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Abstract

Carbonate diagenesis occurs in many different environments and has a major effect on the mineralogy and porosity of carbonate reservoirs.
Tropical carbonate sediments start mainly as aragonite and high magnesium (Mg) calcite (metastable CaCO3 mineralogies) with 40-80%
porosity. Subsurface carbonate reservoirs are generally low Mg calcite and dolomite with <40% porosity. Diagenesis in seawater occurs during
and shortly after deposition where seawater circulates through sediments, especially reefal environments and some carbonate grainstones. In
humid to subhumid climates where carbonates are subaerially exposed, freshwater causes the conversion of aragonite and high Mg calcite to
low Mg calcite, and porosity is re-arranged and commonly decreased. Rates of dissolution and cementation vary by meteoric sub-environment.
Freshwater lithification allows sediments to resist compaction-related porosity loss during deeper burial while unlithified micritic sediments,
compact and lose their porosity rapidly during deeper burial. Porosity is generally higher in intervals subjected to brief meteoric diagenesis,
however prolonged freshwater diagenesis may result in vugs and fractures that cause higher permeability.

Carbonates deposited on restricted platforms in arid climates are commonly dolomitized and have evaporites. Porosity and permeability are
usually higher in distal (often basinward) parts of the dolomitizing system. Dolomites resist porosity loss during deep burial more effectively
than limestones. Hydrothermal dolomitization, while volumetrically minor globally, can be important for many carbonate reservoirs. Porosity
loss with deeper burial is accelerated by higher temperatures and net effective stress. A wide range of porosities (variations of 20%) are
generally present at any given depth in the subsurface, and those variations are frequently related to depositional facies and previous near-
surface diagenesis. Diagenesis affects small-scale pore characteristics as well as large-scale geometries of porosity and permeability which
have important implications for reservoir models including (1) creation of multiple new matrix pore types, (2) creation of very high
permeability conduit pores, (3) permeability that cuts vertically and horizontally across original stratigraphy and facies, and (4) poor correlation
of porosity to permeability. These have a major effect on production during primary, secondary and tertiary hydrocarbon recovery.

Introduction

Carbonate diagenesis is a crucial factor determining the type and amount of porosity in most carbonate reservoirs. Diagenesis is defined as “all
physical and chemical changes (short of metamorphism) that alter sediment after deposition”. Shallow tropical carbonate sediments are



composed largely of aragonite and high Mg calcite with porosities of 40-80% (grain-rich sediments ~40%; mud-rich sediments 60-80%; Enos
& Swatsky 1981); in contrast, carbonate reservoirs are generally low Mg calcite or dolomite with 3-35% porosity (Ehrenberg & Nadeau 2005).
Therefore, the sediments and pores are greatly altered, and porosity is generally decreased during burial and diagenesis. The evolution from
carbonate sediment to reservoir rock occurs in a number of different environments from the sediment-water interface to burial depths in excess
of 5000 m (Figure 1).

In contrast to quartzose sandstones, diagenesis commonly alters carbonates during shallow burial and can be rapid because carbonate minerals
are more soluble and deformable than quartz. In addition, because aragonite and high Mg calcite are metastable, they dissolve readily in water,
especially slightly acidic water. Dissolved calcium carbonate re-precipitates in response to changes in temperature, pressure, and especially
CO- degassing. Though relatively stable compared to aragonite and high Mg calcite, low Mg calcite and even dolomite are still soluble in
water, especially compared to quartz at low temperatures.

Many factors are involved in the creation, destruction and preservation of porosity in carbonates during diagenesis. Publications tend to focus
on systems that have porosity, and reservoirs that are successfully developed; hence, systems and factors that result in poor porosity and
production are less clearly delineated. Put in the same diagenetic environments, different mineralogies and facies can end up with substantially
different porosity and permeability. In general, grain-rich carbonates retain more effective porosity than mud-rich carbonates, but there are
many exceptions. Also, factors associated with deposition will cause some facies to be preferentially subjected to certain types of diagenesis.
For example, beach and eolian grainstones tend to be subjected to subaerial exposure and freshwater diagenesis more often than muds
deposited in deep water.

