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Abstract

Major, trace, rare earth elements (REE), and stable isotopic compositions in carbonate rocks of Pila Spi Formation were measured
to constrain the source of rare earth elements and depositional environment. The low XREE content (average = 6.53 ppm, n = 14)
indicates that the carbonates seawater-like REE patterns with (1) LREE depletion (average (Nd/Yb), = 0.81), (2) HREE
enrichment, (3) negative Ce anomaly (average = 0.91), and (4) superchondritic Y/Ho ratio (average = 30.07); slightly lower
average value of Y/Ho ratio than the typical seawater value (~ 44-74) suggests modification of the seawater by input of fresh
water. The (Nd/Yb), and (Dy/YD), ratios of the Pila Spi carbonates have similarity with that of the Arabian sea carbonate. The
low concentrations of U (0.35-1.0 ppm) suggest the deposition under oxygen-rich environment. This study indicates that the
carbonates still preserve their original seawater-like REE pattern, provided that the contamination with terrigenous materials was
small, and they serve as a seawater proxy. The Pila Spi carbonates have 5'>C values ranged from — 6.17 to 0.76%0 PDB, and the
§'%0 values range between — 3.85 and 0.46%0 PDB. The positive correlation between §'°C and §'*0 (r = 0.949, n = 14) values
indicates the alteration of original isotopic compositions due to diagenesis. Finally, it is conceived that the Pila Spi carbonate was
deposited in the lagoon environment with seawater invading and mixing of the continental (terrigenous) materials to the basin is
viable.
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Introduction

Depositional environment of the carbonate rocks can be
depicted by chemical, physical, and biological parameters.
The major and trace elements provide knowledge about the
overall composition of the carbonate rocks and their deposi-
tional conditions (Srivastava and Singh 2017). Furthermore,
rare earth elements (REE) patterns are mainly influenced by

Responsible Editor: Domenico M. Doronzo

>4 Faraj Habeeb Tobia
farajabbaS8 @ gmail.com; faraj.tobia@su.edu.krd

Hikmat Safi Al-Jaleel
hikmatsafi @ gmail.com
Awaz Kareem Rasul

awaz.rasul @su.edu.krd

Department of Geology, Salahaddin University, Erbil, Kurdistan
Region, Iraq

depositional environment (Murray et al. 1992; Madhavaraju
and Ramasamy 1999) and diagenetic processes (Schieber
1988; Armstrong-Altrin et al. 2003; Morad et al. 2010;
Tobia 2018). Also, REEs are regarded as an indicator to de-
positional environment such as marine anoxia (German and
Elderfield 1990; Murray et al. 1991), palacooceanic redox
conditions (Elderfield and Pagett 1986; Liu et al. 1988;
Jones and Manning 1994; Kato et al. 2002; Pattan et al.
2005; Deepulal et al. 2012; Tobia and Shangola 2016; Patra
and Singh 2017), and variations in surface productivity
(Toyoda et al. 1990). The distribution and employment of
the REEs in carbonate rocks and marine waters have been
discussed by several researchers (Piper 1974; Elderfield
et al. 1990; Webb and Kamber 2000; Armstrong-Altrin et al.
2003; Nothdurft et al. 2004; Alexander et al. 2008;
Madhavaraju et al. 2010; Nagarajan et al. 2011).

Stable isotope (oxygen and carbon) signatures of carbon-
ates have been used to provide information on climatic and
environmental conditions (Tanner 2009). The nature of the
depositional environment and diagenesis may influence the
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stable isotopic values (Talbot 1990; Tandon and Andrews
2001; Cuna et al. 2001; Tobia 2018).

Geochemistry of carbonate rocks is commonly used to il-
lustrate the controlling factors that are responsible for the char-
acter of carbonate sediments during and after the deposition
(Armstrong-Altrin et al. 2011; Nagarajan et al. 2011; Tobia
2018). Furthermore, detrital input and paleo-redox conditions
can be recognized through the geochemical study of the car-
bonate rocks (Armstrong-Altrin et al. 2003; Fu et al. 2011;
Hua et al. 2013).

Previous works within the Middle-Late Eocene Pila Spi
Formation are mainly focused on the lithofacies aspects and
suggest their deposition in a marine environment rather than
lagoon (Khanaqa 2011; Al-Mashaikie and Latif 2017), and the
influence of the dolomitizatoin on the reservoir characteristics
(Othman and Al-Qayim 2010). There is a limited study on
geochemistry of the Pila Spi Formation from selected sections
in Northern Iraq (Kadhim and Hussein 2016). Therefore, a
systematic, detailed work emphasis on geochemical aspects
of Pila Spi carbonate is required to strengthen the knowledge
not only on depositional environment within the Middle-Late
Eocene but also for deciphering paleo-redox condition, detri-
tal input, and seawater chemistry during deposition of Pila Spi
carbonate.

Several studies refer that the formation was deposited in
shallow lagoonal setting (e.g., Jassim and Goff 2006), while
Al-Sakry (1999) believed that the formation was deposited in
a shelf and shallow lagoonal environment. Othman and Al-
Qayim (2010) subdivided the Pila Spi Formation in Taq Taq
oil field and Haibat Sultan Mountain into four lithologic units
from bottom to top: lower brecciated and silicified unit,
dolomitized tidal flat limestone, lagoonal limestone, and
dolostone and upper brecciated dolomitic limestone. Also,
Khanaqga (2011) interpreted new facies in Pila Spi
Formation at Sulaimanyia, NE, Iraq, such as massive and
high fossil contents of algae, corals, bryozoans, and bioclasts;
also floatstone, bindstone, framstones, bafflestones, and
rudstone microfacies have been identified; these facies re-
vealed new environmental and paleogeographic setting for
the Middle-Late Eocene in NE Iraq, which is a carbonate
ramp with low topographic patchy reef, back reef, and
lagoon.

