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IMopoxpi-komnekTopsl ropusonta ypumke (HeokoM) Ha ra3oBoM Mectopoxaenuu [onbammn B Ko-
netnarckoM 6Oacceiiie CeBepo-Bocrounoro Mpana mpencraBieHsl MECYaHHKAMM, MECTAMH — C TPOCIOSMH
cranIes. [mnHNCTRIC MUHEpas! ropu3onHTa Lyprmke ObUH H3ydeHBI METOIAMH PEHTTEHOAN(PPAKITHOHHOTO U
PpeHTreHO(IIyOPECIIEHTHOTO aHali3a B 76 KepHax, OTOOPAaHHBIX M3 JBYX NIyOMHHBIX ckBaxknH [onbammm. [Tpu
PEHTTeHO(ITYOPECIIEHTHOM aHan3e ObUIH BBISBICHBI BHICOKOE NPOLIEHTHOE COZlep)kaHne Si M BapbUPYIOIHe
OT YMEPEHHBIX 10 HU3KKX comepkanus Al, S, Ca, K, Na, Mg u Fe B 06enx ckBaknHax. COmIacHO pe3y/braram
PEHTreHOAN(PAKIIMOHHOTO aHAJIM3a, BHIIICHA3BAHHBIC IEMEHThI CKOHIIEHTPUPOBAHbI B (popMe KBapla, aHIH-
JpUTa, TOJOMHUTA, KANbIUTA, MIArHOKIa3a, KAIHEBOTO MOJIEBOTO INNAaTa, TeMaTUTa M TIHHUCTHIX MUHEPAJIOB.
JlanpHeiiee U3ydeHne NIMHACTON (DPAKIMU C TOMOIINBIO JAHHOTO METOAA ITOKA3aJl0, YTO OCHOBHBIMH THIIa-
MH TIMHUCTBIX MUHEPAJIOB SIBISIIOTCS WJUINT, XJIOPUT U KaoIMHHUT. C Ipyroi CTOPOHEI, ITAyKOHUT, CMEKTUT H
CMEIIAHOCIIOIHbIC IIMHNACTBIE MHHEPAIIB! (HJUTUT-CMEKTHTOBBIC U XJIOPUT-CMEKTUTOBBIE IIMHBI) ObLIN OOHAPY-
JKCHBI JIMIIb B HCMHOT'UX o6pa3uax. Onpeaeneﬂnﬂ IMPOUCHTHBIX cozlepmal-mf/'[ OTACJIbHBIX INIMHUCTBIX MUHEPA-
JI0B OBITM BBIMIOIHEHB! METOIOM BHEIIHETO CTAHJApTa C MCHOIb30BAaHUEM KaMOPOBOYHBIX KPHUBBIX M yCIIEII-
HO TIOATBEP:KICHBI CHCTEMOW JIMHEHHBIX YPaBHEHHH, MOTyYEHHBIX HA OCHOBE JIECTAIBHBIX JAHHBIX M3yUCHHS
9JIEMEHTOB PEHTTeHO(IIYOPECIEHTHBIM MeTooM. [lorpentHocTs onpesenenus coctaBmia +5 % At TIIaBHBIX
MUHEpaJbHbIX KOMIIOHEHTOB U +15 % 1 BTOpOCTENEHHBIX MuHepasoB. KpoMe Toro, Ha OCHOBE JaHHBIX
PEHTTeHO(IIYOPECIIEHTHOTO M3y4YEHUsI 2JIEMEHTOB OBIIIO MOJIyYEHO JIOKaJIbHOE PErpeCCHOHHOE COOTHOIICHHUE,
MO3BOJISIIOIIEE OLCHUTH COZIepKaHUe IIMHUCTOW (pakiyy B APYTrUX MpoOypeHHbIX ckBakuHax Ha Llypumxe
C IPUMEHEHMEM JAaHHBIX MMIIYJIbCHOW HEHUTPOHHOHM creKTpockonuu. ITpu MCnonab30BaHUU MPEATIOKEHHOTO
KOJIMYECTBEHHOTO TTOJX0/a HAOMIONANNCh 3HAYUTEIbHBIC BAPHAIIMN COICPIKAHNS HILTNTA, KOTOPOE TOCTUTAIO
18.3 %. HampoTus, comepxaHus KAaOIMHWTa W XJIOPHTA, KaKk MpaBuio, Obutkm HU3KHUMH (Menee 8.4 %).
CymMMapHOe cofepKaHue ITTHHUCTBIX MUHEPAJIOB PE3K0 M3MEHSIIOCh OT MHHUMAIEHOTO, COCTABIISABINETO 5 %,
JI0 MaKCHMaJIbHOTO, paBHOTO 32.5 %. PocT comepiaHus WUIHTA 110 Mepe yBEJINUCHUS ITyOHHBI TIOTPYKEHUS H
TeMIIepaTypsl SIBHO CBUACTEIBLCTBYET O INIyOMHHOM JMareHe3e B JaHHOM TOPH30HTE.

Munepanoeus enun, penmzeHoOUDPAKYUOHHBI MeMOO, PeHMEeHOPAYOpecyeHmHbLIL Memoo, Kouyecn-
BEHHBIIL MUHepaio2uyecKull ananus, 2opuzoum LLypuodice.

