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Abstract Major trace and rare earth element (REE) concen-
trations in carbonate rocks of Mirga Mir Formation were an-
alyzed to study the influence of terrigenous materials on REE
distribution and to examine REE geochemistry for redox con-
ditions. Contents of SiO,, Al,O3, Fe,03, K,0O, Na,O, and
most of the trace elements are lower than that of a shale stan-
dard, whereas the contents of CaO, Nb, and Sr are higher. The
REE content however is slightly lower than that in marine
carbonate rocks. These values indicate that the carbonates of
Mirga Mir Formation possess (1) non-seawater-like REE-Y
patterns, (2) positive Gd anomalies (average=1.18), Gd/Gd*
ratio of modern shallow seawater, (3) super chondritic Y/Ho
ratio is 30.06, and (4) both negative and positive Ce anomalies
(Ce/Ce*=0.93—1.12) and most of the samples have slightly
positive La anomalies. The carbonate rocks show low U con-
tent, authigenic U, and negative Ce anomalies suggesting the
deposition under oxic conditions, while the positive anomalies
are due to the influence of detrital clays. The present study
concludes that the character of the carbonate rocks is masked
by the terrigenous sediments.
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Introduction

The rare earth elements (REEs; from La through to Lu) are a
coherent geochemical group characterized by single oxidation
state: REE*" except Ce and Eu. During the last few decades,
REEs have become important geochemical tracers in order to
understand the chemical evolution of the earth's continental
crust (McLennan 1989; Dupré et al. 1996). Many studies in-
dicate that REEs may be mobilized during weathering and that
REEs may behave non-conservatively (Sholkovitz et al.
1994).

The distribution of the REEs in marine waters, sediments,
and carbonate rocks has been studied by many researchers
(De Baar et al. 1988; Elderfield et al. 1990; Madhavaraju
and Ramasamy 1999; Armstrong-Altrin et al. 2003; Webb
and Kamber 2000; Nothdurft et al. 2004; Madhavaraju and
Lee 2009; Madhavaraju et al. 2010; Nagarajan et al. 2011;
Madhavaraju and Gonzéalez-Le6n 2012). The concentrations
of REEs in seawater are principally influenced by different
input sources (e.g., terrestrial input from continental
weathering and hydrothermal activities) and scavenging pro-
cesses related to depth, salinity, and oxygen levels especially
Ce (Elderfield 1988; Madhavaraju and Gonzalez-Ledn 2012).

The REE patterns in carbonate rocks are mainly influenced
by depositional environment such as proximity to source area
(Murray et al. 1990, 1992; Madhavaraju and Ramasamy
1999), widespread oceanic redox conditions (Liu et al. 1988;
German and Elderfield 1990; Murray et al. 1991), diagenetic
processes (Scherer and Seitz 1980; Schieber 1988;
Armstrong-Altrin et al. 2003; Morad et al. 2010; Fu et al.
2010), variations in surface productivity (Toyoda et al.
1990), lithology (Nath et al. 1992; Madhavaraju and
Ramasamy 1999; Armstrong-Altrin et al. 2003;
Madhavaraju and Lee 2009; Madhavaraju et al. 2010; Fu
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et al. 2010), and paleogeography and depositional models
(e.g., Kamber and Webb 2001; Kemp and Trueman 2003).
REE + Y in carbonates can be affected by fluid mobilization
during diagenesis and metamorphism (Holser 1997).
Therefore, ancient sedimentary rocks are considered as reli-
able proxies for REE sources.

The seawater signatures of the carbonates are masked by
the incorporation of terrigenous material, which has relatively
high non-seawater-like REE contents (Nothdurft et al. 2004;
Madhavaraju and Lee 2009; Madhavaraju et al. 2010). The
identification of terrigenous particles present in the marine
rocks as contaminants is an important aspect of understanding
the geochemistry of carbonate rocks.

The aim of this work is to study the REE characteristics in
the carbonate rocks of Mirga Mir Formation to determine the
influence of terrigenous materials on REE distribution and to
examine REE geochemistry for redox conditions.

Geological setting

The Iraqi Northern Thrust Zone is located along the Turkey—
Iraq border (Fig. 1). It is ~15 km wide, E-W trending narrow
belt between the Hazil Su valley in the west and the Dirri area
in the east. It contains Paleozoic and Mesozoic strata which
were thrust over the Palacogene and Neogene clastics and
carbonates of the High Folded Zone. The Lower Paleozoic
clastic rocks form the soft cores of the two major domes

(Ora to the east and Kaista to the west) flanked by Upper
Palacozoic and Triassic carbonates (Jassim and Goff 2006).

