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Abstract

This study presents the petrographical and petrophysical characteristics of the Cambro-Ordovician clastic reservoirs from
the Risha field, northeastern Jordan. Routine core analysis, wireline logs, petrographic thin sections, scanning electron
microscopy, and X-ray diffraction were integrated to characterize the gas reservoirs of the Risha, Dubeidib, and Umm Sahm
formations (the equivalent of Sarah, Qasim, and Upper Saq formations of northern Saudi Arabia). These reservoirs are variably
micro- and mesoporous, with permeability < 1 mD and dominantly < 6% porosity. Wireline log-based assessment exhibits
low shale volume (< 30%) and high hydrocarbon saturation (45-95%) in these tight reservoirs. Petrographic investigation
reveals that these reservoirs are fine-grained sandstones, moderately sorted with high mineralogical maturity. The Risha and
Dubeidib reservoirs are subarkose, while the Umm Sahm reservoir is composed of quartz arenite. The late diagenetic silica
cementation is inferred as reservoir quality-reducing diagenetic factor, with quartz overgrowth of > 10% corresponding to <
4% porosity. SEM images exhibit the presence of grain-coating, pore-filling, and pore-lining chlorite, and illite phases which
hinder quartz overgrowth and had a positive effect in retaining the primary porosity. The sandstones with > 20% clay-coating
coverage corresponds to a lower quartz overgrowth (< 5%) and therefore higher intergranular porosity (> 5%). Locally sutured
grain contacts and stylolites are observed which indicate intense chemical compaction. The feldspar grains are observed to
be partially dissolved, which generated minor secondary porosity. Micropore-dominated pore systems and rare secondary
macroporosity are typically isolated by abundant cement and/or pore throats choked by clay minerals.
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Tight gas sands account for more than two-thirds of
global unconventional production [1]. These refer to low-
permeability sandstones that produce dry natural gas [2]. The
Middle East and Africa host roughly 823 trillion cubic feet
of tight sand gas reserves [1, 3]. The Cambrian-Ordovician
glacial sandstones of the Middle East and North Africa hold
a large tight sand gas potential. For example, the Paleozoic
Hamra Quartzites are one of the most prominent producing
reservoir intervals in the Saharan basins of Algeria [4-6].
The Upper Ordovician sandstones of the Sarah Formation are
also confirmed as a gas reservoir in central and north-western
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Fig. 1 Location map of the Risha gas field, northeastern Jordan, along with the four well locations that have maximum data coverage, modified

after Naylor et al. [9]

Saudi Arabia [7, 8]. The present study focuses on the equiv-
alent Paleozoic tight sandstone gas reservoirs of the Risha
field, located in the northeastern part of Jordan, near the Iraq
border. To maximize the potential of the Lower Paleozoic
reservoirs that are part of the petroleum system in Jordan [9],
thorough understanding of the properties and hence reservoir
quality of targeted pay zones needs to be established.

The Risha field is the most significant gas field in Jordan,
presently contributing ~ 5% of domestic natural gas con-
sumption for electricity generation [10]. Production started
in 1989, with a total gas reserve of 180 billion cubic feet [11,
12]. Since 2019, Jordan’s national oil company has boosted
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exploration activity in the eastern desert area to reduce hydro-
carbon imports, and the promising gas reserves of the Risha
field have become the primary focus. Past field development
activities increased Risha production from 8 million cubic
feet per day in 2017 to 30 million cubic feet in 2021 from
about 30 producing wells. The recent and ongoing activity,
which started in 2022, has targeted the drilling of six new
wells within the Risha field near the Iraq border to increase
the field’s production capacity up to 50 million cubic feet per
day [13].

The Risha field hosts potential reservoirs in Lower Pale-
ozoic intervals [9], including the deposits of well-stacked
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Fig. 2 Stratigraphic succession of the studied Risha gas field [27]
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Fig.4 Wireline logs and inferred key petrophysical properties of the Risha Formation in the well RH-3. Reservoir pay zones are marked in grey

thin sheets of outwash fan deposits, with sediments deliv-
ered via sub-glacial tunnel valleys [ 14]. Previously published
studies from the region have focused on the sequence
stratigraphy and depositional environments of Silurian and
Ordovician intervals [14-26] and the organic geochemistry,
and source rock characteristics of Silurian and Cretaceous
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shales [22, 27]. Reservoir pore characteristics, the impact
of fractures, and reservoir heterogeneity in Upper Ordovi-
cian Sarah Formation tight gas sandstones, equivalent to the
Risha Formation in Jordan, have been the focus of several
studies in Saudi Arabia [8, 28]. However, a comprehen-
sive characterization of reservoir properties and hydrocarbon
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Fig.5 Wireline logs and inferred key petrophysical properties of the Risha Formation in the well RH-9. Reservoir pay zones are marked in grey

