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Abstract

Provenance and tectonic setting of the Late Lower Cretaceous (Albian) sandstones in SW Iran have
been interpreted on the basis of geochemistry (major and trace elements) of 35 samples from Ira-
nian offshore oil fields (Soroosh, Nowrooz, Foroozan and Hendijan). Geochemically, trace-element
concentrations, such as La, Th, Sc and Zr, and ratios, such as La/Sc, Th/Sc, La/Co, and Th/Co, of
sandstones from Kazhdumi Formation at four localities indicate that they were derived from felsic
source rocks and deposited in a passive continental margin. Most major and trace element con-
tents of Kazhdumi sandstones are generally similar to upper continental crust (UCC) values. How-
ever, some samples are depleted in major and trace elements (such as K0, Na;O0, Sr and Ba) relative
to UCC, which is mainly due to absence or smaller amount of Na-rich plagioclase and K-feldspar and
also paucity of clay minerals, which is possibly due to intense weathering and recycling. Enrich-
ments in Zr, negative Sr anomalies and Th/U ratios higher than 4 for Kazhdumi sandstones are
further evidence for recycled sources. The study of paleoweathering conditions based on chemical
index of weathering (CIW) indicates a moderate to intense weathering of first cycle sediments, or
it may alternatively reflect recycling under semi-arid to semi-humid climate conditions in Kazh-
dumi sandstones. The results of this study suggest that the main source for the Kazhdumi sand-
stones is likely located in uplifted shoulders of a rifted basin (Neo-Tethys) in its post-rift stage
(Arabian basement).
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1. Introduction

The goal of provenance studies is to deduce the characteristics of sediment source areas. The various types of
source rocks produce different suite of detrital minerals which reveal the character of that rock from which the
suites have originated [1]. However, the geochemical composition of clastic rocks is widely used to understand
the composition [2]-[5], evaluate weathering processes [6]-[8], and to develop paleogeographic reconstructions
of source regions [9]-[11]. Trace elements (e.g., Nb, Ni, V, Co, Y, La, Th, Sc and Zr) in clastic sedimentary
rocks are considered to be immobile under conditions of weathering, diagenesis and moderate levels of meta-
morphism, and are commonly preserved in sedimentary rocks [12] [13]. Therefore, such trace elements might
constitute well-established provenance and tectonic setting indicators [12] [14].

Since most of petroleum reservoirs in Iran are hosted in carbonate rocks [15] [16] less attention has been paid
to the siliciclastic sediments, especially in relation to provenance studies. In the present study, we used the geo-
chemistry of sandstones and shales that make-up the Kazhdumi Formation in the offshore oil fields, SW Iran
(Figure 1). The objectives of this study are to evaluate the source area composition, tectonic setting and paleo-
weathering conditions during deposition of the Kazhdumi Formation. The data will help us to expand and im-
prove models for the evolution of the Late Lower Cretaceous (Albian) siliciclastic rocks of the Middle East.

2. Regional Geological Setting

The Burgan Formation, Lower Cretaceous (Albian) sands and shales, is lateral equivalent of the Kazhdumi

i
1
o !
) X
IRAQ
———— R%=S
7 e IRAN
7/ 3
/ @Nowrooz %
KUWAI : :
S Dorra: Sug)osh /
'~ [ &)
Lo Hout‘ “. Foroozan.*
! Saroazan Kuh-E-Mond ey
NEUT \L ‘ ARABIA
ZONE N e Q\!(smgsm
\\“\ ar
\% SIS No scale
Nravn
SAUDIARABIA Golshan D Sarkhu
Assaluyeh Clb
Abu Safa
South Pars
Al-Rayyan,
Resalat Baih Bukh
[ Sirri Mubarak
LR Reshadat [
i Study Area 8 gSaiman o OFateh Sharjah
. Fallah
. X Alshargi Nasr
@ Oil Field @i Shair
O Gas Field Ghashal @) Zakum
\
! e ﬁ:g.m
0 50 100 L Hail
Scale m——— Km ;
! Jarn Yaphour =~ 7"~
\ Bab” !\ OMAN
'\‘ ./. \?
\ s \
\ AN
\ I8 FAHUD
Ve | § 0
_______________ A YIBAL
----- -
N\, 'AL—HUWAISAH
\
R

Figure 1.

Location map of the Persian Gulf, study area showed on the map (modified after Mashhadi et al., [26]).
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Formation in the northwestern side of the Persian Gulf. Kazhdumi formation and its equivalents (such as Nahr
Umar Formation; Safaniya and Khafji Members) form important reservoir rock in several supergiant and many
giant oil fields [17]-[20]. The Great Burgan Field in the Kuwait has been ranked as the world’s second largest
oil field (after Ghawar field) and mainly produces from the Burgan clastics. As well as, this clastic unit is wide-
spread and forms an important reservoir and minor source rock in SW lIran, southern Iraq, Kuwait, NE Saudi
Arabia and a minor reservoir in offshore Qatar [21] (Figure 1 and Figure 2).

Glynn Jones, 1948 (in VVan Bellen et al., [22]), first used the name “Nahr Umr Formation” to Describe a sandy
and shaly interval between the Aptian limestones (Shuaiba Fm.) and the late Albian limestone (Mauddud Fm.)
in south Irag. The Burgan Formation was introduced and described first by Owen and Nasr [23] in the Burgan
Field (well No#113) and it consists of several tens to a few hundred of meters of sands, shale, ooid ironstone and
some limestone [20] [21].