The Triassic and Jurassic sediments are shallow-water car-
bonates with a thickness of ~2500 m. The Cretaceous succes-
sion consists of a thin section of shallow-water carbonates
followed by ~500-m-thick siliciclastic sediments. These ob-
servations indicate that the southern Neo-Tethys progressively
widened during Early Triassic time, and the Cretaceous ridge
at the northern margin of the Arabian Shelf was activated
during Cretaceous time (Buday and Jassim 1987). A break-
up unconformity was formed on the northern and eastern mar-
gins of Arabian Plate (Jassim and Goff 2006).

The Lower Triassic rocks that include the Mirga Mir
Formation of northern Iraq represent the Neo-Tethys passive
margin sediments. These were deposited during an important
period of the evolution of the eastern margin of the Afro-
Arabian Craton, representing the exposed record of Induan
Stage (Sharland et al. 2001). The Mirga Mir Formation is
the top impermeable strata overlying Chia Zairi reservoir in
some Iraqi oil fields (Edgell 1977; Aqrawi et al. 2010; Balaky
2012).

The Mirga Mir Formation was first described by Wetzel
(1950) in the Ora region of Northern Thrust Zone. It com-
prises 200 m of thinly bedded gray and yellow argillaceous
limestone and shale with some recrystallized breccias (Fig. 2);
oolitic limestones with rare sandy beds occur near the base of
the formation (Bellen et al. 1959). In well Atshan-1 of the
Foothill Zone, the formation contains a higher proportion of
clastics, probably derived from the Rutba Uplift to the
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Fig. 2 Stratigraphic columnar sections and location of the studied samples of the Mirga Mir Formation, Northern Thrust Zone. a Nazdur section. b

Beduhe section (modified from Balaky 2012)

southwest. This formation is always underlain by the Chia
Zairi Formation and overlain by the Beduh Formation; the
contact relationships between them are conformable (Hamza
and Issac 1971). It is also crops out in the High Folded Zone of
Sirwan gorge in NE Iraq (Bellen et al. 1959; Jassim et al.
2006). On the western Stable Shelf, the most probable

occurrence of this formation is along the western boundary
of the Salman Zone. The fossils in the typical section demon-
strate that the age of the Mirga Mir Formation is Early Triassic
(Werfenian) (Bellen et al. 1959).

According to the results of petrographic, facies, and
textural analyses, Balaky (2012) concluded that the Mirga
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Mir Formation in Northern Thrust Zone was deposited at a
gently sloping epeiric carbonate ramp with two shoreline-
detached high-energy belts. The gradual shallowing of the
basin is indicated by the offshoal/basinal sediments at the
lower part of the formation to backshoal/lagoonal environ-
ments with evaporites in the uppermost part of the formation.

In terms of the timing of deposition, the Mirga Mir forma-
tion is similar to parts of the Goyan Formation in SE Turkey
(Altinli 1966), the upper part of the Dubayyat Group
(Dubertret 1966) and the lower part of the Khaneh Kat
Formation in SW Iran (Frust 1970), and the Sudair Shale
Formation in Saudi Arabia (Powers et al. 1966).

Materials and methods

Twelve carbonate samples of the Mirga Mir Formation were
collected from two sections (Figs. 1 and 2) and analyzed in
this study. Care was taken to remove the weathered materials
from the surface of the samples. Then, the selected samples
were air dried and powdered in an agate mortar. Major ele-
ment composition was obtained by X-ray fluorescence in
fused LiBO,/Li,Bi,0O, disks using X-ray fluorescence spec-
trometer at Acme Laboratories, Vancouver, Canada. Total car-
bon and sulfur concentration were determined by Leco anal-
ysis. The geochemical standards OREAS72B and SY-4(D)
were used for quality control. The analytical accuracy errors
were better than £2 % for SiO, (0.5 %), ALO5 (0.1 %), Fe,03
(1.1 %), CaO (0.1 %), MgO (1.9 %), Na,O (0.0 %), and MnO
(1.8 %) and better than +6 % for K,O and Cr,O; (5.1 and
4.9 %, respectively). The geochemical standard GS311-1
was used for total carbon and sulfur, and the accuracy errors
were better than +1 % for total sulfur (0.4 %) and better than
+5 % for total carbon (4.1 %), respectively.

