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formations. The sandstones of these sections are immature lithic
graywacke derived from an undissected arc-recycled orogenic
provenance, and they were deposited in an arid to semi-arid
paleoclimate. REE suggests that a single melt underwent differentiation
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Cretaceous, to provide the source rocks that weathered and were deposited under
Paleogene, oxic-anoxic paleoredox conditions. Quartz and K-feldspar increase and
carbonate fragments decrease at 10 cm thick of both gray siltstone
(sample G19 of Gali section) and red conglomerate layers (sample Q18
of Qalbaza section). The G19 and Q18 layers exhibit low calcite content
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recorded at 10 cm thick G19 and Q18 layers. Elevated levels of Fe/Al,
Ni/Al, Cr/Al, and SO./MnO are also detected at the G19 and Q18
layers. Based on the current evidence, the proposed boundaries of gray
siltstone (sample G19) and red conglomerate (sample Q18) layers could
represent the K/Pg boundaries, with parts of them perhaps eroded.
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Introduction

The K/Pg boundary event is currently one of the greatest contentious topics in geology
due to the geochemical elemental anomalies related to these period deposits and
environmental catastrophes caused the massive extinction that characterized the Cretaceous
end before ~ 66 Ma, marking the end of the Mesozoic Era and the beginning of the Cenozoic
Era. The Cretaceous period began 145 Ma ago and ended abruptly 66.04 Ma ago with the
entrance of a new period of Paleogene that continued for 43 Ma (Coccioni and Silva, 2015).
The geochemical and mineralogical anomalies across the K/Pg boundary at various places
around the world were attributed to the impact of an extraterrestrial object with a diameter of
10 km on the Earth and/or the widespread, long-lasting activity of Deccan eruptions at the end
of the Mesozoic (Alvarez et al., 1980; Adatte et al., 2002). Both a large asteroid-projectile
(Chicxulub) impacted Earth in the Yucatdn Peninsula of Mexico (mixed target) and the
Deccan Traps eruptions in India caused worldwide fires, acidic rains, and dust fog-cloud that
continued for a long time (Alvarez et al., 1980; Keller et al., 2012), which prevented sunlight
and led to a global and abrupt fall in degrees of temperature that caused the disrubbery of the
food system and mass extinction (Keller et al., 2011; Sial et al., 2019). The three events of
Chicxulub impact, mass extinction, and giant pulse of Deccan eruptions possibly happened
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within a hundred thousand years of one another (Sial et al., 2019). Although the Chicxulub
impact and Deccan volcanism were more than 13,000 km apart, they might have
cooperatively contributed to the end-Cretaceous mass extinction (Renne et al., 2015).

Although biostratigraphical studies have been conducted on the K/Pg boundary in Iraq,
mineralogical and geochemical research have made relatively few and limited contributions.
Therefore, this paper aims to detect the K/Pg boundary between the Tanjero and Kolosh
formations in northern and northeastern Irag by mineralogical and geochemical anomalies.

Study area

The study area is situated in the Iraqi Kurdistan Region (IKR) at the governorates of
Erbil and Sulaymaniyah in the northeast of Iraq (Table 1 and Fig. 1). The Gali section lies in
the Sama Qulley area, approximately 55 km east of Erbil City, 36 km southeast of Shaglawa
Town, and 11 km north of Koysinjaq Town on the northeast limb of Awagird Mountain at the
plunging of the Safeen anticline in the direction of southeast, and for a distance of 1 km
southeast of the Gali Village. The Qalbaza section, on the other hand, is located in the
Qalbaza Village at the southern boundary of Sharazoor Plain, which is about 41 km southeast
of Sulaymaniyah City, 19 km northwest of Halabja City, 12 km southeast of Halebjai Taza
Town, and 11 km northeast of the Darbandikhan Lake.

According to Buday and Jassim (1987), the study area sits within the High Folded Zone
of the Unstable Shelf (Fig. 2). Moreover, Figure 3 shows the geological map of the studied
sections in Erbil and Sulaymaniyah areas.

Table 1: Locations and coordination of the studied sections.

Governorate Section Latitude Longitude Nearby point
Erbil Gali 36°10"51.30" N 44° 36" 40.80" E Gali Village
Sulaymaniyah Qalbaza 35°15'41.34" N 45°48'27.06" E Qalbaza Village

03060 120 mu&
OO —

&

Fig. 1. Location of the studied sections.
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Fig. 2. Tectonic division map of Iraq showing the location of the studied area, modified from Buday and
Jassim (1984).
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Fig. 3. Geological map of the studied area from Sissakian and Fouad (2012). The boundary between the
Tanjero and Kolosh formations in the Qalbaza section has been modified.

Methodology
Fieldwork and sampling

The boundaries between the Tanjero and Kolosh formations have been proposed by the
biostratigraphical studies of Sharbazheri (2008) in the Gali section and Al-Qayim et al. (2020)
in the Qalbaza section. Based on changes in lithological characteristics and bed colors, 62
samples were collected (30 from the Gali section and 32 from the Qalbaza section) with
sampling distances intensified to vary between 0.5 and 20 cm at the field-observed K/Pg
boundary (possibly K/Pg).

However, fieldwork reveals that the total thickness of the Gali section is about 61.7 m
(31.7 m for Tanjero Formation and 29.3 m for Kolosh Formation) (Fig. 4). The lower part of
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the Tanjero Formation conformably overlies gray shale interbedded with gray marl of the
Shiranish Formation. On the other hand, the upper part of the Tanjero Formation ends with 10
cm of gray siltstone (sample G19) (Figs. 4 and 5). The K/Pg boundary was initially marked in
the field within 70 cm of gray marly limestone (sample G20), which contains limestone ball
structures with diameter range of 5-15 cm (Fig. 5). These structures may be located between
the Tanjero and Kolosh formations due to slump and foundering of beds or deep burial by
tectonic horizontal forces and differential load pressure (Potter and Pettijohn, 1977; Karim,
2004). The biostratigraphical study of Sharbazheri (2008) determined the K/Pg boundary
within 1.25 m of 1 m of oily impregnated friable-soft and weathered pale brown fine
sandstone beds and 25 cm of dark organic papery shale interlayered by thin beds of dark grey
marl. This case is not observed in the current investigation. Moreover, Sharbazheri (2008)
reported that the boundary was difficult to identify in the field due to an erosional surface and
no continuous biostratigraphic document. In the Gali section, the lower part of the Kolosh
Formation conformably overlies gray marly limestone; it consists of olive sandy marlstone
(sample G21, 10 cm thick) overlaid by 20 cm of olive friable sandstone (sample G22) (Fig.
4).

On the other hand, the total thickness of the Qalbaza section is about 47 m, which
consists of 26.5 m of Tanjero's upper part and 20.2 m of Kolosh's lower part (Fig. 6). The
upper part ends with 20 cm of gray silty marlstone (sample Q16) (Figs. 6 and 7A). The K/Pg
boundary was initially determined by the appearance of two conglomerate layers (20 cm of
sample Q17 and 10 cm of sample Q18, respectively) (Figs. 6 and 7). These layers are overlaid
by the first layer of the Kolosh Formation (sample Q19), which consists of 1 m of dark gray
sandstone with sand ball structures (2-15 cm in diameter) (Figs. 6 and 7B). The sources of
these structures were illustrated when the previous section was explained. The conglomerate
reveals the unconformity contact between the Tanjero and the Kolosh formations (Abawi et
al., 1982), and may be the submarine fans created the conglomerate during periodic tectonic
activity pulses (Karim, 2004). The biostratigraphical study of Al-Qayim et al. (2020)
determined the K/Pg boundary in the Qalbaza section within the marlstone layers with no
break or hiatus.

