multiple stratigraphic sections exhibiting biotic and geochemical evidences
associated with upwelling episodes show comparable and unique characteristics that indicate
significant global changes during the Paleocene-Eocene period (Almogi-Labin et al., 1993).

The Sinjar Formation is one of the most important formations in the Paleocene-lower
Eocene cycle. During this period, shallow-marine carbonates of Sinjar Formation lapped on far
onto the Arabian Craton with a maximum flooding (Pg10) being reached in the Early Eocene
(Ziegler, 2001). Deposition was characterized by calcarenitic limestone and dolomites
dominated by a variety of pelecypods and gastropods and Dasycladaceae (algae), that represent
deposition in a protected to lagoon depositional environment (Fig. 1).

Tectonically, the studied section lies in the northeastern part of the Arabian Plate.
According to the tectonic map of Iraq (Fouad, 2015), the Kalka Smaq section lies on Lat.
36°43'31" N and Long. 45°36'27" and is located in the High Folded Zone on the Unstable Shelf
of Arabian Plate (Jassim and Goff, 2006) (Fig. 2).
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Fig. 1. Late Paleocene to Early Eocene (Thanetian to Ypresian 60.9-49 Ma) paleo-facies map (after
Ziegler, 2001) illustrating deposition of shallow-marine platform carbonates of Sinjar Formation inter-
fingering with deep-marine clastics and carbonates of the Aaliji Formation.
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Materials and Methods

Surveying the area and collecting data are the first step for this study. Additionally, field
trips are conducted to obtain more information and accurate data about the studied area. Totally,
125 rock samples are collected and subjected to various required analyses.

X-Ray diffraction (XRD) mineralogy analysis is performed on the selected bulk, whole
rock samples at Premier Corex Laboratories in Houston, U.S.A. using a Bruker D8 Advance
XRD instrument equipped with a theta-theta goniometer with a 250 cm radius and a Lynxeye
XE-T detector. All measurements are performed using CuK radiation, and the applied voltage
and current are 40 kV and 30 mA respectively. Quantification of mineral phases in the bulk
diffraction pattern is accomplished using the TOPAS software package.

Scanning electron microscopy (SEM) analysis is completed on selected samples at
Premier Corex Laboratories in Houston, U.S.A. using an FEI Quanta FEG 650 FE-SEM
instrument equipped with two Bruker EDS XFlash 5030 energy dispersive X-ray spectroscopy
(EDS) detectors and an FEI R580 Everhart-Thornley (ETD) electron detector.

The XRF analysis is done on the selected bulk, whole rock samples using a Bruker Tracer
5i XRF instrument installed at Premier Corex Laboratories in Houston, U.S.A.

Stable isotopic analysis of §3C and &80 are measured using an automated carbonate
preparation device (KIEL-11I) and a Finnegan MAT 252 isotope ratio mass spectrometer at the
Environmental Isotope Laboratory, University of Arizona, USA.

Results

Mineralogy
The mineralogical compositions of carbonate samples at the Kalka Smaqg section

determined by X-ray diffraction reveal calcite, Mg-calcite, dolomite and Fe-dolomite as the
main mineralogical components, in addition to less quartz and clay minerals (smectite and illite
mica with traces of chlorite, palygorskite and serpentine) (Table 1). The X-ray diffractograms
of the selected bulk, whole rock carbonate samples across the P-E boundary are illustrated in
Figure (3), while the selected scanning electron micrographs for the main components of the
studied samples are shown in Figure (4).

It is worth to mention that bio-stratigraphic study of the studied section has revealed that
the studied samples are taken across Paleocene—Eocene (P-E) boundary, where samples 58-90
represent the Paleocene (Thanetian), while samples 100-119 are taken from the Eocene
(Ypresian) (Al-Taee, et al., 2023) (Table 1).