QUANTITATIVE ANALYSIS OF THE CLAY MINERALS IN THE SHURIJEH RESERVOIR
FORMATION USING COMBINED X-RAY ANALYTICAL TECHNIQUES

Golnaz Jozanikohan, Fereydoun Sahabi, Gholam Hossain Norouzi,
Hossein Memarian and Behzad Moshiri
The Shurijeh reservoir Formation of Neocomian age is represented by a sandstone sequence, occasionally
interbedded with shale, in the Gonbadli gas field, Kopet-Dagh Basin, North-eastern Iran. In this study X-ray dif-
fraction (XRD) and X-ray fluorescence (XRF) techniques were used to characterize the Shuirjeh clay minerals
in 76 core samples, collected from two deep Gonbadli wells. The results of XRF analysis showed high percent-
ages of silicon and moderate to low percentages of aluminum, sulfur, calcium, potassium, sodium, magnesium,
and iron in both wells. The XRD analysis indicated that the above elements were concentrated in the form of
quartz, anhydrite, dolomite, calcite, plagioclase, K-feldspar, hematite and clay minerals. Further XRD exami-
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nation of the clay fraction, revealed that illite, chlorite, and kaolinite were the major types of clay minerals.
Unlike, glauconite, smectite and a mixed layer clays of both the illite-smectite and chlorite-smectite types were
observed only in very few samples. The percentages of individual clay minerals were determined using external
standard calibration curves, and successfully validated by a system of simultaneous linear equations acquired
from detailed elemental information based on the XRF analysis. The amount of error reached +5% for the main
mineral constituent and +15% for minor minerals. A local regression relationship was also derived, based on the
XRF elemental information, which can be used to estimate the clay contents of other Shurijeh drilled wells with
data of pulsed-neutron spectroscopy tools. According to the proposed quantitative approach, the amount of illite
varied considerably reaching up to 18.3%. In contrast, the amount of kaolinite and chlorite were generally small,
i.e. less than 8.4%. The amount of total clay minerals changed greatly from a minimum of 5% to a maximum
of 32.5%. An increase in illite with increasing burial depth and temperature was an obvious indication of deep
burial diagenesis in this Formation.

Keywords: clay mineralogy, Shurijeh reservoir Formation, X-ray diffraction, X-Ray fluorescence, Quan-
titative mineralogical analysis

1. INTRODUCTION

Clay minerals are of prime importance in the hydrocarbon reservoirs, due to their direct contribution to
the production strategy. The most abundant clay minerals in the sandstone reservoirs are kaolinite, illite, chlo-
rite, smectite and a mixed layer of illite-smectite. Since they can greatly affect the chemical and physical prop-
erties of the reservoirs (Worden and Morad, 2003), a good knowledge of types as well as the absolute amounts
of clay minerals is necessary for the characterization studies of clastic reservoir. The important role of quantita-
tive clay mineralogy in the provision of a successful and reliable reservoir description has been intensely stud-
ied (Sarkisyan, 1972; Wilson and Pittman, 1977; Hurst and Archer, 1986; Hurst, 1987; Bandaru, 2010; Soto
Becerra et al., 2010). In most studies, X-ray diffraction (XRD) method has shown the remarkable ability to
calibrate the well logs in terms of mineralogy; especially for the fine grained clay minerals (Pierce and Siegel,
1969; Causey, 1991; Crain, 2000; Bouchet et al., 2000; Krinari et al., 2014). It is known that under ideal condi-
tions, the peak intensities of an XRD diffractogram are proportional to the concentrations of individual minerals
present in the sample. Hence, the qualitative mineralogical data obtained from X-ray diffraction method can be
quantified, using either the internal or external standard methods (Chung, 1974a, 1974b), or the whole pattern
methods (Smith et al., 1987) such as the Rietveld algorithm (Rietveld, 1967, 1969), Arquant model (Blanc et
al., 2007), and the so-called Le-Bail and Pawley method. Explanation of some other methods using absorption
intensity factors or just intensity factors can be also found in Kahle et al. (2002). The conventional XRD stan-
dardization is mainly based on conducting a regression analysis against datasets obtained from the standard
patterns. The external standard quantification method is based on using standard samples with identical diffrac-
tion characteristics to the same minerals in the original samples.

