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Using Scanning Electron Microscope SEM technics with XRD analyses, the authors
have studied the influence and control of post-sedimentation changes on the upper
Triassic (Mulussa F formation), and lower Cretaceous (Rutbah formation) reservoirs
quality at Euphrates graben area. The detrital components occupy an average of 72%
of the rock volume represented by sandstone quartz arenite, the authigenic minerals
occupy an average of 20% represented by overgrowth quartz, kaolinite, chlorite, illite,
illite-smectite mixed layers, dolomite, siderite, pyrite, and anhydrite. The history of
post-sedimentation changes is subdivided into 2 stages; diagenesis-misocatagenis, and
mesocatagenesis-apocatagenesis. The porosity of the reservoirs decreased due to the
detrital clay, and the authigenic minerals which cause blocking of pore spaces, and
reduce the diameter of the inter-pore channels and leads to a significant effect on the
reservoir porosity. Quartz cement reduced the porosity of the upper Triassic reservoir
to a lesser extent due to its low content 3%, while the other cements which consist
mainly of kaolinite and siderite serve as the main factor in reducing the porosity since
their content is higher 7.4%. In the lower Cretaceous reservoirs, quartz cement with
the other cements equally contributed to decreasing the porosity due to their presence
in equal volumes 2.8 to 3.6%. Houseknecht diagram shows that the initial porosity
of the upper Triassic reservoir was reduced by compaction by 47.5%, while reduced
by cementation by 26%. In the lower Cretaceous reservoir, the initial porosity was
reduced by compaction by 59.5%, while reduced by cementation by 19%. KEYWORDS:
Influence; control; post-sedimentation; upper Triassic; lower Cretaceous; Euphrates graben;
Syria.
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1. Introduction

nstitute of Geology and Petroleum Technologies,
Kazan Federal University, Kazan, Russia

2Department of Geology, Damascus University, Dam- Syria is located on the northern flank of the Ara-
ascus, Syrian Arab Republic bian plate . To the southwest and south,
the Arabian plate is bounded by seafloor spreading

Copyright 2020 by the Geophysical Center RAS. along the Red Sea, Gulf of Aden, and Arabian Sea
http://rjes.wdceb.ru/doi/2020ES000706-res.html [Brew et al.,[2001]. The Neogene and Quaternary
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Figure 1. Simplified map showing the main tectonic features of the Arabian plate and
surrounding areas [Brew et al., 2001].

-21°
21°

volcanics were observed along with the western bian platform places Syria close to Arabia-Furasia
parts of the Arabian plate. The Arabian plate col- continental collision, with active plate boundaries
lided with the Eurasian plate along the Zagros and occurring to the west, north, and east [Chaimov,
Bitlis sutures in southern Turkey [Barazangi et al., . These plate boundaries include Zagros fold
. The Bitlis suture, Zagros fold, and thrust and thrust belt, Bitlis suture, North and East Ana-
belt, and the East Anatolian left-lateral strike-slip tolian faults, Dead Sea fault system, and Red Sea

fault mark the collision zone (Figure 1)). The cur- (Figure 1.

rent plate tectonic setting of the northern Ara- Four major tectonic zones occur in Syria:

2 of 24



ES2007 YOUSEF ET AL.:

36°E

38°

37°N-

T @

O .
s ¥ ¥
ey

fKurd ﬁ\agh
{Mountains

4})’ :

36°
Aleppa Plateau

.

35

Mediterranean Sea
[T sySTEM

FAY

S

34° S

INFLUENCE AND CONTROL

ES2007

3 40°

9
TR T Meésopotamian
" P’ 4 L ity Eofempl

b 6, iy
(% Mardin High

42

A ™ e e

ABD EL AZIZ-SINJAR UPLIFT

Rawdah High

Anah Graben

IRAQ

Figure 2. Topographical map showing major tectonic zones in Syria [Brew et al.,[2001].

Palmyride foldbelt, Euphrates graben system, Abd
El Aziz/Sinjar uplifts, and the Dead Sea fault sys-
tem , [Brew et al., . The Euphrates
graben system is one of the most important hydro-
carbon basins in Syria and is recognized as a part
of late Cretaceous rift structures developed in the
eastern part of Syria. This structure is an aborted
continental rift and is described as a junction be-
tween the Palmyrides folds belt and the Euphrates
depression [Yousef et al., . It consists of a
system of normal and strike-slip faults result of a
transtensional regime during the late Cretaceous
age. More than 400,000 barrels of light, sweet crude

is estimated to be produced daily from the fields of
the Euphrates graben [De Ruiter et al., . The
bulk of hydrocarbons production at the Euphrates
graben area are mainly from the lower Cretaceous
sandstone reservoir (Rutbah formation), and from
the upper Triassic sandstone reservoir (Mulussa
F formation), [Syrian Petroleum Company SPC,
[50).

Both of Rutbah and Mulussa F reservoirs sedi-
ments consist of sandstone interbedded with clay-
stone reflect deposition in fluvial to deltaic deposi-
tional environments [Yousef et al., . The hy-
drocarbons produced from the upper Triassic and
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Figure 3. A) — Tectonic map showing the position of Euphrates graben within Syria and
the Arabian Plate; B) — Study area with the location of the studied wells at Euphrates

graben.

lower Cretaceous reservoirs at Euphrates graben
area account almost 60% of the total hydrocarbons
reserved in the graben area and are considered an
important resource for future exploration.

2. Geological Settings of Euphrates
Graben

The study area is located in Euphrates graben

in the eastern part of Syria (Figure 3h) and covers
an area of about 18,000 km? (Figure 3p).