Diagenesis of carbonates results in a myriad of pore types (Choquette & Pray 1970) in contrast to sandstones that are dominated by
intergranular porosity. Different pore types can have very different reservoir characteristics which affect permeability, capillary characteristics,
residual water saturations and recovery efficiencies. For example, vugs and fractures can result in large continuous pores causing extremely
high permeability and high hydrocarbon saturations. In contrast, small and poorly connected pores characteristic of micro-intercrystalline pores
and molds cause low permeability and high residual water saturations in water-wet reservoirs. Hence, carbonate diagenesis is very important
for reservoir models. Moore (1989, 2001) provide a very detailed discussion of carbonate diagenesis. The purpose of this paper is to describe
carbonate diagenesis and its effect on reservoir development and fluid flow as succinctly as possible.

A summary of techniques commonly used to study carbonate diagenesis is in Appendix A. A summary of techniques to study permeability in
carbonates is in Appendix B.

Mineralogic Stabilization

Three CaCO3 minerals (polymorphs- aragonite, high Mg calcite and low Mg calcite) are common in modern carbonates sediments, and all
three occur as depositional sediments during geologic history (Milliman 1974; Folk 1974; Scholle 1978). Aragonite and high Mg calcite are



metastable and hence commonly convert to more stable mineralogies, low Mg calcite and dolomite, during diagenesis. Calcareous organisms
have evolved through time, and as a result, calcareous sediments produced by them have varied. Other carbonate grains (peloids, ooids, large
coated grains, intraclasts) and carbonate mud have also varied in mineralogy through geological time (Table 1). The chemistry of the oceans
has varied through time causing some systematic variations in carbonate mineralogy. The Phanerozoic has been divided into times of “calcite
seas” and “aragonite seas” (Sandberg 1983). Periods of “calcite seas” still had depositional aragonite, and times of “aragonite seas” had some
depositional calcite (Sandberg 1983; Berner et al., 1983; James 1983).

The processes and products of mineralogic stabilization are variable. Stabilization may occur by transformations that cause (1) no
petrographically visible change in wall structure, (2) a distinct change in crystal structure with partial retention of the original wall structure, or
(3) dissolution of original fossil or grain and refilling of that mold with cement (Figures 2 & 3). Sometimes the mold is not filled with cement,
and moldic porosity remains. Fossils and grains that were originally low Mg calcite, are generally not altered petrographically during
diagenesis. High Mg calcite grains may transform to low Mg calcite with no petrographically observable change (Figure 2). The main modern
high Mg calcite grains include coralline algae, echinoderms, some types of benthic forams, some peloids, some intraclasts and some ooids.

The transformation to low Mg calcite occurs in freshwater at surface temperatures and in deep seawater (Bathurst 1975; Longman 1980; Saller
& Moore 1989; Saller & Koepnick 1990). That transformation also apparently occurs during burial without circulation of surface fluids, but
that is rarely documented. The mechanism for Mg loss is often not obvious. Solid state diffusion is believed to be difficult at low temperatures,
but the gradual loss of magnesium in calcite in seawater with increasing depth and decreasing saturation (Saller & Moore 1989) supports a
diffusion-type process. Dissolution-reprecipitation commonly causes distinct petrographic changes in wall structure, which is generally not
observed in originally high Mg calcites, and hence is not preferred.