Al-Fares [24] reported the existence of a major hiatus within the Albian clastics (traditionally named Burgan
Formation). Subsequently, he suggested a redefinition of the Burgan Formation in offshore Kuwait. He proposed
that the “Unnamed Clastics or Shuaiba Clastics” between Burgan and Shuaiba Formations should be defined as
a new formation. A current difficulty in the study of Burgan Formation is the absence of good and well-studied
outcrop analogues. As well as, the difficulties arise from the fact that this formation is barren of fossils.

Similarly, the Albian clastics (Kazhdumi equivalents) in offshore Iran are known and named as Burgan For-
mation, based on the Kuwait stratigraphic nomenclature scheme. The Soroosh, Nowrooz and Foroozan fields are
the main Burgan reservoirs in Iranian territories that are located in offshore Zagros. In Iran, the Burgan Forma-
tion has been informally subdivided into the sand dominated lower (part B) and shale-dominated upper (part A)
Burgan members. The thick lower sandy member is main reservoir in this formation in most fields [18] [19].

Generally, the Kazhdumi formation has approximately 210 m thickness in study area. Thickness of the
Kazhdumi Sand units (part A and B) at wells ranges from 60 to 126 m with average of 97 meters. Kazhdumi
Formation is separated from the underlying Dariyan (Shuaiba) Formation by a regional erosional unconformity
of late Aptian age (Figure 3). Scott et al. [25] recognized duration of the unconformity around 2.2 million years,
whereas Alfares et al. [24] determined 6 - 11 million years hiatus based on nano-fossil study. The upper contact
with the Lower Sarvak (Mauddud) is gradational.

IRAN SOUTH KUWAIT NEUTRAL SAUDI BAHRAIN QATAR [UNITED ARAB OMAN AGE
OFFSHORE IRAQ ZONE ARABIA OFFSHORE

I I I I I [

- - |8
“| NahrUmr Fm.
T - .-

PP ad At N SUW

I
[
I
[
I
[
I

I
[
I
[
I
I
I

I I I
I
I I I
I
I I I
I
I [ [ [l &
I I I %
I
[ I [
I
[ [ [
Facies change
Limestone (Sandstone to shale) O cas
~s~ . Contact unconformable
@ Dolomitic Limestone B SEAL
Shale Centact conformable A Source
=
Sandstone e oi § Thichness of Albian clastics

Figure 2. Lithostratigraphy of the Albian sequence in the Persian Gulf (modified after Alsharhan [21]) (Figure 1 represents

the location of the mentioned localities).



B. Noori etal.

¢ Proximal Distal >
2T & Well # “N”_ I Well # °S” | Well # T~ Well # “H"
58 g s _Lithology P~y GR_ofems[ Lithology beTo_GR tofe+[ Lithology b~Jo_GR wo[==+ Lithology |
5§ ¢ Sarvak Z [10m
o S ~ I Sand/Sandstone gt
Shaly Sand / Sandstone
Silt / Siltstone
= Shale
Kazhdumi = Limestone
Shale s \ Arg. Limestone
7
7 &
% =
(@] — Kazhdumi _
8 c| E Limestone £
8|85 (Dair) S
o 2o =
S < s
(@) N . =
ah, m L] g
54
g e g Burgan “A’] P E—— :
L]
— s . } s
S 7 (- -
=} . o t| Iz M
T o 59 =
~ 5 =
S o=
& [Burgan “B] * = = {
X | : v [Renenee =
: X =18
% : =
g Dariyan . % 2

« Depth of samples

Figure 3. Lithostratigraphic sections of the Late Lower Cretaceous (Albian) Kazhdumi Formation at Nowrooz, Soroosh,
Foroozan, and Hendijan oil-fields (the wells N, S, F, H respectively).

3. Analytical Methods

In this research, four subsurface sections of the Kazhdumi Formation were measured and sampled at Soroosh, No-
wrooz, Foroozan and Hendijan oil fields (Figure 3). Over 640 samples of sedimentary rocks were collected from the
cored interval of Kazhdumi Formation in above mentioned oil fields. We studied texture, fabric and composition of
samples thin sections with optical microscopy. The selected samples were mainly poorly to well-sorted and very
fine to coarse grained sand-size. In general, petrographic studies of samples show that, according to Folk [27] classi-
fication, these sandstones are mainly quartz arenites, except some samples that they are classified as sublitharenite.

Whole-rock chemical analysis for 35 samples, which include 18 samples from 150 m core in Soroosh, 6 sam-
ples from 28 m core in Nowrooz, 5 samples from 6 m core in Hendijan and 6 samples from cutting in Froozan
oil fields. Analysis were performed by XRF (MAGIX-PRO) and ICP-OES at the laboratories of the Geological
Survey of Iran. The results are provided in Appendix 1 and Appendix 2, respectively.

4. Results

4.1. Geochemistry

The major and trace element concentrations of Kazhdumi Formation at Soroosh, Nowrooz, Foroozan and Hen-
dijan oil fields are listed in Appendix 1 and Appendix 2, respectively.

