Marine and Petroleum Geology 26 (2009) 805-816

Contents lists available at ScienceDirect

Marine and Petroleum Geology

journal homepage: www.elsevier.com/locate/marpetgeo

Palynology and petroleum potential of the Kazhdumi Formation
(Cretaceous: Albian-Cenomanian) in the South Pars field,
northern Persian Gulf

Ebrahim Ghasemi-Nejad ¢, Martin J. Head >*, Mehrangiz Naderi?

2 Department of Geology, Faculty of Sciences, University of Tehran, Islamic Republic of Iran
b Department of Earth Sciences, Brock University, St. Catharines, Ontario, Canada L2S 3A1

ARTICLE INFO ABSTRACT

Article history:

Received 21 October 2007

Received in revised form 19 May 2008
Accepted 24 May 2008

Available online 18 June 2008

The Kazhdumi Formation of the Bangestan Group is a well-known source rock that has produced
abundant oil in most petroleum fields in the Zagros Basin, which stretches from northwest to southwest
Iran over hundreds of kilometres. The formation reaches a thickness of 230 m at the type section in
northwest Zagros but thins out to 40-50 m in wells studied from the South Pars giant petroleum field,
where it comprises mainly grey shales with occasional intercalations of marls and sandstones. South
Pars, best known as the Iranian part of the world’s largest non-associated gas field, contains small
quantities of oil above and below the Kazhdumi Formation.
Palynology has been used to assess the age and palaeoenvironment of the Kazhdumi Formation and to
evaluate its petroleum potential. A total of 68 ditch cutting samples recovered from five wells, of which
four are oil-prone, have been analyzed. An age between late Albian and Cenomanian is established for
the formation based on dinoflagellate cyst biostratigraphy, and four palynofacies types have been rec-
ognized using the relative proportions of terrestrial elements, marine palynomorphs and amorphous
organic matter (AOM). The ratio of terrestrial to marine elements is high in most samples, indicating
a nearshore sedimentary environment.
Twenty-two samples from the four oil-prone wells were also selected for geochemical analysis using
Rock-Eval pyrolysis. Results show that the Kazhdumi Formation at South Pars, in contrast to the Zagros
Basin, is gas-prone (predominantly type IIl kerogen), thermally immature, and poor in terms of hydro-
carbon generation. It could not have produced the oil in those oil-prone wells studied.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction thickness and is thermally mature. There, it is associated with

a good reservoir (the Asmari Formation) which is capped by a thick

Current petroleum reserves in the Cretaceous and Tertiary pe-
troleum system of southwestern Iran were generated from six
known source rocks: the Garu (Neocomian), Gadvan (Barremian),
Kazhdumi (Albian-Cenomanian), Ahmadi (lower Cenomanian),
Gurpi (Santonian-Paleocene) and Pabdeh (Paleocene-Eocene) for-
mations (Motiei, 2003). These formations together account for 99%
of Iran’s inland reserves (Tehran Energy Consultants, 2001). The
hydrocarbons are trapped in two main reservoirs, the Oligocene-
Miocene Asmari Formation and the Albian-Campanian Bangestan
Group.

In the central and southern parts of the Dezful Embayment in
southwestern Iran, the Kazhdumi Formation exceeds 200 m in
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Miocene gypsum unit known as the Gachsaran Formation. This
reservoir is one of the best performing petroleum systems in Iran
(Bordenave and Huc, 1995; Shakib, 1987).

Given that the Kazhdumi Formation has proved to be one of the
main petroleum source rocks for most of Iran’s inland oil fields
(Bordenave and Burwood, 1990, 1995; Bordenave and Huc, 1995;
Shakib, 1987), its evaluation in the Persian Gulf using palynology
and geochemical analysis is clearly of interest.

South Pars (Fig. 1) is the Iranian part of the world’s largest non-
associated gas field (Aali et al., 2006). The Kazhdumi Formation lies
above this gas accumulation and is not directly associated with it,
but small quantities of oil have been discovered above and below
the Kazhdumi Formation. The aims of this paper are to: (1) date the
Kazhdumi Formation in the South Pars field using dinoflagellate
cysts; (2) use palynofacies analysis and Rock-Eval pyrolysis to es-
tablish whether the Kazhdumi Formation has produced oil in South
Pars, given its importance as a source rock elsewhere in Iran; and
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Fig. 1. Location of the South Pars field and the wells studied.
(3) use palynofacies analysis to elucidate the depositional history of wells studied are SPO-2, SPO-3, SP-2, SP-6 and SP-10, and their

the Kazhdumi Formation in this area.