Laboratory works

Many methods and techniques are used in this work, including insoluble residue (IR),
pipette analysis, polarized microscopy, X-ray diffraction (XRD), fusion X-ray fluorescence
(XRF), and inductively coupled plasma-mass spectrometry (ICP-MS). For selected samples
across the K/Pg boundary, IR, pipette analysis, and a petrographic study were conducted in
the geochemical laboratory, Geology Department, College of Science, University of Mosul.
While in the laboratories of the Iranian University of Science and Technology (IUST),
Tehran, the following techniques were carried out: XRD of PW3830 type for 13 samples (6
and 7 samples for Gali and Qalbaza section respectively); fusion XRF of PW1480 type for 11
samples (5 and 6 samples for Gali and Qalbaza section respectively); ICP-MS of Agilent 7700
series type for 13 samples (7 and 6 samples for Gali and Qalbaza section respectively); and
fire assay-ICP-MS (to determine the platinum group elements (PGE)) for 7 samples (3 and 4
samples for Gali and Qalbaza section respectively).
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Fig. 4. Lithostratigraphic column across the K/Pg boundary in the Gali section.

Fig. 5. Field photo from the Gali section showing the upper part of the Tanjero Formation (10 cm gray
siltstone; sample G19) and the initial proposed K/Pg boundary (70 cm of marly limestone layer with ball

structures; sample G20).
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Results and Discussion
Petrography

The petrographic study across the K/Pg boundary reveals that the Gali section
comprises carbonates and sandstones. The carbonate petrography shows that sample G18 of
the Upper Cretaceous consists of 10-50% globular planktonic foraminifera embedded in a
micritic matrix (Fig. 8A and B) as planktonic foraminiferal lime wackestone microfacies
(Dunham, 1962), which is consistent with the Tanjero microfacies that were classified by Al-
Hamed and Malak (2021). On the other hand, sample G20 of the Lower Paleogene is
composed of < 10% skeletal grains with about 90% micritic matrix (Fig. 8C) as fossiliferous
lime mudstone microfacies (Dunham, 1962). Calcite, minor amounts of monocrystalline
quartz, and iron oxides comprise the mineral composition of these two microfacies (Fig. 8 B,
C, and D). The decline in foraminifera from Upper Cretaceous (~50%) to Lower Paleogene
(<10%) layers could be associated with the Chicxulub impact and/or Deccan events (Smit,
1982; Keller et al., 2011), which caused one of the greatest mass extinctions (Petersen et al.,
2016; Bardeen et al., 2017). After this event, little species began to emerge (Smit, 1982;
Arenillas et al., 2004). Therefore, the K/Pg boundary in the Gali section could be the layer of
sample G19 set between the increase and decrease in assemblages.

Sandstone constituents of the Gali and Qalbaza sections are given in Tables 2 and 3.
Two varieties of quartz grains were determined, mono- and polycrystalline (Fig. 9A and B).
The proposed K/Pg layers show the highest total quartz content compared to the samples
below and above these boundaries (Tables 2 and 3). Quartz influx increases at K/Pg layers as
sea level falls (Bourgeois et al., 1988; Smit, 1999). Both sections show a minor amount of
feldspars (Tables 2 and 3; Fig. 9C and D) due to their high susceptibility to chemical
breakdown during weathering and diagenetic processes to form clays (Pettijohn, 1975; Boggs,
2006). Moreover, orthoclase dominates over plagioclase in the studied samples because
orthoclase is more stable during chemical weathering (Nichols, 2009). Rock fragments mainly
comprise carbonate with minor amounts of chert, igneous, and metamorphic rock fragments
(Fig. 9E and F; Fig. 10A and B), indicating that the Gali and Qalbaza sandstones derived from
older, highly carbonate-containing formations exposed to the surface through tectonic
processes (Dickinson, 1985; Zattin and Zuffa, 2004). The proposed K/Pg layers contained the
lowest amount of carbonate fragments (Tables 2 and 3). Gali and Qalbaza sandstones
included a high matrix proportion (Tables 2 and 3) with carbonate cement dominating these
sandstones (Fig. 10A), as well as low amounts of heavy minerals such as iron oxide,
hornblende, and pyroxene (Tables 2 and 3; Fig. 10A, B, C, and D). Fig. 11 shows the
petrographic variation across the proposed K/Pg boundaries of the Gali (sample G19) and
Qalbaza (sample Q18) sections. These boundaries reveal a decrease in carbonate rock
fragments, chert, and heavy minerals, while an increase in total quartz and K-feldspar. Calcite
cement increases significantly in samples located above the boundaries. Moreover, maximum
matrix content can be observed at the Qalbaza K/Pg boundary and below the Gali K/Pg
boundary. Detrital component variations at the boundary are possibly due to elevated global
environmental stress during the Upper Cretaceous, which resulted from volcanism in the
Deccan trap before the Chicxulub impact (Font et al., 2018). Consequently, samples G19 and
Q18 from the Gali and Qalbaza sections could indicate the K/Pg boundary. Despite this,
detecting the K/Pg boundary cannot only be done by a petrographic study. This necessitates
the contribution of mineralogical and geochemical proof to determine or propose the
boundary layer.
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Fig. 8. Photomicrographs of Gali section carbonate samples. (A) Planktonic foraminiferal lime wackestone

microfacies; sample G18 (40X). (B) Globular planktonic foraminifera, phosphatic grain, and

monocrystalline quartz; sample G18 (40X). (C) Fossiliferous lime mudstone; sample G20 (40X). (D) Iron
oxide; sample G20 (40X).

Table 2: The major petrographic components % of the Gali section.

Components G22 G21 G19 (K/Pg) G1l7 Min. Max. Average
Monocrystalline 10.50 8.00 14 115 8.00 14.00 11.00
Polycrystalline 2.00 2.50 5 1 1.00 5.00 2.63
K-feldspar 0.00 0.50 1 0 0.00 1.00 0.38
Plagioclase 0.00 0.50 0.5 0 0.00 0.50 0.25
Carbonate 36.00 34.00 32 35 32.00 36.00 34.25
Chert 4.50 1.50 0 0.5 0.00 4.50 1.63
Igneous and metamorphic 4.00 0.50 1 0.5 0.50 4.00 1.50
Heavy minerals 1.00 1.00 0.5 2 0.50 2.00 1.13
Matrix 37.00 34.00 36 415 34.00 41.50 37.13
Cement 5.00 17.50 10 8 5.00 17.50 10.13
Total 100 100 100 100 100
Quartz (Q %) 21.93 2211 35.51 25.77 21.93 35.51 26.33
Feldspar (F %) 0.00 211 2.80 0.00 0.00 2.80 1.23
Rock Fragment (RF%) 78.07 75.79 61.68 74.23 61.68 75.79 72.44

Table 3: The major petrographic components % of the Qalbaza section.