4.2. Major Elements

The Major element distributions reflect the mineralogy of the studied samples. Sandstones are higher in SiO,
content than shales (Figure 4). The clearly quartz-rich sandstones have SiO, content that range between 71.7 wt%
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and 97.1 wt%. They are also depleted of P,Os, the alkalis (Na,O and K,0) and alkali earth elements (MgO and
Ca0). This parallel depletion can be attributed to the weathering conditions in the source area [28]. Similarly,
shales are higher in K,O, Fe,03 and TiO, contents than sandstones (except sideritic sandy samples are higher in
Fe,0s), which reflect their association with clay-sized phases [29] [30]. Al,O; abundances were used as a nor-
malization factor to make comparisons among the different lithologies, because of its immobile nature during
weathering, diagenesis, and metamorphism (e.g., Bauluz et al., [31]). In Figure 4, major oxides are plotted
against Al,Os. Average UCC (upper continental crust) and PAAS (post-Archean Australian shale) values [32] are
also included for comparison. Among other major elements, Fe,Os;, MgO, K,0, TiO, and P,Os are consequently
showing positive correlations with Al,Os, whereas CaO, Na,O and MnO do not exhibit a trend (Figure 4). The
positive correlations of the major oxides with Al,O; indicate that they are associated with clay minerals [33].

The Kazhdumi Formation samples were normalized to UCC [32] and are given in Figure 5 Relative to UCC
the concentrations of most major elements in the sandstones were generally similar, except for Na,O and K5O,
with consistently yields much lower average relative concentration values (Figure 5(a)). The depletion of Na,O
and K,0 in samples can be interpreted by absence or smaller amount of Na-rich plagioclase and K-feldspar in
them, consistent with the petrographic data.
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Figure 5. Spider plot of major and trace element compositions for the Kazhdumi samples normalized against UCC values.
The UCC values are from Taylor and McLennan [32]. The trace elements are ordered with the large ion-lithophile elements
(LILE: Rb-U), followed by high field strength elements (HFSE: Hf-Y) and the transition trace elements (TTE: Sc-Ni).

In comparison with UCC, the shale samples are low in MgO, CaO, MnO and high in Al,O; and TiO,. Al and
Ti are easily absorbed by clays and concentrate in the finer, more weathered materials [33]. In addition, XRD
analysis of the shale samples reveals that they are associated with the mineral anatase (TiO,). On average, the
shale samples have lower SiO, abundances relative to UCC therefore the observed variations are probably due
to quartz dilution effect [31] [34]. In addition, sideritic sandstone samples are low in SiO, and high in Fe,O3 due
to siderite (FeCos) content base on XRD analysis.

4.3. Trace Elements

4.3.1. Large-Ion Lithophile Elements (LILE): Rb, Sr, Ba, Th and U

Compared with average upper continental crust (UCC) [32], analyzed samples at Soroosh, Nowrooz and Hendi-
jan subsurface sections have relatively low concentrations in large ion lithophile elements (LILE), such as Ba
and Sr (Figure 5(b)). The average abundances of Ba and Sr from Foroozan subsurface section are relatively
high concentrations.

The general paucity of clay minerals in these sandstones from Kazhdumi Formation at Soroosh, Nowrooz and
Hendijan subsurface sections probably influenced the depletions of these elements (Ba and Sr), as they may be of-
ten hosted as cations in the phyllosilicate mineral structures (e.g., Caracciolo et al., [35]). In Kazhdumi sandstones
Th and U show similar geochemical behavior due to their high positive correlation coefficient (r = 0.97; n = 35).

4.3.2. High Field-Strength Elements (HFSE): Hf, Zr, Nb and Y
Hf, Zr, Nb and Y are preferentially partitioned into melts during crystallization and anatexis [36] [37], and as a
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result, these elements are enriched in felsic rather in mafic rocks [31]. Additionally, they are thought to reflect
provenance compositions as a consequence of their immobile behavior [32].

In general, the concentrations of HFSE in our samples are relatively similar to UCC. The concentrations of
some high field strength elements, such as Zr, Nb and Y, are higher in samples from Soroosh, Nowrooz, Foroo-
zan and Hendijan subsurface sections compared with those of the UCC (Figure 5(b)).

Samples from the study area compared with the UCC are distinctly enriched in Zr (average 550 ppm). Zirco-
nium is one of the famous heavy mineral in most of the sandstones, which can be found mostly in all of sedi-
mentary environments [38]. In addition, this mineral is more stable during physical and chemical weathering
[39]. Zirconium is generally considered to be the least mobile elements during chemical weathering. Significant
amounts of Zr are typically fixed in resistant minerals such as zircon.

The strong positive correlations obtained for TiO, with Zr (r = 0.82, r = 0.70, r = 0.88 and r = 0.96 respec-
tively for Soroosh, Nowrooz, Foroozan and Hendijan samples) and Nb (r =0.97,r =0.92, r = 0.78 and r = 0.62
respectively for Soroosh, Nowrooz, Foroozan and Hendijan samples) suggest that their behavior is mainly con-
trolled by the detrital heavy mineral fraction.

4.3.3. Transition Trace Elements (TTE): Sc, V, Cr, Co and Ni

TTE in analyzed samples are quite similar to UCC (Figure 5(b)). Among TTE, Sc, V and Ni are correlated po-
sitively with Al,Os. The positive correlations obtained for Al,O; with Sc (r = 0.92, r =0.95,r =0.94 and r =
0.58), V (r=0.99,r=0.94,r=0.82 and r = 0.52) and Ni (r =0.88, r = 0.80, r = 0.99 and r = 0.94) indicates that
their distribution is mainly controlled by phyllosilicate minerals (“r”s respectively for Soroosh, Nowrooz, Fo-
roozan and Hendijan samples).

5. Discussion
5.1. Nature of Source Rocks

In order to determine the source of sediments using trace-elements (for example, Th, Co, Ni, Sc, Zr, Hf and Nb),
it is necessary to ascertain that the element is relatively immobile in the sedimentary cycle [12] [40] [41].