potential of the Lower Paleozoic formations of Jordan has
not yet appeared in the published literature. This work
integrates information from wireline logs, core-based petro-
physical measurements, petrographic thin sections, scanning
electron microscopy (SEM), X-ray diffraction (XRD), and
drilling data to characterize the Risha, Dubeidib, and Umm
Sahm sandstones in the study region. The objectives of
this study are to: (i) Infer porosity, permeability, and pore
types, (ii) establish key petrophysical properties (effective
porosity, shale volume, and water saturation), (iii) describe
petrographic characteristics, (iv) characterize mineralogical
distribution, and (v) assess the diagenetic processes that have
affected the reservoir qualities.

2 Geologic Setting

The studied Risha tight gas field is located on the tectoni-
cally active/unstable shelf region of the Arabian plate [29]
(Fig. 1). The Tabuk Basin of Saudi Arabia marks its east-
ern boundary. The studied Risha field is characterized by a
low structural dip and hydrocarbon accumulations are char-
acterized by stratigraphic traps, i.e. lateral facies pinch-outs
[30]. The major fault systems express this, generally trending
south-north or southeast-northeast may have played a role in
the initial construction of the tectonics during the Late Pre-
cambrian age. Following the Infracambrian extension linked
with Pan-African East African-Antarctic Orogeny [31, 32],
the Paleozoic remained tectonically inactive. Compressional

tectonics took place during the Late Carboniferous, which
resulted in the uplift and erosion of the Upper Paleozoic sed-
iments during the Hercynian Orogeny [33] as well as the
reactivation of key structural trends.

A general lithostratigraphic column is presented in Fig. 2.
The basin hosts Cambrian-Eocene sediments approximately
6 km thick, directly above the Precambrian volcanic base-
ment [34]. Cambro-Ordovician sedimentation (Ram Group)
is dominated by terrestrial to shelf marine siliciclastics [16,
35], of which the Umm Sahm Formation is the uppermost
unit. The Cambrian Salb, Umm Ishrin, and Disi formations
of the Ram Group are dominated by a long-lived and exten-
sive braid plain with clastics deposited by northward-flowing
streams, except for the mid-Cambrian Burj Formation marine
carbonates which represent the first Paleozoic marine trans-
gression in the region [35]. The Upper Cambrian-Ordovician
is composed of marine and non-marine sandstone-shale
sequences and hosts the primary gas reservoirs of the Risha
field [14, 36]. The Disi and Umm Sahm formations of the
Upper Cambrian to Ordovician Ram Group include fluvial,
braided channel sandstones but are interbedded with a variety
of shallow marine and tidally influenced sediments [35].

The Middle-to-Upper Ordovician Dubeidib Formation,
equivalent to the Qasim Formation in NW Saudi Arabia [14]
comprises marine argillaceous to sandy, storm-dominated
shoreface deposits which show characteristic cleaning-up,
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Fig.6 Wireline logs and inferred key petrophysical properties of the Risha Formation in the well RH-46. Reservoir pay zones are marked in grey

coarsening-upwards cycles forming a hierarchy of prograda-
tional sequences and parasequence [37]. These shallowing-
up packages are laterally extensive parallel to the northern
Gondwana continental margin.

The Risha Formation, equivalent to the Ammar For-
mation in southern Jordan and the Sarah/Zarq Formation
in Saudi Arabia [14], represents significant erosional and
depositional events related to Hinantian (Upper Ordovician)
glacio-eustatic fluctuations and associated growth and decay
of the Gondwanan ice sheet [14]. In southern Jordan and
parts of NW Saudi Arabia, incised valleys are interpreted as
sub-glacial tunnel valleys [24] formed during ice expansion
and glacio-eustatic low stand conditions. These valleys are
in the order of 1000 m wide and > 100 m deep [14]. They
are interpreted to have supplied sands to the north where the
resulting stacked sandstone sheets can be correlated over tens
of kilometres and are therefore interpreted as stacked glacial
outwash fan deposits. In northern Jordan, the lower part of
the Risha Formation infill of each valley commonly shows a
fining-up, dirtying-up retrogradational trend indicating trans-
gression associated with ice sheet retreat, but with the overall
retrogradational trend incorporating individually coarsening-
up parasequences. Maximum flooding occurs in the Risha II
unit of the Hirst & Khatatneh [14] scheme. Above this, there
is typically a progradational parasequence set to the top of
the Risha Formation, interpreted as recording the progressive
filling and oceanward regression of shallow marine to fluvial
facies along the remnant incised valleys. Erosion driven by
a glacial rebound in the hinterland, as the ice sheet retreated,
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possibly associated with the reactivation of NW-SE trend-
ing faults, may have enhanced sediment supply during this
progradational phase.