The present study aimed to better understand the geochem-
ical characteristics and palaeo-environment of Pila Spi car-
bonates during the Middle-Late Eocene time period, based
on the major, trace, rare earth elements, and stable isotope
geochemistry.

Geological setting

The indication for subduction and the final closure of neo-
Tethys Ocean is supplied by calc-alkaline basic and
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intermediate volcanic rocks of Paleocene-Eocene age which
have been depicted in NE Iraq (Fig. 1). These rocks formed in
back arc or in island arc rifts. These volcanic rocks formed in
active margin setting close to the Arabian Plate (Jassim and
Goft 2006). During the subduction, two pulses of uplift in
Paleocene and Eocene age occurred along the NE margin of
the Arabian Plate.

The Megasequence AP10 (Middle Paleocene-Eocene) was
recognized; the renewed subduction and volcanic arc activity
were associated with the final closure of neo-Tethys Ocean.
This led to uplift along the NE margin of the Arabian Plate
with the formation of basins and ridges.

Ditmar and the Iragi-Soviet Team (1971) suggested region-
al unconformity at the base of the Middle Eocene. The
Megasequence AP10 was divided for two sequences:
Paleocene-Early Eocene and Middle-Late Eocene sequences.
The latter was deposited to the SW of an emergent uplift. The
Gercus Red Beds were deposited at narrow basin between the
uplifted area in the NE and a ridge located along the NE side
of Balambo-Tanjero Zone. At the end of the Mid Eocene, the
clastic sediments provide from the uplifted area to the NE and
the basin was filled with lagoonal carbonates of Pila Spi
Formation.

The formation was first described by Lees in 1930 from the
Pila Spi area of the High Folded Zone, and redefined by
Wetzel in 1947 and amended by Bellen et al. (1959). The type
section was drawn under the water of Darbandi Khan Dam;
thus, the supplementary type section was described at Kashati
on the Barand Dagh about 10 km to the north of Darbandi
Khan Town.

Further northeastwards older strata of Paleogene units
were exposed, forming the hard prominent ridge of the
Haibat Sultan Mountain, which extends in NW-SE trend,
and representing the southwestern limb of Bana Bawi an-
ticline. This ridge is geomorphological high with 1047 m
elevation (a.s.l.), where the hard limestone beds of the
Pila Spi Formation formed the weathering-resistant crestal
part of the ridge. The lower part of the formation com-
prises well bedded, hard, porous, bituminous, white, poor-
ly fossiliferous limestones. The upper part consist well
bedded, bituminous, chalky, and crystalline limestones
with bands of white chalky marl and with chert nodules
towards the top. Fossils are abundant and refer to a Late
Eocene, and may be partly of Middle Eocene age in North
Iraq. The lower boundary of the Pila Spi Formation ap-
pears to be conformable and gradational in the type sec-
tion in NE Iraq, where it overlies the Gercus Formation.
The boundary is either interfingering, as in Bekhme area
(Al-Qayim and Al-Shaibani 1997), or marked by locally
distributed (0.5-1 m thick) conglomerate horizon, and as
in Shaqlawa area (Al-Qayim et al. 1994), and Haibat
Sultan Mountain (Al-Qayim et al. 1988). The upper
boundary is unconformable with the overlying rocks are
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mostly of Miocene age (e.g., Fatha Formation). Kadhim
and Hussein (2016) stated that Pila Spi limestone is com-
monly of mudstone and few beds of wackestone and
mostly affected by the dolomitizatoin and diagenetic pro-
cesses, and they suggest the shallow environment with
low salinity due to the low Sr.

Methodology

Two surface sections were selected, the first at Haibat Sultan
Mountain (70 m thick), which is about 3 km to the northeast of
the Quwaisanjaq Ciy at 36° 04’ 55” N and 44° 39’ 56" E (Fig.
2), and the second near Bekhme Village (26 m thick) at 36°
39'36" N and 44° 13’ 48" E (Fig. 3). The Pila Spi Formation is
completely exposed at the ridges with accessible and road cut
outcrops. Selected fourteen samples (9 samples from Haibat
Sultan and 5 samples from the Bekhme area; Figs. 2 and 3)

Walash volcanic

Deformed Cretaceous

ophiolites

Urmieh-Dukhtar J Alborz arc
arc

were thin-sectioned and occasionally treated with Alizarin
Red solusion (Dickson 1965) to investigate their petrographic
components and texture using polarized microscope. A de-
tailed petrographic study covering more than 30 thin sections
was carried out.