Components Q21 Q20 Q19 Q18 (K/Pg) Q17 Q16 Q15 Min. Max.  Average
Monocrystalline 20.50 12.00 11.50 15.00 9.00 16.5 18.25 9.00 20.50 14.68
Polycrystalline 5.25 3.50 2.50 3.00 0.50 1 25 0.50 5.25 2.61
K-feldspar 2.00 1.50 0.50 1.25 0.50 15 3 0.50 3.00 1.46
Plagioclase 1.00 1.50 1.00 1.50 2.50 2 1 1.00 2.50 1.50
Carbonate 23.50 28.00 26.50 18.00 39.00 325 27 18.00 39.00 27.79
Chert 4.50 2.00 7.50 3.00 4.50 15 2.25 1.50 7.50 3.61
Igneous and metamorphic 3.00 5.50 3.50 0.00 0.50 2 4.5 0.00 5.50 2.71
Heavy minerals 1.00 2.00 1.00 0.50 1.00 25 2 0.50 2.50 1.43
Matrix 36.00 42.50 40.00 56.25 41.00 3525 38 35.25 56.25 41.29
Cement 3.25 1.50 6.00 1.50 1.50 5.25 15 1.50 6.00 2.93
Total 100 100 100 100 100 100 100 100
Quartz (Q %) 43.10 28.70 26.42 43.11 16.81 30.70 35.47 16.81 43.11 32.04
Feldspar (F %) 5.02 5.56 2.83 6.59 5.31 6.14 6.84 2.83 6.84 5.47
Rock Fragment (RF %) 51.88 65.74 70.75 50.30 77.88  63.16 57.69 50.30 77.88 62.49
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Fig. 9. Photomicrographs of Gali and Qalbaza sandstones. (A) Monocrystalline quartz; sample Q18
(100X; XPL). (B) Polycrystalline quartz; sample G19 (100X; XPL). (C) Orthoclase feldspar; sample Q15
(100X; XPL). (D) Plagioclase feldspar; sample Q18 (100X; XPL). (E) Carbonate rock fragments (CRF);
sample Q21 (40X; PPL). (F) Chert rock fragment; sample G22 (100X; PPL).

Fig. 10. Photomicrographs of Gali and Qalbaza sandstones. (A) Igneous rock fragments (IRF), carbonate
cement (CC), and iron cement (IC); sample G21 (40X; PPL). (B) Metamorphic rock fragments; sample
G17 (100X; PPL). (C) Hornblende (Hb); sample Q15 (40X; PPL). (D) Pyroxene (PX); sample Q20 (100X;
PPL on left and XPL on right).
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Fig. 11. Petrographic variation across the K/Pg boundary from (A) Gali section and (B) Qalbaza section.

According to Pettijohn (1975), Gali and Qalbaza sandstones are considered texturally
immature due to their over 15% matrix content (Tables 2 and 3). The mineralogical maturity
index (MMI) in the Gali and Qalbaza sandstones was calculated (Tables 4 and 5) using the
MMI = Q / (F + RF) equation and parameters in Table 6 proposed by Nwajide and Hoque
(1985). MMI values are between 0.28 and 0.55 with an average of 0.37 for Gali sandstones
and between 0.20 and 0.76 with an average of 0.50 for Qalbaza sandstones (Tables 4 and 5).
These calculated MMI values correspond to the categories Q = < 50% and MMI < 1 in Table
6, indicating that the Gali and Qalbaza sandstones are immature sediments.
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According to Dott (1964), Gali and Qalbaza sandstones are classified as lithic
graywacke sandstones (Fig. 12).

Table 4: Modal composition of the sandstone and mineralogical maturity index (MMI) in the Gali section.

Components G22 G21 G19 (K/pg) G17 Min. Max. Average

Quartz (Q) 12.50 10.50 19.00 12.50 10.50 19.00 13.63

Feldspar (F) 0.00 1.00 1.50 0.00 0.00 1.50 0.63

Rock Fragment (RF) 44.50 36.00 33.00 36.00 33.00 44.50 37.38

Total 57.00 47.50 53.50 48.50 47.50 57.00 51.63

F+RF 44.50 37.00 34.50 36.00 34.50 44.50 38.00

Q% 21.93 22.11 35.51 25.77 21.93 35.51 26.33

F+RF % 78.07 77.89 64.49 74.23 64.49 78.07 73.67

MMI % 0.28 0.28 0.55 0.35 0.28 0.55 0.37
Table 5: Modal composition of the sandstone and mineralogical maturity index (MMI) in the Qalbaza

section.
Q18 .

Components Q21 Q20 Q19 (Kipg) Q17 Q16 Q15 Min. Max. Average.
Quartz (Q) 2575 1550 1400  18.00 9.50 1750 2075 950 25.75 17.29
Feldspar (F) 3.00 3.00 1.50 2.75 3.00 3.50 4.00 1.50 4.00 2.96
Rock Fragment (RF) 31.00 3550 3750  21.00 44.00 36.00 3375 2100  44.00 34.11
Total 59.75 5400 53.00 4175 56.50 57.00 5850 4175 59.75 54.36
F+RF 3400 3850 39.00 23.75 47.00 3950 3775 2375  47.00 37.07
Q% 4310 2870 2642 4311 16.81 30,70 3547 16.81  43.11 32.04
F+RF % 56.90 7130 7358  56.89 83.19 69.30 6453 56.89  83.19 67.96
MMI % 0.76 0.40 0.36 0.76 0.20 0.44 0.55 0.20 0.76 0.50

Table 6: Maturity scale of sandstones shows limiting % of Q, (F + RF), and MMI stage (Nwajide and
Hoque, 1985).

Q=>95%, (F+RF)=50% MMI = > 19 Super mature
Q =95-90%, (F + RF) = 5-10% MMI = 19-9.0 Sub mature
Q =90-75%, (F + RF) = 10-25% MMI = 9.0-3.0 Sub mature
Q =75-50%, (F + RF) = 25-50% MMI = 3.0-1.0 Immature
Q =< 50% MMI < | Immature

(F + RF) > 50% Extremely immature

Abbreviations: Q (quartz%), F (feldspars%), RF (rock fragments%), and MMI (mineralogical maturity index).

Quartz wacke 100%

M Gali section
© Qalbaza section

Arkosic
wacke

Feldspathic
graywacke graywacke

3 RF
100% 50% 100%

Fig. 12. Sandstone classification of the Gali and Qalbaza samples (Dott, 1964). Q (quartz), F (feldspar),
and RF (rock fragments).

Furthermore, the Q-F-L ternary diagram (Fig. 13 A) illustrates that most of the Gali
samples are plotted in the undissected arc field, excluding one sample (G19) in the recycled
orogenic field, whereas four samples (Q15, Q16, Q18, and Q21) of the Qalbaza sandstones
are plotted in the recycled orogenic field, two samples (Q19 and Q20) in the transition area
between recycled orogenic and transitional arc fields, and one sample (Q17) in the
undissected arc field. Moreover, the Qm-F-Lt ternary diagram (Fig. 13 B) indicates that the
Gali and Qalbaza sandstones were derived from a recycled orogenic provenance. Weathered
products of the elevated orogenic belt are moved to the nearby foreland basins (Dickinson and
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Suczek, 1979; Dickinson, 1985; Al-Hamidi et al., 2023). As is the case in the foreland basins
located on the passive margin of the Arabian Plate, which received their sediments from the
northern and northeastern eroded margins of the Arabian Plate's collision zone with the
Turkish-Iranian Plate, hence Tanjero and Kolosh formations are believed to be sourced from
sedimentary, igneous, and metamorphic rocks (Jassim and Goff, 2006; Al-Hamidi et al.,
2023). Tanjero and Kolosh source area is situated to the northeast of the basin, where tectonic
forces caused this area to rise and move to the northeast, and Tanjero and Kolosh flysch
deposits are a result of the Zagros Foreland Basin's creation by elevating older sedimentary
rocks (Celik and Salih, 2021). Hence, ophiolites of the Zagros suture zone, Qulqula group,
and Avroman Formation carbonates were potential sources for Gali and Qalbaza sandstones.
Moreover, the current study indicates that the Gali and Qalbaza sandstones were deposited in
an arid to semi-arid paleoclimate (Fig. 14).