2. Geographical location

The South Pars field is located in the Persian Gulf at the border
between Iran and Qatar, and is 100 km from the port of Asaluyeh on
the southern coast of Iran, 105 km northeast of Qatar, and 330 km
northwest of Dubai (Fig. 1). The Qatari part of the field (North Field)
was discovered in 1971 (Konert et al., 2001) whereas the Iranian
sector was detected only in 1990 with the drilling of well SP-1. This
giant field has an estimated 3700 km? extent and is located be-
tween 51°50’ and 52°40’E, and between 26°25’ and 27°5'N. The

positions are shown on Fig. 1B and C.

3. Geology

The South Pars-North Field petroleum field is the result of
positive regional epeirogenic movements of the Qatar Arch
(Fig. 1B). This uplifted arch has divided the Persian Gulf into two
distinct sedimentary basins, one to the northwest and the other to
the southeast, each with its own sedimentary regimes and styles of
hydrocarbon reservoirs (Sharland et al., 2001; Aali et al., 2006).
Although various structural and geological factors have affected the
shape and position of this region, the north-south trend of the
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Table 1
Summary of samples utilized in the present study of the Kazhdumi Formation

Well SPO-2 SPO-3 SP-6 SP-10 SP-2
Sampling interval (m) 2 2 5 5 4
Number of samples 23 20 7 9 9
Thickness of formation (m) 50 44 45 43 40

Qatar Arch is accepted as being the most important factor in
forming the South Pars-North Field structure. This geological
structure has formed suitable packages of lithostratigraphic units
containing source rocks, reservoirs of late Permian and early Tri-
assic age, and cap rocks (Aali et al., 2006).

The Kazhdumi Formation lies above the main gas and conden-
sate reservoirs at South Pars. This and its equivalents represent an
influx of clastics during the Albian following emergence and ero-
sion of shallow-water Aptian carbonates. At this time, alluvial
plains covered most of Saudi Arabia, Kuwait and Iraq west of the
Euphrates river, with deltas prograding to the east, beyond which
were shallow-marine waters of the Fars Platform, or deeper anoxic
waters of the Dezful Embayment (which corresponds approxi-
mately to the province of Khuzestan), and more distally the open
waters of the southern Tethys beyond which now exists the Zagros
Fault. The region was equatorial, and a humid climate prevailed
(Bordenave, 2002). The Kazhdumi Formation is a distal equivalent

of nearshore sandstones and shales of the Burgan Formation in
Kuwait, and the Nahr Umr Formation in Iraq and Qatar (Alsharhan
and Nairn, 1997; Ibrahim and Al-Hitmi, 2000; Alavi, 2004). In the
Dezful Embayment the Kazhdumi Formation is a dark, organic-rich,
ammonite-bearing argillaceous limestone and calcareous shale of
open-marine facies. It is a principal source rock in this petroleum
rich area.

In the South Pars field the Kazhdumi Formation is 40-50 m thick
(Table 1) and comprises grey to greenish and brownish shales with
occasional marl intercalations. A few sandstone layers occur in the
lower parts of the formation in two of the wells studied in the
western part of the field. These sandstones are quartzitic, medium-
to coarse-grained, well-sorted and well-rounded to rounded,
glauconitic, and contain some iron oxides and lignites (Tehran
Energy Consultants, 2001).

Although the South Pars field is known for the huge gas reser-
voirs it contains, some wells have revealed oil in the Daryan and
Sarvak formations below and above the Kazhdumi Formation
(Fig. 2). Indeed, wells SP-2, SP-6, SPO-2 and SPO-3 in the present
study are oil-prone. Whether the Kazhdumi Formation, a well-
known source rock for oil in the Zagros Basin, has produced oil in
the South Pars field is open to question.

The Kazhdumi Formation has not been dated biostrati-
graphically in the South Pars field, but elsewhere it, or its equiva-
lents, is considered Albian or Albian-early Cenomanian in age
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Fig. 2. Jurassic-Cretaceous stratigraphy of South Pars, Iran (Tehran Energy Consultants, 2001).
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based on foraminifera and palynology (El Beialy and Al-Hitmi, 1994;
Ibrahim and Al-Hitmi, 2000; Al-Ameri et al., 2001).