The chemical analysis of major elements (Al, Ca, Fe, K,
Mg, Na, and S) was carried out by inductively coupled
plasma—atomic emission spectrometry (ICP-AES) after fuse
bead and acid digestion (ME-ICP06 code) except Si was deter-
mined by gravemetric method (Matilainen and Tummavuori
1999). One gram of sample was heated to 1000 °C in porcelain
crucibles for 1 h to measure the loss on ignition (LOI). The
analysis of trace elements (Ti, Co, Cr, Cu, Mn, Mo, Nb, Ni, P,
Rb, Sc, Sr, U, V, Y, Zn, and Zr) and rare earth elements (La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Ho, Tm, Yb, and Lu) were
carried out by inductively coupled plasma—mass spectrometry
(ICP-MS) after four acid digestion (ME-MS61r code) at the
ALS international laboratory in Spain. Internationally
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Fig. 2 Geological map for the studied area at Haibat Sultan section (Sissakian 1997)

recognized standard materials GBM908-10 and MRGeo08
were used as references. The analytical accuracy ranges from
2 to 10%, and precision varies from 1 to 8%. The REE ratios
are compared with that of shallow and deep water marine car-
bonates. The REE concentrations are normalized to PAAS
(Taylor and McLennan 1985).

The "*C/"*C and '®0/'°0 isotopic ratios were determined at
the Stable Isotope Laboratory of the Cornell University, USA.
For C- and O-isotopic determinations, powdered samples
were treated with H;PO,4 at 25 °C for 3 days to release CO,.
The released gas was measured for '>C and 'O by mass
spectrometry, using the reference gas BSC (Borborema
Skarn Calcite) calibrated against NBS-18 that has a value of
—23.20% and — 5.01%, respectively, and for NBS-19 have —
2.20% and 1.95%, respectively. The isotopic results for both
C and O are reported as per mil (%o) notation relative to
Vienna Pee Dee Belemnite (V-PDB). The uncertainties of
the isotope were 0.03%¢ for C and 0.06%o for O, founded on
multiple analyses of standard dolomite.

@ Springer

Results
Petrography

The studied Pila Spi carbonates have different degree of dia-
genetic effects, especially, dolomitization, which obliterate
most of the original rock texture. Most of the examined sam-
ples belong to either dolomitic limestone or dolostone, due to
intensive dolomitization process, which affect the Pila Spi
carbonate and destroyed partly to completely the original
fabric of the rock. Dolomite microfacies are the dominant in
the studied carbonate. According to the crystal size and crystal
boundary shape, Sibley and Gregg (1987) and Lucia (2007)
classified the dolomite fabric to different microfacies.

Three types of dolomite were distinguished: unimodal fine
crystalline planar-e to planar-s dolomite, which planar-e dolo-
mite has straight and planar crystal boundaries (Fig. 4a), and
the crystals tend to be euhedral, and for planar-s dolomite the
crystals are subhedral (Sibley and Gregg 1987); it is an early
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diagenetic dolomite. Porosity type associated with this
microfacies includes fenestral, vuggy, and moldic, (Fig. 4a,
b, ¢). The second type is unimodal fine crystalline planar-s to
non-planar-a dolomite. The texture is represented by
subhedral and closely packed anhedral crystals, with mostly
curved boundaries (Fig. 4b). It is distributed within the most of
the studied intervals of the Pila Spi Formation. Good amount
of porosity seems to be related to this microfacies especially
micro-vugs. The last type is bimodal fine to medium crystal-
line planar-s to non-planar-a dolomite with the amount of
moldic and micro-vugs porosity (Fig. 4d, f, g). This type of
dolomite is characterized by mixed distribution of crystal size
of fine and medium crystalline mosaic. The finer parts are
anhedral to subhedral crystal shape, and the medium size crys-
tals are commonly euhedral to subhedral. Bimodal term refers
to heterogeneous crystal sizes of dolomite (Gregg and Sibley
1984). This microfacies might be developed by intensive do-
lomitization of a limestone with originally bioclastic
packstone type (Randazzo and Zachose 1984). Ghosts of orig-
inal skeletal fragments indicate that the original depositional
microfacies type of this dolostone is seemingly associated
with foraminiferal-bioclastic wackestone (Fig. 6d). However,
silicification of late diagenetic stages also present a common

|:| Cretaceous Formations (Tanjero, Shiranish, Aqra/Bekhme, Qamchuqa,

feature in a studied sections as euhedral quartz crystals and
microquartz (Fig. 4e). Microstylolite and iron oxides are ob-
served in the studied rocks especially in the last type of
microfacies (Fig. 4f, g). Also, blocky calcite cement of late
diagenesis was recorded (Fig. 4h). This description is largely
confirming with that of Othman and Al-Qayim (2010), and
they conclude the massive hard dolostone bed, restored orig-
inal fabric, and components and indicate deposition in a shel-
tered lagoonal environment prevailed for a long and relatively
stable period.

Many types of porosity were observed: Fenestral porosity
(Fig. 4a), commonly associated with stromatolitic dolomite
facies and the pores, is normally much larger than the grain
size (Major et al. 1990). It is a primary porosity bound to syn-
sedimentary open-space structures, and commonly associated
with supratidal and intertidal, algal-, and microbial-related,
mud-dominated sediments (Choquette and Pray 1970; Lucia
2007). Vuggy porosity (Fig. 4b) is secondary solution pores
that are not fabric selective; i.e., the pores cut across grains
and/or cement boundaries (Choquette and Pray 1970). Vugs
are commonly started as moldic or intercrystalline pores and
enlarged by further solution a diagenetic modification into
larger and irregular cavities (Lucia 2007). Moldic porosity