Originally aragonitic grains convert to low Mg calcite with very distinct petrographic changes. In general, the resulting calcite is coarser
crystalline with or without partial retention of the original internal wall structure (Figure 3). No original wall structure is preserved when the
original grain is completely dissolved and then refilled with calcite cement. Two different mechanisms have been proposed for the conversion
of aragonite to calcite with partial retention of the original wall structure: (1) thin-film neomorphism (James 1974; Bathurst 1975) and (2)
calcitization by partial intrafabric dissolution and calcite infilling (Saller 1992, 2025). Conversion of aragonite to calcite is documented in
many modern and Pleistocene freshwater environments (Pingitore 1976; Saller & Moore 1991). In a few cases, the conversion is documented
in marine environments that were undersaturated with respect to aragonite (Saller 1986; Saller & Koepnick 1990; Melim et al., 1995, 2001).
Such transformation also probably occurs during burial without access to surface waters, but is difficult to document. In a very few cases,
original aragonitic grains are preserved in very old rocks. For example, Kirkland et al. (1993) found depositional aragonite in upper
Pennsylvanian rocks in southeast New Mexico.

Diagenetic transformation of micrite can progress in different ways. The relation between the products of transformation and original micrite
mineralogy (low Mg calcite, high Mg calcite, aragonite) has not been consistently demonstrated. Sometimes micrite experiences “aggradational
neomorphism” and is converted to nonporous microspar (Folk 1974). Original micrite is <4 um across, and microspar is typically 5-10 um
across (Folk 1974). Sometimes micrite aggradation and growth of crystals is stopped allowing preservation of microporosity between the
micrite-sized, microspar-sized or very fine crystalline calcite crystals (Lucia & Loucks 2013; Harland et al., 2015).



Depositional mineralogy can have a profound effect on diagenesis, porosity and pore types. Sediments that were originally low Mg calcite or
were high Mg calcite and lost Mg, may have little change in grains and retain depositional (primary) porosity, especially intergranular porosity
in grainstones (Figure 4A; Moore & Druckman 1981; Wagner & Matthews 1982). For example, many Mississippian limestones were deposited
with abundant crinoid and bryozoan fragments (both originally calcitic). Diagenesis of those calcitic sediments may include only sparse
cements or be dominated by calcitic crinoid overgrowths (Figure 4A, B).

In many other carbonate rocks, pores are completely rearranged leaving no depositional porosity. Sediments that originally contained aragonitic
grains often lose much of their primary porosity, but gain secondary porosity by dissolution of aragonitic grains (Figures 3B, 4C). Calcium
carbonate from that dissolution reprecipitates as cement resulting in a rock with moldic porosity and intergranular calcite cements that reduce
burial compaction. Upper Carboniferous (Pennsylvanian) rocks that were originally aragonitic, have common calcite cement and widespread
moldic porosity after subaerial exposure (Figure 4C).

Marine Diagenesis (diagenesis in seawater)

Marine diagenesis is important in certain carbonate rocks. Aragonite and high Mg calcite cements are the most common products of shallow
marine diagenesis. Modern near-surface seawater is greatly supersaturated with respect to calcite, and hence, if seawater flows through reefs or
carbonate sand near the sediment-water interface, aragonite and high Mg calcite cements precipitate. Marine cements include micritic, fibrous
or prismatic crystals (Figure 5).

Radiaxial calcites are marine cements that are prismatic to equant and have a unique undulose extinction under crossed polarized light (Kendall
1985; Saller 1986). Submarine hardgrounds with fibrous and prismatic cements form where seawater flows through carbonate sand at the sea
floor and on beaches (Figure 6A-C; Dravis 1979). Seawater pumping through reefs commonly precipitates bundles of botryoidal aragonite or
crusts of high Mg calcite in reefal cavities (James & Ginsburg 1979; Land & Moore 1980; Figure 6D, E).

Carbonate saturation decreases with depth in oceans (Scholle et al. 1983). In the Pacific Ocean, seawater becomes undersaturated with respect
to aragonite at approximately 300 m, and undersaturated with respect to low Mg calcite at approximately 1000 m (Figure 7). As a result,
aragonite will dissolve, and low Mg calcite will precipitate between 300 m and 1000 m when Pacific seawater circulates through carbonate
sediments at those depths (Figure 8; Saller 1986). Below 1000 m, calcite dissolves and dolomite is still supersaturated in seawater and hence
dolomite can precipitate (Figure 9; Saller 1984). Deepwater marine diagenesis occurs on the walls and slopes of carbonate platforms where
high permeability sediments are at the sea floor (Figure 7; Saller & Koepnick 1990; Winterbottom 2014; Saller & Winterbottom 2023) and
either tides or thermal convection cause deep seawater to move through the platform margin. Saturation levels are distinctly deeper in the
modern Atlantic Ocean (Scholle et al., 1983), and those saturation levels probably varied greatly in oceans through geologic time.