4. Methods

Sixty-eight ditch cuttings from five wells, SPO-2, SPO-3, SP-2,
SP-6 and SP-10, were provided by the National Iranian Oil Company
(NIOC) and prepared in the palynology laboratory of the
Department of Geology of the University of Tehran. Standard
preparation methods were used (Traverse, 2007). Cold hydrochloric
(20%) and hydrofluoric (50%) acids were used to dissolve carbon-
ates and silicates. No oxidants or alkalis were used. The residue was
neutralized and centrifuged in ZnCly (specific gravity 1.9), then
sieved at 15 um using a nylon mesh, and mounted on microscope
slides using liquid Canada balsam. The microscope slides were
examined with a Leica DM 2500 optical microscope equipped with
a DFC 490 digital camera at the Department of Earth Sciences, Brock
University, Canada. Biostratigraphically useful species are illus-
trated (Plates I and II). Palynofacies analyses were also performed
on these microscope slides (Plate III). A total of 300 organic parti-
cles were classified and counted per sample, and their proportions
calculated.

The petroleum potential and generation of the formation was
estimated using Rock-Eval pyrolysis (Lafargue et al., 1998) at the
research institute of the National Iranian Oil Company (NIOC).
Twenty-two samples of mainly shale lithology from the four oil-
prone wells SPO-2, SPO-3, SP-2 and SP-6 were pyrolyzed for this
purpose. The acquisition parameters S1 (free hydrocarbon), S2
(pyrolyzed hydrocarbon resulting from the decomposition of ker-
ogen), S3 (expulsion of COy), and Tnmax (the temperature at which
the S2 peak occurs) were measured to determine the level of
thermal maturation and source rock potential.

5. Palynology
5.1. Dinoflagellate cyst biostratigraphy and age

Of a total of 68 samples analyzed from the five wells (Fig. 3A-E),
48 samples yielded dinoflagellate cysts, resulting in a relatively
sparse association of 22 taxa. These are as follows: Achomosphaera
ramulifera, Achomosphaera sagena, Carnarvonodinium sp., Coronifera
oceanica, Cribroperidinium exilicristatum, Cribroperidinium ortho-
ceras, Dinopterygium tuberculatum, Dinopterygium sp. Florentinia
abjuncta, Florentinia cooksoniae, Florentinia deanei, Florentinia
mantellii, Odontochitina operculata, Oligosphaeridium complex, Oli-
gosphaeridium poculum, Pervosphaeridium truncatum, Spiniferites
ramosus, Subtilisphaera hyalina, Subtilisphaera perlucida, Trichodi-
nium castanea, Trichodinium ciliatum and Xiphophoridium alatum.

Of these taxa, A. sagena has a range base in the upper Albian
(101 Ma) of northern mid-latitudes, D. tuberculatum has a range
base in the middle Albian (107.8 Ma) of southern mid-latitudes, F
deanei has a range base in the upper Albian (101 Ma) of northern
mid-latitudes, P. truncatum has a range base in the middle Albian
(106.4 Ma) of northern mid-latitudes, X. alatum has a range base in
the middle Albian (106.8 Ma) of northern mid-latitudes and upper

Albian (104 Ma) in equatorial latitudes, and O. poculum has a range
top in the lower Turonian (92.2 Ma) of northern mid-latitudes
(Brinkhuis et al., 2006, who used the time scale of Gradstein et al.,
2005). Moreover, F cooksoniae has a range top in the upper Cen-
omanian, and E mantellii has a range top in the mid-Turonian
(Stover et al., 1996).

Based on the range bases of A. sagena, F. deanei and X. alatum,
and the range top of F. cooksoniae, an age somewhere between late
Albian and late Cenomanian is indicated for the association. These
index species are not consistently present in all five wells, but the
assemblages are generally similar throughout, and the Kazhdumi
Formation has a distinctive lithology that allows subsurface cor-
relation to be made confidently between our wells (Fig. 2). We
therefore propose a late Albian-Cenomanian age for our sampled
intervals in all five wells. We did not attempt to subdivide the
Kazhdumi Formation into biozones because of its relatively thin
(40-50 m) development in this area, and owing to the stratigraphic
limitations of ditch cutting samples.