Th abundances are higher in felsic than in mafic igneous source rocks and in their weathered products, whe-
reas Co, Sc and Cr are more concentrated in mafic than felsic igneous rocks and in their weathered products.
Mafic and felsic source rocks differ significantly in the ratios such of La/Sc, Th/Sc, La/Co, Th/Co and Cr/Th and
hence provide useful information about the provenance of sedimentary rocks (e.g., Cullers et al., [42]; Cullers,
[43]; Cullers and Podkovyrov, [44]). In this study, La/Sc, Th/Sc, La/Co, Th/Co and Cr/Th values of the Late
Lower Cretaceous (Albian) sandstones are more similar to values for sediments derived from felsic source rocks
than to those for mafic source rocks, thus suggesting felsic source rocks (Table 1).

Floyd and Leveridge [45] stated that the elemental ratio of La/Th plotted versus the concentration of hafnium
demonstrates the degree of recycling in sandstones and it also provides information about the provenance. A
La/Th versus Hf plot for the Albian sandstones at Soroosh, Nowrooz, Foroozan and Hendijan oil fields shows
felsic source rocks, an intense recycling and sedimentary source and a passive margin tectonic setting for these
sandstones (Figure 6).

Table 1. Range of elemental ratios from Late Lower Cretaceous (Albian) Kazhdumi Formation sandstones at Soroosh, No-
wrooz, Foroozan and Hendijan oil fields compared to elemental ratios in sediments derived from felsic rocks, mafic rocks
and in the Upper Continental Crust.

Ranae of Range of Range of Range of Range of Range of
Elemental Upper sedimerglt from sediment “Soroosh™ “Nowrooz” “Foroozan” “Hendijan”
ratio continental crust? gy from felsic samples samples samples samples
sources' n=18 n="6 n="6 n=>5

La/Sc 221 0.43 - 0.86 250-16.3 19-81 25-5.2 28-3.8 14-37
Th/Sc 0.79 0.05-0.22 0.84-20.5 1-125 1-43 15-21 09-6.3
La/Co 1.76 0.14-0.38 1.80-13.8 1.3-39 16-3.1 2-3.1 17-25
Th/Co 0.63 0.04 - 1.40 0.67-19.4 04-6.9 09-18 12-2 08-4.2
Cr/Th 7.76 25-500 4,00 - 15.0 0.4 - 140 16-6 47-11.2 04-55

Cullers [43]; Cullers and Podkovyrov [44]; Cullers et al. [42]. 2McLennan [40]; Taylor and McLennan [32].
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Th/U in sedimentary rocks is of interest, as weathering and recycling typically result in loss of U, leading to
an elevation in the Th/U ratio. The Th/U ratio in most upper crustal rocks is typically between 3.5 and 4 and
Th/U values higher than 4 may indicate intense weathering in source areas or sediment recycling [13]. Th/U ra-
tios in the sandstones from Kazhdumi Formation range from 4.67 to 19.25, 6.11 to 19.30, 6.76 t0 9.14 and 5.12
to 10.97 respectively for Soroosh, Nowrooz, Foroozan and Hendijan samples, indicating the derivation of these
sandstones from recycling of the crust.

Th/Sc ratio commonly reflects the average composition of the source rocks. Scandium and Th are transferred
quantitatively from source to sediment; hence, the ratio is used to deduce the composition of the source rock
[McLennan et al., 1993]. When Th/Sc is plotted on the diagram of Zr/Sc-Th/Sc (Figure 7), the recycled source
rocks for the sandstone samples from the Soroosh, Nowrooz and Foroozan subsurface section are further sup-
ported by their high Zr/Sc ratio. Strongly enriched Zr in zircon can be easily recycled and Sc is present in labile
phases. Therefore, the Zr/Sc ratio is considered as one of the proxy to evaluate the presence or absence of recy-
cling [13], but samples from Hendijan oil field fallow the trend of first order sediments and show a simple posi-
tive correlation between these ratios.
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Figure 6. Source rock Hf-La/Th discrimination diagram for the discussion of the clastic sediments and their compositions
[45] for Late Lower Cretaceous (Albian) Kazhdumi Formation sandstones at Soroosh, Nowrooz, Foroozan and Hendijan oil
fields.
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Figure 7. Th/Sc versus Zr/Sc diagram (after McLennan et al., [13]). Trend 1 represents sediments derived from igneous
rocks and are less affected by sedimentary sorting and recycling. Trend 2 represents heavy mineral accumulation by sedi-
mentary sorting and recycling. Most of the Kazhdumi Formation sandstones are enriched in zircon, due to sedimentary sort-
ing and recycling. Legend: BAS = basalt; AND = andesite; FVO = felsic volcanic rocks; GRA = granite; TTG = tona-
lite-trondhjemite-granodiorite; PSS = Proterozoic sandstones (averages source rock composition from Condie, [46]).
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Felsic provenance for Kazhdumi samples, is further supported by the TiO, versus Ni bivariate plot (Figure 8).
Even though few samples plot outside the field assigned for felsic source. On a La/Sc versus Th/Co bivariate
diagram (Figure 9), most of the samples plot near to the silicic rock provenance composition.

Furthermore, the V-Ni-Th*10 (Figure 10) ternary diagram also suggests that the Kazhdumi sandstones were
derived from felsic source rocks.

The post-Archean pelites have low concentrations of mafic elements, particularly Ni and Cr, when compared
to Archean pelites [13]. The reason for the high concentrations of Ni and Cr in the Archean pelites is due to the
deficiency of ultra-mafic rocks in the post-Archean Period [32]. The Kazhdumi sandstones plot in the post-

Archean field (Figure 11) suggest that the felsic component was dominant in the source area of the Kazhdumi
Formation.