Marine diagenesis has affected a significant number of carbonate reservoirs. Marine cements are important in reef and slope strata at the margin
of many high-relief carbonate buildups and shelves as well as in some grainstones. In general, marine cements reduce porosity, sometimes
severely with more than 30% of some boundstones being submarine cement. Examples of submarine cements greatly reducing porosity are (1)



the margins of Devonian buildups (reservoirs) in the western Canada (Walls and Burrowes 1985), (2) the Permian Capitan reef complex in
west Texas and southeast New Mexico (Mazzullo & Cys 1977), (3) the Cretaceous Stuart City reef in south-central Texas (Prezbindowski
1985), (4) west side of Malampaya field in the Philippines (Grétsch & Mercadier 1999), and (5) margin and slope of the late Paleozoic Tengiz
buildup in Kazakhstan (Collins et al., 2006; Figure 10).

Fracturing is commonly associated with early submarine lithification, and in the case of Tengiz, those fractures are associated with lost
circulation zones for wells and very large flow rates of oil (Collins et al., 2006; Figure 10). Although the Capitan reef has relatively low
porosity, it is a prolific aquifer in the subsurface due to fractures, many of which formed, or at least started, syndepositionally in seawater (Hiss
1980; Stanton & Pray 2004). Many of those fractures are related to differential compaction as rigid Capitan reefs prograded over compactable
slope and basinal carbonate muds and siliciclastic siltstones (Saller 1996). Submarine cements also locally fill intergranular pores in grainstone
reservoirs (Moore et al., 1986), locally degrading porosity and permeability.

Freshwater Environments

Near-surface diagenesis of carbonates is often related to climate. When the surface of carbonate sediments is above sea level in a humid
climate, rainwater can flow through the shallow sediments and accumulate in a freshwater lens. Within that freshwater (meteoric) system, sub-
environments develop and alter the carbonate (Figure 11). The main freshwater (meteoric) sub-environments are, from top down: (1) soil zone,
(2) vadose, (3) capillary fringe above the water table, (4) upper phreatic, (5) lower phreatic, and (6) mixing zone (Figure 11; Saller & Moore
1991). The most important “driver” for dissolution is CO2 being dissolved in water creating carbonic acid, which increases the ability of water
to dissolve carbonate. The most important “driver” for precipitation of calcite in freshwater is CO2 degassing causing water to be
supersaturated and precipitate calcite. As a result, dissolution and cementation can occur in the same rock during a single year based on
variations in dissolved CO; related to rainy and dry periods.

Soil Zone

The soil zone is an area of intense diagenetic alteration at the subaerially exposed top of sediment (Figures 11, 12A-C). Atmospheric CO; and
CO: from plant respiration and decay of plant material dissolves in rainwater creating carbonic acid that dissolves carbonate in the soil zone.
Evaporation and CO> degassing cause subsequent calcite precipitation in the soil zone. Vugs and fractures are common in soil zones (Figure
12D). Precipitation of micritic carbonate is common around roots (Figure 12A, C). Vugs form where plant roots decay as well as other areas of
intense dissolution. The volume of calcite precipitation versus dissolution is related to amounts of rainfall. In high rainfall areas, dissolution
dominates. In subhumid to semiarid climates, micritic calcite precipitation is common, sometimes creating caliche crusts in the soil zone
(Figure 12B, C). Soil zones and associated alteration are typically a meter or less thick. Unfortunately, soil zone vugs can be eliminated by
cements or dissolution of the entire soil zone (lowering the carbonate surface). In addition, sediment may fill soil vugs during subsequent
transgressions.

