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Abstract

Qualitative schematic models of the Mishrif Formation, which have previously dominated
the research, are inadequate for predicting reservoir production performance due to their
inability to quantify spatial heterogeneity. In contrast to these earlier approaches, this
study integrates core analysis, wireline logs, and 3D seismic data to not only describe but
also quantitatively characterize the depositional elements and their spatial distribution.
A novel methodology was developed to define nine distinct depositional elements from
cored wells and then continuously identify them in uncored wells using unique pseudo-
wireline log responses, a step not achieved in prior work. Furthermore, moving beyond
previous qualitative models, 3D quantitative versions were constructed using Sequential
Indicator Simulation (SIS) explicitly constrained by depositional geometries derived from
3D seismic inversion volumes. For the first time, these models reveal the quantitative
spatial extent and evolution of these elements. Updating the 3D petrophysical property
model using this new depositional framework resulted in a 15% increase in successful
production history matches, demonstrating the direct and superior predictive power of this
integrated quantitative approach for forecasting oil reservoir production performance.

Keywords: quantitative characterization; lithofacies association; depositional elements;
diagenetic overprints; petrophysical properties; carbonate platform

1. Introduction
The HY oilfield (the name has been modified for confidentiality reasons) was dis-

covered in 1975 and was estimated to contain 700 million stock tank barrels (STB) of oil
reserves. The oil reservoir in the Upper Cretaceous Mishrif Formation was deposited on
a rimmed carbonate platform, and it contains the largest amount of original oil in place
(OOIP) in the HY oilfield [1,2].

The Mishrif Formation, which contains up to 30% of the total oil reserves in Iraq, is
the most important oil reservoir in the Mesopotamian Basin, and as such, it has been sub-
jected to intensive study. Many previous studies related to the Mishrif Formation have
involved petroleum system analysis, sequence stratigraphy analysis [3], sedimentological
descriptions [4], analysis of the diagenetic processes and their controls on the reservoir proper-
ties [5–7], and quality reviews of the rudist-bearing carbonate reservoir [8,9]. Schematic block
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diagrams of the depositional models of the reef-rimmed carbonate platform have also been
constructed for the Mishrif Formation based on cores, cuttings, routine core analysis (RCA),
and wireline logs of cored wells to qualitatively exhibit the depositional environments [10–12].

Despite numerous prior studies, little scholarly research has been conducted on the
classification of the depositional elements in cored wells and continuous identification
in uncored wells [13,14]. Therefore, three-dimensional (3D) geologic models of the de-
positional elements of the Mishrif Formation could not be established to quantitatively
reveal the spatial extension of the depositional elements and the details of the reservoir’s
heterogeneity. The possible reasons for this are that most previous studies did not concen-
trate on the coupling relationships between the sequence stratigraphy, the depositional
environments, the influence of diagenetic processes on the reservoir’s properties, and
the wireline log responses of each depositional element. Therefore, the specific research
question driving this study is as follows: Can 3D geological models of the depositional
elements be constructed by integrating well-based element logs and 3D seismic inversion
data to quantitatively reveal reservoir heterogeneity?

This study attempts to analyze the high-resolution sequence stratigraphy architecture
of the Mishrif Formation; to classify the depositional elements in the cored wells in terms of
their lithofacies associations and depositional environments; to investigate the diagenetic
processes and their impacts on the reservoir’s quality using thin-section observations and
routine core analysis; to establish criteria for the pseudo-wireline log responses of each
depositional element in order to continuously identify the depositional element in each
uncored well; and to construct 3D geological models of the depositional elements using the
depositional element logs of all the wells and the 3D seismic inversion cubes in order to
upgrade the 3D petrophysical property models and thus, to enable better predictions of the
production performance throughout the HY oilfield. The integrated approach developed
in this study for quantitatively characterizing depositional elements and modeling their 3D
heterogeneity has significant potential for application in emerging energy fields, particularly
natural hydrogen exploration and in situ hydrogen generation [15,16].

The novelty of this study lies in the inclusion of elements which previous works
negelcted, as shown below:

(1) Previous works did not establish a method for continuous identification in uncored
wells and largely relied on core data from specific wells. This study, however, introduces a
novel method using pseudo-wireline logs to bridge the gap between cored and uncored wells,
allowing for the continuous identification of depositional elements across the entire field.

(2) While qualitative models and block diagrams existed, prior studies failed to build
quantitative 3D models to reveal the precise spatial distribution and volume of different
depositional elements. The current study achieves this by integrating the new depositional
element logs with 3D seismic inversion data.

(3) Previous works did not fully integrate all controlling factors into a single workflow.
The key novelty of this work is the integrated approach that couples the sequence stratig-
raphy, depositional environments, and diagenetic processes, evaluating their collective
impact on wireline log responses. Consequently, this research connects these elements to
solve the specific problem of reservoir heterogeneity.

2. Field Background
The HY oilfield is located in the Mesopotamian Foredeep Basin, approximately 150 km

northwest of Basra City in southeastern Iraq. It contains seven oil reservoirs ranging from
Miocene to Early Cretaceous, including the Kirkuk to Jeribe–Euphrates (J/K), Sadi, Tanuma,
Khasib, Mishrif, Nahr Umr, and Yamama reservoirs (Figure 1). The principal oil reservoir
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is accumulated within the Mishrif Formation, deposited in high-energy rudist shoals and
dominated by 400 m thick bioclastic limestone.

Figure 1. Structural map of the top of the Mishrif Formation and the strata in the HY oilfield.

The Natih Formation consists of an assemblage of the Mauddud, Wara, Ahmadi,
Rumaila, and Mishrif Formations in the southern Mesopotamian Basin [17,18]. The time-
equivalent units of the Mishrif Formation are members A and D of the Natih Formation
in Oman, which were deposited within a second-order depositional sequence during the
latest Albian, Cenomanian, and the Early Turonian eras [19,20], and belong to the upper
Sarvak Formation in the High Zagros of southwestern Iran [21].

The Mishrif Formation gradationally enters the underlying Rumaila Formation. In
contrast, its upper boundary is separated from the overlying Khasib Formation by an
extensive regional unconformity [22]. The negative δ13C VPDB (Vienna Peedee Belemnite)
trends indicate that the Mishrif Formation experienced subaerial exposure and is capped
by an exposure horizon (Figure 2) [23]. The sediment supply to the Mesopotamian Basin
mostly originated from the western elevations to the north and northeast.