Trace and rare earth elements were determined by induc-
tively coupled plasma-mass spectrometer. The acid leaching
procedure for rare earth elements followed a lithium borate
fusion and dilute acid digestion. The geochemical standard
SO-18 was used for the calibration of trace and rare earth
elements with exception of Cu, Pb, Zn, and Ni where
GS311-1 was used. The results were compared with the rec-
ommended values. The precision was better than +2 % for Ba,
Cs, U, and Zn (1.8, 1.4, 0.6, and 0.05, respectively) and better
than £6 % for Ga, Th, V, Zr, Y, Mo, Cu, and Pb (5.4, 2.1, 3.8,
2.2,2.6,2.7,5.9, and 4.1 %, respectively). The precision was
better than +4 % for rare earth elements La, Ce, Gd, Dy, Er,
Yb, and Lu (3.9,0.0,2.4,3.4,4,2.3, and 3.8 %, respectively);
+10 % for Prand Tm (8.2 and 6.9 %, respectively); and £15 %
for Nd, Sm, Gd, Tb, and Ho (10.2, 14.9, 11.3, 12.8, and 12.7,
respectively).

Yttrium is inserted between Dy and Ho in the REE pattern
based on its identical charge and similar radius (Bau 1996).

@ Springer

REEs were normalized to the Post-Archean Australian Shale
(PAAS) values of Taylor and McLennan (1985).

Results

The major oxide analysis of the carbonate samples from the
Mirga Mir Formation is given in Table 1. The content of SiO,
(4.63-51.42 %, average=16.57 %), Al,O3 (0.32-17.67 %,
average=4.89 %), Fe,05 (0.41-8.06 %, average=2.10 %),
and CaO (3.71-53.97 %, average=40.65 %) between the an-
alyzed samples is variable. Except for CaO, sample NM6 has
the highest contents of the major oxides (Table 1), which is
similar to that of PAAS. In comparison to PAAS, the Mirga
Mir carbonate rocks have lower concentrations of Ba, Co, Cs,
Ga, Hf, Rb, Th, U, V, Zr, Y, Cu, Pb, and Zn and higher con-
centrations of Nb and Sr. In addition, a significant variation is
also observed in most of the trace elements (Table 2).

The concentrations of REE are generally lower in carbon-
ate rocks than shales (Table 3). The sediments of high REE
concentration show non-seawater-like pattern (Nothdurft et al.
2004; Nagarajan et al. 2011).

PAAS-normalized REE-Y patterns of carbonate rocks of
the Mirga Mir Formation are shown in Fig. 3. They exhibit
(1) non-seawater-like REE-Y patterns, (2) positive Gd anom-
alies (average=1.18); Gd/Gd* ratio of modern shallow seawa-
ter is 1.05 to 1.30 as suggested by De Baar et al. (1985) and
Zhang and Nozaki (1998), (3) super chondritic Y/Ho ratio is
30.06 more or less comparable with the limestone of Mural
Formation (34.5+5) (Madhavaraju et al. 2010) and less than
the value of seawater (~44—74) as stated by Bau (1996), and
(4) Ce/Ce* values (0.93—1.12) are nearly close to 1 as shown
in Table 4 and Fig. 4. This reflects the limited Ce anomalies.

With the exception of sample NM6 (187.04 ppm), the
> REE contents vary from 20.22 to 105.15 which is lower than
PAAS (Table 3). The differences of REE content between the
analyzed samples result mainly from the amount of the terrig-
enous materials in the carbonate rocks (Table 1) which effec-
tively mask the seawater characters.

Discussion
Depositional environment

The Ce anomalies in marine carbonate rocks have been con-
sidered indicators of contemporaneous paleo-redox conditions
(Liu et al. 1988). The deficiency of Ce relative to neighboring
rare earth elements can be explained by oxidation of trivalent
Ce to less soluble tetravalent Ce and successive removal by
suspended particles through the scavenging process
(Sholkovitz et al. 1994). However, Ce is remobilized and re-
leased into the water column in the suboxic environment
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Table 1  Major oxide concentrations (wt%) of the carbonate rocks of the Mirga Mir Formation, Kurdistan Region

Sample no.  Clastic %  Carbonate %  SiO, AlLO; Fe,O3

CaO MgO KQO NazO MnO TlOz PZOS LOIL Total

BM1 25.0 75.0 1133 337 1.26
BM2 423 57.7 20.85 7.03 245
BM3 07.4 92.6 463 032 0.44
BM4 46.4 53.6 25.80 8.18 2.85
BMS5 115 88.5 465 038 041
BM6 41.1 58.9 21.56  6.79 2.58
NM1 284 71.6 16.03 3.40 1.42
NM2 242 75.8 1175 3.87 1.61
NM3 15.2 84.8 5.09 1.05 0.77
NM4 39.5 60.5 17.73 5385 227
NMS5 14.2 85.8 796  0.82 1.03
NM6 91.9 08.1 5142 17.67 8.06
Average 323 67.7 16.57 4.89 2.10
PAAS - - 6240 1878 7.18