A significant transgression led to the deposition of
Mudawwara Formation shale all over Jordan, as a result of
the end of Ordovician glacial activity and the melting of ice
by the Early Silurian [24, 25]. The Silurian shales of the
Mudawwara Formation are the primary source rocks [34] of
the region. Where the hot shales of the Mudawwara Forma-
tion are buried more deeply, they represent mature shales
from which dry gas has been generated [34].

The top of the Silurian Khisheh Formation marks a
regional unconformity that separates the Paleozoic clastics
from Mesozoic dolomites [34]. This unconformity demon-
strates how the Upper Paleozoic was eroded in response to
Hercynian uplift and hence is missing in the studied area. The
Triassic, Cretaceous, and Paleogene intervals are dominated
by carbonate deposits linked to the sea level rise of the Tethys
Ocean and the development of a major carbonate platform
over a large area [30, 38, 39]. In addition to the Mudawwara
Formation shales, other organic-rich shales are present in the
Late Ordovician and Late Cretaceous intervals.

3 Data and Methods

This study utilizes wireline logs, routine core analysis
(RCAL), petrographic thin sections, SEM, XRD, and drilling
data to characterize the reservoir characteristics of the Risha,
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Fig. 7 Wireline logs and inferred key petrophysical properties of the Risha Formation in the well RH-47. Reservoir pay zones are marked in grey

Dubeidib, and Umm Sahm formations. RCAL provided
porosity and horizontal permeability measurements. Based
on data availability, completeness, and formation coverage,
four wells were chosen for log-based quantitative petro-
physical assessments, which are RH-3, RH-9, RH-46, and
RH-47. The wireline log suite includes gamma ray (GR),
deep resistivity (Res), bulk density (RHOB), and neutron
porosity (NPHI), which were utilized to estimate shale vol-
ume (Vsh), effective porosity (PHIE), and water saturation
(Sw). The latter was estimated using gamma-ray (GR) log
data [40]:

GR — GRmin

Vsh = -
GRmax — GRmin

ey

GRmin and GRmax are the minimum and maximum
gamma-ray values in a particular formation interval, respec-
tively. PHIE was estimated based on Vsh, NPHI, and
density-derived total porosity. Sw was inferred following the
Indonesian model [41]:

/1
Res
VSh] —0.5 Vsh Pem
VRsh Ty arw

Rsh = shale resistivity, taken as 5 2m; Rw = resistivity of
the connate water, taken as 0.03 Qm; ‘a’ is tortuosity factor
(considered a = 1); ‘m’ and ‘n’ are cementation exponent and
saturation exponents, respectively, with an assumed value of

=

@

Sw =

2. Due to the tight nature of the sandstones, a porosity cut-
off of 5% was considered to distinguish reservoir pay zones
along with 30% Vsh and 55% Sw cutoffs. Lithology and
hydrocarbon effects were analysed from the RHOB-NPHI
cross-plot. Spectral gamma-ray data were recorded in the
well RH-47, which provided thorium (Th) and potassium
(K) concentration. A cross-plot between ‘Th’ and ‘K’ was
utilized to infer clay mineralogy.

A total of 20 thin sections were prepared from selected
core samples and examined using an Olympus BX53P pet-
rographic polarizing microscope. The thin sections were
impregnated with blue-dyed resin to facilitate the porosity
identification. The staining methods by Dickson [42] were
followed, using a mixed Alizarin Red-S and Potassium Ferri
Cyanide solution to identify the carbonate minerals in the
studied samples. Petrographic thin sections of the three reser-
voirs were available from the wells RH-23, RH-25, and
RH-47. Out of 25 thin sections, 10 were available from
the Risha Sandstone reservoirs, and 5 each from the Dubei-
dib and Umm Sahm reservoirs. Based on the modal point
count analysis of 200 counts per thin section, the consti-
tuting detrital components, cement and clay minerals, and
pore types were inferred. Clay-coating coverage (in %) was
estimated following the method proposed by Dutton et al.
[43]. Scanning electron microscopy (SEM) analysis was
carried out on a total of 10 samples using a Quanta FFG-
450 SEM instrument in Jordanian Nanotechnology Institute.
SEM photographs were available only for the Risha For-
mation in the well RH-29, which provided high-resolution
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Fig. 8 Wireline logs and inferred key petrophysical properties of the Dubeidib Formation in the well RH-3. Reservoir pay zones are marked in grey
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Fig. 9 Wireline logs and inferred key petrophysical properties of the Dubeidib Formation in the well RH-47. Reservoir pay zones are marked in