¢ [ | ¢
&S X
Basic
BN
1.5+
F
XH
o
3\/ 1- dS‘o“eS
I M
9 /
0.5
k| X
¢
’ ¢ Matur’efediments
00 T T T T
0 20 80 100

40 60
Ni (ppm)

Figure 8. TiO, versus Ni bivariate plot for the Kazhdumi sandstones (fields after Floyd et al., [47]). Majority of the samples
plot near the acidic source field.
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Figure 10. V-Ni-Th*10 triangle diagram (after Bracciali et al., [49]). Shaded area represents composition of the felsic, mafic,

and ultramafic rocks. The Kazhdumi sandstones plot near felsic source rocks. Loose sand samples with high Ni content are
shifting toward the Ni corner.
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Figure 11. Ni-Cr bivariate plot for the samples from the Kazhdumi Formation [13].

5.2. Implication for Tectonic Setting

Trace elements are generally thought to be quantitatively transported into clastic sedimentary rocks after wea-
thering, and thus, they may reflect the signature of parent materials and these elements can be used in sedimen-
tary rocks to determine their provenance and tectonic setting (e.g., McLennan et al. [13]; Bahlburg [50]; Burnett
and Quirk [51]; Zimmermann and Bahlburg [52]; Cingolani et al. [53]; Li et al. [54]).

The negative Sr-anomaly, which is suggesting the older recycled environments/passive margin setting, is
common in most of the sandstone samples at Kazhdumi subsurface sections (Figure 5(b)). Positive Zr anomaly
at Samples suggest a slight influence of mature sedimentary detritus (zircon) of a passive continental margin

(e.g., Mader and Neubauer [55]).
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Furthermore, we used the triangle diagram Th-Sc-Zr/10 and discrimination diagram of La/Sc versus Ti/Zr
[12], to understand the tectonic setting of studied samples based on these plots. Most of the samples cluster
within or close to the passive continental margin field (Figure 12); therefore, they may have been derived from
such tectonic setting, although some samples plot in continental island arc. This interpretation must be made
cautiously, because specific tectonic settings do not necessarily produce rocks with unique geochemical signa-
tures [50].

5.3. Source Area Weathering

The intensity and duration of weathering in clastic sediments can be evaluated by examining the relationships
among alkali and alkaline rare earth elements [56] [57]. Nesbitt and Young [58] defined the Chemical Index of
Alteration (CIA) formula to evaluate the degree of chemical weathering:

CIA = [Al,0,/(Al,0, +Ca0*+Na,0 +K,0)]x100.

where the oxides are expressed as molar proportions and CaO* represents the Ca in silicate fractions only.
Another good measure to calculate the degree of chemical weathering is Plagioclase Index of Alteration (PIA,;
Fedo et al., [59]), which can be calculated by the following equation (molecular proportions):

PIA=[(Al,0, - K,0)/(Al,0, +Ca0 + Na,0 - K,0)]x100.

Above mentioned indexes of alteration may not help us to obtain acceptable results specially in samples with
high fluctuation in calcium contents [43]. So that this is observed in most of samples in this study. However, this
alteration index doesn’t give certain results because of high carbonate contents. Accordingly, Cullers [43] de-
fined the Chemical Index of Weathering (CIW) formula to calculate the degree of chemical weathering for the
sandstones with high CaO content, which can be calculated by the following equation:

CIW =[ A0, /(Al,0; +Na,0)]x100
where the oxides are expressed as molar proportion. CIW is variable form 50 in non-weathered sediments to 100
in intense weathered sediments. The high CIW values in the Soroosh, Nowrooz, Foroozan and Hendijan samples
(90.8, 96.7, 83.9 and 96.4 respectively) indicate a moderate to intense weathering of first cycle sediments, or it

may alternatively reflect recycling under semi-arid to semi-humid climate conditions. CIW values also signify a
dominant felsic source and sediment recycling processes [28].

5.4. Probable Source Rocks (Regional Perspective)

The study area was a tectonically passive carbonate platform from the Late Permian to about Late Cretaceous
[21]. The Albian to Cenomanian is evident by shallow-marine carbonate and intra-shelf basins [60] [61]. Eus-
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Figure 12. Trace element composition of the sandstones from Kazhdumi Formation on the triangle and bivariate tectonic
setting discrimination diagrams of Bhatia and Crook [12]. See text for details. Legend: A = oceanic island arc; B = continen-
tal island arc; C = active continental margin; D = passive continental margin.
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tatic sea-level fluctuations and local differential subsidence controlled sediment deposition during the mentioned
interval [61].

Following a period of subaerial exposure in the early-middle Aptian, which lasted for approximately 1.5 MM
yrs [62], the Albian clastics comprised the initial deposits of a mid-Cretaceous transgressive cycle in eastern
Arabia. Eustatic sea-level during this time was relatively low [63]. The Kazhdumi/Nahr Umr/Burgan Formations
represent a major of terrigenous clastic sediments from the Arabian Shield to the west and from the Interior
Homocline area of Central Saudi Arabia [Early Paleozoic clastic rocks), which prograded eastwards onto the
Aptian carbonate platform. The pre-Wasia unconformity surface was exposed, and the uplifted Hail Rutbah
Arch was deeply eroded; recycled sediments were transported and deposited as the Wasia/Kazhdumi clastics
[64].