 

Figure 2. High-resolution stratigraphic column of the Mishrif Formation in well M3 in the HY oilfield.
The abbreviations are as follows: open lagoon (OL), back-shoals (BShs), coated grain sheets (CGSs),
biostromes (B), back-shoal complexes (BShCs), shoal complexes (ShCs), patch rudist reefs (PRFs), and
proximal mid-ramps (PMRs).



Processes 2025, 13, 2941 4 of 23

The structural trap in the Mishrif Formation is an unfaulted anticline trending
northwest to southeast, covering an area of about 230 km2 (Figure 1). The source rock
of the Sargelu Formation deposited in the middle Jurassic period charged the Mishrif
oil reservoirs along vertical faults during the Miocene era [24–26]. Medium gravity oil
(22–30◦ API) has been produced from the Mishrif oil reservoirs, whose oil–water contact
occurs at −3092 m SSTVD (Subsea True Vertical Depth) (3100 m MD (Measured Depth)
in well M3 in Figure 2).

3. Materials and Methods
One hundred and ninety-six wells, including seven cored wells, have penetrated

the Mishrif oil reservoir. Slabbed cores 781.9 m in length were examined by the core
lab, focusing on their lithology, depositional textures, fossil contents, bioturbations, and
lithologic contacts. Routine core analysis (RCAL) of the helium porosity, air permeability,
grain density, and X-ray diffraction (XRD), as well as special core analysis (SCAL) of the
mercury injection capillary pressure (MICP) were performed by commercial laboratories
using industry-standard methods. The helium porosity and grain density analyses were
carried out using the Boyle’s law method. The air permeability was measured and
corrected using the Klinkenberg method. Each core plug was prepared for polarizing
microscopy (Axio Imager 2 POL, Carl Zeiss AG Co., Germany) and scanning electron
microscopy (SEM) observations.

Five hundred and eighty-eight thin sections prepared from core samples were impreg-
nated with blue epoxy resin (STYCAST 2850KT CAT 9, LOCTITE Co., China) to facilitate
the identification of pore spaces under polarized microscopes. In addition, over half of
their surfaces were stained with potassium ferricyanide and Alizarin Red to differentiate
iron-rich from iron-poor carbonates and calcium carbonate from dolomite. The diagenetic
processes were identified based on the mineral constituents and cross-cutting relationships
of the cements observed in the thin sections. The bulk carbonate oxygen and carbon iso-
topes were analyzed by the China National Petroleum Corporation (CNPC) laboratory and
were reported using standard δ-notation relative to VPDB in parts per thousand (‰).

A total of 597.42 m cores, 588 thin sections, 769 RCALs, 68 XRDs, 920 MICPs, and
wireline logs from seven cored wells have been investigated to describe the depositional
environment and to analyze the karstification and rudist reservoir quality of the Mishrif
Formation [27].

The wireline logs of 196 wells were acquired at every decimeter, including those for
gamma rays (GRs), spontaneous potential (SP), lateral log deep resistivity (RLLD), acoustics
(AC), bulk density (RHOB), and neutron logs (NPHI), which were used to correlate the
stratigraphic units and to calculate the pseudo-wireline logs in the study area. Each
depositional element within the depositional environments of the inner shelf or platform
margin exhibits its own distinct scope in the two pseudo-wireline logs of RLLD*RHOB
and GR*AC in the cored wells. Based on the values of the two pseudo-wireline logs, the
depositional elements in the uncored wells can be identified. In addition, seismic inversion
cubes from the 3D seismic cubic data of 496 km2 covering the entire HY oilfield were
utilized to delineate the areal extension of depositional elements. The dominant frequency
is 100 Hz, and the vertical resolution can reach 2~5 m in the seismic inversion process. The
flowchart of this work is shown in Figure 3.



Processes 2025, 13, 2941 5 of 23

 

Figure 3. The flowchart of this work.

4. Results and Discussion
4.1. Results of High-Resolution Sequence Stratigraphy
4.1.1. Marker Layer

Early diagenesis is strongly affected by regressive sequence stratigraphic cycles [15],
during which high-permeability streaks can develop. These streaks have important impacts
on reservoir heterogeneity and well productivity [28].

The Mishrif Formation, divided into four members (MC, MB2, MB1, and MA) and
18 zones from its base upward, was deposited during a base-level fall semi-cycle in the
second-order sequence stratigraphy [29]. The Mishrif Formation consists of two third-order
cycles, based on its depositional environment evolution; a disconformity surface at the top
of zone MB2-1; and an unconformity surface at its top boundary. The maximum flooding
surfaces (MFSs) represent turning points between the regressive (R) and transgressive (T)
cycles. The third-order MFSs of K140 and K130 within the Mishrif Formation are 93 Ma
and 95 Ma of age, respectively, and are located within zones MB1-1 and MC 3-1. The
depositional textures around the third-order and fourth-order MFSs are dominated by
mudstones and wackestones, respectively (Figure 4).

 
(A). Solution pipes.  (B). Breccias.  (C). Vugs. 

Figure 4. Core photos of the Mishrif Formation in Well M3 showing solution pipes, solution breccia, and
vugs. (A) Depth of 2827.10–2827.36 m, solution pipes filled with green silt. (B) Depth of 2828.00–2828.32 m,
breccias and infiltration fabrics. (C) Depth of 2985.72–2986.0 m, dissolution vugs near the rudists.
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The regressive cycles (R) of the third-order sequence, which are characterized by
an increasing abundance of benthic fossils and increasing volumes of grain-dominated
lithofacies, exhibit increasing resistivity and acoustic values and decreasing gamma ray
values. Due to the subaerial exposures caused by the regressive cycle of the third-order
sequence, zone MA, which has experienced extensive dissolution, is characterized by ~20 m
long solution pipes, karstic breccias, vugs, geopetal fabrics containing green silty shale, and
blocky meteoric cements. The fourth-order sequence architectures undergo a slight lateral
change (Figure 5).

Figure 5. Fourth-order sequence stratigraphic cross section of the Mishrif Formation in the HY
oil-field showing the sequence architecture and the evolution of the depositional environment (the
orientation of the cross section is shown in Figure 1).

4.1.2. Lithofacies

The Mishrif Formation contains bioclastic-rich lithofacies, the bioclastic fragments of
which comprise foraminifera, benthic sessile organisms, molluscan shells, algal fragments,
and echinoderms. Rudists, which dominated reef frameworks and developed within shelf
margins and lagoons, are the predominant large bivalves [30–32].