The Nahr Umr Formation in neighbouring Qatar has been
considered equivalent to the Kazhdumi Formation (Alsharhan and
Nairn, 1997), although it reaches a thickness of 137 m in western
Qatar (Ibrahim and Al-Hitmi, 2000). The Nahr Umr Formation has
been dated as early Albian based on foraminifera (Hewaidy and Al-
Hitmi, 1994), and middle and late Albian based on palynology (El
Beialy and Al-Hitmi, 1994; Ibrahim and Al-Hitmi, 2000). The di-
noflagellate cyst assemblages recorded by El Beialy and Al-Hitmi
(1994) and Ibrahim and Al-Hitmi (2000) comprise relatively long
ranging taxa, with few of the stratigraphically diagnostic taxa
present in our study being recorded. The presence of D. tuber-
culatum (range base middle Albian 107.8 Ma in southern mid-lat-
itudes; Brinkhuis et al., 2006) and Xenascus ceratioides (range base
early Albian; Stover et al., 1996), both reported by Ibrahim and Al-
Hitmi (2000), is nonetheless consistent with an Albian age for the
Nahr Umr Formation. Dinoflagellate cysts have also been reported
from the Nahr Umr Formation and superjacent Mauddud Forma-
tion in the East Baghdad oilfield of Iraq by Al-Ameri et al. (2001).
The assemblages are somewhat similar to ours, and it is note-
worthy that X. alatum is restricted to their TA zone (Nahr Umr
Formation and lower Mauddud Formation) which they date as
latest Albian to early Cenomanian. The underlying PC zone (Nahr
Umr Formation; middle and late Albian) of Al-Ameri et al. (2001)
corresponds to the total ranges of T. castanea and Luxadinium
propatulum, of which only T. castanea is present in our material. In
northeast Libya, a dinoflagellate cyst biostratigraphy was estab-
lished for the Lower to lowermost Upper Cretaceous by Uwins and
Batten (1988). Their associations IIIA (middle to late Albian) and
IVA and IVB (Vraconian to early Cenomanian) have some elements
in common with our assemblages, including X. alatum (not
reported in their older associations), T. castanea, S. perlucida and
E mantellii.

5.2. Palynofacies

Palynofacies studies were undertaken to assess the palae-
oenvironmental conditions under which the Kazhdumi Formation

Plate I. Dinoflagellate cysts from the Kazhdumi Formation, South Pars petroleum field. Various magnifications. An England Finder reference follows the sample and slide number
for each specimen. All photomicrographs are interference contrast images. (A) Dinopterygium tuberculatum, sample SP-6-75-80, slide 6, F52/1, lower focus, maximum width, 66 pm.
(B) Dinopterygium tuberculatum, sample SP-6-75-80, slide 5, K19/0, upper focus, maximum diameter, 68 pum. (C) Dinopterygium sp., sample SP-2-1126, slide 1, N16/4, middle focus,
maximum width, 60 pm. (D) Xiphophoridium alatum, sample SPO-3-1032, slide 2, E4/4, upper focus, central body length, 53 um. (E, F) Trichodinium castanea, sample SP-10-195-200,
slide 1, N27/2; (E) upper focus; (F) middle focus; length, 51 um. (G) Subtilisphaera perlucida, sample SP-6-75-80, slide 6, H38/0, middle focus, length, 43 um. (H, I) Subtilisphaera
hyalina, sample SP-6-75-80, slide 1, H36/3; (H) upper focus; (I) lower focus; width, 43 pm. (J, K) Coronifera oceanica, sample SPO-3-1020, slide 3, H53/3; (J) middle focus; (K) lower
focus, central body length, 41 um. (L) Florentinia deanei, sample SPO-3-1030, slide 1, C48/0, upper focus, central body length, 42 pm. (M, N, O) Florentinia deanei, sample SPO-2-1014,
slide 4, M36/3; (M) upper focus; (N) middle focus; (O) lower focus; central body maximum diameter, 45 pm. (P) Florentinia mantelii, sample SPO-2-1018, slide 5, P30/4, middle focus,
central body maximum diameter, 43 um. (Q, R) Florentinia cooksoniae, sample SPO-3-1020, slide 1, V58/0; (Q) upper focus; (R) middle focus; central body maximum diameter,
52 pm. (S, T) Spiniferites ramosus, sample SP-2-1130, slide 1, R50/2; (S) upper focus; (T) middle focus, endoblast length, 39 um.
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Plate II. Dinoflagellate cysts from the Kazhdumi Formation, South Pars petroleum field. Various magnifications. An England Finder reference follows the sample and slide number
for each specimen. All photomicrographs are interference contrast images. (A) Oligosphaeridium complex, sample SPO-3-1032, slide 4, H45/0, upper focus; central body maximum
diameter, 59 um. (B, C) Oligosphaeridium complex, sample SPO-3-1030, slide 1, H48/3; (B) upper focus; (C) lower focus; central body maximum diameter, 55 pm. (D) Oligos-
phaeridium poculum, sample SP-6-75-80, slide 2, B47/3, upper focus; central body width, 58 um. (E) Cribroperidium orthoceras, sample SPO-2-1010, slide 2, A18/2, lower focus; length
including apical horn, 77 pm. (F, G) Cribroperidinium exilicristatum, sample SP-10-205-210, slide 3, T32/4; (F) upper focus; (G) middle focus; length including apical horn, 88 um. (H, 1, J)
Achomosphaera sagena, sample SP-6-75-80, slide 2, D22/2; (H) upper focus; (I) middle focus; (J) lower focus; length and width of central body, 37 and 35 um. (K, L, M) Pervos-
phaeridium truncatum, sample SP-10-70-75, slide 2, N23/0; (K) upper focus; (L) middle focus; (M) lower focus; length of central body, 42 pm. (N) Odontochitina operculata, sample
SPO-3-1038, slide 4, G43/2, lower focus; length, 102 um. (O, P) Odontochitina operculata, sample SPO-2-1014, slide 2, N28/4; (O) upper focus; (P) middle focus; length, 101 um.