Q M Gali section o
§ raton
© Qalbaza section Interior

Transitional
Continental

Quartzose
Recycled

Transitional
Cotinental

Recycled
Orogenic

e
Transitional PR °©
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e Arc
-

F 15 50 L F 23 17’ 13 Lt

Lithic
Recycled

Fig. 13. Tectonic provenance ternary diagrams of Gali and Qalbaza sandstones. (A) Q-F-L (Ingersoll and
Suczek, 1979). (B) Qm-F-Lt (Dickinson and Suczek, 1979). Q (quartz), F (feldspar), L (rock fragments),
Qm (monocrystalline quartz), and Lt (rock fragments + polycrystalline quartz).
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Fig. 14. Paleoclimate diagram of sandstone samples from the Gali and Qalbaza sections (Suttner and
Dutta, 1986). Qt (total quartz), Qp (polycrystalline quartz), F (feldspars), and RF (rock fragments).

Mineralogy

Generally, the mineralogical composition of the Gali section is dominated by calcite,
quartz, and clay minerals (Fig. 15). Sample layer G20 (carbonate facies) was proposed as the
K/Pg boundary in the Gali section based on the field criteria; however, the petrographic study
revealed that sample G19 may represent the K/Pg boundary; unfortunately, sample G18 was
not analyzed by XRD.

In the Qalbaza section, the mineralogical composition mainly consists of quartz, calcite,
and clay minerals with minor amounts of plagioclase, analcime, and muscovite (Fig. 16).
Sample Q18 was proposed as the K/Pg boundary in this section based on the petrographic
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study. Tables 7, 8, 9, and 10 show the semi-quantitative mineralogical proportions in the Gali
and Qalbaza sections by calculating the area under the peak of reflection according to the
method suggested by Carver (1971).
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Fig. 15. XRD pattern of Gali section. (A) Bulk sample G19. (B) Oriented slide of sample G19 (G19 OS).
(C) Bulk sample G20. (D) Sample G20 was processed by the insoluble residues method. (E) Bulk sample
G21. (F) Oriented slide of sample G21 (G21 OS). (A) and (B) represent the proposed K/Pg boundary; (C),
(D), (E), and (F) represent the Paleogene layers.

Table 7: Semi-quantitative bulk mineralogical proportions in the Gali section.

Mineralogy Bulk Samples The sample was processed by the insoluble residues method (IR)
G21 G20 G19 G20 IR

Calcite % 79.53 89.84 49.79 —

Quartz % 20.47 10.16 48.88 100

Feldspar % — — 1.33 —

Total 100 100 100 100

Table 8: Semi-quantitative clay mineral proportions in the Gali section.

Mineralogy G210S G190S
Chlorite-Smectite % 91.73 68.32
Smectite % 5.99 20.13
Chlorite + Kaolinite % 2.28 11.55

Total 100 100
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Fig. 16. XRD pattern of Qalbaza section. (A) Bulk sample Q16. (B) Sample Q16 was processed by the
insoluble residues method. (C) Bulk sample Q17. (D) Bulk sample Q18. (E) Bulk sample Q19. (F) Oriented
slide of sample Q19 (Q190S). (G) Oriented slide of sample Q21 (Q210S). (A), (B), and (C) represent the
Upper Cretaceous layers; (D) represents the proposed K/Pg boundary; (E), (F), and (G) represent the

Paleogene layers.

Table 9: Semi-quantitative bulk mineralogical proportions in the Qalbaza section.

The sample was processed by the

Mineralogy Bulk Samples insoluble residues method (IR)
Q19 Q18 Q17 Q16 Q16 IR

Quartz % 36.42 40.74 24.94 51.73 95.44

Calcite % 23.76 13.98 71.17 48.27 —

Vermiculite % 8.04 28.63 — — —

Plagioclase % 15.13 11.16 3.89 — —

Analcime % 14.62 2.04 — — —

Muscovite % 2.03 3.45 — — 4.56

Total 100 100 100 100 100

Table 10: Semi-quantitative clay mineral proportions in the Qalbaza section.

Mineralogy Q210S Q190S
Chlorite-Smectite % 95.76 96.97
Chlorite + Kaolinite % 4.24 3.03
Total 100 100

In the Gali section, the proposed K/Pg boundary (sample G19) possesses the lowest
calcite (49.79%) and highest quartz (48.88%), where calcite increases to 89.84% and quartz
decreases to 10.16% at the Lower Paleogene layer (sample G20) after the proposed K/Pg
boundary (Table 7). In the Qalbaza section, calcite decreases, and quartz increases within the
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proposed K/Pg layer (sample Q18), then calcite increases and quartz decreases at the Lower
Paleogene layer (sample Q19) (Table 9). The lowest content or sharp decrease in the calcite,
which corresponds to carbonate rock fragments decreasing (see petrography topic), at the Gali
and Qalbaza K/Pg boundaries may be attributed to the change of conditions caused by
Chicxulub and/or Deccan events, such as acidic rain and global temperature drops, etc., that
might have cooperatively contributed to temporarily preventing the development of biogenic
calcite by dissolved or inhibition of planktonic carbonate (Keller et al., 2011). Moreover, the
high levels of quartz, which are consistent with the petrography study, at the K/Pg boundaries
of both sections may be attributed to a quartz influx increase as sea level falls during the K/Pg
event (Bourgeois et al., 1988; Smit, 1999). Analcime was diagnosed at both the K/Pg
boundary and the Lower Paleogene layers (samples Q18 and Q19, respectively) of the
Qalbaza section. It is a low-temperature phase that can be a replacement product from vitric
tuffs, cement of pyroclastic rocks, or spherules of silica glass as an authigenic mineral in the
sediments (Gribble and Hall, 1985; Liou et al., 1991). Analcime occurs in terrestrial deposits
under warm, arid to semi-arid environments (lijima and Utada, 1966; Liou et al., 1991). This
phase was found at the K/Pg boundary and/or the Lower Paleogene layer in Taringatura of
New Zealand (Coombs, 1954), Chicxulub impact crater (Kring et al., 2020), Western
Argentina (Montano et al., 2023), and Alabama in the USA (Pitakpaivan et al., 1994).
Therefore, analcime presence at both the K/Pg boundary layer and the Lower Paleogene
layers of the Qalbaza section may be attributed to the Deccan eruptions and/or Chicxulub
impact event.