Based on the slabbed cores, thin sections, and fossil assemblages, 14 core-scale lithofa-
cies were identified using the textural classification (Table A1). The skeletal grains contain
foraminifera (including Miliolids, Alveolinids, Orbitolinids, Textulariids, and Lituolitids),
molluscan shell fragments (including brachiopods, rudist bivalves, ostracods, and gas-
tropods), echinoderms, benthic sessile organisms (including sponges, bryozoans, and
corals), and algae (including dasyclad green algae and red algae).

The mudstones (M) consist of interbedded dark grey or black shale/claystone, without
bioclastic material. The foraminiferal mudstones (LMf) and bioturbated mudstones (LMb)
are composed of limestone and contain less than 10% bioclastic fragments. The bioturbated
mudstones (LMb), which display the second lowest average porosity and permeability and
a higher average grain density (Table A1, Figure 6A), commonly occur in lagoon settings.
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Figure 6. The typical thin sections of the lithofacies: (A) foraminiferal mudstone; (B) bioclastic
peloidal wackestone; (C) bioclastic wackestone; (D) dolomitic bioclastic wackestone; (E) dolomitic
wackestone; (F) bioclastic peloidal packstone; (G) bioclastic packstone; (H) dolomitic bioclastic
packstone; (I) bioclastic peloidal grainstone; (J) bioclastic grainstone containing minor benthic forams;
(K) rudistid floatstone containing bioclastic fragments of rudist bivalves (rud); (L) rudistid rudstone
containing a rudist bivalve fragment.

The wackestones include bioclastic peloidal wackestones (LWpd), bioclastic wacke-
stones (LWb), dolomitic bioclastic wackestones (LWdb), and dolomitic wackestones (DW).
The former three lithofacies are matrix-supported limestones, with bioclasts predomi-
nantly consisting of benthic foraminifera (for), molluscan fragments (mol), gastropods
(Figure 6B), rudist bivalves, echinoderm plates (Figure 6C), and sponge spines. Only the
plates and spines of the echinoderms represent open sea life [33]. Minor-to-moderate
benthic organisms, including bryozoans, corals, red and green algal fragments, stromato-
poroids, ostracods, brachiopod spines, pelletal material, and patchy replacive dolomites
(dol) (Figure 6D) are also present. The average porosity and grain density of LWdb litho-
facies are higher than those of the LWpd and LWb lithofacies (Table A1). In addition, the
dolomitic wackestones (DW) contain pervasive dolomite cementation (dol) with minor
scattered bioclasts, including rudistid bivalve fragments (rud). The non-ferroan dolomites
exist as a very finely crystalline mosaic (Table A1, Figure 6E). The average porosity and
permeability of the DW lithofacies are lower than those of the LWbp, LWb, and LWdb
lithofacies. The possible reason for this is that DW lithofacies exhibit a higher dolomite
cement content than do the other three lithofacies [34].

The packstones, including bioclastic peloidal packstone (LPbp), bioclastic packstone
(LPb), and dolomitic bioclastic packstone (LPdb), are limestones with grains supported
by rounded to angular allochems. The bioclasts include abundant molluscan fragments
(Figure 6F,G), benthic forams, echinoderm plates and sponge spicules, minor-to-moderate
bryozoans, algal fragments, brachiopod spines, ostracods, coralline fragments (Figure 6H),
and planktonic forams like Globigerinids. The foraminifera provide time markers for the
biozonations in the shallow and deep marine carbonates. The presence of echinoid debris,
miliolids, textulariids, sp. algae, brachiopods, and Lituolinid foraminifera indicates shallow
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water settings [35]. The cement of the dolomitic bioclastic packstone (LPdb) is dominated
by abundant non-ferroan rhombic dolomites concentrated in irregular patches (Figure 6H).
Owing to its higher dolomite content, the LPdb lithofacies exhibit lower permeability and
higher grain density than do the other lithofacies (Table A1).

Bioclastic peloidal grainstones (LGbp) and bioclastic grainstones (LGb) are the
two types of limestones with grain-supported textures. The former occurs in widespread
peloidal material (Figure 6I). The moderate to abundant bioclasts consist of molluscan frag-
ments, bryozoan fragments, echinoderm fragments, benthic forams (Figure 6J), and algal
fragments. Subordinate bioclast fragments, consisting of echinoderms, algal fragments,
peloidal material, minor stromatoporoids, calcareous sponges, and bryozoans, were also
observed. The two lithofacies display good reservoir qualities with relatively high average
porosities and permeabilities (Table A1).

The rudistid floatstones (LFr) contain numerous large bioclastic fragments that are
predominantly rudistid in origin. Most of the rudist bivalve gravel fragments are set in
a micritic matrix (Figure 6K). The reservoir quality of this lithofacies, which exhibits the
highest average porosity and permeability, is the best in the Mishrif Formation (Table A1).
The rudistid rudstones (LRr) are clast-supported limestone, with bioclasts predominantly
consisting of large rudistid shells or fragments. The rudists are the most important mol-
luscan fragments in the rudstone. The gravelly rudist bivalve fragments are composed of
non-ferroan calcite and are typically leached (Table A1, Figure 6L).

4.1.3. Depositional Cycles

The δ13C VPDB of the Mishrif Formation bulk rock samples range from 1.87‰ to 3.97‰,
indicating its shallow marine settings [23]. MB1, MB2, and MC1 of the Mishrif Formation,
deposited within a restricted carbonate platform setting [3], include inner shelves, platform
margins, and ramps. As per lithofacies associations, the skeletal grain contents and the fossil
assemblages, as well as nine depositional elements, including open lagoon (OL), back-shoals
(BShs), coated grain sheets (CGSs), biostromes (Bs) within the inner-shelf, peritidal marshes (PM),
back-shoal complexes (BShCs), shoal complexes (ShC), patch rudist reefs (PRF), and proximal
mid-ramps (PMR) around the platform margin, were identified in the Mishrif Formation.