The sediments of the upper Triassic spread out
along the Euphrates graben area with a thick-
ness of 450 m, where the igneous sills are intrud-
ing, the thickness can be increased up to 550 m
(Figure 4). The upper Triassic sediments consist
mainly of floodplain claystone interbedded with
mostly medium to fine-grained fluviatile sandstones.
Lagoonal and shallow marine dolomitic shales and
dolomite interbedded are present in the lower sec-
tion of the upper Triassic sediments [Yousef and
Morozov, .

The upper Triassic sediments (Mulussa F for-
mation) are subdivided on the basis of Spectral
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Figure 4. Schematic stratigraphical and lithological column of the
lower Cretaceous sediments at Euphrates graben area [Yousef et al.,

Gamma Ray logs and lithology composition from
bottom to top into three zones [Yousef and Mo-
T0Z00, Yousef et al., ; (the lower
zone/Mulussa F3 consist mainly of claystone that
are usually rich in illite and show high potassium
The middle zone/Mulussa F2 consists
mainly of sandstone interbedded with claystone

readings.
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upper Triassic, and
2019

that are usually rich in kaolinite and shows low
potassium readings. The upper zone/Mulussa F1
consists of interbeds of sandstone and siltstone with
claystone intervals that are dominated by illite,
smectite, and illite-smectite mixed layers composi-

tion and show high potassium readings (Figure 4)).
The lower Cretaceous sediments (Rutbah forma-
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tion) almost cover all the Euphrates graben area
with thickness up to 350 m , they are
composed largely of sandstone and claystone re-
flect coastal plain to shallow marine sediments.
The lower Cretaceous sediments also are subdi-
vided also from bottom to top into two zones;
(lower zone/lower Rutbah, and upper zone/upper
Rutbah), (Figure 4). Two major erosional sur-
faces are historically recorded at Euphrates graben
fields [Koopman et al., , they are Base Lower
Cretaceous unconformity “BKL”, and Base Up-
per Cretaceous unconformity “BKU” .
These major erosional surfaces affected partially
or completely the sediments of the upper Triassic
and lower Cretaceous along the Euphrates graben
[Yousef et al., . Oil and gas are extracted
mainly from the sandstone layers of the Mulussa
F2, Mulussa F1, and the lower Rutbah zones, while
the Mulussa F3 and the upper Rutbah zones don’t
form any reservoir rocks due to their lithofacies
which contain a high percentage of clay materials.

3. Materials and Methods

Huge geoscience datasets were available for this
work provided by Al-Furat Petroleum Company
AFPC (Damascus, Syria) and represented mainly
by core samples, well logs, and petrophysical labo-
ratory analyses that are taken from 35 wells along
the Euphrates graben fields with a present depth of
2000 to 4000 m MD (Measured Depth). The main
studied wells are located at the center and the mar-
gins of the graben area due to the varying quantity
and quality of the studied samples. The location of

the main studied wells is shown in (Figure 3b). All
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samples were studied using a series of petrograph-
ical and petrological analyses, these include study-
ing the thin sections used the polarized microscope
which allows the user to evaluate the rock fabric,
and the porosity types of the sandstones studied
samples. Scanning Electron Microscope SEM tech-
nics also were applied for many selected samples
for the purposes of studying the diagenetic and au-
thigenic minerals and their distribution within the
pore space system. X-Ray Diffraction XRD analy-
ses (whole sandstone sample and < 2 pm clay frac-
tion) also were used for many samples to provide
quantitative estimates of the mineral composition
of the studied reservoirs rocks.

4. Results and Discussion

4.1. Detrital Mineralogy

Based on the petrographic studies, the classifi-
cation of the upper Triassic and lower Cretaceous
sandstone were carried out according to the scheme
of [McBride, shown in The red
points in the scheme show the compositions of the
studied samples from the reservoir sediments which
consist mainly of sandstones. Among them, the
quartz arenite is the most common. Optical mi-
croscopic observations together with XRD analysis
(whole sandstone sample) (Figure 6)), (see,
showed that the detrital quartz components occupy
an average of 72% of the rock volume.

Based on the petrographically investigations,
the sandstone of the upper Triassic and lower
Cretaceous reservoirs are classified according to
the scheme of [McBride, as quartz arenite
(Figure 7a) with an exception of that samples

Table 1. The Values of XRD Analysis of the Whole Sandstone Samples From the Upper Triassic and

Lower Cretaceous Sandstone Reservoirs

Key / M C K Q F PL Ca D Si An Ba Py Ha Gy
Sample Mica Chlo- Kao- Qu-  Feld- Plagio- Cal- Dolo- Side- Anhy- Ba- Py- Ha- Gyp-
Number rite linite artz  spar clase cite mite rite drite rite rites lite sum
XRD-1 0.0 00 8.2 81.2 0.0 1.5 0.0 0.0 3.63 211 3.14 0.0 0.0 0.0
XRD-2 0.0 00 115 7749 22 0 0.0 0.0 3.25 122 254 0.8 0.0 0.0
XRD-3 0.0 00 4.66 5346 1.2 0 0.0 123 2223 1 2.12 0.0 21 0.0
XRD-4 42 00 814 6722 03 O 0.0 0.0 16.99 0 3.01 0.0 0.0 0.0
XRD-5 0.0 00 112 79.2 0.5 0.0 0.0 166 122 133 323 0.0 1.02 0.0
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Figure 5. Diagram classification of the upper Triassic and lower Cretaceous sandstone.

which contain more than 20% sedimentary mud-
stone clasts and therefore are classified as lithic
arenite (Figure 7b). Other sandstone samples are
dominated by up to 12% of dolomite materials (see
that form the main cement between the
detrital grains and partially or completely plugged
the pore spaces between the detrital grains

e 7).