was deposited, and to evaluate whether in our study area this palynomorphs (dinoflagellate cysts, rare acritarchs, foraminiferal
formation is oil- or gas-prone (Tyson, 1987, 1989, 1993, 1995; linings), terrestrial elements (phytoclasts, spores, pollen), and
Batten, 1996; Batten and Stead, 2005). amorphous organic matter (AOM). These were plotted for each well

For each sample, relative proportions were determined for the both using Tyson’s ternary diagram for palaeoenvironmental in-
three main groups of palynological elements: marine terpretations (Fig. 4) and stratigraphically (Fig. 5). Based on the
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Plate III. Palynofacies from the Kazhdumi Formation, South Pars petroleum field. Various magnifications. All photomicrographs are in bright field illumination. (A) Palynofacies
type 1 (PF-1), showing dominance of degraded terrestrial elements, with subsidiary AOM, and a sparse marine element here represented by a foraminiferal lining (arrow). Sample
no. 210-215, slide 5; width of photomicrograph, 470 pm. (B) Palynofacies type 2 (PF-2), showing dominance of degraded terrestrial elements, with subsidiary AOM, and no marine
palynomorphs. Sample no. 2-1038, slide 2; width of photomicrograph, 600 um. (C) Palynofacies type 2 (PF-2), as for (B). Sample no. 3-1042, slide 1; width of photomicrograph,
470 um. (D) Palynofacies type 3 (PF-3), showing dominance of AOM with subsidiary degraded terrestrial elements. Sample no. 3-1014, slide 4; width of photomicrograph, 470 pm.
(E) Palynofacies type 4 (PF-4), showing dominance of AOM with minor terrestrial elements, sample no. 3-1002, slide 1; width of photomicrograph, 600 pum. (F) Palynofacies type 4
(PF-4), showing dominance of AOM. Sample no. 2-1032, slide 2; width of photomicrograph, 225 pm.

relative abundances of these three groups, four types of paly-
nofacies were differentiated. These are:

Palynofacies type 1 (PF-1) is dominated by terrestrial elements
(48-88%) with subsidiary AOM (10-46%) and marine paly-
nomorphs (1-25%).

Palynofacies type 2 (PF-2) is dominated by terrestrial elements
(65-88%), with subsidiary AOM (12-35%) and no marine
palynomorphs.

Palynofacies type 3 (PF-3) is dominated by AOM (73-98%), with
minor amounts of terrestrial elements (0-25%) and usually
minor amounts of marine palynomorphs (0-5%).

Palynofacies type 4 (PF-4) is dominated by AOM (95-99%), with minor
terrestrial elements (1-5%) and no marine palynomorphs (Fig. 5).

6. Interpretation of depositional environment

Tyson plots (Fig. 4) clearly show a dominance of terrestrial
elements for three of the five wells, with terrestrial elements and
AOM being co-dominant in wells SPO-2 and SPO-3. Marine paly-
nomorphs are rare but persistent in all five wells. This reflects
a relatively nearshore marine influence for all the wells.

The distribution of palynofacies types reinforces this in-
terpretation, with PF-1 (characterized by dominant terrestrial
elements) being stratigraphically the most pervasive palynofacies
type. PF-3 and PF-4 are dominated by AOM. Because AOM is
essentially structureless at the resolution of optical microscopy, it
is not possible to determine whether its origin is marine or ter-
restrial. However, given the general abundance of terrestrial ele-
ments, the presence of nearly structureless degraded woody
particles, and the persistently low abundances of marine paly-
nomorphs, the AOM in our samples is likely to be derived mostly
from the breakdown of woody terrestrial material.