A thick wedge of alluvial-plain and lower coastal plain sandstones comprise the prolific reservoir facies of the
Kazhdumi/Nahr Umr/Burgan sandstones of Iran offshore, South Iraq, Kuwait and extend to NE Soudi Arabia
[65]. This setting conforms to a classic ramp model, which terrestrial and near-shore marine, coarse to medium
grained sandstones, grading into a very large area offshore of shallow water shales, which was a much as 500
km wide [62] [66]. The fine grained clastics grade eastwards into impure carbonates in the extreme northern part
of the UAE, and marginal to the NW Oman Mountains [62]. The Nahr Umr and its equivalent is not a starved
basin but a marine-shelf where the shallow setting led to continued reworking of fine grained clastic sediments
during storms, with the development of multiple local unconformities of short duration [21].

The Albian clastics in South Irag and Kuwait comprise the delta-front of the Saudi Arabia succession. To-
wards Iran, clastics intercalated with carbonates represent increasingly marine delta-front conditions. In Bahrain
and western Qatar, the Nahr Umr consists largely of sands and sandstones, but in eastern Qatar it contains many
shale bands, with marly shales and glauconitic sands near the top. The proportion of sand diminishes toward
Abu Dhabi. In northern United Arab Emirates and Oman, argillaceous limestone, calcareous shale and marl
were deposited in a shallow, mixed shelf environment [21] (Figure 13).

Considering paleogeographic data during the Late Lower Cretaceous (Albian) and geochemical studies, the
source of sandstones for the Kazhdumi Formation might be assigned to uplifted shoulders of a rifted basin
(Neo-Tethys) in its post-rift stage (Arabian basement), but the effect of recycling due to tectonic events on these
sandstones might be considered (Figure 14). Such provenance interpretation has to be considered with caution
because the role of sedimentary environment and diagenesis.

' &
Alluvial plain | LowF. 0aTal| 11w clastic shelf S
S-Iran, S-Iraq,Kuwait| : : i

i Are e Qatar |United Arab Emirates , Oman 2 ¢S
North South

Approximately 1800 km.

Figure 13. Paleogeographic model of the Albian clastics in the western Persian Gulf (modified after Alsharhan and Nairn,

[66]; Murris, [65]).
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Figure 14. Paleofacies of the late Early Cretaceous spanning deposition of the Shuaiba, Biyadh, Nahr Umr, Burgan, and
Kazhdumi formations, and their regional equivalents [67].

6. Conclusions

The provenance of the Late Lower Cretaceous (Albian) Kazhdumi Formation sandstones in offshore of SW Iran
has been assessed using geochemical (major and trace elements) studies. The results are generally in agreement
in term of source rocks, tectonic setting and paleoweathering. The geochemical characteristics suggest these
sandstones are predominantly derived from a felsic source, which are located in the Arabian basement. This ap-
proach has revealed that the sandstones of Kazhdumi Formation were primarily derived from sources typical of
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a cratonic interior. Also, the provenance characteristics based on geochemical methods suggest that the Kazh-
dumi sandstones were deposited on a passive margin that received large amounts of mature detritus from the
source areas. Moreover, the data indicate a possible increase in weathering intensity in the source area with a
long distance transport, possibly over the Arabian shield that might have supplied sands to the depositional basin
along the passive marginal coast of the Neo-Tethys.

Similar this study could be done in Arash and Esfandiar oil fields, which are situated in southern part of in-
terest area, in order to expand and improve models for the evolution of the Late Lower Cretaceous (Albian) sili-
ciclastic rocks of the Middle East.
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Appendix 1

Table S1. Major elements composition of the Late Lower Cretaceous (Albian) Kazhdumi Formation sandstones at Soroosh
(S-1 to S-18 samples), Nowrooz (N-1 to N-6 samples), Foroozan (F-1 to F-6 samples) and Hendijan (H-1 to H-5 samples) oil
fields (oxides in %).

* *

S.N S1 0 's2 S3 'S4 S5 S-6 S-7 S-8 S9 S10 S-11 S12 S-13  S14  'S-15 S-16  S-17  S18

SiO, 537 191 518 365 967 458 800 968 971 840 965 877 967 928 155 474 707 76.2
ALO; 198 110 210 48 07 235 81 0.2 0.4 6.3 0.5 48 0.7 08 112 275 93 82
Fe,O; 82 399 87 340 10 63 2.3 13 0.4 1.6 04 11 0.6 25 368 6.2 55 51
Mgo 11 1.9 0.6 21 <01 06 02 <01 <01 01 <01 01 - <01 12 04 05 07
Cao 0.3 2.3 0.5 2.4 0.2 0.3 0.2 0.2 0.2 0.2 0.3 0.2 0.1 0.4 3.3 0.2 0.4 0.6
SO; 14 0.7 12 0.3 0.1 2.0 17 0.1 0.1 13 0.1 0.5 0.1 0.2 0.5 15 3.4 1.3
K0 0.8 0.2 0.5 0.1 0.1 0.8 0.4 <0.1 <01 0.2 <0.1 0.1 <0.1 <01 0.1 0.5 0.6 0.6
Na,0 0.7 0.7 0.6 05 01 06 04 <01 0.1 04 0.3 04 0.1 0.2 0.5 0.5 08 1.0
TiO, 19 0.5 1.6 02 01 1.6 10 <01 01 07 <01 05 0.2 0.1 0.2 1.9 09 05
P,Os 0.1 1.0 0.1 05 <01 o01 01 <01 <01 01 <01 <01 <01 <01 17 0.1 02 01
CuO 0.4 <01 <01 <01 - 0.7 - - - - - <0.1 - - - <01 <01 <01