Vadose Zone



In this model, the “vadose zone” is defined here as the interval between the soil zone and the capillary fringe zone above the water table, where
the pores contain air and water (Figures 11, 13A, B). After substantial rains, water flows through the vadose zone, and some residual water
remains. As CO»-rich water moves through the vadose zone, some dissolution occurs. The residual water may then degas, and some calcite
cement precipitates where the residual water remained, forming “meniscus” and “pendant” cements (Figure 13B, C). Commonly diagenetic
alteration in the vadose zone is slow, and the amount of alteration depends on the amount time the vadose zone existed and amount of water
that flowed through it.

Capillary fringe

The capillary fringe is a thin zone immediately above the water table where capillary forces pull water from the freshwater lens into the vadose
zone (Figure 11). Calcite cement is abundant in the capillary fringe (Figure 13D) because it is a location of evaporation and degassing of waters
that are saturated with respect to calcite from the adjacent water table. Dissolution is relatively minor in the capillary fringe zone. These
cements are typically equant to bladed calcite crystals, increasing in width as they grew into pores (Figure 13D).

Upper Phreatic

The upper phreatic zone is immediately below the water table (Figure 11), has pores filled with water, and is characterized by alternation of
intense dissolution and cementation (Figure 14). Dissolution occurs when heavy rains bring freshwater, plant material and soil zone CO
through the vadose zone to the water table. Organic material decays in the phreatic zone adding CO. to the upper meteoric phreatic zone
forming carbonic acid and water substantially undersaturated with respect to calcium carbonate. Aragonite is less stable than low Mg calcite
and so is preferentially dissolved relative to low Mg calcite. After rainfall and influx of water and CO, dissolution increases Caz+ and HCOz-
in the water. Subsequent CO> degassing causes supersaturation and precipitation of calcite cement. Moldic pores and vugs commonly form in
the meteoric phreatic zone (Figures 3B, 14). Cements are typically equant-to-bladed low Mg calcite and fill intergranular as well as moldic
pores. Circumgranular and relatively isopachous crusts of equant-to-bladed cements are characteristic of the meteoric phreatic environment

(Figure 14).

Lower Phreatic

Intensity of dissolution and cementation decreases down into the phreatic zone as the amount of CO charging and degassing decrease (Saller
& Moore 1991; Figure 11). As a result, some carbonate (especially aragonite) is dissolved, and minor amounts of calcite cement are
precipitated. Calcite cementation becomes relatively minor deeper in the phreatic zone.

Mixing Zone
Freshwater mixes with seawater at the margins of freshwater lenses and aquifers (sides and bases; Figure 11). Seawater mixing with freshwater

results in water undersaturated with calcite. In theory, these waters are still supersaturated with respect to dolomite, and hence a model was
developed for dolomitization in the mixing zone (Badiozamani 1973). In most modern and ancient mixing zones, dissolution dominates with no



observed dolomite precipitation. Mixing zones below freshwater lenses tend to have diffuse dissolution creating microporosity (Figure 15A-
C). Where freshwater aquifers discharge into the ocean at the edge of large islands or larger bodies of land, dissolution may be intense causing
channels and caverns (Figure 15D). At the top of mixing zones at the edges of islands, cementation may occur associated with CO> degassing,
sometimes forming “beachrock™ (Hanor 1978).

Effects of duration of exposure on porosity and permeability

Intuitively, subaerial exposure and freshwater diagenesis should seemingly increase porosity. Often, this is not the case (Saller et al., 1999a).
Subaerial exposure has commonly decreased porosity in Pleistocene as well as older carbonates. The main reason that subaerial exposure
decreases porosity is that much dissolution occurs in the soil zone. That dissolved calcium carbonate is carried down to the deeper vadose or
phreatic zones, where some of it is precipitated decreasing porosity. Dissolution at the top of the soil zone simply lowers the land’s surface and
so that dissolution does not result in preserved porosity. Furthermore, caves created by dissolution commonly collapse and much of that
dissolution porosity is not preserved.