Siderite content also can be reached up to 22%

in some sandstone samples (see [Table 1f), siderite
also can be as cement materials between the detri-

tal grains, or as sphaerosiderite of 100 pm in size
(Figure 7d). Most of the quartz grains are rounded
to sub-rounded with different degrees of classifica-
tion vary from well to moderately to bad classifica-
tion, grains size varies from 250 to 500 pm, some
coarse-grained sandstones are with micro-fractures
(Figure 7c and [Figure 7¢). Among the quartz frag-

Table 2. Charts of XRD Analysis of the < 2um Clay Fraction Samples From the Upper Triassic and

Lower Cretaceous Sandstone Reservoirs

Key / C K 1 S I-S F PL Ba
Sample Chlorite  Kaolinite Illit Smectite Illite-smectite Feldspar Plagioclase Barite
Number

XRD-6 7.65 76.12 14.2 0.0 0.0 0.0 1.5 0.0
XRD-7 7.02 81.31 7.19 0.0 0.0 4.12 0.0 0.0
XRD-8 13.23 57.45 15.7 6.66 0.0 0.0 0.0 6.56
XRD-9 12.42 59.47 18.1 0.0 0.0 4.74 0.0 5.14
XRD-10 9.56 58.28 22.8 0.0 7.16 0.0 0.0 1.33
XRD-11 13.16 62.24 18.3 0.0 0.0 4.14 0.0 1.99
XRD-12 10.16 57.19 13.3 7.12 5.65 3.52 0.0 2.12
XRD-13 3.5 57.86 19.3 6.15 6.55 4.14 0.0 1.99

7 of
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Figure 6. Charts of XRD analysis of the whole sandstone samples from the upper
Triassic and lower Cretaceous sandstone reservoirs.

ments, monocrystalline predominate (70%), less of-
ten polycrystalline (20%). Feldspars in sandstones
are rare (maximum 3%) and mainly represented by
potassium feldspar. During the sediments burial
processes, most of the feldspar become unstable
and are partially or completely converted to kaolin-

ite [ Yousef et al., . In some samples, feldspars
are dissolved and replaced by pyrite (Figure 7g), or
by kaolinite. Among the accessory grains, heavy
minerals are founded, represented by tourmaline
and zircon and authigenic anatase in some sam-

ples (Figure 7f). The pore spaces of the sandstone
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Figure 7. Thin sections and SEM photomicrographs: A) — quartz arenite with spots
and patches of clay material; B) — sandstone grains cemented by clay materials; C) —
quartz arenite with dolomite cement fill the pore spaces; D) — sandstone with siderite
cement and nodules of 100 ym in size; E) — poikilotopic patches of pyrite replacing the
clay materials; F) — authigenic anatase overgrowth on the surfaces of the detrital quartz
grains.

are formed mainly by the intergranular porosity, 4.2. Authigenic Mineralogy

they are moderate to well connect by channels

[ure 7h and [Figure 7g), some pores are filled with

detrital clay materials or with authigenic minerals The petrographical studies with the help of SEM
or types of cement, other pores are unfilled. observations and XRD analysis (< 2 pm clay frac-
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tion samples) showed that the authigenic minerals
in the upper Triassic and lower Cretaceous sand-
stone occupy an average of 20% of the rock volume.
These include; authigenic quartz or overgrowth
quartz, kaolinite, illite, smectite, chlorite, illite-
smectite mixed layers, dolomite, siderite, pyrite,

and anhydrite (Table 2J).

Authigenic quartz; occupying from 1 to
13% of the sandstone volume, depending on SEM
observations, such this overgrowth quartz is rep-
resented by microcrystalline elongated pyramidal
idiomorphic crystals having a dimension of about
30 to 70 pum, they grow on the surfaces of the de-
trital quartz grains, or fills the intergranular pore
spaces and ) It can be con-
sidered in some samples that the authigenic quartz
plays the role of radial syntactic cement that con-
nect the detrital grains and clogs the intergranular
pores, thereby reducing the sandstone porosity and
pore connectivity of the pores network.

Kaolinite; content up to 12% of the whole

sandstone samples (see , and up to 82%
in the < 2 um clay fraction samples (see .
Kaolinite is common in the sediments of the Mu-
lussa F2 zone (see [Figure 4). As a result of SEM
studies, two morphological types of kaolinite were
founded; Pseudo-hexagonal kaolinites founded in
the form of pore-filling material consist of well to
moderately crystallized crystals of 5 to 15 ym in
size (Figure 8c). Booklets of kaolinite are well to
developed, subhedral to euhedral blocky of crys-
tals and clusters of 20 to 50 pum in size partially or
completely filled the primary and secondary pore

spaces between the detrital grains (Figure 8d).
Chlorite; content up to 13% (see [Table 2)),

chlorite is not common in the studied sandstone
sediments such as the kaolinite or the illite. Where
the chlorite present, it occurs in the form of pores
fillings or linings, consists of cabbage head-like
morph and euhedral individual plates vary from 5
to 10 pm, with random orientation on the surfaces
of detrital grains enclosing the authigenic quartz
and filling or lining the pores (Figure 8¢ and [Fig-|
e ).

Illite; content from 1 to 23% in the < 2 ym

clay fraction samples (see [Table 2)), it is common
in sediments of the Mulussa F3 and Mulussa F1

zones (see |[Figure 4)). SEM examination identified

two forms of illite; Illite as grain-coatings developed

INFLUENCE AND CONTROL
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around and on the surfaces of the quartz grains par-
tially or completely coatings them. Illite as pore-
fillings in the form of fillings or linings pores, as
well as in the form of short-fiber aggregates ranges
in size from 5 to 10 pm, firmly attached to the pore

walls (Figure Sg).