Johns et al. (1954), Sudo et al. (1961) (see also Aoki et al., 1974), Biscaye (1965), and Siegel et al.
(1981), have studied clay minerals semi-quantitatively, assuming 100% of the <2 mm fraction represented by
the sum of the weighted peak areas of the clay minerals. A review of quantitative analysis of clay minerals is
given by Ronald (1967), Alexaides and Jackson (1966); Pierce and Siegel (1969), Cody and Thompson (1974),
Heath and Pisias (1979), Brindley (1980), Smith et al. (1987), Snyder and Bish (1989), Thornley and Primmer
(1995), Moore and Reynolds (1997), Hillier (2000), Ottner et al. (2000), Ruan and Ward (2002), Kahle et al.
(2002), Ouhadi and Yong (2003), Chittoori and Puppala (2011), and Wang et al. (2011). However, if very ac-
curate quantitative mineralogical data are required, then the X-ray method alone is unable to obtain it, due to
many factors such as the peak interferences (Moor and Reynolds, 1989), varying microstructures and different
mass absorption coefficients in minerals (Ouhadi and Yong, 2003), various defects in crystals (Srodon et al.,
2001), the suitability level of standard sample (Mitchell and Soga, 2005), amorphous existence (Jackson and
Barak, 2005), disaggregation state (McManus, 1991), various possible alterations from initial chemical pre-
treatments (Moor and Reynolds, 1989), separation of particle sizes (Brindley, 1945), some variation in the
packing of samples (Jackson and Barak, 2005), preferred crystallites orientation in the prepared slides (Dollase,
1986), and, finally, method of assessing proportions from the diffraction pattern (McManus, 1991). Klute (1986)
has reviewed the detailed influence of the mentioned factors on the diffraction maxima. The clay contents of
sandstones represent only a very small fraction of the whole sample and since the other phases, notably quartz,
dominates in them, quantification becomes more difficult. As a result, if a more precise quantification is needed,
it should be achieved by the help of elemental composition information obtained from the X-ray fluorescence
or any other instrumental techniques of the elemental analysis (Calvert et al., 1989; Thornley and Primmer,
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1995). In this combined method, the percentages of each mineral identified by the XRD are obtained by solving
a number of simultaneous equations. The results of many studies (McNeal and Sansoterra, 1964; Hussey, 1972;
Pearson, 1978; Hodgson and Dudney, 1984; Johnson et al., 1985; Braun, 1986; Engler and Iyengar, 1987;
Kolka et al., 1994; Laird and Dowdy, 1994; Paktunc, 2001; Rosen et al., 2004; Prandel et al., 2014) imply that
employing both methods can provide efficient quantitative mineralogical data with sufficient accuracy, which is
applicable to the technical needs.

Although many previous studies of the quantitative clay mineralogy in the sandstone reservoirs have
been carried out, comparatively little attention has been given to the study of clay minerals in the clastic reser-
voirs with complex lithology. The heterogeneous sandstone Shurijeh Formation is one of the most important as
well as the most challenging gas reservoirs, which properly characterize the eastern Kopet-Dagh sedimentary
Basin, Northeastern Iran. In this study, having known the types of clay minerals in the Shurijeh Formation,
relevant percentages present in 76 core samples from two deep drilled wells in the Gonbadli gas field were
calculated by the external standard method and validated by the detailed elemental information obtained from
the XRF analysis.

2. GEOLOGICAL SETTING

The core data for this study were collected from a gas producing and other non-producing deep vertical
wells drilled in the Gonbadli gas field of Eastern Kopet-Dagh sedimentary Basin, NE Iran. The Kopet-Dagh, an
Iranian tectono-sedimentary unit, extends from east of the Caspian Sea to Northeast Iran (Fig. 1). It formed in
an extensional regime after the closure of Palaeco-Tethys in the Middle Triassic (Alavi et al., 1997) and the
opening of Neo-Tethys during the Lower to Mid Jurassic (Buryakovsky et al., 2001). The sedimentation in the
eastern Kopet-Dagh went on rather continuously and over 8000 m sediments were deposited from Jurassic
through Miocene (Afsharharb, 1979). The Jurassic—Cenozoic sedimentary sequences unconformably overlie
the Palacozoic basement and Triassic rocks (Ulmishek, 2004). This region hosts both the Khangiran and Gon-
badli gas fields.

The Gonbadli gas field was drilled in 1969 on the Gonbadli structure, an elongated and symmetrical an-
ticline, located in the eastern part of the Kopet-Dagh sedimentary Basin, some 25 km southwest of Sarakhs
town, between two productive structures of Dowlat-Abad in the east and Khangiran in the west (NIOC, 1986).
The reservoir rock in the Gonbadli field consists of the Lower Cretaceous, Shurijeh sandstones, deposited under
arid and warm conditions, in a variety of continental, coastal, and marine environments (Moussavi-Harami and
Brenner, 1993). The Shurijeh Formation includes mixed red bed siliciclastic sediments, mostly fine to medium
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Fig. 1. Geographic location map of the studied area (modified from Jozanikohan et al., 2015).
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Table 1. The Shurijeh Formation classification (NIOC, 1986)

Thickness (m)

Division Composition - -
Gas producing well | Non-producing well
Upper Part E Terrigenous evaporate minerals mixed with the sandstone, 12.97 17.00
claystone
Brownish gray whitish gray to bluish gray, medium coarse- 44.87 36.00
D grained, calcareous, partly friable and glauconitic sandstone
D 2 | with intercalation of reddish brown, anhydritic, silty clay-
stone and greenish gray, calcareous siltstone
D, 24.73 24.50
Middle Part Reddish brown, calcareous siltstone, buff gray and brown, 46.35 21.23

C |C, |partly anhydritic claystone, alternating with thin-beds of buff
gray fine-grained quartzitic, slightly glauconitic sandstone

C, 34.05 78.27

Lower Part Reddish brown, whitish gray, medium to coarse-grained, 33.11 41.00
partly conglomeratic, quartzitic sandstone, interbedded with