46.07 089 053 027 002 016 0.02 3658 1005
3589 1.61 1.29 027 003 032 0.03 3024 100.0
5397 037 0.02 0.10 002 001 002 140 101.3
31.99 130 1.76 055 006 034 006 2728 1002
5174 189 0.01 0.13 003 001 0.02 4148 100.8
3524 184 127 030 003 032 005 3026 1002
4279 072 0770 0.17 003 030 0.03 3465 1003
4449 125 050 0.17 0.03 021 0.04 3640 1003
51.83  1.01 0.09 0.10 002 005 001 4076 100.8
3899 145 089 025 003 027 0.04 3259 1004
51.04 041 0.08 0.17 002 006 002 3955 1012
3.71 328 559 024 003 059 017 8.82 99.58
40.65 134 1.06 023 003 022 0.04 3000 10047
1.29 219  3.60 1.10 0.11 099 0.16 6.00 103.97

BM Beduhe section, NM Nazdur section

resulting in a less negative to positive anomaly in seawater
(De Baar et al. 1991). La and Ce anomalies were calculated
using the Ce/Ce* and Pr/Pr* ratios following the technique of
Bau and Dulski (1996) (modified by Webb and Kamber
2000). The studied samples have limited positive and others
have negative La and Ce anomalies (Figs. 3 and 4). Ce/Ce*
ratio is a function of the relative proportion of a pure water
precipitate and clastic contamination, and with increasing
clastic contamination, the ratio approaches 1.

Positive Ce anomalies mainly occur due to detrital input
(Nath et al. 1997; Madhavaraju and Ramasamy 1999;
Madhavaraju and Lee 2009; Madhavaraju et al. 2010), dia-
genesis (Armstrong-Altrin et al. 2003), scavenging process

(Masuzawa and Koyama 1989), and paleo-redox conditions
(Liu et al. 1988).

In this study, the Ce/Ce* values have negative correlation
with scavenging-type particle reactive elements (e.g., Ce/Ce*
vs Fe, ¥=—0.569) as shown in Table 5. The observed varia-
tions in Ce anomalies whether influenced by scavenging pro-
cess or paleo-redox changes can be tested by other redox-
sensitive elements (uranium and authigenic uranium
contents).

The post-depositional early diagenesis (especially in the
clay minerals) played a significant role in remobilization as
well as fractionation of REEs between sediment and seawater.
The fractionation of heavy rare earth elements (HREEs)

Table 2  Trace element concentrations (ppm) of the carbonate rocks of the Mirga Mir Formation

Sample no. Ba Co Cs Ga Hf Nb Rb

Sr Th 18) \% Zr Y Cu Pb Zn

BMI 41 3.0 1.2 4.7 0.8 4.1 23.5
BM2 83 7.0 2.5 9.7 1.7 79 53.9
BM3 16 1.1 0.1 0.5 0.2 0.3 1.1
BM4 285 8.2 32 108 2.0 6.8 66.5
BM5 14 12 0.1 0.5 0.2 0.4 1.0
BM6 83 72 2.5 93 1.9 8.5 52.1
NM1 33 53 12 4.5 1.7 6.3 212
NM2 57 4.6 1.6 5.5 1.1 53 27.6
NM3 13 1.9 0.2 1.6 0.3 1.3 5.7
NM4 73 42 22 8.6 1.9 7.7 44.0
NMS5 114 1.8 0.1 0.9 0.8 1.3 39
NM6 299 9.7 11.1 249 43 132 180.0
Average 9258 4,60 217 6.79 141 526 40.04
PAAS 650 23 15 5 19 160

1301 2.8 1.8 24 36.4 7.0 2.8 1.8 14
800 4.7 1.8 44 68.3 9.7 5.1 52 23

303 0.4 0.9 8 7.3 33 3.7 8.2 6
846 6.9 2.5 53 80.1 16.0 221 55 38
299 0.7 0.3 8 19.0 6.6 1.4 3.1 87

449 5.1 1.5 44 77.4 113 5.7 4.6 25
526 4.5 1.0 24 77.1 13.0 44 49 8
1187 35 1.1 30 45.6 83 42 42 16
576 1.0 0.6 12 13.8 4.8 1.1 1.4 4
832 4.8 1.3 42 68.2 10.3 9.4 2.0 24
653 1.0 0.5 9 25.6 44 0.8 2.0 4

38 162 28 105 1315 26.0 231 72 58
650.8 430 134 3358 5419 1006 698 4.18 2558
200 146 3.1 150 210 27 50 20 85

@ Springer



259 Page 6 of 13

Arab J Geosci (2016) 9: 259

Table 3  Rare carth element concentrations (ppm) of the carbonate rocks of the Mirga Mir Formation