Clay minerals of Gali and Qalbaza sections across the proposed K/Pg boundary are
dominated by smectite (montmorillonite), chlorite-smectite mixed layer, chlorite + trace of
kaolinite, and vermiculite (Figs. 15 B, F; 16 D, E, F, G, and Tables 8, 9, 10). The K/Pg
boundary (sample G190S) of the Gali section has a higher smectite content than the
Paleogene layer (sample G210S) (Table 8). Smectite minerals are formed by the weathering
of igneous and metamorphic rocks in a semi-arid climate and alkaline water with restricted
water movement (Carroll, 1970). Smectite usually reflects volcanic activities; it can be
derived from a volcanic ash submarine alteration during a devitrification process (Harder,
1972). Smectite can also be derived from spherules associated with the Mexico ‘‘Chicxulub”’
impact, where the spherules may be completely replaced by smectite, calcite, or chlorite
(Mateo et al., 2019), like Demerara Rise in western North Atlantic, La Sierrita in NE Mexico,
and Brazos River in Texas (Mateo et al., 2019). The Gali section's Paleogene layer (sample
G210S) has higher chlorite-smectite content than the K/Pg boundary (sample G190S) (Table
8), while the Qalbaza section's Paleogene layers (samples Q190S and Q210S) show a
significant chlorite-smectite mixed layer (Table 10). Temperature increases cause smectite to
change gradually into chlorite (Horton, 1985), indicating temperatures were restored after the
K/Pg event. A significant amount of vermiculite was determined at the K/Pg boundary
(sample Q18) of the Qalbaza section (Fig. 16D and Table 9). Vermiculite arises essentially
from the weathering of biotite and muscovite under arid conditions (Pal et al., 1989;
Srivastava et al., 1998). Vermiculite was one clay mineral identified at the K/Pg boundary
between the Tanjero and Kolosh formations around Sulaimani City, Iraq (Mustafa et al.,
2022).

The proposed K/Pg boundaries of both studied sections are mineralogically
characterized by the low calcite, high quartz, analcime, and clay minerals of smectite and
vermiculite, so they resemble all other global well-known K/Pg boundaries, such as Stevns
Klint in Denmark, Blake Nose in the NW Atlantic, Agost and Caravaca in Spain, and Gubbio
in Italy. Additionally, the proposed K/Pg boundaries of both studied sections differ from these
typical K/Pg boundaries due to the absence of spherules and shocked quartz related to the
Chicxulub event; this may be attributed to the spherules being completely replaced by
smectite, calcite, or chlorite and the disappearance of shocked quartz grains gradually with
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distance from the Chicxulub crater (Joanna et al., 2006), similar to the K/Pg boundaries of
Hermanas hill section in western Cuba (Jorge et al., 2015) and Medetli and Golpazari sections
in northwestern Turkey (Yoji et al., 2003). Therefore, the mineralogical results indicate that
the G19 and Q18 layers of the Gali and Qalbaza sections, respectively, may represent the
K/Pg boundaries, while not excluding the idea that part of these boundaries may have been
eroded.

Geochemistry

The chemical composition of major, trace, and rare earth elements is given in Tables 11
and 12. Chondrite-normalized REE patterns (Fig. 17) exhibit similarity with each other and
show a one-package zigzag pattern; this may reflect a single melt that suffered from
differentiation to provide the source rocks from which sediments were derived. Generally, the
REE pattern differs from UCC and PAAS patterns and displays more enrichment than
chondrite and slightly enriched light rare earth elements (LREES) relative to heavy rare earth
elements (HREEs) (Tables 11 and 12; Fig. 17), as well as elevated Tb and Tm, suggesting the
REE scavenging mechanism from seawater (De Baar et al., 1985). Moreover, the sediments
show positive Eu and slightly negative Ce anomalies in most samples (Tables 11 and 12; Fig.
17). The Eu anomaly is exhibited by transitioning from Eu®* to Eu?* under reducing
conditions (Brookins, 1989). Positive Eu anomalies (Eu/Eu* > 1) have often been caused by
plagioclase feldspar accumulation during magmatic differentiation (Trubelja et al., 1995), so
the positive anomaly may be due to the absence and/or slight presence of plagioclase in the
studied samples. The soluble Ce®" oxidation to less soluble Ce* is responsible for the
negative Ce anomaly (Ce/Ce* < 1) (Sholkovitz et al., 1994). Positive Eu/Eu* and slightly
negative Ce/Ce* (Tables 11 and 12; Fig. 17) may suggest that the studied sediments were
deposited under oxic-anoxic paleoredox conditions.

The K/Pg boundaries of Gali and Qalbaza sections are shared by a prominent positive
anomaly for SiO2, Al.O3, Fe203, MgO, Na2O, K>O, TTEs ‘‘transition trace elements’’ (NI,
Co, Cr, Sc, and V), Zr, Zn, and Cu and a prominent negative anomaly for CaO, MnO, LOl,
Hf, Sr, and Cs (Figs. 18-21). The K/Pg boundary layers around the world often contain
elevated concentrations of SiO2, Al,O3, Fe203, MgO, Na20, K:0, TiO, Ni, Co, Cr, Sc, V, Zr,
Zn, and Cu (Alvarez et al., 1980; Smit and ten Kate, 1982; Vajda and Wigforss-Lange, 2006).
Therefore, proponents of the impact theory propose that the asteroid and target zone are the
source of these elements (Smit and ten Kate, 1982; Gilmour and Anders, 1989), and
advocates of volcanic activity theory argue that these elements are derived from the post-
fallout from the Deccan cloud (Graup et al., 1989). SiO», Al,O3, Fe203, MgO, Na;0, and K>O
elements elevate during the K/Pg event due to vegetation decreases or sea-level fall, causing
the ground to become unstable and further prone to erosional stages (Bercovici et al., 2012).

Table 11: Concentrations of major oxides (in wt%o), trace elements (in ppm), and rare earth elements (in

ppm) of the Gali section. Major oxides were analyzed by XRF; trace and rare earth elements were
analyzed by ICP-MS. * Major oxides were analyzed by ICP-MS.

G23 G22 G21 G20 G19 (K/Pg) G18 G17* Min. Max.  Average
SiO, 44.43 37.32 11.02 40.92 26.57 11.02 44.43 32.05
Al,O4 6.67* 8.48 6.11 1.01 7.48 2.66 >5.0* 1.01 8.48 5.40
Fe;,03 >5.0* 7.29 6.20 0.89 6.76 3.24 >5.0* 0.89 7.29 4.88
MgO >5.0* 10.54 8.73 1.35 8.87 5.47 >5.0* 1.35 10.54 6.99
CaO >5.0* 9.78 17.74 46.65 13.97 31.61 >5.0* 9.78 46.65 23.95
Na,O 0.47* 0.30 0.11 0.38 0.22 0.21 1.47* 0.11 1.47 0.45
K50 0.60* 0.64 0.27 0.03 0.45 0.03 0.52* 0.03 0.64 0.36
TiO;, 0.27* 0.337 0.233 0.044 0.269 0.132 0.43* 0.04 0.43 0.25
P>0s 0.04* 0.07 0.08 0.04 0.06 0.05 0.04* 0.04 0.08 0.05
MnO 0.07* 0.132 0.115 0.242 0.122 0.135 0.08* 0.07 0.242 0.13
LOI 17.82 22.89 38.07 20.64 29.66 17.82 38.07 25.82
Total 99.82 99.80 99.73 99.76 99.77
Ni 1110 717 562 64 598 201 827 64 1110 582.71
Co 88.24 78.67 36.68 6.72 58.27 15.78 85.94 6.72 88.24 52.90
Cr 677 418 226 22 299 63 531 22 677 319.43