Calcite and Mg-calcite form the main and abundant minerals along the studied section
with higher amount (62%) calcite in sample 113, which may represent the transition boundary
from the Paleocene to Eocene. This is supported by abrupt change in stable isotopic carbon and
oxygen data as represented by a strong negative carbon isotope excursion (CIE —9.99%., (Table
2, Fig. 5) and increased amount of quartz, illite and chlorite, while the values of Mg-calcite,
dolomite and Fe-dolomite show the lesser amounts in this sample (Table 1). The CIE recovery
phases show a decrease in calcite and Mg-calcite, while dolomite and Fe-dolomite increase,
this is accompanied with increase in quartz and smectite ratios (Table 1, Fig. 4).
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The morphological phases of the carbonate minerals as deduced from the SEM study
include the star-shaped form of the Mg-calcite, columnar and anhedral calcite crystals, dolomite
rhombs, palygorskite fibers and fine rhombohedra authigenic calcite mineral (Fig. 4).

Table 1. Mineralogical components of the main framework and clay minerals composition as revealed

from XRD study. Samples from 58-90 represent the Paleocene rocks, while those from 100-119 represent

the Eocene rocks.

Sample Main components Clay Minerals
- Mg- : Fe- : - . - - Tota
Qz Clays Calcite Calcite Dolomite Dolomite Smectite  lllite+  Chlorite  Palygorskite  Serpentine |
% % % % % Mica% % % %
% % %
119 5.6 2.5 1.7 4.2 74.6 11.0 1.6 0.3 0.2 0.0 0.4 2.5
113 5.4 1.9 62.1 30.3 Trace 0.3 0.5 0.8 0.6 0.0 0.0 1.9
110 0.9 0.6 204 69.6 2.5 6.0 0.6 0.0 0.0 0.0 0.0 0.6
108 1.8 0.8 19.4 77.5 0.2 0.3 0.8 0.0 0.0 0.0 0.0 0.8
100 2.9 0.6 13.8 824 Trace 0.3 0.6 0.0 0.0 0.0 Trace 0.6
90 1.0 0.6 26.8 70.6 0.4 0.6 0.6 0.0 0.0 0.0 0.0 0.6
80 1.0 0.6 15.5 81.0 0.5 1.4 0.6 0.0 0.0 Trace Trace 0.6
71 1.3 3.7 13.4 80.0 0.4 1.2 0.8 0.0 0.0 2.7 0.2 3.7
66 14 0.8 10.4 83.2 1.0 3.0 0.6 0.0 0.0 0.0 0.2 0.8
58 4.2 35 18.0 40.0 20.0 12.5 1.6 0.0 0.4 15 Trace 3.5
C Dol
Fq Dol
2
c
3
o
quartz dol
quartz
' ! ool dol
Sme 001 1 ¢ ool E Mgv?‘“i dol dol “1"‘ 33 dol d?‘
; W o : P R
10 20 30 40 50 60 70
2Theta WL=1.54060
b &?-Cal
8]
[ |
3 i
S |
MgCal Mo-Ca Yyl 2’{3"“' Yy
j « | <1:01 | ! EA‘? Cal m Cal m(‘ﬂ i
10 20 30 40 50 60 70
2Theta WL=1.54060
i Mgl
2 3
3 |
o
Mg Gal Mo-Cal Mol Mg-Cal o
\ i =~ | i i m{al rg?rcm m Gl 5
10 20 30 40 50 60 70

2Theta WL=1.54060

Fig. 3. X-ray diffractograms of selected bulk whole-rock samples from Sinjar Formation showing the
main mineralogical components (samples, a-90, b- 110 and c- 119)