Sample no. La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu LREE HREE REE
BM1 103 199 237 99 176 034 156 023 121 022 063 009 064 009 4457 4.67 49.24
BM2 184 341 388 138 250 049 228 033 1.72 036 106 0.14 093 014 7317 696 80.13
BM3 4.1 90 098 33 066 0.17 079 0.10 047 010 028 0.04 020 003 1821 201 20.22
BM4 223 438 493 198 3.64 074 317 048 241 052 150 023 143 020 9521 9.94 105.15
BMS5 7.8 206 237 98 1.86 042 182 024 124 024 056 0.06 035 006 4285 457 4742
BM6 19.0 358 405 153 257 054 237 034 227 037 117 0.17 114 015 7726 798 85.24
NM1 152 321 365 151 3.08 063 295 040 232 045 1.17 0.17 118 0.17 6976 881 78.57
NM2 131 261 300 120 201 043 185 024 156 026 082 0.13 073 010 5664 569 6233
NM3 6.6 163 213 87 1.87 037 165 0.19 112 014 041 005 031 006 3597 393 39.90
NM4 17.1 334 374 147 243 046 217 030 1.78 036 108 0.15 1.07 015 7183  7.06 78.89
NMS 42 98 133 52 117 023 113 0.15 086 015 035 006 024 005 2193 299 24.92
NMé6 393 760 930 357 6.82 132 566 0.82 508 09 274 042 253 039 16844 18.6 187.04
Average 14.8 297 348 136 253 051 228 032 184 034 098 0.14 090 0.13 6465 693 71.59
PAAS 382 786 883 339 555 1.08 466 0.77 468 099 285 041 282 043 166.16 17.61 183.77

during early diagenetic recrystallization is primarily controlled
by HREE-carbonate complexation in the solution flushing the
sediment/pore water system, whereas the light rare earth ele-
ments (LREEs) are controlled by reactions involving the con-
tinentally derived particulates within the sediments
(Mazumdar et al. 2003).

Compared to HREEs, the behavior of the LREEs in
Mirga Mir carbonates cannot be explained by carbonate
complexation reaction. However, reactions involving
LREE-enriched particles in the sediment—water system
may impart REEs into carbonates during recrystalliza-
tion. In addition, the presence of authigenic clay min-
erals such as mixed layer illite-smectite in several

samples (Balaky 2012) indicates dissolution/
reprecipitation of silicate phases. Such reactions mobi-
lize silicate phase-hosted REEs and may affect the
LREE abundances during recrystallization of carbonate
sediments.

Mode of occurrence of REE

The absorption of fine-grained minerals (e.g., clay min-
erals) and organic matter may be the main mode of
occurrence of REEs. The YREE contents of carbonate
samples from the Mirga Mir Formation are positively
correlated with the Al,Os3. The significant correlation

Fig. 3 Post-Archean Australian
Shale (PAAS) normalized REE =y=iMl  ameBM2 s BM3 vy BMA - seeBMS
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Table 4  Elemental ratios and anomalies of the carbonate rocks of the Mirga Mir Formation

Sample no. Ce/Ce* EuwEu* Pr/Pr* Gd/Gd* (La/Yb), (Nd/Yb), (Dy/Yb), Er/Nd Y/Ho Authigenic Th/U Th/Cr Cr/Th La/Co Th/Co
U (ppm)
BM1 0.94 0.97 098 1.10 1.19 1.29 1.14 0.064 31.82 0.87 1.56 082 121 343 093
BM2 0.94 0.97 1.05 1.12 1.46 1.23 1.11 0.077 2694 0.23 261 020 509 263 0.67
BM3 1.05 1.11 1.05 134 1.51 1.37 1.42 0.085 33.00 0.77 044 012 850 373 036
BM4 0.98 1.03 098 1.07 1.15 1.15 1.02 0.076 30.77 0.20 276 029 348 272 084
BMS5 1.12 1.07 097 122 1.65 233 2.13 0.057 27.50 0.07 233 007 1471 650 0.58
BM6 0.95 1.03 1.01 1.13 1.24 1.12 1.20 0.076 30.54 340 037 269 264 0.71
NM1 1.01 0.98 097 1.19 0.95 1.06 1.18 0.077 28.89 450 0.16 6.09 2.87 0385
NM2 0.97 1.05 099 121 1.32 1.37 1.29 0.068 31.92 318 020 489 285 0.76
NM3 1.02 0.99 1.04 128 1.57 2.33 2.18 0.047 3429 027 1.67 0.10 103 347 0.53
NM4 0.98 0.94 099 1.15 1.18 1.14 1.00 0.073 28.61 3.69 023 427 407 1.14
NM5 0.97 0.94 1.08 1.21 1.29 1.80 2.16 0.067 29.33 0.17 200 0.15 680 233 0.56
NM6 0.93 1.00 1.04 1.09 1.15 1.17 1.21 0.077 27.08 579 034 296 4.05 1.67
Average 0.99 1.01 1.01  1.18 1.31 1.45 1.42 0.070 30.06 283 025 592 344 0.80