B thin layers of reddish brown, anhydritic claystone and choco-
late brown, calcareous siltstone
A Reddish brown, calcareous, anhydritic claystone and choco- 25.92 38.5

late brown, calcareous siltstone

grained rocks (shales, siltstone and sandstones) with occasional intercalations of evaporates and carbonates
lithofacies, overlying the limestone of Mozduran Formation (Upper Jurassic) and capped by the Tirgan Forma-
tion (NIOC, 1986). The Shurijeh Formation approximately starts some 3 km below the rotary tables with a
varying thickness from 174.5 m to 259.1 m in the Gonbadli drilled wells (NIOC, 1986). Based on extremely
variable lithology, Shurijeh was divided onto upper, middle and lower parts with five lithological units as litho-
facies A, B, C (subdivided into C, and C, units), D (subdivided into D, and D, units) and E (Table 1) within
which, the sand rich unit of D, is characterized as the main sweet gas bearing zone in the area under study, with
production capacity of 1.1 Mcm/d (NIOC, 1986). Four of the main points of difference between D, and D, and
C, and C, units, are summarized in the degree of cementation, formation fluid type, the amount of porosity and
matrix (NIOC, 1986). The thickness of reservoir unit, D,, varies between 24.5 m and 40.66 m in the Gonbadli
field (NIOC, 1986). Two Gonbadli wells, one gas producing and the other non-producing, approximately lo-
cated in the 8.5 km distance from each other in the eastern end of structure (Fig. 1), were chosen for this study.
The Shurijeh Formation is situated between depths of 3125 m and 3347 m in the gas producing well and depths
of 3121 m to 3377.5 m in the non-producing well.

3. MATERIALS AND METHODS
3.1. Core samples

A total of 76 core samples were taken almost every half a meter from D, and C, units of the Shurijeh
Formation in the two Gonbadli wells. The relevant units and location of 20 samples of the producing well and
56 samples of non-producing well are shown in Fig. 2. The outer parts of each core sample were removed to
prevent the possible contamination or oxidation effects. Then, 100 g of each sample was crushed to a prelimi-
nary coarse size (<mm) in a heavy mortar and grounded as a paste with propanol to avoid the possible phase
changes in minerals. To obtain a homogeneous and evenly distributed grain size mixture, each sample was well
mixed and ground with a constant grinding time. A special attempt was made in sample grinding in order to
avoid adding the non-clay minerals into fine grained powders (<2 pm fraction). The ground samples were then
properly disaggregated by the blender and ultrasonic methods for XRD analysis of clay minerals.

3.2. X-ray diffraction (XRD) analysis

The mineral identification/quantification of the Shurijeh Formation reservoir was accomplished using a
computer controlled Bruker AXS, D8 Advance powder X-ray diffractometer with a two-theta/theta goniometer
geometry. All core samples were scanned in the angular range from 4 to 70 and 4 to 40 two-theta degrees for
the bulk and clay mineralogy purposes, respectively. The measurements were performed with the 0.02° two-
theta degrees scan step sizes in a speed of 1.2 two-theta degrees per minute, using copper Ka radiation with a
nickel filter at 40 kV voltage and 30 mA current of the generator. A dynamic scintillation detector with low
background, and large dynamic range was used for the collection of X-ray diffraction data from samples. The
total bulk and clay mineralogy scan times for each sample with the mentioned set up were 55 and 31 minutes,
respectively.
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Fig. 2. The schematic locations of core samples in both wells. The relevant Shurijeh units and depth
of each core samples are mentioned on the Figure. @ = gas producing well core samples and A= non-
producing well core samples.

3.2.1. Preparation

The most important first step in quantitative XRD analysis is to prepare the samples with respect to all
possible sources of error. Non-clay minerals can mask some basic reflections of the clay minerals, especially
when clay minerals are minor, the most common case in the hydrocarbon reservoirs, therefore the non-clay
separation is necessary (Moore and Reynolds, 1997). Figure 3 shows the importance of removing the non-clays
in enhancing of weak peaks of clay minerals in the Shurijeh Formation. Figure 3 shows that although the re-
moval of non-clay minerals was not completely achieved (look to the 3.34 A peak in both diffractograms),
proper performing of the treatments resulted in significant decrease in the intensity of non-clay mineral peaks.

To gain a preliminary knowledge of the existing minerals, the randomly oriented powder samples were
first exposed to the X-ray and analyzed. Fine whole-rock powder was packed into a circular shaped plastic cav-
ity sample holder with an area of 4.91 cm? and a depth of 1 mm. A flat glass was used to press the surface of
the packed powder and make it compact with the correct height and smooth surface. According to the whole-
rock powder diffractometry, the main constituent of the samples from both wells was quartz with secondary
minerals such as clays, anhydrite, carbonates (dolomite and calcite), plagioclase, K-feldspar, and in some sam-
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Fig. 3. Comparison of the XRD patterns before and after non-clay mineral removals. Although the removal
of non-clay minerals was not achieved to a complete level (look to the 3.34 A peak in both diffractograms),
but the treatments resulted in significant decrease in intensity of non-clay minerals peaks.

Chl=Chlorite; I11= Illite; KIn=Kaolinite; Qtz=Quartz; Anh=Anhydrite; PI=Plagioclase.

ples hematite (Fig. 4). These results were found extremely useful in design of the subsequent non-clay mineral
removal steps.