grey

information about the cement and clay mineralogy and their
distribution. Based on the thin section and SEM evaluations,
diagenetic factors were inferred together with their effects
on reservoir quality. XRD data yielded further information
on the whole-rock composition and clay fraction. XRD anal-
ysis was performed on a total of 33 samples, which include
23 samples from the Risha Formation, 7 from the Dubeidib
Formation, and 3 from Umm Sahm Formation. A Bruker D8
advance diffractometer was utilized to conduct XRD anal-
ysis which provided the whole-rock composition. This is

> 9 Springer

a destructive analysis technique involving grinding a small
rock sample (around 10 g) to a fine powder for whole-rock
analysis. Drilling reports were available from the two wells
RH-7 and RH-16, which were the best gas-producing wells
in the Risha field. Drilling loss events (number of events, loss
rate, and cumulative mud loss volume) were summarized the
possible effects of fractures on reservoir productivity.
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Fig. 11 Wireline logs and inferred key petrophysical properties of the lower Umm Sahm Formation in the well RH-3. Reservoir pay zones are

marked in grey

4 Results
4.1 Petrophysical Analysis

The quantitative and qualitative petrophysical assessments
of the Risha, Dubeidib, and Umm Sahm formations were
performed based on the core measurements and wireline
log analysis. An RCAL-based porosity against permeability
cross-plot is presented for the three formations in Fig. 3. The
data are quite scattered, and a confident poro-perm relation-
ship could not be achieved; however, the majority of the data

distribution indicates horizontal permeability of less than 1
mD and porosity ranging between 1 and 10%, dominantly <
6% (Fig. 3). This is indicative of the very tight nature of all
the three Paleozoic intervals. Following the Winland model-
based pore throat radius (R35) estimates, we infer 0.1 pwm
< R3 < 2 wm, which satisfies the majority of the data dis-
tribution. This inferred R35 range indicates the dominance
of micro- and mesoporosities. Careful observation indicates
that the Umm Sahm Formation primarily demonstrates of
mesoporosity (Fig. 3).
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Based on the wireline log data coverage, we analysed
the key petrophysical properties of the Risha Formation
from four wells, i.e. RH-3 (2610-2695 m, Fig. 4), RH-9
(2590-2670 m, Fig. 5), RH-46 (2560-2615 m, Fig. 6), and
RH-47 (2580-2680 m, Fig. 7). The promising reservoir inter-
vals in the Dubeidib Formation are located between depths
of 3442-3456 m in the RH-3 well (Fig. 8) and 3320-3341 m
in the RH-47 well (Fig. 9). Potential Umm Sahm reservoir
sands were identified in RH-3 between 4025 and 4085 m
(upper zone, Fig. 10) and 4115-4160 m (lower zone, Fig. 11).

Based on the gamma-ray cutoff of ~ 75 GAPI, the Risha
reservoir zones in all four wells (RH-3, RH-9, RH-46,

@ Springer

and RH-47) indicate two clean sand intervals separated by
10-20 m of shales, which demarcates a vertical flow barrier
(Figs. 4, 5, 6 and 7). The interpreted hydrocarbon-bearing
zones in the three formations are characterized by the small
amount of shale volume, which is evidenced by the low
gamma-ray (GR <75 GAPI), along with high deep resistivity
(Res ~ 200 2m) and the cross-over between neutron porosity
and bulk density indicating presence of gas. The gas effect
was also observed in the density-neutron cross-plots from
all three studied formations (Figs. 12, 13 and 14), where the
majority of the data points are clustering around and above
the sandstone line, indicating a sandy matrix. These reservoir
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Table 1 Summary table for the estimated key petrophysical properties of the promising reservoir intervals from the three studied formations

Formation Well name Reservoir Interval Thickness (m) Vsh PHIE Sw Sh Figure no.
(m)
From To dec dec dec dec
Risha RH-3 2610 2695 85 3-10 6-15 15-35 65-85 4
RH-9 2590 2670 80 5-30 6-10 2540 60-75 5
RH-46 2560 2615 55 5-20 6-12 20-55 45-80 6
RH-47 2580 2680 100 5-20 5-10 35-55 45-65 7
Dubeidib RH-3 3442 3456 14 2-5 5-10 5-10 90-95 8
RH-47 3320 3341 21 10-20 6-12 10-20 80-90 9
Umm Sahm RH-47 Upper zone 4025 4085 60 2-5 5-7 10-20 80-90 10
RH-47 Lower zone 4115 4160 45 0-5 4-6 15-25 75-85 11

Vsh shale volume, PHIE effective porosity, Sw water saturation, Sh hydrocarbon saturation

zones exhibit 3-30% shale volume, 4—15% effective porosity
(PHIE), 5-55% water saturation, and 45-95% gas saturation
(Table 1).