Ce/Ce*= Ce,/(La,*Pr,)* ; EwEu*= Eu,/(Sm,*Gd,)* , Pr/Pr*= [Pr/(0.5Ce+0.5Nd)],; Gd/Gd*= [Gd/(0.33Sm+0.67Tb)],;; Authigenic U= total U-(Th/3)

coefficient indicates that the REEs of carbonate sam-
ples occur mainly in aluminosilicate minerals which are
also supported by significant positive correlations be-
tween XREE content and SiO,, K,O, and MgO
(Table 5). In contrast, the ¥REE contents show nega-
tive correlation with organic carbon (»=-0.976, n=12)
and organic sulfur (r=-0.324, n=12).

[llite is the major clay mineral present in all studied samples
of the Mirga Mir Formation and kaolinite is the second abun-
dant clay, whereas chlorite is relatively low. Some clay min-
erals are of detrital origin. A diagenetic origin is also probable
through conversion of smectite, kaolinite, and chlorite to illite
but the presence of mixed layer clays supports the diagenetic
origin (Balaky 2012). Illite is characterized by enrichment of
the REE.
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Fig. 4 Plot of Ce anomaly (Ce/Ce*) vs the Pr anomaly (Pr/Pr*) for
limestone of the Mirga Mir Formation (after Bau and Dulski 1996). The
range of modern seawater is shown by the shaded area (Nagarajan et al.
2011)

Source of rare earth elements

The enrichment and depletion of REE in limestones may be
influenced by various factors: (i) addition of terrigenous par-
ticles from the continent (McLennan 1989), (ii) biogenic sed-
imentation from the overlying seawater (Murphy and
Dymond 1984), (iii) scavenging process related to
depth, salinity, and oxygen levels (Elderfield 1988;
Greaves et al. 1999), and (v) authigenic removal of
REE from the water column and early diagenesis
(Sholkovitz 1988). Seawater contributes lesser amounts
of REE to the chemical sediments, but the samples with
non-seawater-like pattern exhibit higher REE concentra-
tion (Nothdurft et al. 2004) due to the contamination
with non-carbonate materials such as silicates, Fe-Mn
oxides, phosphates, or sulfides during the chemical
leaching (Zhao et al. 2009; Nagarajan et al. 2011). If
carbonate minerals precipitated in equilibrium with sea-
water, then they typically possess negative Ce anoma-
lies, which may also be reflected in the REE patterns of
limestone (Palmer 1985).

Significant variations in >REE content of carbonate rocks
are noticed in the Mirga Mir Formation from 20 to 187 ppm
with an average of 72 ppm (Table 3). This average is more or
less comparable with shallow-marine carbonate and Arabian
Sea carbonate sediments (7320 and 78+40 ppm, respective-
ly) (Nath et al. 1997; Madhavaraju and Ramasamy 1999).
Differences in ¥REE content among the individual samples
are mainly due to variations in the amount of terrigenous sed-
iments included in these limestones. REEs show very strong
positive inter-elemental relationships (>0.955, n=12) as
shown in Table 6, indicating their coherent nature, which also
reveals that they are closely related to the terrigenous
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Table 6  Correlation coefficient matrix for the rare earth elements of the carbonate rocks of the Mirga Mir Formation

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu REE
La 1
Ce 0995 1
Pr 0990 0997 1
Nd 0983 0994 0997 1
Sm 0959 0977 0987 0992 1
Eu 0955 0976 0984 098 0997 1
Gd 0957 0976 0983 0988 0997 0998 1
Tb 0968 0983 098 0990 0994 0994 099% 1
Dy 0966 0979 0987 098 0990 0989 0990 0987 1
Ho 0973 0985 098 0987 0987 098 099 099 0987 1
Er 0.991 0995 0994 0992 0981 0980 0982 098 098 0994 1
Tm 0982 0984 0985 0984 0975 0973 0973 0982 0983 098 0995 1
Yb 0.987 098 0980 0981 0966 0962 0968 0978 0976 0984 0994 0991 1
Lu 0982 0987 0989 098 0985 0979 0984 098 0987 0994 099 0993 0993 1
REE 0994 0999 0998 099 0983 0980 0981 0987 0984 0988 0997 0988 0988 0991 1

More than 0.655 correlation is significant at 0.01 level (2-tailed)

siliciclastic during weathering and REE fractionation
(Mazumdar et al. 2003; Nagarajan et al. 2011) and is an evi-
dence of very strong bonds between various REE.