For each core sample, the carbonate and sulfate removals were accomplished by mild heating of crushed
samples in a sodium acetate-acetic acid buffer at pH=5, according to Jackson and Barak (2005) procedure and
by the sodium salt of ethylenediaminetetraacetic acid (EDTA) with the procedure described by Bodine and
Fernalld (1973), respectively. Since the removal of iron oxides and organic matter may alter the X-Ray diffrac-
tion response of mixed layer clay minerals or cause a partial dissolution in the high-Fe chlorite, the small
amount of iron oxides or organic matter, which exist in some samples, were not removed. Unlike quartz, alkali
feldspars and plagioclase were separated from clay minerals in a settling tube, based on the Stokes’ law, leaving
non-clay minerals in the coarser residue. An adequate amount of fine enough particle size fraction (<2 pm) was
extracted after nearly 4 hours at 20 °C with at least three times of decantation. In each stage the clay minerals
were dispersed into individual colloidal particles in the suspension, using a 0.1% solution of sodium metaphos-
phate to avoid the aggregation of submicroscopic polymineralic flocculates. A paste of <2 um fraction was fi-
nally smeared onto three glass slides with a homogeneous size distribution and similar thickness of 1 mg/cm?,
leaving at room temperature to be dried. The glass substrate was weighted before and after each application of
the clay minerals to calculate the sample density and make sure that all of the preparations were reached to the
favourable density of 1 mg/cm?. The X-ray diffraction analyses were conducted on oriented clay glass slides
under three separated states of air-dried, saturated with the vapor of ethylene glycol for at least 24 h at 60 °C,
and heated at 550 °C for 1 hour (Fig. 5). An additional treatment was chemically performed by boiling the
suspected samples for 2 hours in 1 N HCI to distinguish the chlorite from kaolinite.

3.2.2. Qualitative Analysis

Having analyzed the oriented clay aggregates prepared from the less than two micron size fraction
(Fig. 5), the obtained patterns were compared with the standard X-ray powder diffraction patterns of reference
clay minerals (International Centre for Diffraction Data (ICDD), Mineral Powder Diffraction File Search Man-
ual, 1988) to precisely identify the constituent minerals. Although the search/match computer program, applied
to identify the phases, suggests the possible presence of non-clay minerals in trace amounts in the clay fraction,
the removal procedure was considered to be successful in enhancing the weak peaks of clay minerals.

Illite was characterized by intense 10 A, 5.0 A, and 3.3 A peaks of air-dried pattern, which remained
unaffected by the ethylene glycol solvation, and heating to 550 °C. Glauconite was differentiated from illite by
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a higher ratio of 001/003 peaks, 1.5 to 1.52 A 060 peak, and, finally, by the presence of weak or nonexistent SA
peak. Chlorite was identified by its unaltered 14 A, 7.1 A, 4.74 A, and 3.54 A peaks in the three patterns of air-
dried, solvated with ethylene glycol, and heated. Kaolinite was identified using the characteristic peaks at 7.1A,
3.58 A and 2.3 A in the air-dried pattern. Kaolinite was clearly distinguished from chlorite by comparisons of
3.58 A kaolinite peak and 3.54 A chlorite peak and also by performing a subsequent treatment with hydrochlo-
ric acid and thin section analysis. The small amounts of smectite in two samples were detected by swelling the
14 A peak to 17 A in the saturated pattern with ethylene glycol, and its collapse to about 10 A in the heated
pattern. Mixed layer clays of both illite-smectite and chlorite-smectite types were identified in a few samples by
the basal diffraction peaks between 14 and 10 A and 17 to 14 A in the glycolated pattern.

Illite, chlorite and kaolinite were observed in all of the 76 core samples, while the glauconite was be-
tween the depths of 3202.80 m and 3206.85 m; 3208.97 m and 3209.19 m of the producing well, and it was only
observed in 3 samples of the non-producing well, located between the depths of 3180 m and 3180.28 m. Smec-
tite was present only in two samples of producing well, in depths of 3208.25 meters and 3208.87 meters. Mixed
layer clay minerals were present just in the nonproducing well from the depth of 3192.61 to the end of the cored

interval.

3.2.3. Quantification using calibration curves obtained from the standard samples

Pure identified minerals obtained from the same reservoir are preferred for calibration in the quantitative
XRD analysis. In order to ensure homogeneity, including similar crystal growth habits and orientation between
standards and samples under investigation as well as acquiring the more reliable calibration relationships be-
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Fig. 4. The typical bulk powder XRD diffraction pattern of the samples in the gas producing well (a) and
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Table 2. The best reflection with no interference in the Shurijeh core samples, used for quantification purpose

Mineral Peak (A) Mineral Peak (A)
Quartz 4.25 Anhydrite 3.49
Plagioclase 3.29 Hematite 2.70
K-Feldspar 3.24 Kaolinite 2.34
Calcite 2.50 Chlorite 4.74
Dolomite 2.19 Illite 5.03

tween the major peak intensity and the weight percent of mineral contents, pure standard samples from the same
reservoir were used. It is worthy to mention that the standard samples were extracted from the Shurijeh Forma-
tion by the technical sponsor of this study (National Iranian Oil Company, know as NIOC). The clay standards
were weighted, and pre-treated according to the same procedures as the original samples. The standards were
then mixed over the sufficient and different portions of known percentages which were varying from 10% to
100%. Figure 6 shows the XRD patterns of some selected mixtures. At least 4 runs were performed on each
standard sample with the random orientation to obtain an accurate average. The best reflections of each min-
eral with the maximum intensity, no interference, and as close together as possible were selected from the range
of intermediate diffraction angles to avoid many problems encountered in the low angle region (Table 2).