The back-shoal elements were deposited on the lee side of the biostromes under rel-
atively static shallow water conditions [34]. They contain bioclasts, including bivalves
and rudist fragments, as well as less abundant benthonic foraminifera, gastropods, echin-
oderms, algae, and peloids. The back-shoal elements involve eight lithofacies, of which
the bioclastic wackestones (LWb), bioclastic packstones (LPb), and bioclastic peloidal
wackestones (LWbp) account for 43.1%, 20%, and 15.4% of the total thickness of this el-
ement, respectively, and are the main lithofacies with subordinate dolomitic bioclastic
wackestones and bioclastic grainstones. The common lithofacies associations are LWbp–
LWb–LWbp–LWb–LWbp, LWdb–LPb–LFr–LPb–LWb, LWb–LPb–LWdb–LWb–LPb–LWdb,
LWb–LPb–LWb–LPb–LWb–LPb–LWdb, and LGb–LPb–LGb–LPb–LWb–LWbp–LFr–LPb
(Figure 7A). Their thicknesses range from 0.54 m to 6.57 m, with an average of 2.14 m.

The bioclastic packstone (LPb), bioclastic wackestone (LWb), and bioclastic peloidal
wackestone (LWbp) account for 47.1%, 28.2%, and 16.2% of the total thickness of the
coated grain sheets, respectively, and are the main lithofacies of this depositional element.
The lithofacies associations include LGb–LPb–LWb, LPb–LWbp–LFr–LPb, LPb–LWb, LPb–
LWbp, and LPb–LWbp–LPb–LWb–LPb–LWbp (Figure 7B). Their thicknesses range from
1.31 m to 3.55 m, with an average of 2.15 m.f.



Processes 2025, 13, 2941 9 of 23

(A). Back-shoal  (B). Coated grain sheet 

Figure 7. Depositional succession and wireline log responses: (A) back-shoal depositional elements;
(B) coated grain sheet depositional elements.

The biostromes contain eight lithofacies, of which bioclastic packstone (LPb) and
rudistid floatstone (LFr) account for 38.9% and 27.5% of the total thickness of the biostromes,
respectively, and are predominantly followed by bioclastic peloidal wackestone, bioclastic
wackestone, and dolomitic bioclastic wackestone. The lithofacies associations include
LFr–LWbp, LPb–LFr–LGb–LPb–LWbp–LFr–LPb–LWbp, LFr–LPbp–LGb–LPb–LWdb-LPb–
LWb–LFr–LPb–LWb–LGb–LWpb, and LWdb–LWb–LPb–LFr–LWdb–LWb–LPb-LFr–LPdb–
LFr–LPdb–LPb, exhibiting roughly reverse cycles (Figure 8A). Their thicknesses range from
1.0 m to 7.53 m, with an average of 4.47 m.

 
(A). Back-shoal  (B). Coated grain sheet 

Figure 8. Depositional succession and wireline log responses: (A) biostrome depositional elements;
(B) patch rudist reef depositional elements.
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Patch rudist reefs (PRFs), which are located at the platform’s margin and possibly laterally
pass into the shoal complexes, are commonly formed on the crestal parts of growing structures
and represent the local high-energy environment [32]. They are also referred to as lithosomes.
The PRFs include five lithofacies, of which the bioclastic grainstone (LGb), rudistid rudstone
(LRr), and rudistid floatstone (LFr) account for 40.2%, 26.9%, and 25.5% of the total thickness,
respectively, and are the dominant lithofacies. LRr–LGb–LRr–LFr–LGb–LFr–LGb–LRr–LFr–LGb,
LRr–LFr–LGb, LRr–LFr–LRr–LGb-LFr–LGb–LFr–LGb, and LGb–LRr–LFr–LRr–LPbp–LFr–LPb
are common lithofacies associations that exhibit reverse cycles (Figure 8B). Their thicknesses
range from 2.61 m to 5.7 m, with an average of 3.85 m.

Shoal complexes, which are deposited in the relatively high-energy setting above the fair-
weather wave base where little clay remains, are characterized by floatstones and grainstones
with scattered rudist fragments, echinoderm fragments, variable proportions of peloids,
and gastropod fragments [35]. This depositional element includes six lithofacies, of which
bioclastic grainstone (LGb), bioclastic peloidal packstone (LPbp), rudistid floatstone (LFr),
and bioclastic peloidal grainstone (LGbp) account for 33.1%, 27.5%, 16.6%, and 11.5% of the
total thickness, respectively. The lithofacies associations, showing reverse cycles, include LGb–
LFr–LGb–LWbp–LGb, LFr–LGb–LFr–LGb–LFr–LGb–LFr–LGb–LGbp–LGb, LGb–LFr–LGb,
LPbp–LWbp–LPbp, LPb–LPbp, LPbp–LWbp–LPbp, LPbp–LGbp–LPbp–LGbp, and LGb–LFr–
LGb–LFr–LGb–LFr–LGb–LFr–LGb–LFr–LGb–LPb (Figure 9A). Their thicknesses range from
1.5 m to 7.04 m, with an average of 3.69 m.

(A). Shoal complex  (B). Back-shoal complex 

Figure 9. Depositional succession and wireline log responses: (A) shoal complex depositional
elements; (B) back-shoal complex depositional elements.

Back-shoal complexes, which are deposited on the lee side of shoal complexes, contain
numerous bioclastic fragments consisting of rudists, corals, echinoderms, algae, and large
benthic foraminifers [36]. The back-shoal complexes include nine lithofacies, of which bioclastic
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peloidal packstone (LPbp), bioclastic grainstone (LGb), bioclastic packstone (LPb), and bioclastic
peloidal wackestone (LWbp) account for 35%, 17.4%, 16%, and 15.4% of the total thickness of
this element, respectively. LGb–LGdb–LGb, LWbp–LPbp–LWbp–LPbp–LWbp–LPbp–LWb, LPb,
LGb–LPbp–LWdb–LWbp–LPbp–LWbp–LPbp, and LWdb–LPb are the lithofacies associations
that exhibit typical reverse cycles (Figure 9B). Their thicknesses range from 1.79 m to 7.53 m,
with an average of 3.96 m.

4.2. Analysis of Diagensis and Reservoir Petrophysical Properties
4.2.1. Diagenesis

The major diagenetic processes, including cementation, dissolution, neomorphism,
compaction, pressure solution, and dolomitization, which significantly influence the reser-
voir quality and hydrocarbon reservoir production performance, occurred during the
development of the Mishrif Formation [37].

The earlier marine cement is a non-ferroan low-magnesium calcite or aragonite that
produces micritic envelopes and thin isopachous rim cements around the bioclastic frag-
ments [38]. The meteoric phreatic water generally precipitates bladed or equant calcite
cements around the skeletal grains and within the interparticle pores (Figure 10A). The
cements formed during the burial stages are typically Fe-rich calcites and dolomites. The
weakly ferroan calcites display drusy to equant fabrics, and coarse calcite spars formed
in the deeper burial environment, which significantly reduced the macroporosity of the
lithofacies (Figure 10B). Due to the preferential cementation of limestone, blocky cement
was precipitated preferentially within the larger pore spaces.