Fig. 4. SEM micro images of selected samples from Sinjar Formation showing; A- Main Mg-calcite (MgC)
in star-shapes and calcite sub-columnar and anhedral shapes (C), sample 113. B- Fine grained and coarse-
grained calcite (C) due to recrystallization, sample 113. C- Rose-shaped Mg-calcite in the center of the
view, sample 100, D- Common calcite anhedral grains (C) with dissolution forming pores (P), sample 100.
E- Recrystallization, the common diagenetic process in the Sinjar Formation, fine to coarse crystals of
calcite (C), sample 80. F- Palygorskite fibers (arrows) with dolomite (D) and calcite (C), sample 71. G-
quartz authigenesis (Qz) in rhombohedra forms and calcite (C) in sample 71. H- same sample under
energy dispersive X-ray spectroscopy (EDS) showing the quartz (Si) within main carbonate (Ca)
elemental composition.
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Geochemistry
Stable isotopic data

The 313C values vary from -9.99 %o, to 3.69 %o VPDB, some of the samples record
negative values particularly in the suggested Eocene samples whilst others have positive values
(Table 2, Fig. 4). The 3C (VPDB) values for marine carbonate rocks are usually constant and
close to zero, while on the other hand, fresh-water limestone are usually enriched in 5'°C as a
result of the organic influences (Al-Haj et al., 2019; Moore, 2001; Adelabu et al., 2021). The
strong negative value is recorded in sample 113, which is suggested as mentioned earlier to
represent the boundary between the Paleocene and Eocene periods in the limestone of the Sinjar
Formation.

Table 2. '°C and 20 values of the Sinjar limestone from Kalka Smagq section, samples from 58-95
represent the Paleocene rocks while those from 100-120 represent the Eocene rocks.

sample No. (%06\71121()33) 3 180 (%VPDB) Tempel:;'_iture C Envm;nment
S120 -0.53 -5.18 425 123.6
S119 -0.01 -1.61 24.2 126.5
S117 0.58 -1.52 23.8 127.7
S113 -9.99 -5.99 47.0 103.8
S112 2.66 -5.05 41.8 130.2
S110 3.28 -4.76 40.2 131.6
S108 1.43 -5.36 435 127.6
S100 -0.82 -5.32 43.3 122.9
S95 2.99 -4.19 37.2 131.3
S90 2.40 -4.99 414 129.7
S85 2.84 -3.47 334 1314
S84 3.69 -1.05 21.6 134.3
S80 2.22 -4.12 36.8 129.8
S77 0.66 -3.61 34.2 126.8
S71 1.75 -4.61 39.4 128.6
S66 2.60 -4.74 40.1 130.2
S63 2.14 -2.70 29.5 130.3
S58 0.60 -3.54 33.8 126.9
S52 -1.86 0.52 14.6 123.7
S46 -0.33 -0.03 17.0 126.6

In this study, 5180 values range from -0.03%o to -5.99%0 VPDB (with exception of sample
52 which is 0.52%0 VPDB). The strong negative value also is recorded from sample 113 (Table
2, Fig. 4).

Using the 580 and §'3C data of the studied Sinjar Formation to deduce the depositional
environment and paleo-temperature, the following equations (1 and 2) are applied. For the best
discriminations between marine and freshwater limestone, equation (1) of Keith and Weber
(1964) is used:

Z=a (08C + 50) + b (680 + 50) ............. Q)
Where, a = 2.048, b =0.498, 5¥0 = Oxygen isotopic composition of the limestone (vPDB). 6*°C =
Carbon isotopic composition of limestone (vPDB).
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Fig. 5. Vertical distribution of 613C and 6180 values along the Sinjar and the upper part of the transition
zone between the Sinjar and Kolosh Formations at Kalka Smagq section.
Limestone samples with a (Z) value above 120 would be classified as marine, while those
with (Z) values below 120 as fresh-water limestone.

The studied Paleocene-Eocene Sinjar limestone samples in the study area are classified
into marine limestone with calculated (Z) values ranging from 122.9 to 134.3, except sample
113, which represents fresh-water environment with (Z) value of 103.8 (Table 2).
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While the estimated paleo temperature values for the studied limestone ranging from 17
°Cto 47 °C (Table 2) is inferred using Equation (2) (Shackleton and Kennett, 1975).