The intensity of peaks in high angles can be affected by the thin sample preparations (Moore and Rey-
nolds, 1997). Two approaches were used to deal with the problem of thin preparations. First, the XRF data were
used as the basis for intensity corrections to the values that the peaks would actually have, if the sample was
infinitely thick. Second, only analytical near-neighbour peaks were used for the purpose of quantitative mea-
surements. The diffraction traces were then modelled with respect to the Lorentz-polarization factor, the inter-
ference function, and the scattering amplitude of the unit cell according to what was described by Moore and
Reynolds (1997). The atomic scattering factor was calculated by dividing the amplitude of a wave scattered by
the atom by the amplitude of a wave scattered by an electron.

A series of calibration curves plotting the peak intensity of different minerals in the prepared standards
(x-intercept) versus mineral weigh percentage fractions (y-intercept) was generated to calculate the percentages
of each mineral in the samples, using the slope of a best fit line (Fig. 7). The linear calibration graphs revealed
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Fig. 5. The sharp, strong peaks of clay minerals in an oriented XRD diffraction pattern from a Shurijeh
core sample.

Chl=Chlorite; I11= Illite; KIn=Kaolinite; Qtz=Quartz; K-Fsp=K-feldspar; PI=Plagioclase.
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Fig. 7. Relationships of different mineral per- a
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3.3. X-ray fluorescence (XRF) analysis ¢
100 X o

The elemental analysis of the Shurijeh sam-
ples was performed on an automated Philips MagiX
PRO wavelength-dispersive sequential X-ray fluo-
rescence (WDXRF) spectrometer facility which
was equipped with Rhodium (Rh) target end win-
dow tube. The maximum strength for signals was
attained by using the close-coupled optics. The
samples were analyzed for the elements in the range
from oxygen to uranium, using a full set of analyzer

80

60—
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40 y //-/
0] ;%J,/é « Criorite

Mineral percentage in the mixture, %
1

crystals. A 4kW/ 125mA solid state X-ray genera- — /g:,-/ x Glauconite
tor with three detectors including a flow, a sealed : | | | ‘ ‘
proportional one in tandem, as well as a scintilla- 0 200 400 600 800 1000 1200
tion detector parallel with a range of beam filters Peak intensity, counts

and collimators were used. The system was utilized
by the Philips SuperQ Data Collection and Evaluation Software, v3.0 and the data were evaluated by the
Omega Data system’s uniQuant 4.0 XRF data analysis software.

3.3.1. Preparation and data acquisition

In the present study, 0.4000 g of each dried ground sample were mixed with 4.0000 g ICPH Fluore-X 65
flux to prepare the fused beads of 32 mm in diameter. The mentioned flux was a mix of lithium tetraborate 66%
and lithium metaborate 34%. Three drops of a lithium iodide solution (250 g/L) were added to act as the non-
wetting agent in the melting process as well. The fusion was then conducted at 1150°C for 20 minutes. Air
bubbles were removed by swirling the mixture every 10 minutes. After 15 minutes a platinum casting tray was
placed in the furnace to bring it up to the casting temperature. The melt was then poured into the tray in the
furnace and placed on a tripod to cool down and was finally removed after 5 minutes (Giles et al., 1995).

It is known that the intensities of the characteristic XRF peaks are directly related to the concentrations
of present elements in the sample through some complicated relationships (Beckhoff et al., 2007). The recorded
intensity of a single emission line is a function of several factors such as the X-ray source, the detector (and the
window) sensitivity, the sample geometry, the detector efficiency, the energy spectrum, the matrix effects, and
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the intensity of exciting X-rays (Beckhoff et al., 2007). All of these complexities can be dealt with in the quan-
titative XRF analysis software, such as the Omega Data system’s uniQuant 4.0.

Having separated the peaks from the background, the intensity of each peak was determined. The separa-
tion of overlapping peaks was carried out as well as doing all of the required corrections for the escape peaks
and other loss processes. A set of 49 certified reference materials (CRM), covering a wide elemental range, was
then used for calibration purposes. The calibration was corrected for inter-element effects, using the Traill-La-
chance model supplied with the software. The obtained empirical relationships between net intensity of peaks
and concentrations were then used to determine the concentration of elements in the samples studied. A certi-
fied standard was also analyzed with the samples to check the accuracy of the results. The obtained data fell
within the set limits of less than 5% relative standard deviation.

The measurements of loss on ignition were carried out on the 1-2 g dried ground sample. The samples
were precisely weighted and placed into porcelain crucibles with known weights in a furnace at 1025 °C for
1 hour. The residual sample were then placed in desiccator and reweighted to calculate the LOI from Eq. (1).