Illite-smectite mixed layers; content up
to 7% (see [Table 2). SEM examination identified
two forms of the illite-smectite mixed layers; illite-
smectite mixed layers as grain-coatings; developed
around and on the surfaces of the quartz grains as
platy or wispy edges crystals ranging in size from

2 to 10 ym (Figare Sh).

Illite-smectite mixed layers as pore fill-
ings; developed in the pore spaces and forms
bridges between the detrital grains and significantly
reducing the porosity and the permeability of the
sandstone layers.

Dolomite; occurs especially near the top and
bottom of the Mulussa F reservoir sediments (see

Figure 4)), and occupying between traces up to 12%

according to the results of XRD (whole sandstone
sample) (see [Table 1)). Most of the dolomite is
found in the form of poikilotopic cement consisting
of anhedral to subhedral aggregated and crystals
vary in size from 10 to 50 um filling or occluding

the pore spaces (Figure 9p).

Siderite; is common in the sediments of Mu-
lussa F2 and Mulussa F1 zones, and content up to
23% (the whole sandstone sample) (see [Table 1)).
Most of the siderite occurs in the form of cement
between the detrital grains, or as sphaerosiderite of
about 50 pm in size (see[Figure 7[). Some siderite
occurs as overgrowth crystals in the pore spaces, or
as cleaved masses of 10 to 50 um in size partially

occluded the macropores (Figure 9b).

Pyrites; content from traces up to 1% (see
, and often found in the form of micro poik-
ilotopic patches replacing clay minerals (see
ure 7g), or as isolated micro spherical nodules of
5-10 pm in the primary and secondary pores

e 0F).

Anhydrite; occurs in traces amounts up to

2% (see[Table 1)), and forms poikilotopic patches of
cement that connects the detrital grains and filling

the pore spaces (Figure 9d).

10 of 24
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Figure 8. SEM photomicrographs: A, B) — microcrystalline overgrowth quartz on the surfaces of
quartz grains and in the pore spaces; C) — pseudo-hexagonal kaolinite crystals in the form of pore-fillings
material; D) — subhedral to euhedral blocky crystals and clusters of kaolinite booklets; E) — cabbage
head-like morph of chlorite developed on the surfaces of quartz grains; F) — chlorite plates randomly
orientated on grains surfaces enclosing the authigenic quartz and filling, and lining the pores; G) — Illite
in the form of grain-coatings and pore-fillings; H) — Illite-smectite mixed layers as grain-coatings and

ore-fillings.
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Figure 9. Thin sections and SEM photomicrographs: A) — anhedral or subhedral aggre-
gated of dolomite occluding the pore spaces; B) — cleaved masses of siderite overgrowth
and occluding the pore spaces; C) — isolated micro spherical nodules of pyrite overgrowth
on the surfaces of the detrital grains; D) — poikilotopic patches of anhydrite cement filling
the pore spaces, and connect some detrital grains.

4.3. Discussion and Interpretation of
Post-Sedimentation Changes

The petrographical analyses and investigations
along with SEM observations discussed here to
identify the post-sedimentation changes history of
the upper Triassic and lower Cretaceous sediments
in Euphrates graben area, and discern the growth
of the various types of cement and authigenic min-
erals. The history of post-sedimentation changes is
subdivided into 2 stages; diagenesis-misocatagenis
stage and mesocatagenesis-apocatagenesis stage,

every stage is subdivided into 2 phases (Figure 10)).

It is believed that the diagenesis-misocatagenis

stage includes the following processes; infiltration
of detrital clay, the formation of early carbonate,
formation and dissolution of potassium feldspar,
precipitation and formation of kaolinite, precipita-
tion of chlorite, the formation of pyrite, and the for-
mation of siderite. It should be noted that the com-
paction and dissolution started at the beginning
of the diagenesis-misocatagenis stage and continue
until the end of the mesocatagenesis-apocatagenesis
stage. During the mesocatagenesis-apocatagenesis
stage, it is believed that the following processes
are taken place; the formation of growths quartz,
precipitation of illite, precipitation illite-smectite
mixed layers, formation of dolomite, precipitation
of sulfate cements anhydrite and barite, in addi-
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Post-sedimentary changes
Post-sedimentary stages Diagenesis - misocatagenis Mesocatagenesis - apocatagenesis
Phase A : Phase B Phase A Phase B

Infiltration of detrital clay _
Formation of early carbonate H B BB . H B
Formation and dissolution of potassium feldspar | Il Il 1 W - B B B'E B B
Precipitation and formation of kaolinite [ HI B EEEBEEREBEBE.
Precipitation of chlorite H BB . | B | H B . H B B
Formation of pyrite EEEEBE EEEBN
Formation of siderite EEEBN: EEEREBEBR
Formation of Anataze E B EER
Compactoin EEEEEEEEEEEEEEER
Dissolution EEEEEEE N EEEEEEER
The formation of growths quartz 5
Precipitation of illite _
Precipitation of illite-smectite HIEEB ' [
Formation of dolomite E B EEEEEE
Precipitation and formation of anhydrite H EH B . H B
Precipitation and formation of barite HEBE . |

Figure 10. The sequence of post-sedimentary changes in the upper Triassic and lower
Cretaceous sediments in the Euphrates graben area.

tion, the following events are continued during the
mesocatagenesis-apocatagenesis stage; dissolution
of potassium feldspar, precipitation of kaolinite,
precipitation of chlorite, the formation of pyrite,

and the formation of siderite (Figure 10J).