Palynofacies types PF-1 and (usually) PF-3 contain marine
palynomorphs, whereas PF-2 and PF-4 do not. This distribution is
also reflected in the distribution of marine dinoflagellate cysts
through each of the five wells, except that samples 1034 (PF-2) and
1032 (PF-4) in well SPO-2 contain rare dinoflagellate cysts that
were not detected during the palynofacies count (Fig. 3). Combin-
ing the palynofacies and dinoflagellate cyst distributions through-
out the five wells shows that only two intervals in two wells
(samples 1046-1038 in SPO-2, and samples 1006-1002 in SPO-3)
have no marine influence. This absence might imply terrestrial
conditions, but could equally reflect a strong dilution of marine
elements by terrestrial organic input, given that these intervals
cannot be correlated across wells.

The palynofacies across the five wells studied do not follow
a clear stratigraphic succession. This may partly result from
a localized degradation of terrestrial elements into AOM, which
could explain the similar stratigraphic positions of PF-3 in well
SPO-2 and PF-3 and PF-4 in well SPO-3, but also suggests that
depositional conditions were localized. It is nonetheless evident
that marine conditions prevailed through most or all of the interval
covered in our study, and that the abundance of terrestrial ele-
ments suggests close proximity to a fluvio-deltaic source.

7. Geochemical analyses

To evaluate the hydrocarbon generation potential of the Kazh-
dumi Formation in the South Pars field, 22 samples from the oil-
prone wells SP-2, SP-6, SPO-2 and SPO-3 were subjected to Rock-
Eval pyrolysis. Four parameters were acquired: S1, free
hydrocarbons; S2, pyrolyzed hydrocarbons resulting from the
decomposition of kerogen; S3, quantity of CO2; and Tpay, the tem-
perature at which most of the hydrocarbons were produced. These
parameters were used to calculate the following:
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Fig. 3. Lithology and stratigraphic distribution of dinoflagellate cyst species recorded in each of the five studied wells of the South Pars field. (A) Well SP-2; (B) well SP-6; (C) well

SP-10; (D) well SPO-2; and (E) well SPO-3.

TOC, total amount of organic carbon
Ol, oxygen index (Ol =S3 x 100/TOC)
HI, hydrogen index (HI =S2 x 100/TOC)
PI, production index (PI =S2/S1 + S2)

The three main factors for evaluating the potential of a rock to
produce petroleum are:

. Potential quantity of produced hydrocarbon which is based on
S1, S2 and TOC.

. Type of produced hydrocarbon which is based on the HI and S2/
S3 ratio.

. Level of thermal maturity for petroleum generation which is
based on PI and Tpax (Peters and Cassa, 1994).

The parameters measured are presented in Table 2. For simpli-
fication, the ranges and averages of factors TOC, S1, S2 and Tyax for

the studied samples are presented in Table 3. The standard guide-
lines for interpreting these values are given in Table 4.

Comparing the values of S1, S2, Tpax and TOC based on Rock-Eval
pyrolysis of the samples studied (Table 2) with standard guidelines
(Peters and Cassa, 1994; Table 4), it becomes evident that the
Kazhdumi Formation in the South Pars petroleum field is poor in
terms of production potential, and therefore could not have pro-
duced hydrocarbons in commercial quantities. T values for the
Kazhdumi Formation range between 370 and 426 °C (Table 3), and
consequently show the deposits to be thermally immature. Values
for TOC range from 0.12 to 1.2 wt% (average 0.486) and are generally
poor to fair with respect to organic concentration. The unusually
high values of S1 in a few samples such as 1042 (well SPO-2) and
1004, 1012, 1018, and 1042 (well SPO-3) are probably a result of
contamination of these samples with some oil migrated from
underlying formations (M.R. Kamali, personal communication,
2006).
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Table 2
Measured parameters based on Rock-Eval pyrolysis for the studied samples of the
Kazhdumi Formation

Table 4
Guidelines for pyrolysis parameters of quality, quantity and thermal maturity (from
Peters and Cassa, 1994)