(Weight of sample — Residue weight)
(Weight of sample)

LOI = x100

3.3.2. Quantification using elemental information from the XRF analysis

The data in Fig. 8 describe average chemical composition of core samples in both wells of Gonbadli field.
The linear correlation between the clay percentage from the XRD analysis and the elemental concentrations
from the XRF analysis was checked. Fig. 9 shows plots of clay mineral percentages versus some selected ele-
ments. As it can be seen in Fig. 9, the clay mineral content correlates well with measured iron, aluminum, potas-
sium, and magnesium concentrations. Based on the anti-correlation with the silicon, the plot of clay mineral
percentage versus 100 — SiO, was developed (Fig. 10). The anti-correlation is obviously disturbed by the pres-
ence of sulphate mineral (anhydrite), carbonate minerals (calcite and dolomite), and the Na-bearing minerals.
These minerals are accounted for by measuring the calcium, sulfur, magnesium, and sodium. Therefore, having
combined five elements (Si, Ca, S, Mg and Na) in terms of their oxides, a strong correlation with the total clay
content was discovered in this research for the first time (Eq. (2)):

Clay Minerals Percentage = 0.481 [100 — SiO, — CaSO, — Ca,Mg(CO,), — CaCO, — 5Na] + 5.475

The Shurijeh clay contents from ten other core samples, which were not used to develop the regression
relationship, verified both very low and the medium range clay mineral contents, estimated from the Eq. (2)
with the minimum error.

Highly variable chemical and physical properties of clay minerals, with the exception of kaolinite, in-
herit some limitations in the reliability of external standards in the XRD analyses. Series of simultaneous equa-
tions (Eq. 3 to 1) were formulated, using the whole-rock major elemental analyses (Si, Al, Mg, Fe, Ca, Na, K,

%
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0
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Fig. 8. The average chemical composition of the Shurijeh Formation from XRF analysis.
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Shurijeh XRD-measured clay contents from the best to poor correlations.

and S) and loss on ignition (LOI) data. The equations were then used to estimate the clay mineral abundances.
The most important advantage of this method is to allow for the quantitative calculations without any standards.

aA+bB+..+z7Z-100g,
a,A+b,B+...+2,Z—-100g,

3)
“
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ad+byB+...+ 2,7 100g, (5)

aA+bB+.. +zZ-100g (1)

where a, b, ..., z,, and g; are the ith element percentages in the mineral phases and the bulk rock, respectively.
A, B, ..., and Z are the percentages of present phases in the sample.

The measured elemental ratios were calibrated to mineralogy, using 76 samples, based on the X-ray dif-
fraction and X-ray fluorescence methods’ data. The resulting estimates obtained from the chemical mass bal-
ance, compare favourably with those obtained by the XRD external standard method and in some cases im-
proved them.

The minimum, maximum, and average percentages of individual clay minerals and total clay minerals,
the sum of all different types of clay minerals respective mean concentrations, are given in Tables 3 and 4. From
the mentioned Tables, it is clear that the most developed clay mineral in each well is illite and the other types
of clay minerals are minor. The trend of different clay minerals over depth is shown in Figure 11. Higher levels
of each clay mineral are only found in the non-producing well. In great depth in both wells, strong diagenesis
with predominant illite and very small amounts of chlorite and kaolinite were observed. As seen in the Fi-
gure 11, the clay mineral types are rather constant and vertical variations in the amount of illite are remarkable.

4. RESULTS AND DISCUSSION

The bulk powder X-ray diffractometry of 76 core samples showed that the main constituent of the Shuri-
jeh Formation was quartz with moderate to small amounts of some other minerals such as, the clay minerals,
anhydrite, carbonates (dolomite and calcite), plagioclase, K-feldspar, and hematite. The reduction of associated
non-clay minerals also proved that the weak peaks of clay minerals can be greatly enhanced upon the proper
removal procedures to be performed (Fig. 3). Based on typical X-ray diffraction patterns, prepared from the
treated oriented clay glass slides, the clay fractions of both wells were dominated by illite, chlorite and kaolin-
ite. In very few samples, the mentioned clay types were accompanied by the subsidiary glauconite, smectite and
mixed layer clay minerals such as illite-smectite and chlorite-smectite. Glacounite is a rarely occurred clay
mineral, mainly found in the producing well. While smectite was only found in the gas producing well, and the
mixed layer clays were only found in the non-producing well.

The XRD standards obtained from the reservoir under study produced reliable calibration curves and
were considered to be more preferred for the quantitative XRD analysis. Both methods provided good results
with absolute errors typically less than 5% for the main mineral constituent and £15% for minor minerals,
which were better than this in the most cases. The error amount showed that the method is capable of providing
accurate quantitative analysis.

It can be clearly seen in Fig. 8, that the silicon oxide was present in major quantities in both wells, while
aluminum, sulfur, calcium, potassium, sodium, magnesium, and iron were present in moderate to minor amounts
and other elements were present in trace amounts. There was a strong linear correlation between the clay per-
centage and the concentrations of iron, aluminum, potassium and magnesium (Fig. 9), which was not surprising
due to the fact that the mentioned elements are the main chemical constituents in the dominant clay minerals of
the Shurijeh Formation. A clear trend existed between the measured clay percentage and the 100-SiO,-CaSO,,
which improved even further once the carbonates (calcite and dolomite) had been subtracted. The correlation
maximum improvement was achieved, when the sodium was subtracted. The Eq. (2) is generally applicable to

Table 3. The amount of each clay mineral in the D1 subunits of the Shurijeh Formation
N Gas producing well (D1) Non-producing well (D1)
Min Max Average Min Max Average

Ilite 1.0 5.5 2.6 0.5 17.6 5.0
Chlorite 0.9 4.4 1.7 1.0 8.4 2.8
Kaolinite 0.8 3.1 1.8 0.6 6.5 2.5
Smectite ND ND