The potassium-thorium concentrations available from
spectral gamma-ray data of the Risha and Dubeidib intervals
display mixed-layer clay and montmorillonite as the domi-
nant clay phases in the examined wells (Figs. 15, 16).

4.2 Petrographic Investigation

The Risha Sandstone is light—dark grey, very hard, brittle,
and dominantly composed of very fine-to-fine, sub-angular
to sub-rounded, moderately sorted quartz grains along with
subordinate amounts of K-feldspar, trace amounts of mica
and heavy minerals (Fig. 17a—d). The silica cementation is

commonly observed in all the Risha Sandstone (up to 12% in
the Risha Sandstone and up to 18% in the Umm Sahm Sand-
stone, based on the point count data) that filled the pore spaces
(Fig. 17b—c). Pore-filling carbonate cement (i.e. dolomite,
Fig. 17b—c), diagenetic clay filling (Fig. 17d), and chlorite
rims surrounding the quartz grains (Fig. 17b—d) are com-
monly observed in all the thin sections. The framework grains
are tightly packed with very minor interparticle macroporos-
ity. The feldspar grains are observed to be partially altered
and dissolved (Fig. 17c—d).

The SEM images of the Risha Sandstone exhibit the
presence of chlorite and illite clay phases which mostly
occur as grain-coating, pore-filling, and pore-lining forms
(Fig. 18a—c). Chlorite fills are coarser in the central part of
the pores than the peripheries (Fig. 18a). Carbonate (Fig. 18d)
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Fig. 15 Cross-plot between potassium (K) and thorium (Th) concentrations indicating montmorillonite, kaolinite, and mixed-layer clay as the
dominant clay phases within the Risha Formation pay zones from the well RH-47

25

K < o6

I
S
20 §
&

Thorium (Th) concentration (ppm)

Possible 100% Kaolinite,
Montmorillonite, e e et e e e e
lite, Clay Line————""" 29

Potassium (K) concentration (%)

Fig. 16 Cross-plot between potassium (K) and thorium (Th) concentrations indicating montmorillonite, kaolinite, and mixed-layer clay as the
dominant clay phases within the Dubeidib Formation pay zones from the well RH-47

and quartz (Fig. 18b) cementation are also observed in
SEM. Carbonate cements exhibit developed cleavage planes
(Fig. 18d).

The Dubeidib reservoirs are composed of mostly argilla-
ceous sandstones with siltstones and clay interbeds. In thin
sections, the argillaceous sandstone exhibits a starry night
appearance characterized by very fine-grained quartz and
laminated clay fabrics (Fig. 19a). Quartz is the dominant
framework grain, followed by plagioclase and K-feldspars.
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Partially altered feldspars and pore-filling clay are observed
along with minor dolomites (Fig. 19b). Grain-coating chlo-
rite rims are observed. Primary interparticle porosity and
minor intraparticle porosity created by feldspar dissolution
are observed in the Dubeidib Sandstone samples.

The Umm Sahm Sandstone is primarily composed of
fine-to-medium-grained, moderately well-sorted quartz with
traces of heavy minerals (Fig. 20a—b). Locally sutured grain
contacts and stylolites are observed (Fig. 20a). Umm Sahm
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Fig. 17 Optical photomicrographs of the Risha Formation (reservoir
pay zones) from a-b depth 263595 m, well Risha-23, c¢ depth
2660.25 m, well Risha-25 and d depth 2677.53 m, well Risha-25, indi-
cating the dominant quartz grains (Q), subordinate amount of fresh to
partially altered/dissolved feldspar (red arrow), pore-filling detrital clay