4.4. The Influence and Control of
Authigenic Clay Minerals on the Upper
Triassic and Lower Cretaceous Sandstones
Reservoir Properties

Clay minerals, according to XRD analysis, are
mainly represented by kaolinite, illite, chlorite, and
illite-smectite mixed-layers. The porosity and per-
meability of the upper Triassic and lower Creta-
ceous sandstone reservoirs decreased due to the in-
filtration of detrital clay materials, and due to the
authigenic kaolinite, chlorite, illite, and illite smec-
tite mixed layers that filled the pore spaces and
cements the detrital grains . The most
important authigenic phase is the kaolinite because
it is the most common between the clay minerals in
the upper Triassic and lower Cretaceous sandstone

reservoirs. The higher kaolinite content is found in
clayey sandstone lithofacies, while the lower kaoli-
nite content is found in the medium-grained and
coarse-grained sandstone lithofacies. The authi-
genic kaolinite that founded in the sandstones al-
most has a well-crystallized variety, often found
in the form of booklets and vermiculite-like aggre-
gates, as well as discrete crystals and
Figure 11p). The micro-porosity of the kaolinite
aggregates depends on their size, in the large ag-
gregates that are range from 100 up to 300 pm in
size, the pore sizes are ranges from 0.56 to 1.8 ym
in dominate, smaller aggregates of kaolinite that
are less than 100 pum have pore sizes of 0.09 pm.
Kaolinites have significant differences in the mor-
phology and the size of the crystals and booklets
that found between the detrital grains. The crys-
tals and booklets of kaolinite can be distinctly elon-
gated or form dense aggregates with poorly distin-
guishable grain outlines (Figure 11p). As a result,
it can be assumed that the existence of the kaolinite
inside the pore spaces as a whole play the role of a
factor in reducing the porosity and permeability of
the sandstone reservoirs since they act as a factor
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in reducing the pore size and the size of the inter-
pore channels (Figure 11a and |[Figure 11p). The
presence of chlorite has a less significant effect on
the porosity and permeability of the studied sand-
stone reservoirs, due to their less common in the
sandstone reservoirs.

In the studied sandstone reservoirs, the authi-
genic chlorite is a common mineral in the form of
pore fillings, and less is observed in the form of
grains coatings (Figure 11 and [Figure 11d). The
occurrence of the chlorite in the form of randomly
distributed idiomorphic plate crystals with a di-
ameter of 5 um in the pore spaces affects the per-
meability of the reservoirs more than the porosity
since their appearance in this form reduces the abil-
ity of the fluid to move through the pores network.
Illite and illite-smectite mixed-layers are present in
the sandstone as a pore filling, or as grains coat-
ings, these minerals play an important role in re-
ducing the porosity and permeability of the reser-
voirs. The appearance of illite in the pore spaces as
tangled fibrous masses reduces the porosity of the
sandstone due to their partial or complete filling of
the pore space (Figure 11p and [Figure 11f). The
appearance of illite and illite-smectite mixed layers
as pores bridges between the detrital grains leads
to a breakdown of the pore connectivity which
further reduces the permeability of the reservoirs.
The known ability of the smectite packets to ad-
sorb water between silicate layers in many cases
increases their initial volume, therefore, they affect
the porosity and permeability of the reservoirs by
closing the pore spaces, which is considered as a
negative factor, especially for oil and gas develop-
ment activities [Yousef et al., [2018b). The
effects of the clay minerals content (XRD data re-
sults) on the porosity and permeability of the upper
Triassic and lower Cretaceous sandstone reservoirs
is shown in (Figure 12k and [Figure 12p).

The graph in|Figure 12 showing the relationship
between the clay minerals content and the porosity
and permeability of the upper Triassic sandstone
reservoir (Mulussa F reservoir), here, it is clear
that approximately below the depth of 3200 m, the
porosity of the sandstone reduced down, this is due
the higher percent of the clay minerals (epically the
kaolinite) within the sandstone below this depth,
the effect of the other clay minerals such as chlo-
rite, illite, and illite-smectite mixed layers is lower
compared to the kaolinite. Also, this reduction in
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the porosity is due to the influences of the cemen-
tation and compaction which will discusses in more
details in paragraph 4.5.

The graph in[Figure 12p showing the relationship
between the clay minerals content and the poros-
ity and permeability of the lower Cretaceous sand-
stone reservoir (Rutbah reservoir), here, it is clear
that approximately below the depth of 2800 m,
the porosity of the sandstone reduced down, this
is due the higher percent of the clay minerals epi-
cally the kaolinite, illite, and illite-smectite mixed
layers within the sandstone below this depth.

4.5. Assessment the Influence and Control
of Cement Content on the Upper Triassic
and Lower Cretaceous Sandstone
Reservoirs Properties