Figure 10. Cementation of the Mishrif Formation in Well N13. (A) Depth of 2988.14 m, isopachous ce-
ment rim (iso cem) on replaced allochem (cemented biomold (sec cem)); a thin micritic envelope (mic
env) between replacive calcite and isopachous rim cements; interparticle pore (inter Φ) partially in-
filled with cement. (B) Depth of 2936.13 m, fragments of micritic matrix (mcr), including foraminifera
(for) suspended in moldic pore-filling calcite cement (sec cem) with some relict secondary porosity
(sec Φ). The slight purplish staining of rare, coarser calcite suggests a weakly ferroan com-position.

The rudist-bearing lithofacies are particularly affected by dissolution due to the early
leaching of the aragonitic components of the rudist shells. The original intrafossil pores
have been cemented, and some display geopetal fabrics in which micritic material partially
filled the pores prior to cementation (Figure 11A). The secondary pores of the allochems,
caused by dissolution, have been lined with very fine non-ferroan calcite spars (Figure 11B).
Dissolution related to periodic exposure was the major process noted, due to the decrease
in sea level [39]. Dissolutions by short-term meteoric leaching at the top of the fourth-order
and third-order sequences are about 3 m and about 17 m thick, respectively (Figure 4A,B).
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Figure 11. Dissolution of the Mishrif Formation in Well N13. (A) Depth of 3092.15 m, open interparti-
cle porosity (IP Φ) lined with blocky calcite spars (IP cem). Micritic envelopes (m e) highlight the
original intrafossil pores, with some pre-cementation (IF cem) and micritic filling (geo). (B) Depth of
3020.13 m, echinoderm fragments (ech) that have been locally enveloped by micrite (mic) and have
been widely replaced. The allochems appear to have undergone dissolution, leaving remnant micrite
envelopes and secondary pores (sec Φ) that have been lined by non-ferroan calcite spars (spar). The
porosity is dominated by moldic pores (sec Φ) within micritic envelopes and is bounded by very fine
non-ferroan calcite spars.

The neomorphism involved neomorphic replacement, mineral inversion, and recrys-
tallization of the fine micrite grains [40]. The non-ferroan calcites and dolomites in the
Mishrif Formation are the result of the neomorphic replacement of the micritic matrix.
Most of the replacive dolomites are euhedral to subhedral in shape. Rare pyrite and chert
replaced the matrix and grains (Figure 12A). A bivalve has been altered from its originally
aragonite composition to a coarse non-ferroan calcite spar, which suggests a widespread
replacive/pore-filling phase (Figure 12B). The δ18 O VPDB of the bulk rock samples from
the Mishrif Formation range from −5.43‰ to −3.63‰, indicating limited recrystallization
or relatively low temperatures during recrystallization [18].

Figure 12. Neomorphism of the Mishrif Formation in Well M3. (A) Depth of 3066.14 m, bryozoan
fragments (bry) with intraskeletal pore-filling non-ferroan calcite development. Pores showing some
open regions (pri Φ). Fragments have undergone alteration and dissolution. Matrix (mtx) is thought
to be highly corroded bioclastic material. Rare pyrites (pyr), dolomites (dol), and clays are also
present; (B) depth of 2891.11 m, foraminifera (for) with a primary pore-filling non-ferroan calcite spar.
A bivalve (bvl) that has been altered to a coarse non-ferroan calcite spar. Intraskeletal pore-filling
micrite/matrix (intra Φ fill) and matrix (mtx), which are combinations of non-ferroan calcite and
micrite. Coarse non-ferroan calcite spars are present as widespread replacive/pore-filling phases.

Burial-related mechanical compaction features include plastic or brittle grain deformation
and earlier-stage fractures [41]. The fractures are partially cemented by non-ferroan calcite,
with minor non-ferroan dolomite, which is present as an isolated rhomb (Figure 13A).
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Figure 13. Compaction and pressure solution of the Mishrif Formation in Well M3. (A) Depth
of 2962.15 m, open porosity (Fr Φ) and cement (Fr cem) within fractures. The cement phases are
dominated by non-ferroan calcite (cal), with minor non-ferroan dolomite (dol), mottled micritic matrix,
and bioclasts, including benthic forams (for). (B) Depth of 3065.13 m, a stylolite (sty) with associated
dolomite (dol) bounded by molluscan fragments; widespread dissolution leading to secondary pore
development (sec Φ) and some local pore-filling non-ferroan calcite spar development (sec Φ fill).
The widespread alteration of the matrix material (mtx) is partially composed of highly corroded
bioclastic material.

Stylolitization occurs after 600 m of burial at temperatures of approximately 65.6 ◦C [40].
Stylolites contain dark materials, such as clay, iron oxides, or organic materials, or combi-
nations of the three, with high-amplitude jagged or low-amplitude horse-tail shapes [42].
A stylolite in the Mishrif Formation is associated with dolomite development bounded by
molluscan fragments (Figure 13B).

The limestones and their precursor sediments have been partly converted to dolomite
by the replacement of the original CaCO3 during the dolomitization process [43]. Replacive
euhedral and anhedral non-ferroan dolomites have filled the moldic pores (Figure 14A). In
the lagoonal environment, the replacive dolomites with patchy distributions are attributed
to dolomitization in the marine–meteoric mixing zone [44–47]. The pervasive cementation
of the dolomitic wackestones is comprised of very finely crystalline non-ferroan dolomites,
which exhibit cloudy centers and clear exteriors and are euhedral to subhedral in shape
(Figure 14B). These finely crystalline dolomites formed at low temperatures (<50 ◦C).
Dolomitization is uncommon in the Mishrif Formation in the HY oilfield, and it has had a
limited effect on the reservoir’s quality.