Systematic changes occur in pore types during subaerial exposure and freshwater diagenesis with porosity generally decreasing, but
permeability increasing through time (Figure 16; Esteban & Wilson 1993). Cements progressively fill primary pores during freshwater
diagenesis (Figure 16-2). Secondary pores are created during subaerial exposure and freshwater diagenesis, but total porosity usually decreases.

Moldic pores become relatively common, especially where grains were originally aragonitic (Figure 16-2). With continued exposure, moldic
pores fill as vugs, caverns, and fractures form (Figure 16-3, 4), resulting in rocks with progressively lower total porosity, but higher
permeability (Esteban & Wilson 1993; Saller et al., 1999a).

Although caves develop in carbonates during prolonged subaerial exposure, they are rare in subsurface reservoirs at burial greater than 1200 m
(4000 feet). A few reservoirs with karst caverns have been described, e.g. Yates Field (Craig 1988; Tinker et al., 1995) and Cretaceous
reservoirs in the Golden Lane of Mexico (Coogan et al., 1972). Most caves that were present in the shallow subsurface, collapsed during deeper
burial. During collapse, fractures in the roof rocks and breccias form resulting in high permeability reservoirs (Figure 17). This scenario is
common in the Ellenburger Group in west Texas where many caves formed during early subaerial exposure, and then those caves collapsed
during deep burial (Kerans 1988; Loucks 1999). The location of collapsed caves and associated breccias and fractures can be identified by sags
in overlying strata observed in 3D seismic data (Loucks 1999; Figure 17).

In some reservoirs, parts of freshwater profiles are preserved. Features like calcified roots, caliche crusts and breccias make many ancient soil
zones recognizable in subsurface cores (Saller et al., 19994, b). Other products of meteoric diagenesis (dissolution, equant to bladed
cementation and calcification) occur in other environments (including deeper burial environments), and hence it may be difficult to identify
them as meteoric, especially after burial diagenesis. Wagner et al. (1995) identified paleo-meteoric phreatic zones and compartmentalization
caused by that intense cementation in several reservoirs.

Factors causing subaerial exposure and freshwater diagenesis in ancient carbonates



While many ancient carbonates experienced subaerial exposure and freshwater diagenesis shortly after deposition, many did not. Subaerial
exposure can be caused by a eustatic (global) sea level drop, tectonic uplift or carbonate deposition building sediments to sea level where
currents and wind can move the sediments to form islands (Figure 11C). Because carbonate deposition is generally associated with long term
subsidence, slow or small global sea level falls may not be sufficient to cause a relative fall in sea level and emergence. Rate and amplitude of
sea-level drop are major determining factors. During “ice-house” times, large continental glaciers repeatedly formed and melted, causing high
frequency (100-400 ky) sea level fluctuations of 50-100 m, and repeated exposure. This has been occurring during the Pleistocene associated
with Northern Hemisphere glaciation, and to a lesser extent in the Miocene and Pliocene associated with Antarctic glaciation. The Late
Carboniferous and early Permian were also times of large continental glaciers forming and melting. Hence, many shallow marine carbonates
were exposed at the end of short depositional cycles during the Late Carboniferous, early Permian, Miocene, Pliocene and Pleistocene.

Subaerial exposure of carbonates was less common during “green-house” times when high frequency (20 ky) eustatic sea level fluctuations had
relatively low amplitudes (1-5 m). For example, while many Cretaceous carbonates were subaerially exposed, many were not, and often
exposure was localized. During “green-house” times, subaerial exposure commonly occurred at sequence boundaries associated with long term
sea-level falls, especially if tectonic subsidence was slow. Since many thick carbonates were deposited during times of prolonged tectonic
subsidence, tectonic uplift and associated subaerial exposure is rare during deposition of many carbonate platforms. The Tonasa carbonate in
Sulawesi is an example of an Eocene and Oligocene carbonate that generally lacks subaerial exposure and meteoric diagenesis, and lost almost
all its porosity due to burial compaction (physical and chemical; Arosi & Wilson 2015).