Well, sample no. S1 S2 S3 Tmax  HI (0)| TPI TOC Quantity TOC (wt%) S1 (mg HC/g rock) S2 (mg HC/g rock)
SPO-2, 1008 099 06 198 421 157 388 055 0.51 Poor 0-0.5 0-0.5 0-25
SPO-2, 1014 084 06 317 376 126 674 058 047 Fair 0.5-1 0.5-1 2.5-5
SPO-2, 1022 061 031 202 378 100 652 066 031 Good 1-2 1-2 5-10
SPO-2, 1026 105 052 246 370 102 482 067 051 Very good 2-4 2-4 10-20
SPO-2, 1032 079 026 218 370 56 484 0.78 045 Excellent >4 >4 >20
SN ik ew e B 0% N awn mmeneroo s
SP-2,1134 024 028 165 419 108 635 046 026 None <50 <1 v
SP-2, 1138 0.6 055 408 386 92 680 052 06 Gas 50-200 1-5 1
SP-2, 1150 062 031 29 382 67 630 067 048 Gas and oil 200-300 5-10 1111
SP-2, 1158 038 037 269 381 112 815 051 033 oil 300-600 10-15 1l

SP-2, 1166 063 069 35 387 121 614 048 057 oil >600 >15 I
SPO-3, 1004 243 197 045 421 365 63 056 054 . N )

SPO-3, 1012 288 285 082 420 356 102 06 08 saation Ro (%) Tmax () TAI
SPO-3, 1018 115 112 077 415 229 157 051 049 Immature 0.2-0.6 <435 15-2.6
SPO-3, 1022 083 063 109 370 18 321 057 034 Mature

SPO-3, 1032 068 03 1.05 380 88 309 069 034 Early 0.6-0.65 435-445 26-27
SPO-3, 1042 326 217 105 418 181 88 06 1.2 Peak 0.65-0.9 445-450 27-29
SP-6, 65-70 014 006 117 421 46 900 0.7 0.13 Late 0.9-1.35 450-470 29-33
SP-6, 75-80 013 013 057 425 108 475 05 0.12 Postmature >1.35 >470 >33
SP-6, 80-85 023 017 093 387 81 443 057 021

SP-6, 90-95 107 124 071 422 175 100 048 0.71

7.1. Kerogen types

Kerogen is often defined as the organic content of sedimentary
rocks that is insoluble in common organic solvents (but see Batten,
1996, p. 1022 for discussion). Kerogen is the main source of
petroleum and controls the type of petroleum produced. Sedi-
mentary rocks usually contain the following kerogen types: type I
(algal kerogen), type II (liptinitic kerogen), type III (humic or coaly
kerogen), and type IV (inertinitic kerogen). Of central interest to our
study is the discrimination of type Il kerogen, which is typically
marine in origin and derived predominantly from zooplankton and
phytoplankton, and type III kerogen, which is terrestrial and
derived from the lignin of higher plants.

Kerogen types are distinguishable under the light microscope
and by geochemical analyses that obtain the HI and OI. The OI re-
flects the liberated CO, (S3) and the HI reflects hydrocarbons freed
from thermal decomposition of the kerogen (S2) during pyrolysis.
The chemical characteristics of each kerogen type are given in Table
3 (from Peters and Cassa, 1994).

Only three samples from the Kazhdumi Formation have HI
values greater than 200. These are the uppermost samples in well
SPO-3 and have HI values of 229, 356 and 365 (Fig. 5). The
remaining samples have HI values in the range 46-185, almost
exclusively indicating type IIl kerogen and hence a primarily ter-
restrial origin. These type III kerogen samples are associated with
all four palynofacies types (PF-1-4). The low HI values are in accord
with the dominance of terrestrial phytoclasts in PF-1 and -2. In well
SPO-2, low HI values associated with palynofacies types PF-3 and
PF-4 imply that the dominant component, AOM, is mostly terres-
trially derived. The uppermost samples in well SPO-3 have HI
values that fall within the lower part of the type Il range, which
might imply increased marine influence. However, this in-
terpretation is not supported by palynology because dinoflagellate

Table 3
Range and averages of the measured parameters based on Rock-Eval pyrolysis for
the studied samples of the Kazhdumi Formation

Parameter S1 S2 TOC e
Range 0.13-3.26 0.06-2.85 0.12-1.2 370-426
Average 1.02 0.76 0.486 399.09

cysts are rare in the upper part of the Kazhdumi Formation in well
SPO-3. As mentioned above, these samples are suspected of oil
contamination from lower in the well, and this probably accounts
for their unusually high HI values. Plotting values of HI against Ol on
a van Krevelen-type diagram (Fig. 6) further illustrates the pre-
dominance of type IIl kerogen in each of the four wells analyzed.
Kerogen type IIl is gas-prone, and we therefore consider the
Kazhdumi Formation in our wells to have little potential for pro-
ducing oil.