Sc 19.8 25.1 16.2 2.1 19.4 6.8 32.9 2.1 32.9 17.47
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Y 91 119 76 17 93 33 136 17 136 80.71
Zr 71 68 92 <1 71 17 19 1 92 48.43
Hf 10.36 9.25 8.65 8.58 10.25 11.06 12.01 8.58 12,01 10.02
Nb 4.69 5.85 6.47 7.85 7.89 6.21 5.45 4.69 7.89 6.34
Ta 3.58 5.96 3.58 4.25 3.41 5.78 6.01 3.41 6.01 4.65
Th 6.25 9.21 8.25 10.25 7.65 9.74 8.25 6.25  10.25 8.51
u 2.58 141 3.12 6.58 4.62 4.25 2.54 141 6.58 3.59
Y 14.25 15.36 15.21 11.25 16.54 13.25 1852 1125 1852 14.91
Ba 6147.8 1610.3 622.3 3.2 1212.3 19.2 273 3.2 61478 137749
Rb 14.36 16.25 17.85 13.25 11.25 14.25 1325 1125  17.85 14.35
Sr 198.1 234.4 328 336.1 316.7 539.6 144 144 5396  299.56
Cs 7.14 6.25 9.01 6.58 7.58 9.59 8.21 6.25 9.59 7.77
Li 23 36 28 9 34 23 33 9 36 26.57
Ga 5.41 2.25 1.26 2.14 4.26 3.85 1.14 1.14 5.41 2.90
Pb 333.25 4.26 1.25 6.25 7.21 1.45 3.25 125 33325  50.99
Ag 0.74 0.32 3.01 0.25 0.41 0.31 0.41 0.25 3.01 0.78
As 8 7 8 3 4 5 2 2 8 5.29
Be 0.28 0.34 0.64 0.89 0.25 0.41 0.89 0.25 0.89 0.53
Bi 3.25 3.07 2,01 1.47 1.25 6.21 1.25 1.25 6.21 2.64
cd 0.47 0.62 0.14 0.25 0.56 0.14 0.21 0.14 0.62 0.34
In 0.21 0.78 0.25 0.41 0.36 0.48 0.85 0.21 0.85 0.48
Mo 1.03 0.24 1.07 1.65 0.12 1.4 0.23 0.12 1.65 0.82
S 1800 500 300 200 500 500 300 200 1800  585.71
Sb 3.58 3.25 2.58 1.47 1.25 2.85 3.58 1.25 3.58 2.65
Sn 1.89 5.32 4.98 9.95 3.58 10.47 2,52 189 1047 5.53
Te 0.34 0.58 0.74 0.48 0.36 0.85 0.24 0.24 0.85 0.51
Tl 3.25 1.85 2.54 2.14 3.21 3.25 2.14 1.85 3.25 2.63
w 1.25 6.25 7.45 2.85 3.62 6.25 2.58 1.25 7.45 4.32
Cu 39.1 57.1 446 7.1 48.2 27.3 59.1 7.1 59.1 40.36
Zn 63.6 78.8 56.3 8.1 66.2 22.5 64.9 8.1 78.8 51.49
La 5.15 5.96 6.96 4.64 8.09 6.32 3.12 3.12 8.09 5.75
Ce 11.25 12.36 14.25 10.36 17.65 13.58 6.21 621  17.65 12.24
Pr 2.98 171 2.69 2.03 3.28 2.26 1.03 1.03 3.28 2.28
Nd 6.23 4.69 4.89 3.79 6.89 4.69 2.26 2.26 6.89 4.78
Sm 4.49 3.26 3.21 3.21 3.01 2.12 1.03 1.03 4.49 2.90
Eu 3.03 231 2.26 2.29 2,01 1.03 0.69 0.69 3.03 1.95
Gd 4.12 3.19 4.58 3.69 2.89 1.89 0.95 0.95 4.58 3.04
Th 2.89 2.03 2.12 2.59 1.03 0.91 0.43 0.43 2.89 171
Dy 3.89 3.01 3.59 3.39 2.21 1.59 0.69 0.69 3.89 2.62
Ho 2.42 171 1.49 2.49 0.79 0.69 0.31 0.31 2.49 1.41
Er 3.59 2.68 3.03 3.26 1.89 1.49 0.51 0.51 3.59 2.35
m 212 1.39 112 2.13 0.41 0.51 0.23 0.23 2.13 1.13
Yb 3.12 2.12 2.59 2.95 1.29 131 0.47 0.47 3.12 1.98
Lu 1.78 1.03 0.79 1.89 0.31 0.36 0.12 0.12 1.89 0.90
LREE 33.13 30.29 34.26 26.32 40.93 30.00 1434 1434 40.93 29.90
HREE 23.93 17.16 19.31 22.39 10.82 8.75 3.71 371 2393 15.15
LREE/HREE 138 177 1.77 1.18 3.78 3.43 3.87 1.18 3.87 2.45
TREE 57.06 47.45 53.57 48.71 51.75 38.75 18.05 1805  57.06 45.05
(La/Sm)n 0.74 1.18 1.40 0.93 1.74 1.92 1.96 0.74 1.96 141
(Gd/Yb)n 1.09 1.24 1.46 1.03 1.85 1.19 1.67 1.03 1.85 1.36
(La/Yb)n 1.18 2.02 1.93 1.13 4.50 3.46 4.76 113 4.76 271
Eu/Eu* 2.16 2.19 1.80 2.04 2.09 158 2.14 158 2.19 2.00
CelCe* 0.70 0.95 0.81 0.83 0.84 0.88 0.85 0.70 0.95 0.84

Table 12: Concentrations of major oxides (in wt%o), trace elements (in ppm), and rare earth elements (in
ppm) of the Qalbaza section. Major oxides were analyzed by XRF; trace and rare earth elements were
analyzed by ICP-MS.

Q21 Q19 Q18 (K/Pg) Q17 Q16 Q15 Min.  Max. __ Average

Si0; 63.64 53.44 55.71 33.95 56.25 58.84  33.95  63.64 53.64
AlLO; 9.78 10.28 9.89 7.31 8.7 10.49 7.31 10.54 9.41
Fe;0s 4.34 7.85 7.55 33 4.17 5.26 3.30 7.85 541
MgO 2.8 5.64 3.49 1.76 2.68 3.14 1.76 5.64 3.25
Ca0 5.83 7.24 6.73 28.22 10.31 7.77 583 28.22 11.02
Na,0 1.36 0.72 1.63 0.63 0.17 0.45 0.17 1.63 0.83
K0 041 1.35 0.66 0.21 2.01 151 0.21 2.01 1.03
TiO, 0.438 0.62 0.586 0.246 0.345 0.434 0.25 0.62 0.44
P,0s 0.057 0.056 0.038 0.062 0.106 0.087 0.04 0.11 0.07
MnO 0.064 0.119 0.078 0.334 0.085 0.07 0.06 033 0.13
Lol 1112 12.41 12.99 23.84 14.97 1166 1112 23.84 14.50
Total 99.84 99.73 99.35 99.86 99.80 99.71