 
Figure 14. Dolomitization of the Mishrif Formation in Well N9. (A) Depth of 3068.13 m, widespread
dolomite rhombs (dol) replacing matrix material and filling moldic pores. Non-ferroan calcite (nfc)
phases are also present. Foraminiferal material (for) altered/replaced by micrite with primary
intraskeletal pores locally preserved (intra Φ), but are generally filled by non-ferroan dolomite (intra
Φ fill). (B) Depth of 3103.07 m, abundant small moldic pores (sec Φ) and traces of organic material
(org) in a dolomitic mosaic; euhedral/subhedral, non-ferroan dolomite (dol) cements.
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4.2.2. Reservoir Petrophysical Properties

Sequence stratigraphy, depositional environments, and diagenetic events are the three
principal controls of reservoir quality [48]. According to the mercury injection capillary pressure
(MICP), the pore system of the Mishrif Formation, comprising unimodality, bimodality, and
multimodality [7], is predominantly unimodal within the inner shelf, accounting for 45.9% of the
system. However, the pore system is mainly bimodal within the platform margin, accounting
for 42%. The multimodality pore system accounts for 19.7% and 26% within the inner shelf and
platform margin, respectively (Figure 15).

Figure 15. Pie charts showing the pore-throat modality percentages of the inner shelf and platform
margin of the Mishrif Formation: (A) inner shelf; (B) platform margin.

R35, the pore-throat radius at a mercury saturation of 35% during the high-pressure
mercury injection tests, illustrates the reservoir’s flow potential [49]. The pore-throat
sorting (PTS) and R35 obtained from the MICP were used to compare the reservoir quality
of each depositional element (Table 1) [50,51]. The high permeability contrast of the shoal
complexes, corresponding to the largest R35 differences and PTS differences (Table 1),
indicates the existence of high permeability streaks, which can lead to water and/or gas
breakthroughs during waterflooding and gas flooding development. The high permeability
streaks, whose thickness accounts for 13.8% of the perforated intervals and whose water
intake volume accounts for 47% of the injector, were verified by the injection logging tool
(ILT) results in the HY field. However, many of these high permeability streaks can scarcely
be identified directly from the conventional wireline log [37].

Table 1. Core properties of the different depositional elements of the Mishrif Formation.

Properties
Biostrome Coated Grain Sheet Back-Shoal Shoal Complex Patch Rudistid Reef Back-Shoal

Complex

Min. Max. Ave. Min. Max. Ave. Min. Max. Ave. Min. Max. Ave. Min. Max. Ave. Min. Max. Ave.

Porosity (%) 6.4 35.4 21.5 5.5 29.5 19.0 4.6 29.1 15.7 4.0 31.0 22.8 15.1 33.9 23.5 4.6 30.9 21.2
Permeability (mD) 0.1 77.2 21.8 0.2 49.6 10.0 0.1 185.4 6.5 0.1 1605.5 125.0 4.5 573.3 125.9 0.2 225.9 23.6

Gain Density (gm/cc) 2.690 2.726 2.704 2.650 2.754 2.704 2.672 2.797 2.703 2.679 2.730 2.704 2.696 2.731 2.706 2.687 2.776 2.709
R35 (µm) 0.16 1.98 0.8 0.1 7.98 1.3 0.05 4.6 0.66 0.16 13.52 3.35 0.63 6.62 4.15 0.16 4.92 1.68

Pore-Throat Sorting (f) 1.59 2.02 1.83 1.4 5.04 2.11 1.47 3.96 1.92 1.42 7.11 3.15 1.52 6.2 3.12 1.4 3.91 2.14

The biostromes exhibit good porosity (averaging 21.5%), poor permeability (averaging
21.8 mD), and a relatively small degree of pore-throat sorting, with the best results regard-
ing coated grain sheets and back-shoals within the inner shelf of the restricted platform
(Figure 16A, Table 1).
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Figure 16. Cross plots of the RCA porosity–permeability of the Mishrif Formation. (A) Depositional
elements within the inner shelf; (B) depositional elements within the platform margin.

Since high-energy currents and waves removed most of the lime mud and left most of
the grains behind in the shoal complexes, their reservoir qualities are much better than those
of the muddier biostromes. The permeabilities of the shoal complexes vary dramatically
from 0.1 mD to 1605 mD due to dissolutions, but their maximum porosity is only 31%
(Figure 16B, Table 1).

4.3. Sedimentary Facies Modeling and Evolution
4.3.1. Characteristic Logging Responses

Based on the principal wireline logs of cored wells, it is difficult to effectively differen-
tiate between the depositional elements [6,17,50]. The pseudo-wireline logs, created with
two or more different wireline logs, are a practicable pathway to identify the depositional
elements [52].

Two pseudo-wireline logs of RLLD*RHOB and GR*AC were composed to demon-
strate the variations for each depositional element (Table 2). The depositional elements
of the biostromes, coated grain sheets, and back-shoals within the inner shelf exhibit big
differences on the cross plot of the pseudo-wireline logs (Figure 16A). The pseudo-wireline
logs of shoal complexes, patch rudist reefs and back-shoal complexes are scattered on the
cross plot (Figure 16B). According to the differences between these pseudo-wireline logs,
each element can be identified for all uncored wells (Table 2).

Table 2. Averaging wireline log responses of the depositional elements.

Depositional
Elements GR (API) RLLD (Ohmm) RHOB (gm/cc) AC (µs/ft) RLLD*RHOB

(Ohmm*gm/cc)
GR*AC

(API*µs/ft)

Biostromes 24.7 40.2 2.362 72.6 95.2 1796
Coated grain sheets 22.2 50.2 2.396 71.3 120.4 1581
Back-shoals 19.4 75.9 2.516 66.6 191.3 1291
Shoal complexes 5.7 289.2 2.356 75.2 682.6 427
Patchy rudist reefs 6.6 34.6 2.269 82.6 78.5 548
Back-shoal complexes 17.6 10.1 2.266 82.1 22.9 1442

4.3.2. Sedimentary Facies Modeling

The high-resolution 3D seismic cubes, wireline logs, and core data were integrated
to create delicate static 3D subsurface models of the reservoir properties and depositional
elements [9]. As was mentioned above, the depositional elements of the Mishrif Formation
have been identified continuously in each well according to the links between the deposi-
tional elements and the pseudo-wireline log responses of the cored wells (Table 2). Based
on this, a depositional element log was generated for each well. The depositional elements
are discrete variables suitable for the Sequential Indicator Simulation (SIS) algorithm to
establish the 3D static models [53], which were created after the depositional element logs
of all the wells were analyzed to determine the ranges and nuggets of the variograms (e.g.,
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a spherical variogram with vertical, major, and minor ranges of 7.1 m, 1022 m, and 861 m,
respectively, as well as a sill of 0.8885 for the biostromes).