@ Springer
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Fig. 4 Microphotographs for Pila
Spi carbonates: a Fenestral
porosity in unimodal fine
crystalline planar-e dolomite,
Haibat Sultan section. b Vuggy
porosity in fine crystalline planar-
s to nonplanar-a dolomite. ¢
Moldic porosity in unimodal fine
crystalline planar-e dolomite. d
Mimic foraminifera in bimodal
fine to medium crystalline planar-
s to non-planar-a dolomite. e
Siliceous cement filling inter-
crystalline porosity of a fine
crystalline dolomite. f
Microstylolite in fine to medium
dolomite. g Iron oxide grains in
fine to medium dolomite. h
blocky calcite cement of late
diagenesis. All microphotographs
are under XN
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(Fig. 4c) is secondary pore that forms by selective, complete,
or partial dissolution of carbonate grain; this definition is
slightly modified by Lonoy (2006) that includes pores formed
by partial dissolution and recrystallization.

Major elements

The major oxide contents are given in Table 1, and the Post-
Archaean Australian Shale (PAAS)-normalized oxides of the
Pila Spi carbonate are represented in Fig. 5. CaO is the dom-
inant oxide in the studied rocks it ranges from 25.97 to
44.52% with an average 29.15%. MgO is the second domi-
nant oxide of moderate variation (6.27 to 21.41 %) with an
average 18.79%. Low content of Al,O5 is observed in the
studied samples (0.4 to 1.73%, average 0.90%). The average
contents of Na,O, K,O, MnO, TiO,, and P,Os (0.08, 0.05,
0.019, 0.015, and 0.01; respectively) are very low in the car-
bonate samples (Table 1). The dolomitization ratio proposed
by Singh et al. (2013) ranges from 0.141 to 0.774 in the stud-
ied carbonates.

CaO shows significant positive correlation with TiO,,
Al,O5, SO3, and P,O5 and a negative correlation with MgO
and Na,O, while MgO records negative correlation with TiO,,
Al,O3, SO;, and P,0Os5 and positive with Na,O (Table 2).
Significant positive correlation was observed between Al,O;
and other major oxides (TiO,, Fe,O5, Ca0, K,0, SOs) and
negative with MgO and MnO. Most of major elements (except
MgO) show positive correlations with TiO, (Table 2).

Trace elements

The trace element concentrations of the Pila Spi carbonates are
listed in Table 1, and the PAAS normalized trace element
values (Taylor and McLennan 1985) are presented in a spider
diagram (Fig. 5). Large variations are recorded in the concen-
tration of Cr, Cu, Zr, and Mo, and least variation are shown in
Rb, Sr, U, Y, Nb, Sc, Co, Ni, and Zn (Table 1). The Rb ranges
from 0.4 to 2.0 ppm in these carbonates (Table 1). The Sr
ranging from 78.4 to 211 ppm is much lower than the average
value of the PAAS (200 ppm) and lithospheric carbonate (610
ppm). The uranium content varies from 0.6 to 1.1 with an
average value of 0.75 ppm (Table 1). Generally, the Pila Spi
carbonate is highly depleted in trace elements compared with
PAAS (Table 1 and Fig. 5).

Rare earth elements

The REEs belong to a coherent group of elements de-
scribed by a similar ionic radius and trivalent oxidation
state in most physiochemical conditions in the Earth’s
crust (Bau 1991). The ¥REE in the Pila Spi carbonate
ranges from 3.86 to 9.98 ppm (Table 1). Within these,
the LREE content ranges from 3.27 to 8.78 ppm and

HREE content ranges from 0.53 to 1.22 ppm. The ¥REE
shows a significant positive correlation with Al,O3, Fe,O3,
P,Os, Y, and Co and negative correlation with Na,O
(Table 2). PAAS-normalized REE patterns of the studied
carbonate exhibit seawater-like REE pattern with LREE
depletion and HREE enrichment. The samples show nega-
tive Ce anomaly (Ce/Ce* = 0.91) and positive Eu anomaly
(Eu/Eu* = 1.26) as shown in Fig. 6 and Table 3. The av-
erage (Nd/Yb), ratio is 0.81, and the (La/Yb), ratio ranges
from 0.65 to 1.05 with an average value of 0.82. The (Dy/
Yb), ratio ranges from 1.00 to 1.42 with an average value
of 1.18. The Y/Ho ratio of the Pila Spi carbonate varies
from 25.00 to 36.67 with an average 30.07; the average of
Er/Nd is 0.12 (Table 3).

Stable isotopes

The 6'>C values of whole carbonate samples are between
—6.17 and 0.76%o0 with an average —1.18%o, and the 5'%0
values vary from — 3.85 to 0.46%o with an average — 0.75%o
PDB (Table 4). The significant positive correlation was ob-
served between §'3C and 5'%0 values (r=0.949,n=14), and
MgO with both 5'°C and §'®0 (0.941 and 0.940, respective-
ly). However, significant negative correlation was recorded
between 5'°C and §'%0 with CaO (0.943 and 0.910,
respectively).

Discussion
Elemental associations

The abundance of MgO among the major oxides proposes that
the dominance of this oxide as compared with CaO suggests
that the carbonate phase present in the Pila Spi Formation is
mainly dolomite. It is confirmed by high dolomitization ratios
(0.14-0.77; average = 0.65) of the studied carbonates comput-
ed according to Singh et al. (2013). The positive correlations
between CaO and other oxides (TiO,, Al,O3, SO;, and P,O5)
suggest that these oxides are genetically related and indicate
same mode of their origin. CaO shows negative correlation
with MgO and Na,O due to the dolomitization process
(Table 2).