Cl 0.6 0.8 0.5 0.6 0.2 0.5 0.5 0.1 0.1 0.6 0.5 0.6 0.2 0.4 0.3 0.4 11 11

MnO <0.1 0.2 <0.1 0.2 - <0.1 - <0.1 - - - <0.1 - - 0.2 - <0.1 -
BaO - - <0.1 - - - - <0.1 <01 - <01 <01 <01 <01 - - <0.1 -
SrO <01 <01 <01 <01 - 0.0 <0.1 <01 <01 - <01 <01 <01 <01 <01 <01 <01 <01

ZrO, 0.1 <0.1 0.1 <01 <01 01 0.2 <0.1 <01 0.1 <01 <01 <01 <01 <01 0.1 01 <01
L.O.l 1056 21.29 1238 17.27 052 1692 458 096 092 3.78 1 365 082 223 2805 1285 6.02 4.13

SN  "N-1 N2 ° q

N-3 N4 N5 ‘N6 F1 F2 F3 F4 F5 F6 H1 °H2 H3 H4 H5

SiO, 76.2 447 417 733 822 411 404 536 507 541 486 646 504 221 480 418 435
Al,O; 104 237 229 6.5 77 241 117 108 8.4 9.9 5.9 4.4 238 11.0 262 4.6 8.7
Fe,0; 20 4.6 7.5 4.1 1.6 4.1 7.3 5.6 5.0 3.4 2.8 2.3 7.0 15.3 5.3 213 245
MgO 03 0.3 04 <01 <01 03 0.5 0.3 0.4 0.3 0.3 0.2 0.5 1.0 0.5 14 11
CaO 0.1 0.6 0.6 0.4 0.2 0.4 11.2 6.2 115 8.8 8.7 9.0 0.4 224 1.8 10.8 3.0
SO4 0.9 1.6 13 6.2 15 0.8 21 1.8 2.1 15 1.4 1.4 1.4 3.3 1.0 0.3 0.5
K0 0.7 0.5 0.4 0.1 0.3 0.5 0.4 0.4 0.3 0.3 0.2 0.2 1.1 0.5 12 0.1 0.2
Na, O 0.7 0.4 0.5 0.4 0.2 0.4 0.9 11 0.9 11 43 1.0 0.4 0.3 0.4 0.3 0.6
TiO, 0.8 1.9 1.6 0.4 0.9 14 0.8 0.6 0.6 0.9 0.6 0.4 1.8 0.8 1.6 0.2 0.4
P,Os <01 01 0.2 01 <01 o01 0.1 0.1 0.1 0.1 <0.1 <0.1 0.2 0.2 0.1 0.2 0.5
CuO - <0.1 - <0.1 - - - <0.1 - - - <0.1 - - - - -
Cl 0.9 0.5 0.6 0.4 0.7 0.4 2.3 2.4 2.4 2.9 8.1 2.6 0.1 0.1 0.1 0.3 0.6
MnO - - <0.1 - - - <0.1 <01 <01 <01 <01 <01 <01 0.2 <0.1 0.1 0.2
BaO - - - <0.1 <0.1 - 1.2 11 1.7 13 1.2 13 - <0.1 - <0.1 <01
Sro <01 <01 <01 <01 <01 <01 0.1 <0.1 0.1 0.1 0.1 0.1 <0.1 0.1 <01 <01 <01
Zr0O; 0.1 0.1 0.1 <0.1 0.1 <0.1 <01 0.1 <0.1 0.1 <0.1 <01 0.1 <0.1 0.1 <0.1 <01
L.O.l 655 20.76 2186 7.79 4.02 2576 2055 1547 1554 1477 1735 1208 1236 2219 1318 1814 15.79

*Shaly samples; “Sideritic Sandstone; “Dolomitic Sandstone.
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Table S2. Whole rock trace element composition of representative Late Lower Cretaceous (Albian) Kazhdumi Formation
sandstones at Soroosh, Nowrooz, Foroozan and Hendijan oil fields. Elemental concentrations are parts per million (ppm).

Samples "S-1  'S2 'S3 'S4 S5 'S6 S7 S8 S9 S10 S11  S12 S13 S14 S15 S-16 S-17 Si8
Ba 113 4579 157 2544 271 140 7420 1926 1378 233 1575 73.07 990 1267 50.06 159 188 196
Co 2554 3826 2501 16.00 4.06 2218 13.38 150 203 1072 209 918 464 274 2063 2797 16.02 11.51
Cr 195  66.35 116 214 4026 7324 218 118 113 158 100 362 259 142 50.81 7547 100 131
Cu 2761 172 156 119 17.00 5131 1355 1237 16.01 30.70 1048 202 1395 33.73 168 289 12.36 82.45
Hf 548 10.67 588 633 <2 730 262 <2 <2 < <2 <2 <2 <2 961 699 269 3.00
La 3837 6947 4224 3254 527 6801 39.67 416 496 3457 426 1404 834 696 81.02 6321 3291 27.21
Nb 4280 60.06 40.13 19.09 2.18 4227 2053 <1 187 1690 <1  10.28 459 251 4300 51.25 15.28 11.10
Ni 39.87 105 5362 67.11 843 47.68 2258 19.16 7.59 27.73 946 1580 1321 1856 90.09 52.81 33.83 36.68
Pb 68.11 2451 3588 10.34 50.47 13.83 17.82 11.76 11.29 16.05 7.61  11.33 10.96 52.15 1892 41.02 18.02 6.61
Rb  86.84 349 9678 235 6357 88.80 69.79 7550 61.96 66.74 7557 60.74 69.00 89.04 370 8298 89.82 89.75
Sc 1415 3592 1529 1057 070 19.09 839 051 079 639 073 494 130 189 3819 1967 8.31 10.00
Sr 106 212 102 106 2629 145 6198 73.55 62.72 5822 80.27 5236 60.45 70.28 249 148 73.29 100
Th 334 132 336 8.6 29 343 210 64 08 171 14 7.0 26 97 142 341 236 194
Ti  >10,000 4002 >10,000 1431 1219 >10,000 6739 290 1375 6010 475 4213 2694 1088 2408 >10,000 6422 4144
U 401 2833 438 1795 <1 308 109 1.03 <1 <1 <1 <1 <l 179 2830 262 283 279