Sandstone exhibits extensive quartz cementation in all sam-
ples (up to 18% based on point count data). The chlorite
rims around quartz grains and minor pore-filling detrital
clay materials are also observed, comparatively lesser than
the Risha and Dubeidib samples. Micropore-dominated pore
systems and rare secondary macroporosity are typically iso-
lated by abundant cement and/or choked by clay minerals.
The QFR plot is presented in Fig. 21, based on the sand-
stone classification system by Folk [44]. Compositionally
the Risha and Dubeidib sandstones are arkose and Umm
Sahm Sandstone is quartz arenite (Fig. 21). The XRD results
are presented in Fig. 22, which specify that quartz is the
dominant mineral phase in all three formations, followed by
feldspar with minor carbonate and siderite. The quartz per-
centage is highest in the Umm Sahm Sandstone (Fig. 22a),
while the Dubeidib Sandstone contains a higher concentra-
tion of feldspar when compared with the other two formations
(Fig. 22b). The Umm Sahm interval is almost devoid of
feldspars and carbonates. The clay content is highest in the
Dubeidib Formation and lowest in the Umm Sahm Forma-
tion, as was also observed in the thin sections. Chlorite and

(orange arrow), chlorite rims surrounding quartz framework grains (blue
arrow), minor ferroan dolomite (D) and extensive pore-filling quartz
cement (green arrow), along with trace amounts of heavy minerals (pink
arrow). Primary interparticle macropores are present (impregnated with
blue-dyed resin)

illite are the dominant clay phases, as identified in XRD as
well as SEM.

5 Discussion
5.1 Diagenesis of the Paleozoic Reservoirs

All the three studied reservoir intervals exhibit very strong
diagenetic imprints which significantly influenced the inter-
granular porosity of the studied sandstones. Compaction,
cementation, and feldspar dissolution are identified as the
three diagenetic processes affecting the Paleozoic reservoir
quality in the Risha tight gas field. The paragenetic sequence
is presented in Fig. 23. Following deposition, the sand-
stones were compacted, that resulted in tighter grain packing.
Mechanical compaction continued throughout the burial.
Mechanical compaction is evident based on the concavo-
convex and long straight grain contacts (Fig. 17b, d) as
well as the overall tight packing of quartz grains. During
the early diagenetic phase, grain-coating chlorite rims were

G
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Fig. 18 a—d Scanning electron microscope (SEM) images of the Risha cementation (green arrow), pore-lining illite (white arrow), and carbon-
sandstones from the well RH-29 at a depth of 2684.7 m indicating ate cement (Cc)
pore-filling, grain-coating, and pore-lining chlorites (blue arrow), quartz

Fig. 19 Optical photomicrographs of the Dubeidib Formation (reser- altered/dissolved feldspar (red arrows), pore-filling detrital clay (orange
voir pay zones) from a depth 3335.03 m, well RH-47 exhibiting arrows), and minor ferroan dolomite (D) along with trace amounts of
very fine-grained sandstone-siltstone with laminated clay fabric and mica (aqua blue arrow)

starry night appearance, b depth 2939.55 m, well Risha-23, indicat-

ing abundant quartz grains (Q), subordinate amount of fresh to partially

> 9 Springer
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Fig. 20 Optical photomicrographs of the Umm Sahm Formation (reser-
voir pay zones) from a depth 4292.7 m, and b depth 4191.5 m,
well RH-47, indicating abundant quartz (Q) framework grains, chlorite
rims surrounding quartz grains (blue arrows), pore-filling clay (orange

Q

as®

Subarkose

o)
=)

S

arrows), locally sutured grain contacts and stylolites (yellow arrows),
and extensive pore-filling quartz cement (green arrows), along with
minor amounts of heavy minerals (pink arrow). Pore spaces are impreg-
nated with blue-dyed resin
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Fig.21 QFR diagram showing the composition of the three studied sandstone reservoir intervals, constructed after Folk [44]. The plot shows that
the Risha and Dubeidib sandstones are subarkose and the Umm Sahm sandstones are Quartz arenite
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Fig. 23 The paragenetic Mechanical Chemical diagenesis
sequence of the main diagenetic : . ) ) ) )
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developed. Clay cementation is commonly observed in all the
thin sections. Chlorite and illite are the dominant clay phases
which can have authigenic or detrital origin. These clay min-
erals occur as pore-lining and pore-filling forms, as seen from
thin sections as well as SEM images (Figs. 17d, 18a—c, 19b,
and 20a-b). Chlorite mostly occurs as grain coatings sur-
rounding the quartz framework grains in all three reservoirs,
which are usually formed in the early diagenesis period [45,
46]. Such clay forms are extensively reported from clastic
reservoirs globally [46—48].