The Sr content in the carbonate that is characterized by less
variable may be influenced by high-temperature environment.
Distribution of Sr could be affected by the presence of Ca, and
this is confirmed by the positive correlation between the CaO
and Sr (Table 2), and this suggested that the Sr is genetically
related to the CaO. Low Sr concentrations could be related to
the dolomitization process. No significant correlation between
Sr and total REE content in the Pila Spi samples suggests that
the loss of Sr during dolomitization was not related to signif-
icant loss of REEs.
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Table 1 Major, trace and rare earth element concentrations for carbonates of Pila Spi Formation, High Folded Zone, Northern Iraq
Sample no.  Pila Spi formation PAAS
PHI PH2 PH3 PH4 PH5S PH6 PH7 PH8 PH9 PBI PB2 PB3 PB4 PB5 Average

Major oxides
Sio, 223 282 1290 1540 695 585 568 1329 724 6.12 883 807 856 817 736 62.40
TiO, 0.012 0.027 0.017 0.010 0.008 0.017 0.015 0.008 0.022 0.013 0.017 0.012 0.017 0.013 0.015 0.99
ALO; 075 173 104 046 058 098 092 04 127 087 1.1 0.69 098 075 09 18.90
Fe,05 031 063 057 023 046 026 031 017 04 029 051 023 054 023 037 0.11
CaO 3626 44.52 2681 26.67 2751 3542 287 2597 273 2842 2695 2674 2639 27.86 29.15 0.22
MgO 1499 627 2075 1892 21 12.65 2141 19.17 2058 20.17 20.17 205 2025 20.17 18.79 1.30
MnO 0.024 0.012 0.021 0.023 0.021 0.016 0.018 0.023 0.018 0.012 0.022 0.018 0.022 0.017 0.019 7.22
Na,O 0.05 003 008 008 005 0.08 011 008 008 008 008 011 008 008 0.08 1.20
KO 0.02 007 005 002 002 005 005 002 010 005 0.05 005 005 005 0.05 3.70
SO; 0.05 008 005 003 003 008 003 003 003 003 003 0.03 003 003 0.04 -
P,0s 0.018 0.023 0.014 0.005 0.009 0.014 0.005 0.005 0.005 0.005 0.014 0.005 0.014 0.005 0.010 0.16
LOI 4332 4311 3655 36.48 42.54 4324 4286 3921 4254 4286 42.12 4254 4235 4244 4251 -
Total 98.03 9932 98.85 9833 99.18 98.66 100.1 9838 99.59 9892 99.89 99.00 99.28 99.82 99.29

Trace elements
Rb 0.8 1.7 1.4 0.5 0.6 1.4 1.3 0.4 2.0 1.2 1.3 1.2 1.3 1.1 1.15 160
Sr 145 211 888 80.8 80.1 157 846 784 818 93.8 964 938 923 148 107.1 200
Th 0.2 0.4 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.21
U 0.7 0.6 0.6 0.7 0.8 0.7 0.9 0.6 1.1 0.9 0.7 1 0.7 1 0.75 3.1
Y 2.1 1.8 2.1 1.1 2 1.1 1.2 1 1.8 1 2 1.1 1.8 1 1.4 27
Zr 23 5.6 23 1.3 2 33 2.9 1.1 33 4 23 2.1 25 2.1 2.6 210
Nb 0.6 1.0 0.5 0.4 0.4 0.7 0.5 0.3 0.6 0.4 0.5 0.4 04 0.5 0.45 1.90
Sc 0.5 1 0.7 0.4 0.4 0.6 0.7 0.3 0.9 0.7 0.9 0.6 0.8 0.6 0.65 16
\% 13 23 13 15 28 13 16 14 9 15 16 14 13 19 15.7 150
Cr 12 32 13 13 9 10 8 14 10 9 13 7 13 9 11.82 110
Co 4.1 42 2.7 24 2.8 32 35 24 3.7 3 34 34 34 33 3.26 23
Ni 195 238 204 142 209 219 218 144 191 206 258 179 256 224 20.96 55
Cu 5 10.7 2.1 2.7 32 7.5 4 22 34 3.7 22 3 2.4 43 3.83 50
Zn 2 3 3 2 3 3 3 2 3 2 3 <2 3 2 2.55 85
Mo 023 024 022 026 045 034 057 029 045 031 022 081 017 02 0.34 1.5