There are three steps to calculate the value of each cell of the 3D static models during
the SIS procedure. First, it searches for nearby data and previously simulated values.
Second, indicator kriging is performed to build a distribution of uncertainty. Finally, a
simulated value is determined from the uncertainty distribution. With different seed
numbers, multiple realizations could be generated by repeating the procedure for all the
cells in the model.

We derived the distribution of acoustic impedance for each element from well logs
(Figure 17), then carved the 3D inversion cube accordingly (e.g., high impedance = reefs)
(Figure 18A). Well control and calibrations are performed in the inversion process. The
key link between the well-based elements and the seismic data was established by analyz-
ing the distribution probability of the wave impedance (WI) value for each depositional
element (Figure 17). The depositional element models were built after considering the
well production performances, the similar depositional outcrop descriptions, the geome-
try of the different scopes of the acoustic impedance inversion, and the vertical stacking
patterns of the sequence architecture, and they were modified using the human–computer
interactive method (Figure 18B,C) [54]. It is worth noting that the manual adjustments
were not arbitrary but were based on explicit geological rules, including conformance to se-
quence stratigraphy, alignment with established conceptual models of a rimmed carbonate
platform, and integrating outcrop analogue knowledge.

Figure 17. The distribution probability of the wave impedance inversion of each depositional element
of the Mishrif Formation.

The 3D reservoir porosity and permeability models were constructed under the con-
straints of depositional element models, and the Mishrif dynamic models were also up-
graded. Regarding the production performance history matching of 156 oil producers
within the dynamic model, the well count ratio of very good history matching (errors less
than 5%) was 64.8% in the previous dynamic model and up to 79.6% in the updated version.
According to the new 3D petrophysical property model updated with the new deposi-
tional element model, the well count ratio of the production history matching increased
by 15%, and thus, the proposed model provides a better basis for oil reservoir production
performance prediction.
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Figure 18. (A) Wave impedance inversion and (B) depositional element models of the top zone MB1-2
of the Mishrif Formation showing the depositional element distribution constrained by the wave
impedance inversion. (C) Profile of the depositional element model, with direction shown in (A).

Although we use the primary constraint from wells and employ seismic data as a
lateral constraint, it is noted that the seismic vertical resolution is likely lower than the
thickness of some depositional elements (e.g., avg. thickness of 2–4 m for elements like
back-shoals, with seismic resolution often >10–20 m in carbonates). Additionally, the use
of the Sequential Indicator Simulation (SIS) algorithm may also bring some uncertainty
propagation into the results. However, the seismic constraints have been giving significant
but not absolute weight. They are used as a powerful guide for inter-well geometry but
are continually calibrated and corrected by the higher-resolution well data and expert
geological interpretation.

It is also noted that, to fully realize the practical relevance of this classification, the
pore system modalities are integrated into the dynamic reservoir model in terms of up-
scaling for simulation and history matching validation. First, the MICP-derived flow units
(unimodal, bimodal, multimodal) are used to guide the population of relative permeability
curves and capillary pressure curves within the existing 3D geological model. Second,
the updated dynamic model, incorporating these nuanced flow properties based on pore
system modality, are employed to simulate historical production and injection data.

4.3.3. Sedimentary Facies Evolution

Not only do the static 3D depositional element models quantitatively characterize the
extension, scale, and volume of each depositional element, they also reveal the influence
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of the base-level cycles on the categories and their associated relationships within the
depositional elements.

Sub-member B1-2, subdivided into zones MB1-2C, MB1-2B, and MB1-2A from the
base upward, was deposited during the transgressive hemicycle of the third-order sequence
(Figure 2). The main depositional elements of zone MB1-2C are coated grain sheets (CGSs)
and back-shoals (BShs), which were deposited in relatively shallow water in an inner
shelf setting. The depositional elements of zone MB1-2A are dominated by open lagoons
(OLs) with subordinate back-shoals (BShs), which indicates that this zone was deposited in
relatively deep water in an inner shelf setting (Figure 19A).

Figure 19. Three-dimensional depositional element models of the Mishrif Formation showing the
spatial variation in the depositional elements. (A) Sub-member B1-2 deposited during base-level rise;
(B) member B2 deposited during base-level fall.

Member B2, subdivided into zones MB2-3, MB2-2, and MB2-1 from the base upward,
was deposited during the regressive hemicycle of the fourth-order sequence (Figure 2).
The principal depositional elements developed within the base of zone MB2-3 consist of
shoal complexes (ShCs) and back-shoal complexes (BShCs), which indicates a platform
margin setting in the shallow water around the fair-weather wave base (FWWB). However,
the dominant depositional elements within the top of zone MB2-1 are peritidal marshes
(PMs) and back-shoal complexes (BShCs), which were deposited near or above the sea level
(Figure 19B).

Furthermore, quantifying pore volume evolution is a crucial next step for future works.
Integrating the proposed quantitative methods would significantly strengthen the model
by moving from a descriptive account of dissolution to a predictive, quantitative version.
This would allow for a more accurate assessment of how specific sequence stratigraphic
surfaces control the spatial distribution of the reservoir’s best flow units.

5. Conclusions
In this study, a total of 597.42 m of cores, 588 thin sections, 769 RCALs, 68 XRDs,

920 MICPs, wireline logs from seven cored wells, and 3D seismic cubic data of 496 km2
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have been investigated to describe the sequence stratigraphy, sedimentary facies, and
reservoir petrophysical properties. The conclusions we have drawn are as follows.

The major diagenetic processes comprise six types, including cementation, dissolution,
neomorphism, compaction, pressure solution, and dolomitization. This reflects that the
pore system of the Mishrif Formation is mainly characterized by a unimodality (34.4–42%)
in the mercury injection tests, whether in the inner shelf or platform margin. The reservoir
properties of the six sedimentary facies vary greatly, with porosities of 4.6% to 35.4% and
permeabilities of 0.01~1605.5 mD.

The Mishrif Formation, divided into four members (MC, MB2, MB1, and MA) and
18 zones from its base upward, was deposited during a base-level fall semi-cycle in the
second-order sequence stratigraphy. A total of 14 lithofacies were identified within the
Mishrif Formation based on their depositional textures, fossil assemblages, skeletal grain
sizes, and mineral contents.