Glauconite 00 | 42 | 23 0.0 62 04
Mixed layer clay minerals ND 0.0 4.1 1.1
Total clay minerals so | 1o | 84 6.8 3.5 11.9
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Table 4. The amount of each clay mineral in the C2 subunits of the Shurijeh Formation

. Gas producing well (C2) Non-producing well (C2)
Mineral
Min Max Average Min Max Average

Illite 1.0 13.5 4.6 4.5 18.3 8.8
Chlorite 1.0 5.7 25 1.4 7.4 32
Kaolinite 1.0 4.7 1.8 1.2 6.4 2.9
Smectite 0.0 1.0 0.2 ND

Glauconite 0.0 2.7 1.0 ND

Mixed layer clay minerals ND 0.6 24 1.3
Total clay minerals 52 21.0 10.1 8.0 ‘ 29.5 ‘ 16.2

estimate the clay contents of the Shurijeh Formation in all drilled wells in the Gonbadli field, with data of
pulsed-neutron spectroscopy tools, a mineralogical special log which is able to measure the concentrations of
some selected elements. The resulting clay contents estimates obtained from the chemical mass balance com-
pared favourably with those obtained by the XRD external standard method and improved it in some cases.

Although, the results showed similar types of clay minerals in both wells, but very great differences also
existed in the amounts of each clay mineral between the D, and C, units in two wells (Tables 3 and 4). Gener-
ally, the average amount of each clay mineral in C, unit was higher than D, unit and non-producing well was
more shaly with a clay quantity of one and a half order of magnitude larger than that in the gas producing well.
The amount of illite, the dominant clay mineral in both wells, vertically varied considerably, ranging up to
18.3%. In contrast, the amount of kaolinite and chlorite was generally small and less than 8.4%. Glauconite was
seldom found in both wells with amounts of less than 4.2%. Smectite was only found in the C, unit of gas pro-
ducing well in a very small amount. The amounts of both types of mixed layer clays were quite low. The
amount of total clay minerals changed greatly from a minimum of 5% to a maximum of 32.5%. Detailed quan-
titative analysis based on the X-ray analytical techniques yielded an average clay mineral contents in the D, and
C2 units of Shurijeh Formation, varying from 8.4% to 11.9% and 10.1% to 16.2%, respectively.

The differences in clay minerals’ characteristics in the Shurijeh Formation can be related to the different
depths of core samples. It is clearly known that the diagenetic changes in K-feldspar and plagioclase occurred
with an increase in temperature and burial depth, and as a result clay minerals like kaolinite, and illite got
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formed. Apparently, K-feldspar and plagioclase alteration in the Shurijeh resulted in generally small amounts
of kaolinite and chlorite and relatively high amounts of illite. It seems that transformation of smectite into illite
and gradual dehydration process occurred in the Shurijeh Formation with increasing depth, during burial dia-
genesis. The presence of mixed layer chlorite-smectite and illite-smectite proved that smectite almost entirely
changed into illite and chlorite. The smectite to illite conversion releases Mg?*, Fe?" and Fe3*, which promotes
the transformation from kaolinite to chlorite as well. With increasing depth, the amount of kaolinite in the
Shurijeh declined, while the amounts of illite gradually increased (Fig. 11).

The overall results prove that the X-ray diffraction method supplemented by any elemental analysis, such
as X-ray fluorescence, is highly applicable in the quantitative clay mineralogy investigations in the formations
with complex lithology.

5. CONCLUSIONS

In this research, the X-ray analytical techniques such as XRD and XRF were employed to determine the
quantitative clay mineralogy of Shurijeh Formation, based on a total of 76 core samples in two wells as deep as
3000 m, located in the Gonbaldi gas field, north-eastern Iranian part of Kopet-Dagh sedimentary Basin. Accord-
ing to the qualitative studies, the Shurijeh Formation was mainly composed of quartz along with smaller quan-
tities of clay minerals, anhydrite, carbonates (dolomite and calcite), plagioclase, K-feldspar and in few samples
hematite. Developed clay minerals in the Shurijeh Formation were illite, chlorite, and kaolinite. In very few
samples smectite, glauconite and mixed layer clay minerals such as illite-smectite and chlorite-smectite were
observed. By adopting standard quantitative XRD procedures, using measurement of peak intensities in the
pure mineral samples obtained from the same reservoir as the external standards, the clay mineral percentages
were precisely determined. A set of simultaneous equations formulated, using the whole-rock XRF analysis was
used as well to validate the XRD quantifications and recalculate the clay mineral abundances, as a method free
from many of the XRD pitfalls. Both quantification methods could successfully validate and improve each
other. The success of the combined proposed method is believed to be independent from the standard samples.
This clarified that the X-ray analytical techniques are quite reliable upon quantitative assessments in the field of
clay mineralogy investigations in samples with complex lithology.

Based on the quantitative results, obtained from the X-ray analytical techniques, i.e., X-ray diffraction
(XRD) and X-ray fluorescence (XRF), each Shurijeh well exhibits the high amount of illite, typically up to
18.3% and low contents of other clay minerals with increasing depth, an obvious sign of deep burial diagensis.
The outcomes of this research will affect the reservoir protection process and efficient gas recovery in the Gon-
badli field.
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