Ni 74 64 90 60 68 64 60 90 70
Co 35.18 38.36 38.14 29.41 22.03 2655 2203 38.36 3161
[ 65 87 128 40 40 42 40 128 67
Sc 253 34.1 314 137 16.2 21.2 137 341 23.65
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\Y 138 206 186 118 95 133 95 206 146
Zr 54 57 56 49 108 98 49 108 70.33
Hf 10.36 9.36 8.14 9.85 12.05 11.36 8.14 12.05 10.19
Nb 3.25 3.14 4.62 5.52 4.69 2.85 2.85 5.52 4.01
Ta 3.25 5.89 4.58 6.09 3.58 4.78 3.25 6.09 4.70
Th 9.25 10.36 11.25 10.36 9.54 4.85 4.85 11.25 9.27
U 3.74 2.78 3.58 6.35 4.87 3.69 2.78 6.35 4.17
Y 15.01 14.85 12.58 13.25 11.25 17.21 11.25 17.21 14.03
Ba 89.3 261.1 127.5 2909.6 3347.9 4795.6 89.3 4795.6 1921.83
Rb 13.85 17.25 19.21 13.69 14.25 13.25 13.25 19.21 15.25
Sr 128.8 484.3 145.6 290.1 503 328.6 128.8 503 313.4
Cs 9.85 7.85 5.98 8.14 9.21 6.28 5.98 9.85 7.89
Li 26 30 42 20 23 24 20 42 27.5
Ga 5.41 3.25 2.41 1.69 1.78 3.52 1.69 5.41 3.01
Pb 1.21 0.12 1.25 512.32 287.36 113.25 0.12 512.32 152.59
Ag 0.74 0.85 0.62 0.52 0.25 0.65 0.25 0.85 0.61
As 2 5 3 4 1 3 1 5 3
Be 0.47 0.89 0.74 0.65 1.44 0.74 0.47 1.44 0.82
Bi 4.05 1.32 1.25 6.03 1.85 1.58 1.25 6.03 2.68
Cd 0.52 0.21 0.14 0.36 0.14 0.52 0.14 0.52 0.32
In 0.45 0.31 0.36 0.14 0.62 0.25 0.14 0.62 0.36
Mo 2.25 0.21 0.14 1.04 0.21 1.22 0.14 2.25 0.85
S 900 1200 1300 2100 1000 1500 900 2100 1333.33
Sh 1.54 1.23 1.23 1.25 2.47 3.45 1.23 3.45 1.86
Sn 3.21 2.36 6.54 5.48 2.25 3.64 2.25 6.54 3.91
Te 0.52 0.47 0.91 0.68 0.18 0.52 0.18 0.91 0.55
Tl 3.25 4.14 3.25 2.58 1.78 1.25 1.25 4.14 2.71
w 93.61 34.21 45.48 60.29 5.25 4.25 4.25 93.61 40.52
Cu 374 95.1 35.2 26.4 55.9 65.1 26.4 95.1 52.52
Zn 37.8 73.9 43.3 31.6 70.6 64.3 31.6 73.9 53.58
La 6.12 6.36 4.14 10.20 16.67 16.45 4.14 16.67 9.99
Ce 12.01 11.25 9.21 21.25 32.25 31.25 9.21 32.25 19.54
Pr 1.29 2.12 1.89 6.36 8.96 9.25 1.29 9.25 4.98
Nd 4.23 4.21 2.89 8.48 13.25 12.69 2.89 13.25 7.63
Sm 3.26 3.03 2.03 6.25 7.96 8.69 2.03 8.69 5.20
Eu 2.36 2.14 1.23 5.01 7.03 6.25 1.23 7.03 4.00
Gd 3.96 3.02 2.58 6.18 10.58 9.09 2.58 10.58 5.90
Th 2.12 2.03 1.03 4.56 6.25 5.36 1.03 6.25 3.56
Dy 3.25 2.89 2.12 5.39 9.36 8.03 2.12 9.36 5.17
Ho 1.89 1.58 0.91 3.78 5.15 5.03 0.91 5.15 3.06
Er 3.21 2.48 1.59 5.05 7.58 7.51 1.59 7.58 4.57
Tm 1.26 1.23 0.51 3.01 4.25 4.36 0.51 4.36 2.44
Yb 2.58 2.29 1.21 3.78 6.31 6.96 1.21 6.96 3.86
Lu 0.96 0.89 0.32 2.15 3.25 3.25 0.32 3.25 1.80
LREE 29.27 29.11 21.39 57.55 86.12 84.58 21.39 86.12 51.34
HREE 19.23 16.41 10.27 33.90 52.73 49.59 10.27 52.73 30.36
LREE/HREE 1.52 1.77 2.08 1.70 1.63 1.71 1.52 2.08 1.74
>REE 48.50 45.52 31.66 91.45 138.85 134.17 31.66 138.85 81.69
(La/Sm)n 1.21 1.36 1.32 1.05 1.35 1.22 1.05 1.36 1.25
(Gd/Yb)n 1.27 1.09 1.76 1.35 1.38 1.08 1.08 1.76 1.32
(La/Yb)n 1.70 1.99 2.45 1.94 1.89 1.70 1.70 2.45 1.95
Eu/Eu* 2.01 2.17 1.65 2.47 2.34 2.15 1.65 2.47 2.13
Ce/Ce* 1.05 0.75 0.81 0.65 0.65 0.62 0.62 1.05 0.75
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Fig. 17. Chondrite-normalized REE pattern of sediments across the K/Pg boundary in (A) Gali section
and (B) Qalbaza section. Chondrite values are taken from Sun and McDonough (1989), and PAAS and
UCC from Taylor and McLennan (1985).

Ni and Cr are two of the key elements to detect a K/Pg boundary (Smit and ten Kate,
1982), where high levels of Ni and Cr at the K/Pg boundary layer may be generated by an
extraterrestrial origin (Smit and ten Kate, 1982). Furthermore, the elevated authigenic
concentrations (element/Al) of Fe, Ni, and Cr within the proposed K/Pg layers of Gali and
Qalbaza sections (Table 13) are a good indicator of these boundaries (Sosa-Montes de Oca et
al., 2013; 2020). In addition, the elevated contents of Zr, Zn, and Cu may suggest that these
elements derived from the rocks that were the Chicxulub target, or possibly derived from the
post-fallout from the Deccan cloud (Premovic et al., 2004; Vajda and Wigforss-Lange, 2006).
The Chicxculub fireball vapor cloud and/or Deccan eruptions cloud could produce an
atmospheric acidity condition due to the release of amounts of SO, causing acidity rainfall
(Prinn and Fegley, 1987), and this results in a higher SO2/MnO ratio at the K/Pg boundary
layer relative to prior and post layers (Keller, 2014; Renne et al., 2015). The K/Pg boundaries
of the Gali and Qalbaza sections (samples G19 and Q18) exhibit a high SO2/MnQO ratio
compared to the prior and post layers (Table 13).

PGEs anomaly proves the K/Pg boundary (Alvarez et al., 1980). Unfortunately, PGEs
were undetected (< 5 pbb) in 3 samples of the Gali section (samples G19, G20, and G21) and
4 samples of the Qalbaza section (samples Q16, Q17, Q18, and Q19). As a result, this work
suggests that PGEs may not be detectable at concentrations less than 5 ppb in Iraqi K/Pg
boundary sites.