The pseudo-wireline logs of RLLD*RHOB and GR*AC were used to effectively recog-
nize the depositional elements in the uncored wells. The 3D static models of the sedimentary
facies were established using the depositional element logs of all the penetrated wells and
the seismic inversion cubes to characterize the spatial extension. This practical application
demonstrates that depositional element models enhance the reservoir property precision
to obtain a better history matching performance. This study’s strength lies in its detailed
workflow for addressing a common challenge: predicting heterogeneity in uncored areas.
While the specific log transforms are unique to the Mishrif Formation, the methodology
provides a valuable template for other reservoirs.
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Appendix A

Table A1. Lithofacies of the Mishrif Formation in the HY oilfield.
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Descriptions

Mudstones:

Foraminiferal
mudstone LMf / / /

Moderate foraminiferal and bioclast fragments set within a
micritic matrix; common bioclasts with non-ferroan calcite,
predominantly comprised of the foraminiferal allochems of

Miliolids and sponge spicules; minor possible ostracods,
benthic forams, and echinoderms.
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Table A1. Cont.
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Descriptions

Mudstone M / / / Interbedded dark grey or black shale without
bioclastic material.

Bioturbated
mudstone LMb 10.5 0.6 2.723 Locally abundant burrows with less than 10% bioclastic

fragments within a micritic matrix.

Wackestones:

Bioclastic peloidal
wackestone LWbp 12.9 6.8 2.703

Matrix supported and locally micritic pelletal material;
bioclasts predominantly comprised of echinoderm plates

and spines, benthic foraminifera (Orbitoids, Alveolinids,
Miliolids, Textularids, Nautiloculina, Alveolinids, Discocyclina,

Marginopora, biserial and uniserial forams), and
indeterminate algal fragments; sponge spicules in

longitudinal sections, chambered sponge tests, molluscan
fragments (including bivalves and gastropod), and minor

amounts of planktonic forams (Globigerinids,
stromatoporoids, and indeterminate debris).

Bioclastic wackestone LWb 13.7 2.3 2.703

Various types of bioclasts set in a micritic matrix; abundant
bioclasts of planktonic and benthic forams (e.g., Miliolids,

Alveolinids, Peneroplids, and uniserial types), and molluscan
fragments (rudist bivalves), echinoderm plates, corals, and
red algal fragments; moderately large fragments of rudist

bivalves and bryozoans, sponge spicules, echinoderm
plates, and fine grade forams; minor to moderate ostracods,

brachiopod spines, and solitary coral.

Dolomitic bioclastic
wackestone LWdb 14.5 6.0 2.725

Matrix supported with patches of replacive dolomite;
abundant bioclasts of rudist bivalve fragments and benthic

forams (commonly Miliolids), moderate amounts of
echinoderm, red algal, and bryozoan material; common

dolomite rhombs with minor echinoderm plates, dasyclad
green algal fragments, molluscan bioclast fragments of

bivalves, and gastropods.

Dolomitic
wackestone DW 9.4 0.6 2.729

Wackestones showing pervasive dolomite cementation,
with minor scattered bioclasts consisting of rudistid

bivalve fragments, benthic forams (e.g., Miliolids),
echinoderms, and molluscan fragments; a very finely

crystalline mosaic of non-ferroan dolomite.

Packstones:

Bioclastic peloidal
packstone LPbp 17.8 25.5 2.704

Grains supported by rounded to angular allochems and
peloids; common bioclasts, including molluscan fragments

(e.g., rudists, bivalves and gastropods), algal material,
forams (e.g., Orbitoids, Peneroplids, Lituolinids, Miliolids,
Lenticulinids, Nautiloculina, and Cuneolina), echinoderm

plates, spines, and coralline fragments; moderate quantities
of bryozoans and planktonic forams like Globigerinids.

Bioclastic packstone LPb 24.7 20.1 2.695

Abundant bioclasts dominated by benthic forams (Miliolids,
Textularids, Nautiloculina, Cuneolinids, Orbitolinids,

Lituolinids, Peneroplids, Valvulinids, Alveolinids, Nautiloculina,
and Discocyclina), large rudist bivalve fragments, red algal

fragments, echinoderm plates, and abraded molluscan
debris; moderate to common algal fragments, sponge
spicules, planktonic forams, and ostracods; minor to
moderate molluscan debris consisting of brachiopod

spines, gastropod, bivalve, echinoderm plates, lituolinid
foraminifera (shallow water), planispiral forams,

and bryozoans.

Dolomitic bioclastic
packstone LPdb 21.4 2.2 2.740

Bioclasts, including benthic forams and planktonic forams
such as Globigerinids; moderate molluscan (locally bored or
moldic), algal, and bryozoan fragments, brachiopod spines,
and minor echinoderm plates; cementation is dominated

by abundant non-ferroan rhombic dolomites concentrated
in irregular patches
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Table A1. Cont.
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Descriptions

Grainstones:

Bioclastic peloidal
grainstone LGbp 20.5 42.5 2.714

Grain-supported texture with widespread peloidal
material; moderate bioclasts consisting of molluscan

(including rudistid bivalves), bryozoan fragments, and
echinoderm fragments, benthic forams (Fussulinids,

Textularids, Miliolids, Alveolinids, and Lepidorbitoides), and
algal fragments; subordinate bioclastic fragments (likely
foram debris) and widespread peloidal material; minor

stromatoporoids; occasional micritized grains that
sometimes resemble peloids.

Bioclastic grainstone LGb 21.9 189.4 2.704

Grains supported by abundant bioclasts dominated by
molluscan (e.g., rudistid bivalve fragments), benthic
forams (e.g., Fussulinids, Textularids, and Miliolids),

moderate echinoderms and local algal fragments; minor to
moderately abundant stromatoporoids, calcareous sponges,

bryozoans, algal, and echinoderm plates

Floatstones:

Rudistid floatstone LFr 23.8 216.4 2.704

Gravel fragments primarily consisting of rudist bivalves
set in a micritic matrix; bioclasts, including molluscan

fragments of rudist bivalves and indeterminate uniserial
bioclasts with large open test chambers up to 2 × 2 mm;
minor to moderate micritic allochems that appear to be

bioclastic in origin, including benthic forams (e.g.,
Textularids, Miliolids, and Lituolinids), algal material,

echinoderms plates, and granule to pebble grade
coralline fragments.

Rudstones:

Rudistid rudstone LRr 18.8 35.2 2.709

Gravel bioclasts primarily consisting of rudist bivalve
fragments composed of non-ferroan calcite; common

benthic forams and microfossils that are typically leached
and cemented by micrites in test chambers.
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