Rare earth elements
La 2.0 2.1 1.5 0.8 1.7 1.0 1.0 0.7 1.5 1.0 1.7 1.1 1.6 1.0 1.34 382
Ce 383 423 316 155 338 182 1.72 135 278 168 344 186 3.17 144 253 79.6
Pr 048 043 033 02 033 021 022 018 036 022 038 027 034 022 03 8.83
Nd 1.8 1.6 1.3 0.9 1.3 0.8 0.9 0.8 1.4 0.8 1.4 1.0 13 0.8 1.15 339
Sm 042 033 032 02 026 018 019 019 036 016 032 022 028 0.19 026 5.55
Eu 0.1 0.09 009 005 007 005 0.05 005 009 004 009 006 009 005 007 1.08
Gd 039 035 032 019 029 0.17 018 017 034 017 033 024 032 019 026 4.66
Tb 0.06 006 005 003 004 003 003 003 005 002 005 0.04 005 003 0.04 0.77
Dy 033 03 034 018 029 0.6 0.17 0.17 029 0.14 032 019 029 016 024 4.68
Ho 0.07 0.06 0.07 0.04 0.06 0.03 0.04 0.03 0.06 003 007 004 007 004 005 0.99
Er 0.18 019 02 0.1 0.18 009 0.1 0.09 017 008 02 0.11 0.19 0.09 0.14 2.85
Tm 0.03 003 003 001 003 0.01 001 001 002 001 003 001l 003 001 0.02 041
Yb 0.14 018 017 008 0.15 0.09 009 008 0.15 0.07 018 009 017 008 0.12 2.82
Lu 0.02 003 003 001 002 0.02 001 001 002 001 003 0.02 003 001 002 043
YREE 985 998 791 434 81 466 471 386 759 443 854 525 793 431 653 184.77
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Fig. 5 Post-Archaean Australian ¢ PHI ——
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Zn shows positive correlation with the Fe,Os; this reflects
its association with the iron oxide phases. Positive correlation
was recorded between Rb and K,O due to association and
replacement in the clay minerals. The divalent cations such
as Co and Cu could replace Ca®* under suitable conditions
during the deposition of the limestone (Reeder 1983), this
supported by their positive correlation with the CaO (Table 2).

Sources of the rare earth elements

The REE contents in seawater are influenced by various input
sources (detrital material from continental weathering and hy-
drothermal) and scavenging processes related to salinity,
depth, and oxygen conditions (Greaves et al. 1999). The

Fig. 6 PAAS normalized rare —+—PH] —8&—
earth element patterns for the
carbonates of the Pila Spi

Formation. PAAS normalization

= PH§ =

PH2 ~* PH3 — PH4 —* PH5
PH7 — PH8 ~— PH9 —+— PBI
PB3 PB4 PB5 PAAS

MnO
NaZO

REE patterns of the sedimentary rocks could be utilized to
characterize the source of these rocks (Armstrong-Altrin
et al. 2015; Tobia 2018; Mitra et al. 2018; Roy et al. 2018;
Ramos-Vazquez and Armstrong-Altrin 2019). Seawater REE
patterns that are normalized to a PAAS are characterized by
(1) consistent light REE depletion, (2) a negative Ce anomaly,
(3) a slight positive La anomaly (Bau and Dulski 1996a,
1996b), and (4) high Y/Ho ratios (Bau 1996).

Ce/Ce* ratio is a function of a relative proportions of a pure
seawater precipitate and clastic contamination, with increas-
ing the clastics the ratio approaches to 1 (Madhavaraju and
Gonzalez-Ledn 2012). In seawater, Ce/Ce* value ranges from
less than 0.1 to 0.4 (Piepgras and Jacobsen 1992). The Ce/Ce*
ratios from 0.71 to 1.04 (average = 0.91; Table 3) in the

PH2 —#* PH3 = PH4 —*—PH5 —®—PH6 — PH7
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Table 3 Elemental ratios and anomalies of the carbonate rocks of Pila Spi Formation
PK1 PK2 PK3 PK4 PKS PK6 PK7 PKS8 PK9 PQ1 PQ2 PQ3 PQ4 PQ5 Average

Ce/Ce* 090 103 104 089 1.04 092 08 08 087 083 099 079 099 071 091
Eu/Eu* .16 125 132 121 120 135 127 131 1.21 1.14 130 123 142 124 126
(Nd/Yb)n 1.07 074 064 094 072 074 083 083 078 095 065 092 064 083 08I
(La/Yb)n 1.05 086 065 074 084 082 08 065 074 105 070 09 069 092 082
(Dy/Yb)n 142 1.00 121 136 116 107 114 128 116 121 1.07 127 103 121 1.18
(Gd/Yb)n 1.69 118 1.14 144 117 114 121 129 137 147 111 1.61 1.14 144 131
Y/Ho 30.00 30.00 30.00 27.50 3333 36.67 30.00 3333 3000 3333 2857 2750 2571 2500 30.07
Er/Nd 0.0 012 015 0.1 014 011 0.11 0.rr 012 010 014 011 015 011 0.2
Mg/Ca 021 007 040 036 039 018 038 038 039 036 038 039 039 037 033

St/Cax 107 16 18 13 12 11 17 11

12 12 13 14 14 14 21 14

studied carbonates (the samples are highly dolomitized) indi-
cate that was precipitated from the seawater with some clastic
input from the surrounding clastic continental materials. The
Pila Spi carbonate samples have consistent seawater-like REE
patterns (Fig. 6). The sensitivity to detrital contamination was
explored by Nothdurtt et al. (2004). The relatively high REE
contents of the shale, even small amounts (e.g., 1-2%), greatly
decreases the degree of LREE depletion and reduces the Ce
and La anomalies. A negative Ce anomaly in oxygenated
condition can be interpreted by oxidation of soluble Ce** to
less soluble Ce** and consecutive removal by suspended par-
ticles with scavenging process results a negative Ce anomaly
in seawater (Sholkovitz et al. 1994). Banner et al. (1988)
found that dolomitization of the limestones had little effect
on REE signatures, despite a high degree of diagenetic

Table 4 Carbon and oxygen isotopic data (as standard deviation with
reference to V-PDB), of carbonate rocks from Pila Spi Formation
(Kurdistan Region, Haibatt Sultan, and Bekhme sections)