Limestone Reservoirs with Meteoric (Freshwater) Diagenesis

Two fields in the Permian Basin of the USA (Southwest Andrews and Reinecke; Figure 18A, B) were deposited during the late Paleozoic “ice-
house” time, and illustrate the influence of subaerial exposure and meteoric diagenesis on reservoir architecture and hydrocarbon production.
As a result of a relatively humid climate and rapid sea level fluctuations, these carbonate areas experienced repeated intervals of deposition and
subaerial exposure. Systematic variations in cycle thickness can be related to intensity of exposure and porosity within depositional cycles. In
both fields, intervals that were not subjected to early subaerial exposure and freshwater diagenesis are not porous. Cycles with brief subaerial
exposure are generally thick and porous; whereas, thin cycles had intense exposure-related diagenesis and have little porosity.

Southwest Andrews Area (SWA)

The Southwest Andrews Area (SWA) in the Permian Basin is a series of adjacent fields located on the east side of the Central Basin Platform
and immediately west of the Midland Basin (Figure 18A, B). The reservoir is stratified shelfal limestones that vary in age from Strawn (Des
Moinesian; middle Pennsylvanian) to early Wolfcampian (early Permian; Figure 19; Saller et al., 1999a,b) which was an “ice-house” time. The
gross reservoir interval is approximately 300 m (1000 ft) thick. Meteoric diagenesis is widespread and has contributed to the distribution of
porosity. SWA contains an oil column in the “Wolfcamp Reef” at the top of the reservoir, and another oil column in Pennsylvanian carbonates
separated from the “Wolfcamp Reef” by a shaly Wolfcamp Detrital interval (Figure 19). Porosity is highly stratified with porous zones in
individual cycles that are commonly separate from porosity in other cycles (Figure 19).




Porosity and permeability show patterns according facies as well as diagenesis (Figure 20A). Ooid grainstones are commonly porous, but have
moderate to low permeability due to a dominance of poorly connected moldic porosity (Figure 20A, B). Bioclastic grainstones have moderate
to high porosity and variable permeability. Phylloid algal boundstones have moderate to high porosity and high permeability (Figure 20A, C).
Mudstones, wackestones and packstone have generally low porosity and permeability, except in cycles that were only briefly exposed, in which
case, they have moderate porosity and permeability (Figure 20A).

The relation of porosity to length of exposure is shown in these Pennsylvanian and lower Permian reservoirs. Approximately 90 cycles occur in
the reservoir interval that was deposited during repeated high amplitude sea level rises and falls that probably occurred at a frequency of
approximately 110,000 years (Saller et al., 1999b). In cycles without subaerial exposure, micrite-rich sediments (mudstones, wackestones and
packstone) compacted, and most porosity was lost (Figures 19, 21). Thick cycles (average 5.5 m thick) with brief subaerial exposure (perhaps
5,000-25,000 years) generally have high porosity (~15%), but low permeability (1 mD; Figures 19, 22). Moderately thick cycles (average 3.4 m
thick) with moderate subaerial exposure (exposure of perhaps 25,000-65,000 years) typically have moderate porosity (~10%) and permeability
(10 mD; Figures 19, 23). Thin cycles (average 2.4 m thick) with intense diagenesis and prolonged exposure generally have low porosity and
permeability because most matrix pores were filled with calcite cement, and the vugs and fractures that were present after cyclic subaerial
exposure were filled with siliciclastic and carbonate muds during subsequent transgressions (Figures 19, 24).