PAAS-normalized REE + Y patterns (Fig. 3) of the Mirga
Mir carbonate rocks exhibit flat LREE patterns in some sam-
ples and relative HREE depletion in others, in addition to
negative Ce anomalies and positive Gd anomalies. The ob-
served (Nd/Yb),, ratio (average=1.45) of the present samples
is more or less similar to that of shallow-marine carbonate
(1.51£0.30) (Madhavaraju and Ramasamy 1999) (Table 7).

The (La/YD),, ratios range from 0.95 to 1.65 with an aver-
age of 1.31 which is similar to the values of terrigenous par-
ticulate matter (1.30; Sholkovitz 1990).

The (Dy/YDb), ratio of carbonate of the Mirga Mir
Formation varies from 1.00 to 2.18 (average=1.42) which is
similar to the shallow-marine carbonate (1.25+0.23)
(Madhavaraju and Ramasamy 1999) and Indian Ocean car-
bonate sediments (1.37+0.05) (Nath et al. 1992) (Table 7).

The effects of LREE/HREE fractionation in modern and
ancient marine systems can be documented by the Er/Nd ratio
(German and Elderfield 1989; Nagarajan et al. 2011). The Er/
Nd ratio in normal seawater is about 0.27 (De Baar et al.
1988). The high Er/Nd ratio of limestones effectively reveals
the seawater signature retained by the marine carbonate.
Addition of detrital material or diagenesis process can re-
duce the Er/Nd value to <0.1 due to preferential concen-
tration of Nd relative to Er (De Baar et al. 1988; German
and Elderfield 1989; Bellanca et al. 1997). The Er/Nd
ratios of the carbonate rocks of the Mirga Mir Formation
vary between 0.047 and 0.085 with an average of 0.070
(Table 4) and are comparable to shallow-marine carbonate
(Madhavaraju and Ramasamy 1999) (Table 7) indicating

the influence of detrital material. The carbonates precipi-
tated from seawater may have variable degrees of contam-
ination (e.g., shale contamination) that would have sup-
pressed the seawater signature, which effectively masks
the seawater characterististics.

The influence of terrigenous materials in the carbonate
rocks may be assessed by the relative abundance of Al, Zr,
Y, Hf, and Th values. Al, Fe, Ti, Th, Rb, and Ce concentra-
tions show significant positive correlations between them-
selves (Table 5) indicating that Ce is partially related to detrital
input along with the original seawater fractionation. Positive
correlation of XREE with Al,O3 (r=0.974, n=12) and
negative correlation with CaO (r=-0.983, n=12)
(Table 5) imply the presence of terrigenous fractions,
which may be the possible source of REE in these car-
bonate rocks. The terrigenous source of REE is further
confirmed by the strong positive correlation between
>REE and Fe,O;, Ni, Th, Cr, and Y (Table 5). The
significant correlation between the major oxides
(Al,O3, Fe,;03, TiO,, and MnO) confirms the presence
of detrital input to the basin during the deposition. On
the other hand, the Ca concentration shows negative
relationship with the detrital components (Table 5),
which is consistent with Ca precipitated mainly with
shallow-water carbonates.

The Th/Cr ratios are widely used to constrain the prove-
nance composition of the source region, based on their dis-
crimination of felsic and mafic rocks (Wronkiewicz and
Condie 1990; Cox et al. 1995; Cullers 1995, 2000;
Armstrong-Altrin et al. 2004; Armstrong-Altrin 2009). Th/
Cr, La/Co, and La/Th ratios of carbonate rocks of the Mirga
Mir Formation (Table 4) are compared with felsic and mafic
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Table 7  Average values of the carbonate sediments of the Mirga Mir Formation (this study) compared to the values of shallow and deep-water marine

carbonate sediments

Element Mirga Mir carbonate Shallow marine Arabian Sea carbonate Indian Ocean carbonate Yellowish
ratio sediments® carbonate” sediments® sediments” limestone®
Ce/Ce* 0.99 0.76+0.16 0.84+0.06 0.56 0.57+0.05
(La/Yb), 1.31 1.82+0.46 0.85+0.2 0.166+0.953 0.71£0.15
Gd/Gd* 1.18 1.09+0.04 0.98+0.20
(Nd/Yb), 1.45 1.51+£0.30 0.85+0.17 0.83+0.13 0.42+0.09
(Dy/YDb), 1.42 1.25+0.17 1.12+0.11 1.37+0.05 1.19+0.11
Y/Ho 30.06 34.14+1.64 31.11£9.17
Er/Nd 0.07 0.07+0.02 0.11+0.02 0.2+0.02
EwEu* 1.01 0.58+0.11 1.15+0.08 >1 1.88+1.009
REE (ppm) 71.78 73+20 78+40 25.55+9.914
* This study

® Madhavaraju and Ramasamy (1999)
“Nath et al. (1997)

4 Nath et al. (1992)

“Nagarajan et al. (2011)

rocks (fine fraction) as well as to the average upper continental
crust (UCC) and PAAS values (Table 8), which suggests a
source of felsic rocks.