Sample no. CO, 5"*0vppB SD 33Cyppg~ SD
PHI 7482 —136 011 =329 0.09
PH2 7018  —3.85 008  —6.17 0.05
PH3 6892  —0.55 008  —097 0.06
PH4 6292 —043 0.08  0.09 0.06
PHS5 7792 —0.70 008 0.1 0.05
PH6 7528 —2.14 0.10  —3.90 0.09
PH7 7504 0.07 0.09 025 0.05
PHS 6928  —020 0.13 029 0.10
PH9 7005 0.46 008  —021 0.06
PBI 7835  —0.28 013  —039 0.06
PB2 7008  —0.56 010 —1.06 0.09
PB3 6761 037 0.10 076 0.06
PB4 6045  —0.72 011  -092 0.08
PB5 7802 —0.60 013  —1.07 0.06
Average —0.75 —1.18

PH Haibat Sultan section, PB Bekhme section

@ Springer

alteration. They suggest that where the rocks and diagenetic
fluids have comparable REE distributions, the REE pattern
will not be significantly changed by dolomitization.

The PAAS-normalized positive Eu anomaly is found either
in waters affected by aeolian input (Elderfield 1988) or sedi-
ment provided through rivers, hydrothermal solutions, or from
alteration of high-temperature basalt along mid-ocean ridges,
back arc spreading center (German et al. 1993; Siby et al.
2008). The positive Eu anomaly (1.14-1.42, average = 1.26;
Table 3) in the studied carbonates may be due to the
suspended sediments derived through the rivers from the
continent.

The average (Nd/Yb), ratio of 0.81 in the studied carbon-
ates is almost equal to the (Nd/Yb), ratios of the carbonates of
Arabian Sea (0.85 + 0.17; Table 5). The (Nd/Yb), ratio less
than 1 represents depletion in LREE and proposes coastal/
shallow marine origin of these carbonates (Srivastava and
Singh 2019). The average (La/Yb), ratio of 0.82 (Table 5) is
less than the value suggested by Sholkovitz (1990) ((La/Yb),
= 1.3) and Condie (1991) ((La/YDb), = 1) for terrigenous rocks.
This could be due to the chemical and biochemical nature of
the sediments (Srivastava and Singh 2019). Moreover, the
range of (Dy/YD), ratio from 1.00 to 1.42 with an average
value of 1.18 is nearly similar to the Arabian Sea carbonates
ratio (1.12 + 0.11; Table 5). The higher (Dy/Yb), values rep-
resent enrichment of HREE than the LREE similar to the
modern seawater (Nagarajan et al. 2011).

The super-chondritic Y/Ho ratio strongly depends on the
salinity of the depositional environment, and it shows higher
Y/Ho ratio (~44-74) for seawater than the estuaries and river
water (Lawrence et al. 2006; Srivastava and Singh 2019). The
volcanic ash and clastic materials have nearly constant chon-
dritic Y/Ho ratio of ~ 28. In addition, the Y/Ho ratio of marine
carbonates is higher than the freshwater carbonates (Webb and
Kamber 2000; Shields and Webb 2004). Low to fairly com-
parable values of Y/Ho ratios (25.00-36.67; average = 30.07)
in the studied carbonates (Table 3) suggest influence of fresh
water input from the rivers to the seawater that lower this ratio
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Table 5 Geochemical

comparison of the carbonates of Elements ratio

Pila Spi carbonates®

Arabian sea carbonates® Shallow marine carbonates®

Pila Spi Formation with that of

Arabian sea and shallow marine Ce/Ce” 091

carbonates Eu/Eu” 1.26
(La/Yb), 0.82
(Nd/Yb), 0.81
(Dy/Yb), 1.18
(Y/Ho) 30.07
Er/Nd 0.12
YREE 6.53

0.84 +0.06 0.76 £0.16
1.15+0.08 0.58+0.11
0.85+0.2 1.82+0.46
0.85+0.17 1.51+0.30
1.12+0.11 1.25+0.17
34.14 £ 1.64 -

0.11 £0.02 0.07 £0.02
78 £ 40 73 +£20

?Present study
°Nath et al. (1997)

¢ Madhavaraju and Ramasamy (1999)

during the precipitation (Srivastava and Singh 2018).
However, Y/Ho ratios appear to decrease with increasing do-
lomite content (Nothdurft et al. 2004), similar less consistent
trend of decreasing LREE depletion (Nd/Yb), occurs with
increasing dolomite content, and the negative Ce anomaly is
absent in some dolomitized samples.

Er/Nd ratio can be a representative of the influence of
LREE/HREE fractionation in the marine conditions
(German and Elderfield 1989). The higher Er/Nd ratio value
was recorded for the marine carbonate (near 0.27; De Baar
et al. 1988). Er/Nd ratio less than 0.1 indicates addition of
detrital material as well as diagenetic process within the car-
bonates (De Baar et al. 1988; Tobia 2018). Er/Nd ratios of the
Pila Spi carbonate samples are within 0.10 to 0.14 with an
average of 0.12 (Table 3) which is lower than that of the
normal marine water. This confirms the influence of terrige-
nous input on the carbonate during the sedimentation.