In general, the development of the cementation
processes on the upper Triassic and lower Creta-
ceous sandstone reservoirs are moderate to strong.
The primary cementing materials are the siliceous
and the clayey materials (mainly kaolinite) ([Fig
ure 13p). Authigenic or overgrowth quartz often
found in the form of crystals vary in size from
10 to 30 pm ) Quartz overgrowth is
more developed in the sediments in which a rela-
tively high contents of detrital quartz grains are
founded. The development of the quartz over-
growth can cause blocking of pores, or reducing
the diameter of the inter-pore channels which has
a significant effect on the porosity of the reser-
voirs. Overgrowth quartz, like cement, in some
cases completely covers the space between the de-
trital quartz grains (Figure 13p). Clay cement are
abundant, including kaolinite, illite and mixed lay-
ers of illite-smectite. Among them, kaolinite is the
most widespread (Figure 13). Carbonates cement
are limited in the studied sandstone and mainly
consist of authigenic calcite, and dolomite in some
intervals ), siderite cement also exists
in some samples and form the main cement mate-
rials between the sandstone grains especially in the
sediments of the Mulussa F2 zone (Figure 13{).
Early carbonates cement plays a role factor in in-
creasing the porosity of the reservoirs due to their
dissolution at the mesocatagenesis-apocatagenesis
stage. The late stage of the cementation with car-
bonates or sulfate cements leads to the filling of the
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Figure 12. A) — Cross-plots showing the influence of clay minerals on the porosity and
permeability of upper Triassic sandstone reservoirs in Euphrates graben. B) — Cross-
plots showing the influence of clay minerals on the porosity and permeability of lower
Cretaceous sandstone reservoirs in Euphrates graben.

intergranular pores, reducing the properties of the ing amounts in the sandstone where they clog the
reservoirs. Anhydrite, barite, and pyrite cements pores between the detrital grains (Figure 13f).
are less distributed and are often present in vary- In the process of studying the effects of the differ-
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Figure 13. A) — Types of cements that are present in upper Triassic and lower Cre-
taceous sandstone reservoirs and their relationship with depth; B) — quartz overgrowth
developed on the surfaces of the detrital quartz grains; C) — crystals and booklets of
kaolinite filling the pore spaces; D) — dolomite developed and surrounded the quartz
grains; E) — developed siderite in the sandstone; F) — anhydrite patches filling some of
the pore spaces.

ent types of cements on the reservoir properties of dolomite, siderite, barite, anhydrite, and pyrite)
the upper Triassic and lower Cretaceous sandstone, (Figure 13a). The purpose of this classification is
cements were classified into three types: total ce- to determine which of those cements plays the main
ment, quartz cement, and other cements (kaolinite, factor in reducing the porosity of the reservoirs.
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The terms that are used in this section include:

e Intergranular volume = intergranular poros-
ity + total cement.

e Total cements = the sum of cements that oc-
cupy the intergranular space.

e Quartz cements = quartz cements that oc-
cupy the intergranular spaces.

e Other cements = total cement — quartz ce-
ment.

e Intergranular porosity = intergranular vol-

ume — total cement.

The purpose of studying the distribution of the
different types of cements in the studied sediments
is to determine the relationship between the reser-
voir properties and the percentage of the cements,
and to determine the type of the main cement
which plays the role of the main factor in reduc-
ing the quality of the reservoir rocks. Content
of total cement in the Mulussa F reservoir
ure 13h), (average 10.4%), quartz cement content
(average 3.0%), other cements (average 7.4%), in-
tergranular volume (average 20.9%), and the inter-
granular porosity (average 10.8%). Hence, it can
be assumed that cementation is a strong factor in
reducing the porosity of the Mulussa F reservoir
rocks because most of the intergranular volume are
filled with cements. Quartz cement reduced the
porosity of the reservoir rocks to a lesser extent due
to its low content (3%), while the other cements
which are practically in the Mulussa F reservoir
rocks consist mainly of kaolinite and siderite serve
as the main factor in reducing the porosity, since
their content is higher (7.4%). Content of total
cements in the Rutbah reservoirs (Figure 13p) (av-
erage 7.6%), quartz cement (average 2.8%), other
cements (average 3.6%), intergranular volume (av-
erage 16.2%), and the intergranular porosity (aver-
age 8.6%). Hence, it can be assumed that cemen-
tation plays the factor in reducing the porosity in
Rutbah reservoir, because part of the intergranular
volume is filled with cements. Quartz cement with
other cements equally contributed to decrease the
porosity of reservoir due to their presence in equal
volumes (2.8 to 3.6%).
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4.6. Assessment the Influence and Control
of Compaction and Cementation Processes
on the Porosity of the Upper Triassic and

Lower Cretaceous Reservoirs

Mechanical compaction that caused by lithostatic
pressure during the process of sediments burial
leads to reorientation and repackaging of the grains
and decrease the intergranular volume of sandstone
[Houseknecht, [1988]. On the other hand, the
cementation processes further affect the porosity
of the reservoir rocks. As a rule, when assessing
the diagenetic modification and their influence on
the intergranular porosity, it is recommended to
separate the effects of the compaction processes
from the effects of the cementation processes us-
ing the diagram of [Houseknecht, [1984], (Figure 14|
and . The vertical axis in the diagram
represents the intergranular volume, also it can be
used to quantify the percentage of the initial poros-
ity that have been reduced by the compaction pro-
cesses, this value can be quantified using the fol-
lowing equation:

The porosity reduced by compaction =

40 — intergranular volume/(40 x 100) (1)

The horizontal axis of the diagram can be used to
calculate the percentage of the initial porosity that
have been reduced by the cementing processes, this
value can be quantified using the following equa-
tion:

Porosity reduced by cementation =

total cement/(40 x 100) (2)

As shown by the dashed line in the diagram
jure 14] and [Figure 15]), the intergranular porosity
of the sandstone depends on how much the inter-
granular volume was reduced by the compaction
processes (vertical axis), and how much of this in-
tergranular volume was reduced by the cementa-
tion processes (horizontal axis). The intergranular
porosity can be estimated either directly from the
diagram, or using the following equation:

Intergranular porosity =

(3)
The porosity of the sandstone reservoirs may be

predominantly as a function of compaction pro-
cesses, or as a function of cementation processes,

intergranular volume — total cement
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Figure 14. Houseknecht diagram illustrating the evaluation of compaction and cemen-
tation processes during the development of porosity of upper Triassic Mulussa F reservoir

in Kuphrates graben.

or maybe as a function of both compaction and
cementation. The dashed diagonal line in the di-
agram separates the samples in which compaction
was more important than cementation. For exam-
ple, if the porosity of the sandstone as a compaction
function, then the samples will be located in the
lower-left, while if the porosity of the sandstone
is a cementation function, then the samples will be
closer in the upper-right (Figure 14|and [Figure 15]).