T =16.9-4.38(5¢180 — ow'80) + 0.1(9c80 — SwiB0)2 ............. )

Where, 6c80 = Oxygen isotopic composition of limestone (VPDB). owO =Oxygen isotopic
composition of seawater (vsMOW), (which is assumed to be dw0O = %0 (vsMOW) -1.00%;
(Shackleton and Kennett, 1975; Kim et al., 2015).

This equation is an expression of the isotopic equilibrium between water and calcite.

Major and trace elements data

Distribution of the major and trace elements in the Paleocene and Eocene carbonate rocks
are illustrated in Table (3).

Ca0 and MgO form the main oxides along the studied section. CaO% ranges from 34.48
to 52.81% in the studied Paleocene limestone, whereas, it ranges between 26.34 to 53.08% in
the Eocene limestone with abrupt decrease in the upper part of the section (samples 117-120).
In contrast, these samples show higher MgO values (Table 3), whereas MgO ranges between
1.07 to 11.89% in the Paleocene limestone, and from 1.02 to 18.76% in the Eocene limestone.

It is worth to mention that these uppermost samples of the studied section contain higher
amounts of SiO2, Al,O3, Fe203, Na2O, K>O and the trace elements of V, Co and Ni, while Sr
and Ba values are less.

Discussion

Mineralogical and geochemical variation across the Paleocene-Eocene Sinjar limestone
from Kalka Smagq section, Dokan area, northeastern Iraq has revealed several indications to the
depositional and paleoclimate changes from Paleocene to Eocene including the PETM event
that have affected on the distribution of mineralogical and elemental composition.

The overall deposition was occurring in marine setting as revealed from the stable isotopic
data. Previous studies on the depositional environment of the Sinjar Formation have mentioned
a shallow marine fore reef (shoal) deposition (Al-Qayim et al., 1993; Al-Haj, 2001; Amin, et
al., 2005). The presence of coarse-grained calcite and fine-grained micritic grains as revealed
from the SEM study may indicate the high energy and low energy conditions in depositional
environment.

Dominance of Mg-calcite over calcite and other carbonate minerals support deposition in
shallow marine saline water similar to present-day depositional environments of shallow
carbonates, e.g., Bahamas, Florida shelf, Arabian Gulf, Yucatan, and Red Sea (Wilson, 1997).

The anomaly of the increase in calcite and decrease in Mg-calcite is recorded from sample
113, which also have the strong negative carbon and oxygen isotopes excursion accompanied
by increased amount of quartz, illite and chlorite (Tables 1 and 2). This sample was deposited
in fresh-water carbonate and may represent the PETM period and the Paleocene-Eocene
boundary at the studied section. Generally, the more negative values of 8180 in Eocene
limestone of the study area (Table 2) reflect increasing temperature than those from the
Paleocene (Scott et al., 2013, Al-Fattah et al., 2020b; Rasool et al., 2023).

The presence of illite in the uppermost part of the succession may refer to increase of dry
climate accompanied with increase in dolomite (see sample 119, Table 1), this mineralogical
association also refers to closed dry conditions favorable to deposition of dolomite, gypsum,
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smectite and illite (Chamley, 1989) and may represent lagoon dry periods in the deposition of
the Sinjar Formation.

The geochemical data support the results of increasing amount of Mg content in the
uppermost samples of the studied succession and supporting the dolomite deposition where
Mg/Ca ratio was favorable to this deposition. This is also accompanied by increase in SiOa,
TiO2, Fe20s3, and Al>O3 contents that are suitable in more weathering conditions affecting this
area after warming condition at the P-E transition (Chen et al., 2016; Enneili et al., 2019; Mahdi
etal., 2021).

All the above data may refer to increase of precipitation associated with the Paleocene-
Eocene transition and the PETM warming in the studied section of the Sinjar Formation.