The negative Ce anomaly reflects the combination of REE
from seawater or from the pore water under oxic condition,
and mixing with terrigenous materials in the marine sedi-
ments. The terrigenous input in these carbonate is confirmed
by significant positive correlation of XREE with Al,O3
(0.579, n = 14), and significant positive correlation of TiO,
with Cr and Sc (0.620 and 0.908, respectively) (Hernandez-
Hinojosa et al. 2018).

Dipositional environment

The Pila Spi carbonates have different degree of diagenetic
effects; the most abundance of them is dolomitization.
According to the crystal size and crystal boundary shape, the
fabric of dolomite was classified to three microfacies
(unimodal fine crystalline planar-e to planar-s, unimodal fine
crystalline planar-s to non-planar-a, and bimodal fine to me-
dium crystalline planar-s to non-planar-a dolomite).
Silicification of late diagenetic stage is common feature in
the studied carbonate. Also, blocky calcite cement of late dia-
genetic was recorded.

The sediments deposited in oxygenated environment are
characterized by low contents of U (Madhavaraju and
Ramasamy 1999), whereas high U contents are recorded in
sediments from the oxygen-poor zones (Nath et al. 1997). In
addition, the uranium is mobilized as U’ in oxic condition
and precipitates as U** in reducing environments (Wright
et al. 1984; Madhavaraju and Gonzalez-Leon 2012). The
low U content (0.60—1.10; average = 0.75 ppm) in the studied
carbonates (Table 1) suggests that the Pila Spi carbonates were
precipitated under oxic environments.

REE patterns may contain redox sensitive Ce anomalies;
Ce is unique among the REE because it can exist in both the
+3 and +4 oxidation state. In the presence of oxygen, Ce’* is
partially oxidized to Ce** on the surface of Mn (oxyhydr)
oxides, where it no longer participates in solid-solution ex-
change reactions, leaving residual seawater depleted in Ce
relative to other trivalent REEs (German and Elderfield
1990). This fractionation of Ce only occurs under oxic condi-
tions (German et al. 1991). The marine well oxygenated con-
ditions may prefer the scavenging of Ce(OH) on the Fe-Mg
coating the particles. The Ce/Ce* values in the studied car-
bonates have positive correlation with scavenging-type parti-
cle reactive element (Fe, » = 0.804, n = 14) which indicates
that the variations in Ce anomalies might be related to scav-
enging processes (Masuzawa and Koyama 1989).

The 5'®0 signatures of the dolomitizing fluids are derived
due to evaporation or through water-rock interactions. The
oxygen isotopic composition of the dolomites was probably
the result of fluid evaporation (Gill et al. 1995). The dolomites
become depleted in both '*C and '*0 and in transects from the
modern phreatic zone in the center to the vadose zone at the
margins. The dominant observation of the blocky calcite ce-
ments with clear twining in the carbonate of Pila Spi
Formation is a good evidence for the phreatic conditions
(Fig. 4h). The trend may be controlled by meteoric recrystal-
lization, chemical gradients during dolomitization, or both.
Dolomitization was probably due to the mixing of seawater
and due to evaporation to produce a fluid with an oxygen

@ Springer
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isotopic composition enriched in '®0 relative to normal sea-
water. The dolomitized beds occur within a lagoon that was in
a freshwater discharge area and could allow extensive evapo-
ration to take place.

The §'°C and §'0 values of carbonate rocks can be
employed to discriminate whether the basin was open or
closed and to predict the paleo-salinity of the sedimentary
environment (Talbot 1990). In open freshwater basins, the
water stays for a short time, and the carbon and oxygen isoto-
pic values are both negative, and there is no clear correlation
between them. However, in a closed saltwater environment,
the water is invariant, and the 5'>C and §'®0 values of the
carbonate rocks have a significant correlation (Fig. 7). The
strongly the closed system, the higher the correlation coeffi-
cient. The correlation coefficient () of the 5'°C and §'%0 in
the carbonate of Pila Spi Formation is 0.949 (n = 14), indicat-
ing significant strong correlation (Wang et al. 2014) and
closed system. Both §'°C and '%0 values are related to sa-
linity, and the variation trend is that the higher the salinity
corresponded to the higher § value.

Conclusions

1. The Pila Spi carbonate possesses low XREE contents,
fairly high Y/Ho ratios, low (Nd/YDb), ratios, and
seawater-like REE patterns suggesting that the REE con-
centrations were mainly derived from seawater.

2. The positive correlations of Al,O3 with XREE contents,
Er/Nd ratios, and positive Eu anomaly suggest that some
terrigenous sediments were incorporated in these
carbonates.

3. The low concentrations of Uranium and negative Ce
anomaly suggest oxic condition of deposition for the
Middle-Late Eocene Pila Spi carbonate.

4. The lower to slightly comparable values of Y/Ho ratio
(19.54- 48.75) in the studied carbonates suggest input of
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g r3
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=)
1
®eo 8Cypon
‘ : : —a T ‘ : ‘
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Fig. 7 Bivariate plots of 5'%0 (V-PDB) and 5'°C (V-PDB) for the Pila
Spi carbonates
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freshwater into the seawater during precipitation of these
carbonates.

5. The positive covariance between 5'°C and §'®0 indicates
the early diagenetic alteration of carbonates in the marine
meteoric mixing zone.

6. Geochemical comparable of the Pila Spi carbonate with
that of Arabian sea carbonate suggests that the basin had
identical chemical characteristics with that of the Arabian
Sea.
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