If the porosity of the sandstone is a function of
both compaction and cementation, then, in this
case, the samples in the diagram will be in the mid-
dle part of the diagram (Figure 14| and [Figure 15).
Thus, when individual samples are plotted on this
diagram, a quick assessment can be made of the
relative importance of compaction and cementa-
tion in determining reservoir quality. The develop-
ment of the intergranular porosity in the Mulussa
F reservoir is shown in , 60% of the
data shown in the diagram are located in the lower-
left part of the diagram (compaction dominant),

while 40% of the data are located in the upper-
right part of the diagram (cementation dominant).
This indicates that the sandstone from the Mulussa
F reservoir has undergone a significant decrease in
the porosity due to the compaction processes more
than the decrease in porosity by the cementation
processes. The average value of the intergranular
volume for all the data of the diagram indicated
by the star is 20.9%, and the average
value of the total cement is 10.4%. If we assume
that the average initial porosity of the Mulussa F
reservoir was 40%, then the initial porosity was re-
duced by compaction by 47.5% (using (1)), while
the initial porosity was reduced by cementation by
26% (using (2))). Petrographic observations con-
firm that most of the grains exhibit concave-convex
or stitched contacts, or both together. The average
intergranular porosity of the Mulussa F reservoir in
the diagram is 10.5% (using (3))), this
value corresponds to the real values obtained from
the data analysis.
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Figure 15. Houseknecht diagram illustrating the evaluation of compaction and cemen-
tation processes during the development of porosity of lower Cretaceous Rutbah reservoir

in Kuphrates graben.

The development of the intergranular porosity
in the Rutbah reservoir is shown in ,
85% of the data on the diagram are located in the
lower-left part of the diagram (dominant of com-
paction), and 15% of the data are located in the
upper-right corner of the diagram (dominance of
cementation), which indicates that the sandstone
from Rutbah reservoirs has undergone a significant
decrease in porosity due to the compaction pro-
cesses is greater than the decrease in porosity by
the cementation processes. The average value of
the intergranular volume for all the data indicated
by the star in the diagram are 16.2%,
and the average value of the total cement is 7.6%.
It is assumed that the initial porosity of the Rut-
bah reservoir was 40%. Then 59.5% of the initial
porosity was reduced by compaction processes (us-
ing ), while 19% of the initial porosity was re-
duced by cementation processes (using ) The
average intergranular porosity of the Rutbah reser-

voir in the diagram (Figure 15)) is 8.6% (using (3)),

this value corresponds to the real values obtained
from the analysis of the main data.

Compaction prevails in the upper Triassic and
lower Cretaceous sandstone and is considered as
one of the main post-sedimentation factors that
regulate the porosity of the reservoirs and cussed
a decrease in the radii of the pore channels
ure 16p). The compaction of the siltstone and fine-
grained sandstones is important because the finer
material present between the coarse grains and sig-
nificantly reduced the initial porosity.

In this study, sandstone show three types of
granular contacts, which include point, linear, and
concave-convex contacts. Compaction is limited in
the sandstone that cemented by abundant authi-
genic silica or carbonate cementation. Microcrack
porosity caused by compaction is present in those
areas where grains were deformed during com-
paction ) Microcracks in grains can im-
prove permeability, especially when the space be-
tween debris is cemented or filled with clay minerals
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Figure 16. A) —

mentation and its effects on the sandstone; C)

Crash of quartz grains under the influence of compaction; B) — ce-
— relationship between the porosity with

depth and burial history of the upper Triassic Mulussa F reservoir in Euphrates graben
area; D) — relationship between the porosity with depth and burial history of the lower

Cretaceous Rutbah reservoir in Euphrates graben area; E, F)

[Worden and Burley, . In some samples stud-
ied, compaction leads to the formation of micro-
cracks, which are later filled with authigenic clay
minerals, which leads to a decrease in sandstone

porosity (Figure 16p). The abundance of deformed

grains in the studied sandstone indicates that a de-

and |[Figure 16().
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— dissolution in sandstone.

crease in the primary intergranular porosity began
shortly after sedimentation. The relationship be-
tween porosity and diagenesis-misocatagenis and
mesocatagenesis-apocatagenesis for the Mulussa F

and Rutbah reservoirs is shown in (Figure 16

After the deposition processes,
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Figure 17. Schematic diagram of the relationship between the post sedimentation
changes and the porosity evolution of the Mulussa F and Rutbah reservoirs in the Eu-

phrates graben.

the porosity of the reservoirs is reduced due to
the continuation of the sedimentation. During
the diagenesis-misocatagenis stage, the main pro-
cesses were the mechanical compaction and the
cementation which led to a decrease the poros-
ity of the reservoirs. During the mesocatagenesis-
apocatagenesis stage, the main processes that af-
fect the reservoir rocks also were compaction, ce-
mentation, while the dissolution led to increasing

not significantly improve the quality of the reser-
voir rocks. In addition, most of the dissolved
feldspar is replaced by kaolinite or by the other
authigenic minerals during the mesocatagenesis-
apocatagenesis stage. Dissolution markedly im-
proved the reservoir properties, especially in the
upper and lower parts of the upper Triassic reser-
voir, where carbonate cements are common (see

[Figure 4)).