Feldspar dissolution was observed in the thin section,
which might have taken place during and immediately after
the initial diagenetic phase. The occurrence of fresh as well
as partially dissolved feldspar within the same reservoir may
indicate pre-depositional weathering at the sediment source
or post-depositional selective alteration [19, 20, 30]. Partial

@ Springer

dissolution of feldspar contributes to secondary porosity gen-
eration and may be considered a reservoir quality-enhancing
diagenetic agent [49-51]. This effect was limited to the Risha
and Dubeidib intervals, while the Umm Sahm Sandstone is
almost devoid of feldspar (as seen from XRD, Fig. 21a-b).
Cementation is observed as the dominant diagenetic fac-
tor. Thin sections and SEM images indicate extensive silica
cementation and minor carbonate cementation in the pore
spaces which significantly decreased the porosity and hence
reservoir quality. Carbonate cement precipitation may occur
in a shallow marine setting or during burial. The dolomites
observed in the thin sections might have been formed from
the precursor carbonate material by dolomitization facilitated
by moderate burial. At the late diagenetic stage, silica cemen-
tation might have occurred in deep burial conditions. This is
generally facilitated by higher temperature conditions [52],
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Fig. 24 Impact of clay-coating coverage and pore-filling clays on inter-
granular porosity. a plot of intergranular porosity against clay-coating
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Fig. 25 Relation between quartz overgrowths with intergranular poros-
ity and clay-coating coverage. a plot of intergranular porosity against
quartz overgrowth indicating a decrease in intergranular porosity with

but quartz dissolution and consequent availability for repre-
cipitation also increase rapidly with temperatures above ~
100 °C [53-55]. The Umm Sahm Sandstone exhibits long
sutured grain contacts and stylolites indicating intense chem-
ical compaction (Fig. 20a), and therefore pressure solution
at the quartz grain contacts is possibly the major source of
silica cement at the later stages of the diagenesis.
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increasing clay-coating coverage on detrital grains, b plot of intergranu-
lar porosity against total pore-filling clay indicating higher clay content
in the Dubeidib sandstones
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5.2 Effects of Diagenesis on Reservoir Quality

The two main diagenetic factors that influenced the stud-
ied reservoirs are clay cementation at the early diagenetic
phase and silica cementation in the late diagenetic stage. The
silica cementation negatively affects the reservoir porosity.
However, the clay coatings can raise the reservoir’s com-
pressive strength [56] and hinder quartz overgrowths, and
potentially reduce further porosity loss [50, 51, 57, 58].
To understand this effect, please refer to Figs. 24, 25 that
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Fig.26 Core photographs of
calcite-filled thin natural
fractures (marked by red arrows)
within the studied a Risha
Formation, well RH-25, depth
2653 m and b Umm Sahm
Formation, well RH-47, depth
4004-4005 m from the Risha
Field

1cm

present the cross-plots using point count data in relation
to the intergranular porosity. The cross-plot between clay-
coating coverage (%) and intergranular porosity indicates
a positive correlation where the samples with > 80% clay-
coating coverage indicates the intergranular porosity of more
than 5% (Fig. 24a), while the samples with higher clay-
coating coverage exhibit strongly negative corelation with
the quartz overgrowth by silica cementation (Fig. 25b). The
Dubeidib Sandstone shows a higher clay-coating coverage
of > 75% and these have a lower quartz overgrowth (< 5%),
while the Umm Sahm Sandstone exhibits the highest quartz
overgrowth (up to 18%), associated with lesser clay-coating
coverage (< 75%) (Fig. 25b). Based on the point count data,
the Dubeidib Sandstone samples exhibit the higher amount
of total pore-filling clay up to 18%. Based on the 15 thin
sections, we do not see a very strong correlation between
total volume of pore-filling clay and intergranular porosity.
However, due to the pore-filling habit, the clay minerals gen-
erally have a negative impact on the reservoir quality. The late
diagenetic silica cementation shows a strongly negative cor-
relation with reservoir porosity. The Risha and Umm Sahm
Sandstones with quartz overgrowth of > 10% show intergran-
ular porosity below 4% (Fig. 25a).
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4005m

5.3 Petrophysical Quality and Reservoir
Productivity—Inferences for Reservoir
Development

The wireline log-based quantitative assessments indicate
good reservoir petrophysical qualities in terms of shale
volume and water saturation. The Paleozoic reservoirs are
characterized by their clean nature (low shale volume, below
0.3 dec) and high hydrocarbon saturation ranging between
0.45 and 0.95 dec and dominantly above 0.75 dec. Gas
effects are commonly observed in the petrophysical cross-
plots (Figs. 12, 13 and 14). However, routine core analysis
has determined very poor porosity (mostly < 5%) and tight
permeability below 1 mD, dominated by micro- and meso-
porosities (Fig. 3). Poor effective porosity was also observed
from wireline log-based estimates, which is usually between
0.06 and 0.12 dec. Extensive silica cementation is the dom-
inant diagenesis mechanism behind the tight nature of these
gas-bearing sandstones. Feldspar dissolution did not have
much positive effect on porosity enhancement.