Table 3. Major oxides (wt.%) and selected trace elements (ppm) data for limestone and marly limestone,
Kalka Smaq section. Samples from 58-95 represent the Paleocene rocks while those from 100-120
represent the Eocene rocks.

g SiO, TiO, Al20, F8203Mno MgO CaO Na,O0 K20 P,Os SO; V Cr Co Ni Cu Zn Rb Sr Mo Ba Th U
S % % % % o, % % % % % % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
S120 355 0.03 020 2.02 0.04 154334.63 061 014 006 017 220 18 12 8 25 10 0 122 1 35 2 2
S119 g63 0.07 0.36 2.83 0.05 17.9026.82 0.48 0.3 0.07 014 294 16 17 110 18 12 0 5 0 5 2 2
S117 532 0.08 0.75 3.60 0.04 18.7626.34 0.71 0.23 0.07 017 306 23 16 74 13 20 1 65 1 8 2 2
S113 693 0.02 0.88 142 003 1.02 4831 0.15 0.15 007 016 21 32 24 224 40 21 2 43 3 0 1 2
S112 962 0.00 0.13 0.35 0.03 0.97 53.08 0.10 013 005 014 0 19 1 45 22 9 2 323 6 13 1 2
S110 963 0.01 0.2 042 0.03 1.93 50.04 0.14 014 005 015 7 19 2 46 16 8 0 345 14 21 1 4
S108 241 001 042 1.08 0.03 1.44 5042 017 014 004 014 17 25 9 76 19 13 0 141 6 0 1 3
S100 172 001 022 053 003 1.1551.66 012 015 005 014 0 21 3 44 14 9 0 216 1 24 1 5
S95 180 0.02 032 0.78 0.03 248 47.86 0.15 014 006 017 30 22 5 70 14 12 2 239 10 41 1 3
S90 056 0.00 013 0.33 003 1.07 5281 011 013 004 014 0 18 1 42 16 8 1 241 7 3 1 3
S85 238 0.02 027 1.21 0.03 631 38.68 025 015 005 019 112 25 7 65 23 13 0 267 5 11 1 4
S84 071 0.00 0.16 046 0.03 1.11 52.66 010 013 005 015 0 18 2 53 13 9 0 225 4 10 1 2
S80 0381 001 019 047 003 1.34 51.86 0.11 045 005 019 0 19 2 49 19 12 0 216 5 33 1 2
ST7 422 001 045 1.8 0.02 1.80 48.05 0.22 021 006 059 34 25 10 8 28 15 6 312 13 9 1 6
S71 264 001 043 063 003 1.73 4927 0.15 019 006 028 25 23 5 79 17 10 1 35 8 38 1 4
S66 138 0.00 026 056 0.03 1.68 5054 0.11 014 005 026 6 19 3 49 17 11 0 281 8 13 1 3
S63 328 0.04 052 1.57 0.03 11.8939.07 0.34 018 005 021 189 26 9 8 16 13 0 324 2 5 1 3
S58 775 0.05 093 1.93 0.02 6.86 3448 0.35 028 0.07 126 115 26 15 91 24 17 6 203 4 96 2 2

Conclusions

The study of the mineralogical and geochemical variation across the Paleocene-Eocene
transition in Sinjar limestone from Kalka Smaq section, Dokan area, northeastern Iraq has
revealed several indications for mineralogical and elemental variation across the P-E
accompanied with the regionally recognized depositional and paleoclimate changes of the
Paleocene Eocene Thermal Maximum PETM. The shallow marine water deposition is
interrupted by fresh-water deposition accompanied by increase in temperature suggesting the
warming conditions in the Eocene. Variation in Mg-calcite, calcite and dolomite and presence
of some clay minerals of smectite and illite supported by anomalies in 5!%0 and 5*3C data and
variation in CaO, MgO, SiO, TiO, Fe203, and Al2Os in addition to Co, Ni, Sr and Ba elemental
data may suggest the increase in precipitation and low effect of weathering across the P-E
transition boundary in the region and giving an indication of warming condition during the P-
E transition in the region.
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