the porosity of the reservoirs (Figure 16, [Fig
[ure 16d, [Figure 16 and [Figure 16{d). Dissolution
in the sediments of upper Triassic and lower Cre-
taceous was mainly manifested as dissolution of

calcite cement and feldspar (Figure 16p and [Fig-|

). The dissolution improves the porosity
of the reservoirs, the reason for the dissolution

was the large amount of the organic acid and COs
that formed during the maturation of the organic
matter during the burial history of the sediments.
Most of the secondary porosity is the result of the
partial or complete dissolution of the calcite ce-
ment (Figure 16p and [Figure 16f). The dissolution
of the detrital feldspar also occurred. Since the
content of the feldspar was low, and most of the
porosity formed in the feldspar is inside the grains,
the consequences of the dissolution of feldspar did

4.7. Analysis of the Pore Space
Development of the Upper Triassic and
Lower Cretaceous Reservoirs

The porosity of Mulussa F and Rutbah reser-
voirs are mainly controlled by the characteristics of
the sedimentation conditions, and by the processes
during the diagenesis-apocatagenesis stages. Based
on SEM observations along with petrographical in-
terpretations, the evolution of the pore space of the
Mulussa F and Rutbah sandstone reservoirs have

been summarized in this paragraph (Figure 17)).

e During the diagenesis-mesocatagenesis stage

(Phase A) (Figure 17)), the maximum burial
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depth of the sediments was approximately
1000 m, with temperature up to 40°C. Com-
paction was the dominant process, where the
effects of the cementation were relatively lim-
ited. Infiltrated detrital clay martials, for-
mation of the kaolinite, and early growth of
quartz, were the main cementation materials
at this stage. The grains contact types at
this stage were in point-point contact due to
the influence of the compaction. The inter-
granular pores were the dominated porosity
at this stage. The porosity of the sandstone
decreased by about 12% with intensive com-
paction and early cementation processes.

e During the diagenesis-mesocatagenesis stage
(Phase B), the burial depth continued to in-
crease to approximately 1500 m, with tem-
perature up to 70°C , the effect
of the cementation became dominant, early
formation of carbonate cement took place.
The grains contact types at this stage were
in point-long contact due to the influence of
the compaction processes. The pores mainly
remained intergranular, although secondary
dissolution pores appeared in a small amount.
The clay minerals gradually turned into il-
lite and illite-smectite mixed-layer. Losing
of porosity due to the compaction was ap-
proximately 5%. The loss of porosity caused
by clay minerals, early carbonate cement and
early growth of quartz was approximately 4%
in the sandstone reservoirs.

e During the mesocatagenesis-apocatagenesis
stage (Phase A), the burial depth of the sed-
iments reached about 2000 m with a temper-
ature of 90 to 110°C . A large
amount of acidic fluids formed in the reser-
voir sediments due to hydrocarbon formation
from mature organic substances. The im-
pact of the compaction increasing at this stage
and causes a loss of porosity of approximately
7%. Intergranular dissolution pores were also
formed here which increased the porosity by
about 4%. Kaolinite was mainly formed at
this stage which was the main reason for the
pores filling and reducing the porosity.

e During the mesocatagenesis-apocatagenesis
stage (Phase B), the burial depth reached
about 3000 meters with a temperature of
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110 to 130°C (Figure 17)). Illite, and illite-

smectite mixed-layer formed in the intergran-
ular pores. The grain contacts types were
in point-long and long contact. Intergranular
pores and pores formed by dissolution are the
main types of pores in reservoir rocks. KEs-
timated porosity loss due to compaction at
this stage is 3%. The estimated porosity loss
caused by cementation at this stage is 6%.

Conclusions

Based on petrography study using the tech-
nics of Scanning Electron Microscope SEM, and
XRD analyses, the influence, and control of post-
sedimentation changes on the upper Triassic and
lower Cretaceous sandstone reservoirs quality were
studied and reported. The XRD analyses showed
that the detrital components occupy an aver-
age of 72% of the rock volume, consist mainly
of sandstone quartz arenite. SEM studies show
that the authigenic minerals occupy an average
of 20% of the rock volume, these include over-
growth quartz, kaolinite, chlorite, illite, illite-
smectite mixed layer, dolomite, siderite, pyrite, and
anhydrite. Based on petrography interpretation,
the history of the post-sedimentation changes is di-
vided into 2 stages; diagenesis-misocatagenis, and
mesocatagenesis-apocatagenesis. The porosity of
the upper Triassic and lower Cretaceous sandstone
reservoirs decreased due to the infiltration of the
detrital clay materials during the deposition, in ad-
dition, the authigenic minerals which cause pore
spaces blocking and reduce the diameter of the
inter-pore channels. It the upper Triassic reservoir,
the overgrowth quartz cement reduced the poros-
ity of the sandstone to a lesser extent due to its
low content (3%), while the other cements which
consist mainly of kaolinite and siderite serve as the
main factor in reducing the porosity since their con-
tent is higher (7.4%). In the lower Cretaceous Rut-
bah reservoir, the overgrowth quartz cement with
other cements equally contributed to decreasing
the porosity of the reservoir due to their presence in
equal volumes (2.8 to 3.6%). Using the diagram of
Houseknecht to evaluate the influence and control
of the cementation and compaction on the reser-
voir porosity, it shows that the initial porosity of
the upper Triassic reservoir was reduced by com-
paction by 47.5%, while reduced by cementation
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by 26%. Using the diagram of Houseknecht for the
lower Cretaceous reservoir is shown that the ini-
tial porosity was reduced by compaction by 59.5%,
while reduced by cementation reduced by 19%.
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