Mineralogy and Geochemistry of Upper Cretaceous and Paleogene Succession in Gali and Qalbaza........ 129

(A) - % Major Oxides
3| |3 L I
E ¥ E E g § Si02% ARZO3 % t’el(’:% . MgO0 % | C‘lﬂ'{. NTZO% VI(z()‘% 'llOf% P205 % Mnl)%:, s Lot
£8)%
3 8|2
=T
HHE ® /
"3d° ], B
(B) . 5 TTEs HFSEs
H &E ;? £ Nippm Coppm Crppm Seppm Vppm Zr ppm HEppm Nb ppm Tappm Thppm Uppm ¥ ppm
HaHE 3 4o 600 900 1200[0 @ 75 9ofo 400 800 510152025303s]10 45 80 115 15000 20 40 0 sosoofs 9 10 4 2 13fe 5 6 7 &fs 4 5 & 7 ¢ 7 8 9o wuli 23456 7 won oo
| T f T 1 T T T T T T T
” !‘ IJ ‘l '\ | | | \ \ | |
T | | | | I | | | \ \ | |
L | | | [ ‘ | | | \ \ | |
| [ | \ | \ | \ \ | [
- g | J | | | | | \ \ | |
1111 1 1 \ ] \ \ \ l l
H 3
: : | | | | 1 l I | \ \ J l
i | | | | | [ | \ \ [ |
| | \ | | | | \ \ | |
| | | | | | | \ \ | |
| | l | [ ]| | \ (. |
<< < | NS SIS <
= e <

e [ sandymaristone S Siltstone

Fig. 18. Vertical distribution profile plot across the K/Pg boundary from the Gali section. (A) Major
oxides with LOI. (B) Transition trace elements (TTEs) and high field strength elements (HFSEs). The
gray area represents the K/Pg boundary layer.
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Fig. 19. Vertical distribution profile plot across the K/Pg boundary from the Gali section. (A) Large ion
lithophile elements (LILESs), Light rare earth elements (LREEs), and heavy rare earth elements (HREES).
(B) Ag, As, Be, Bi, Cd, In, Mo, S, Sb, Sn, Te, Tl, W, Zn, and Cu elements. The gray area represents the
K/Pg boundary layer.



130 Shareef T. Al-Hamed and  Sattar J. Al-Khafaji

(A) g _g. » Major Oxides
s |2
H - i
H E § 3 O|E| sio2% A1203 % Fe203% Mg0 % €a0 % Naz0 % K20 % TiO2 % P205 % Mno % Lot
EI$2) £ | 5 [A|ssvwssmals o o w0 uls o5 07 a2 3 45 els omummnl o5 1 15 sloas 1 is 3 asfo 03 os as o amossomanfo e 03 aafu w v x

35 s < /ffj:::> L — =
1] N \ \ [
(B) H B TTEs HFSEs
E;‘é § §E NelP® N .. 20 RN AR T NiAaT e Tl Pl
¥ N T | Vol J N L] l
| 1 \ . [ 1 \ Lo \
\ I | \ | | \

" ’ ‘ \ \ \ | | | \ | [ |
Bl " . \ Vo i | \ Bl [
Hed | R \ Vol [ 1 \ L] J

- I | | \ VL I I \ I |
Hd | /

= ik c "7 siltysandstone = == Silty marlstone
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Q20 was not analyzed; the gray area represents the K/Pg boundary layer.

(A) [[].|E ol LILEs REEs
§.E i il re L] ol o sl |
g 2 | \ M1 [l ‘ [
. \ | \ [ 1 [l ; l‘
4| \ \ [ ] /|l | f
HIE L I I By
il | \ \ ] Il | {
& ! \ \ / \ [ |l \ \
i i - . )'/ fie ¥ \\4\ 'i \ = TN ™
i) ~ v 1]
(B) ~ ‘E T Other Trace Elements
HEH i ; E e B, e i e ol B T e el e s ki N R O O O e
. V|l ] I [ / J I \ IR \
| \ | | | I [ ]! | | | | Mo\ \
| \ | | | | / | | [ | | / \ \
» | \ | | | I [ | | | | | | \ \
| \ | | [ | / | | I | | / \ \
HHHE \ Vol | [ I / | | | | | / \ \
22 | \ | | / | / | | | | | [ \ \
. 1 Lo [ j f J [ \ [ | 1 \ \
| \ | ] ] I ! | I ] \ I \
/ / \ /
- | / \ \ | d
I Y = > < | = AN | = &
% / g f X | A \ \ L \\ ( / \
~ siltstone 11! Congl e 7 siltysandstone = == silty marlstone

Fig. 21. Vertical distribution profile plot across the K/Pg boundary from the Qalbaza section. (A) Large
ion lithophile elements (LILES), light rare earth elements (LREES), and heavy rare earth elements
(HREEsS) (B) Ag, As, Be, Bi, Cd, In, Mo, S, Sb, Sn, Te, Tl, W, Zn, and Cu elements. Sample Q20 was not
analyzed; the gray area represents the K/Pg boundary layer.
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Table 13: Element/Al and SO2/MnO ratios in the studied samples across the K/Pg boundary from Gali
and Qalbaza sections.

Section Sample Fe/Al Ni/Al Cr/Al SO,/MnO
G22 1.097 0.0154 0.0090 0.537
G21 1.201 0.0167 0.0067 0.563
Gali G20 1.055 0.0108 0.0037 0.164
G19 (K/Pg) 1.522 0.0155 0.0077 1.042
G18 1.462 0.0130 0.0041 0.925
Q21 0.586 0.0014 0.0013 9.350
Q19 1.007 0.0012 0.0016 6.901
Q18 (K/Pg) 1.009 0.0017 0.0024 9.791
Qalbaza Q17 0577 0.0015 0.0010 4.169
Q16 0.660 0.0015 0.0009 5.670
Q15 0.663 0.0012 0.0008 11.094

Moreover, a sharp reduction in CaO may be attributed to acidic rain caused by
Chicxulub and/or Deccan events, which temporarily prevented the development of CaCOs
during the K/Pg boundary event (Keller et al., 2011). LOI shows a strong positive correlation
with CaO in the studied sections (r = 0.99 for Gali and Qalbaza sections, respectively),
indicating a drop in LOI at K/Pg boundaries of the current study. The reasons behind the
depletion of trace elements at low temperatures are not well understood. Depletion
mechanisms are influenced by trace element solubility, oxygen fugacity, and pH in aqueous
environments (Ritter et al., 2015). Consequently, we are simply describing the possibility of
detecting the K/Pg boundary.

According to geochemical results, the G19 and Q18 layers of the Gali and Qalbaza
sections, respectively, appear to have originated during the Cretaceous and Paleogene periods.

Conclusion

The main conclusions of this study are:
1. Gali and Qalbaza sandstones are immature lithic graywacke derived from the undissected

arc-recycled orogenic provenance and deposited in an arid to semi-arid paleoclimate.

2. Vermiculite, smectite, and analcime phases support arid-semi-arid paleoclimate conditions
for Gali and Qalbaza sediments.

3. Rare earth elements (REE) suggested a single melt suffered differentiation to provide the
source rocks that weathered and deposited under oxic-anoxic paleoredox conditions.

4. Carbonate rock fragments, chert, and heavy minerals decreased, while total quartz and K-
feldspar increased by 10 cm thick in both the grey siltstone of the Gali section and the red
conglomerate of the Qalbaza section.

5. At 10 cm thick, low calcite content, high quartz content, analcime, smectite, and
vermiculite have been identified in both the grey siltstone of the Gali section and the red
conglomerate of the Qalbaza section.

6. Positive anomalies for SiO2, Al203, Fe203, MgO, Naz0, K20, TTEs, Zr, Zn, and Cu, and
negative anomalies for CaO, MnO, LOI, Hf, Sr, and Cs were recorded at 10 cm thick in
both the grey siltstone of the Gali section and red conglomerate of Qalbaza section.

7. Elevated levels of Fe/Al, Ni/Al, Cr/Al, and SO2/MnO were detected at 10 cm thick of gray
siltstone and red conglomerate layers from the Gali and Qalbaza sections, respectively.

8. Based on the current mineralogical and geochemical evidence, the proposed boundaries of
gray siltstone and red conglomerate layers from the Gali and Qalbaza sections,
respectively, could represent the K/Pg boundaries, with parts of them perhaps eroded.
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