Redox-sensitive element and REE application
for palaeo-environmental analysis

Oxygen levels in water influence the oxidation state of some
trace elements and control their solubility in seawater and their
enrichment in marine sediments (Arnaboldi and Meyers 2007;
Azmy et al. 2009; Hua et al. 2013). From the trace element
concentrations of the sediments, we can estimate the oxidation
state of the bottom water and sediments during deposition
(Hua et al. 2013).

Uranium is mobilized as U®" in oxic environments and
precipitates as U*" in reducing environments (Anderson
et al. 1983; Wright et al. 1984). Similarly, vanadium is oxi-
dized to soluble V®" under oxic environments and reduced to
V*" and forms insoluble VO(OH), under mildly reducing
conditions (Wanty and Goldhaber 1992). Other redox-

sensitive elements such as Co and Cr behave in a similar
way, which tends to be more soluble under oxidizing condi-
tions (Algeo and Maynard 2004).

The concentration of authigenic uranium (authigenic U=
total U-Th/3) has also been used to understand the redox
change in the marine environments (Wignall and Myers
1988). The authigenic uranium content of the analyzed sam-
ples is less than 2 ppm (Table 4) which suggests oxic condi-
tions of deposition.

The Ce anomaly in marine carbonate rocks was used as an
indicator of palaco-redox conditions. Many studies have been
undertaken on Ce behavior in marine environments to esti-
mate the palaeo-oceanographic conditions (Liu et al. 1988;
German and Elderfield 1990; Nath et al. 1997). As marine
waters show negative Ce anomaly, similar Ce anomaly in
limestone reveals the inclusion of REE directly from seawater
or pore water under oxic conditions. The negative Ce anomaly
can be explained by oxidation of Ce®" to less soluble Ce*" and
successive removal by suspended particles through scaveng-
ing process (Sholkovitz et al. 1994; Madhavaraju and

Table 8 Range and elemental

ratios of carbonate rocks of the Ratios Range of present study ~ Range of felsic rocks®  Range of mafic rocks® ~ UCC*  PAAS®

Mirga Mir Formation compared

to felsic, mafic rocks, Upper EwEu*  0.94-1.11 0.40-0.94 0.71-0.95 0.63 0.66

Continental Crust (UCC), and Th/Cr 0.07-0.82 0.13-2.7 0.018-0.046 0.13 0.13

gj’[izf’é;"hean Australian Shale CYTh  121-1471 4.00-15.00 25.00-500 776 753
La/Co 2.33-6.50 1.80-13.80 0.14-0.38 1.76 1.65
Th/Co 0.36-1.14 0.67-19.40 0.04-1.40 0.63 0.63
 Cullers (2000)

® Taylor and McLennan (1985)
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Gonzalez-Ledén 2012). However, Ce is remobilized into the
water column in the suboxic environment resulting in a less
negative to positive anomaly in seawater (De Baar et al.
1991).

The carbonate samples from the Mirga Mir Formation
show low values of redox-sensitive elements (e.g., U, V, Co,
and Cr) (Table 2). Six samples show slightly negative Ce
anomalies and the others show slightly positive Ce anomalies.
The former are due to the oxic conditions while the positive
are due to the influence of detrital input (Madhavaraju and
Ramasamy 1999; Madhavaraju and Lee 2009; Nath et al.
1997), scavenging process (Masuzawa and Koyama 1989),
and palaeo-redox conditions (Liu et al. 1988).

Conclusions

The carbonates of the Mirga Mir Formation show limited
positive and negative La and Ce anomalies. The variations
in Ce anomalies in these limestones were controlled by the
detrital input, scavenging process, and diagenesis (especially
in the clay minerals). The low contents of U and authigenic U
of limestones of the Mirga Mir Formation suggest that these
limestones were deposited under oxic conditions. Th/Cr ratios
are in the range indicative of the felsic rocks.

The limestones possess moderate >REE contents, moder-
ate (La/Yb), ratios, and non-seawater-like REE-Y patterns
suggesting that the REE concentrations were mainly derived
from the terrigenous sediments.

These limestones were affected by effective shale contam-
ination which masked their original seawater pattern. These
results indicate that the original seawater-like REE + Y pat-
terns were changed in the limestones due to the contamination
with very large amounts of terrigenous materials.
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