8. Conclusions

In the giant South Pars petroleum field, the Kazhdumi Forma-
tion attains a thickness of only 40-50 m and is represented by
shales with some intercalations of marls and occasional sandstones.
Sixty-eight ditch cutting samples from five wells were analyzed for
palynology, and 22 from four of these wells for geochemical anal-
yses. A moderately low diversity dinoflagellate cyst association of
22 taxa has been recorded, and based on the presence of A. sagena,
F. cooksoniae, F. deanei and X. alatum, an age somewhere between
late Albian and late Cenomanian is indicated for the Kazhdumi
Formation. This represents the first age assessment of the
Kazhdumi Formation in the South Pars field and is consistent with
age assessments elsewhere for this formation and its lateral
equivalents.

Palynofacies analyses, supported by geochemical evidence, in-
dicate that the primary source of organic material in the Kazhdumi
Formation at the South Pars field is of terrestrial origin, with
a minor but pervasive marine element. Deposition evidently
occurred in a nearshore marine palaeoenvironment influenced
strongly by fluvio-deltaic conditions. Deltaic and nearshore palae-
oenvironments also characterize the Burgan Formation in Kuwait
and the Nahr Umr Formation in Iraq and Qatar (Alsharhan and
Nairn, 1997; Ibrahim and Al-Hitmi, 2000; Al-Ameri et al., 2001;
Alavi, 2004), which are lateral equivalents of the Kazhdumi For-
mation. Regionally, the South Pars locality can perhaps be seen as
an eastward extension of these deltas. In the more inland areas of
Iran, these deltas had passed into more open-marine environ-
ments, leading to the deposition of what became important oil
source rocks for which the Kazhdumi Formation is best known.

The Kazhdumi Formation in the South Pars field is shown to be
gas-prone, based on palynofacies analysis that identifies terrestrial
phytoclasts (woody elements and leaf tissues) as a principal
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Fig. 6. Van Krevelen-type diagram (van Krevelen, 1993) of hydrogen/oxygen indices (HI/OI) plotted for each of the four wells analyzed. The plots show a predominance of type III

kerogen.

component, and Rock-Eval pyrolysis that shows the predominance
of type Il kerogen. However, the deposits have a relatively low
organic content and are thermally immature. The Kazhdumi For-
mation has not generated commercial quantities of hydrocarbons
in the South Pars field, in spite of being a well-known petroleum
source rock in most inland oil fields in Iran. This study shows the
value of integrating both palynology and geochemistry for recon-
structing palaeoenvironments and evaluating petroleum potential.
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Appendix. Full authorial citation for the species recorded

Achomosphaera ramulifera (Deflandre, 1937) Evit, 1963
Achomosphaera sagena Davey and Williams, 1966

Coronifera oceanica Cookson and Eisenack, 1985 emend. May,
1980

Cribroperdinium exilicristatum (Davey, 1969) Stover and Evitt,
1978

Cribroperidium orthoceras (Eisenack, 1958) Davey, 1969 emend.
Sarjeant, 1985

Dinopterygium tuberculatum (Eisenack and Cookson, 1960)
Stover and Evitt, 1978

Florentinia abjuncta Duxbury, 1983

Florentinia cooksoniae (Singh, 1971) Duxbury, 1980

Florentinia deanei (Davey and Williams, 1966) Davey and
Verdier, 1973

Florentinia mantellii (Davey and Williams, 1966) Davey and
Verdier, 1973

Odontochitina operculata (Wetzel, 1933) Deflandre and Cookson,
1955

Oligosphaeridium complex (White, 1842) Davey and Williams,
1966

Oligosphaeridium poculum Jain, 1977

Pervosphaeridium truncatum (Davey, 1969) Below, 1982 emend.
Harker and Sarjeant in Harker et al., 1990

Spiniferites ramosus (Ehrenberg, 1838) Mantell, 1854
Subtilisphaera hyalina Singh, 1983

Subtilisphaera perlucida (Alberti, 1959) Jain and Millepied, 1973
Trichodinium castanea (Deflandre, 1935) Clarke and Verdier,
1967

Trichodinium ciliatum (Gocht, 1959) Eisenack and Klement, 1964
Xiphophoridium alatum (Cookson and Eisenack, 1962) Sarjent in
Davey et al., 1966
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