We observed very thin high-angle fractures within the
cores (Fig. 26a—c) of the Risha and Umm Sahm intervals.
Open natural fractures generally provide efficient flow path-
ways in such tight reservoirs, however, the thin sub-vertical
fractures seen on the cores are calcite-filled, and these calcite-
filled fractures will not contribute much to the reservoir
permeability. However, an open fracture network can be
present locally which could significantly improve reservoir
permeability.
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Fig.27 Mud loss events
encountered during drilling
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To understand the presence and role of fractures, we inves-
tigated the drilling history of some of the best-producing
wells in the Risha gas field, i.e. RH-7 and RH-16. Partial
mud loss events were reported from these two wells while
drilling the Paleozoic Risha reservoir section. RH-7 expe-
rienced 40 loss events with a cumulative mud loss volume
of around 14,000 barrels, while ~ 4500 barrel mud loss was
reported from 14 events in the well RH-16 (Fig. 27). These
observations indicate the possible presence of fractured inter-
vals which contributed to the mud losses during drilling. The
high productivity of these two wells (RH-7 and RH-6) con-
firms the presence of excellent permeability zones within the
Risha interval.

Due to the unavailability of the wireline logs, the litholog-
ical interpretation of these two wells could not be presented.
But the drilling report and mudlog indicates dominantly sand-
stone intervals with minor shale intercalation, which is a
typical characteristic of the Risha Formation, as can be seen
from the presented petrophysical logs of RH-3 (Fig. 4), RH-9
(Fig. 5), RH-46 (Fig. 6) and RH-57 (Fig. 7). The first loss
events were encountered in the wells RH-7 and RH-46 at
around 2600 and 2650 m, respectively (Fig. 23). The occur-
rence of first loss events confirms the presence of fractured
intervals at those depths (2600 m in RH-7 and ~ 2650 m
in RH-47). As losses continued while drilling the deeper
section, it is difficult to confirm from the loss data if fur-
ther fractured intervals are present below the first loss zone.
Based on the drilling experienced, two subsurface scenarios
are possible therefore: (i) Fractures are only present in the

zone where the first loss was reported, and that same inter-
val consistently experienced mud loss while drilling further,
and (ii) along with the first fractured interval (interval with
first reported losses), there are multiple similar zones with
fracture-enhanced permeability, which repeatedly exhibited
multiple loss events. It is to be noted that the drilling data (loss
depths and loss volumes) cannot alone confirm and identify
all the potentially fractured zones. Image logs and produc-
tion logging data are more suitable inputs to confirm the
same. Mapping the fractured intervals and characterization
of the fracture geometry is critical, especially while dealing
with such tight sandstone reservoirs. We highly recommend
running wireline image logging tools in the upcoming wells
which would be able to capture such fractures.

6 Conclusions

This study characterizes the reservoir properties of the gas-
bearing Cambro-Ordovician sandstones from the Risha field,
Jordan. The quartz arenites and subarkosic reservoirs of
the Risha, Dubeidib, and Umm Sahm formations exhibit
high mineralogical maturity and moderate textural matu-
rity. All the reservoirs are extensively affected by various
diagenetic factors including cementation (dominantly silica,
minor carbonate, and clay) and compaction (both mechanical
and chemical) which reduce the reservoir storage and flow
capacities. Petrophysically these are very tight with < 6%
porosity and have very poor horizontal permeability (mostly
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< 1 mD). However, low shale volume and excellent hydro-
carbon saturation make these tight sandstones very good
unconventional gas reservoirs, if necessary, completion tech-
niques are applied. Drilling events in a few high-performance
wells (in terms of production) indicate high-volume mud
loss events, which might be caused by natural fractures. We
highly recommend acquiring image log data in the upcom-
ing wells which will provide a direct information about the
geometries and effectiveness of any pre-existing fracture
sets. The studied cores only show some thin sub-vertical
fractures filled with calcite and these did not enhance the
reservoir flow capacity. We envisage the possibility of per-
meability improvement within the studied tight Paleozoic
reservoirs under the influence of natural or hydraulically
created fractures. Necessary reservoir development strate-
gies are discussed based on petrophysical and petrographical
observations.
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