102 561 124 210 621 122 5335 384 580 40.36 4.41 3454 11.02 16.44 407 144 57.51 61.01
Y 2896 162 3581 4588 255 3530 2822 252 341 2252 266 1262 678 934 156  36.55 25.39 21.64
Zn 77.95 8330 112 63.73 14.02 98.10 43.63 1845 1691 4350 23.59 3825 1352 2545 80.70 98.01 72.17 131
Zr 836 447 789 182 77.65 643 759 54.32 104 690 8139 320 206 92.83 331 889 667 301

Samples "N-1 N-2 ‘N3 N4 N5 'N6 F1 F2 F3 F4 F5 F-6 H-1 °H-2 H-3 H-4 H-5
Ba 9215 610 146 1511 139 136 7992 7476 >10,000 9374 >10,000 >10,000 212 117 194 3536 47.58
Co 12.81 2543 2485 11.11 12.45 2400 1550 1957 10.33 1345 694 661 3113 2312 27.76 1490 25.03
Cr 3315 4348 106 120 36.35 9811 133 120 97.65 118 152 5865 59.67 39.01 123 147 3181
Cu 1850 156  10.95 81.13 14.24 31.00 55.65 66.03 36.78 39.16 57.42 40.16 27.36 14.00 2851 143 245
Hf 271 730 696 274 216 598 625 515 459 484 368 357 660 779 758 563 6.26
La 3918 6616 6244 18.13 3598 53.08 38.22 39.39 20.66 32.83 21.61 1834 5290 42.89 5541 36.69 49.02
Nb 6848 4569 4303 6.19 17.76 4473 2561 23.67 17.21 2450 1624 1246 52.93 1872 49.30 1568 39.65
Ni 2162 4292 47.98 3114 2122 4397 5283 43.77 3720 3564 3125 29.74 5594 68.85 5573 69.35 69.60
Pb 19.24 2360 3128 903 996 138 132 132 131 147 136 1324 3029 1445 2409 27.70 32.46
Rb 6391 8229 105 91.86 66.42 76.31 187 162 162 156 147 150  87.07 273 116 240 241
Sc 9.85 1759 2198 473 6.89 2148 1382 13.01 914 1099 6.67 488 2379 3047 2559 997 23.32
Sr 70.05 162 167 106 60.53 196 605 485 632 557 566 619 139 538 164 227 161
Th 141 272 343 201 171 211 271 253 190 163 136 9.5 271 452 225 629 859
Ti 6130 >10,000 >10,000 3026 6791 >10,000 6308 6261 4604 7596 4323 3305 >10,000 5802 >10,000 1737 3317
U <1 141 359 329 <1 136 401 344 243 179 150 123 293 883 206 11.06 14.68

7113 125 120 2719 4443 154 106 101 59.83 58.46 37.68 30.71 152 86.13 155 137 318
Y 25.09 3970 47.40 11.93 2361 3495 33.75 3268 2330 2571 1664 1298 39.79 6140 39.70 3508 62.46
Zn 60.31 59.63 42,69 26.22 6497 81.65 190 137 166 124 139 137  89.66 384 89.84 37.92 130
zZr 527 880 795 222 792 661 467 463 337 540 357 280 802 397 657 190 357

*Shaly samples; “Sideritic Sandstone; *Dolomitic Sandston.



O o N
%% Scientific Research Publishing

Submit or recommend next manuscript to SCIRP and we will provide best service for you:

Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc.
A wide selection of journals (inclusive of 9 subjects, more than 200 journals)
Providing 24-hour high-quality service

User-friendly online submission system

Fair and swift peer-review system

Efficient typesetting and proofreading procedure

Display of the result of downloads and visits, as well as the number of cited articles
Maximum dissemination of your research work

Submit your manuscript at: http://papersubmission.scirp.org/



http://papersubmission.scirp.org/

	Provenance and Tectonic Setting of Late Lower Cretaceous (Albian) Kazhdumi Formation Sandstones (SW Iran)
	Abstract
	Keywords
	1. Introduction
	2. Regional Geological Setting
	3. Analytical Methods
	4. Results
	4.1. Geochemistry 
	4.2. Major Elements
	4.3. Trace Elements
	4.3.1. Large-Ion Lithophile Elements (LILE): Rb, Sr, Ba, Th and U
	4.3.2. High Field-Strength Elements (HFSE): Hf, Zr, Nb and Y
	4.3.3. Transition Trace Elements (TTE): Sc, V, Cr, Co and Ni


	5. Discussion
	5.1. Nature of Source Rocks
	5.2. Implication for Tectonic Setting
	5.3. Source Area Weathering
	5.4. Probable Source Rocks (Regional Perspective)

	6. Conclusions
	Acknowledgements
	References
	Appendix 1
	Appendix 2