Production at the Southwest Andrews Area is highly variable due to variations in reservoir permeability and continuity in the oil-bearing
intervals (Figure 25). The upper producing interval, the “Wolfcamp Reef”, has stratified, moderately continuous porosity due to brief periods of
subaerial exposure (Figure 25). Permeability is highly variable with facies and diagenetic controls. Phylloid algal reefs are common in the
Wolfcamp Reef (Figure 25B), and they have very high permeability (10 to >1000 mD), whereas microporous wackestones and packstones have
low permeability (0.1-10 mD) where they are porous. A few areas also have high permeability associated with fractures below subaerial
exposure surfaces. As a result, primary production was highly variable in the Wolfcamp Reef. One well with a thick phylloid boundstone
interval produced >500,000 barrels of oil, but many other wells produced <200,000 barrels of oil. Primary recovery was 5-15% of the original
oil in place. Waterflooding was successful in the Wolfcamp Reef in parts of the field with moderately well-connected phylloid boundstones
(Bakke Unit; Figure 25A), but was poor in parts of the field where phylloid boundstones were discontinuous or permeability was
heterogeneous, or the reservoir was partially in the transition zone. Injected water apparently went out of zone vertically in some areas and
channeled into other wells without displacing much oil. Secondary recovery varied between 2% and 10% of the original oil in place.

Porosity in the middle to upper Pennsylvanian interval (lower producing zone) shows distinct stratigraphic and geographic trends (Figure 25C;
Saller et al., 1999a). The lower Canyon has relatively widespread porosity, but is structurally low and water bearing in many parts of the field.
The upper Canyon and Cisco have moderate porosity and locally good permeability in grainstones, but those intervals tend to be
heterogeneously connected. As a result, primary production from those intervals was highly variable from less than 100,000 barrels of oil per
well to greater than 300,000 barrels of oil per well with primary recovery of 5-15% of original oil in place (OOIP). Waterfloods in the upper
Canyon and Cisco had limited success (2-10% of OOIP) due to injected water going vertically out of zone and water flowing through high
permeability vugs and fractures leaving molds and microporosity unswept.

Reinecke Field



Reinecke Field in west Texas is an upper Pennsylvanian (upper Carboniferous) isolated carbonate buildup sealed by deepwater carbonate and
siliciclastic mudstones (Figure 26). It is a part of the “Horseshoe Atoll” trend of reservoirs. The Reinecke reservoir and oil column are 100-120
m (300-400 ft) thick and at a depth of approximately 6800-7000 feet. The carbonate buildup created its own structure by differential vertical
growth during deposition, and then the buildup drowned and was covered by the deepwater muds. The main reservoir occurs in three Cisco
(Virgilian; uppermost Carboniferous) cycles that are each 15-30 m thick and each was subjected to brief subaerial exposure. Cycle tops
(100,200,300,400) were identified by soil zone features including root traces, fractures and caliches. The irregular top of the reservoir (Figure
26A) was created by several small vertically growing patch reefs modified later by deep submarine erosion (Saller et al., 2004). The uppermost
carbonate (above horizon 100) was not subaerially exposed and is generally not porous (Figure 26B). Porosity is vertically and laterally
continuous in the rest of the reservoir that is dominated by thick cycles with moderate freshwater diagenesis (Figure 26C, D). These correlate to
intervals in the Southwest Andrews Area with thin cycles, intense meteoric diagenesis and generally low porosity. Late hydrothermal
dolomitization added some high permeability vertical and lateral “raceways” to the Reinecke reservoir (Figure 26E; Saller & Dickson 2011).

The “South Dome” of Reinecke Field has a classic bottom-water drive recovery history related to good horizontal and vertical permeability
(Figure 27). The wells in the South Dome were initially completed in the uppermost part of the reservoir to avoid water coning. After 20 years
of primary production and declining reservoir pressure, water was injected into the underlying aquifer (Figure 27). This very efficient artificial
bottom-water drive allowed the original 40-acre spaced wells to recover 2 million barrels of oil per well and more than 50% of the original oil
in place (OOIP). A 20-acre infill well program was initiated in the late 1980’s and recovered only minor amounts of additional oil because
previous recovery was so efficient (Figure 27A). The relatively continuous South Dome reservoir with good vertical permeability supported a
crestal CO> flood that produced another 3-4 million barrels of oil (~5-10% of original oil in place) with many wells producing >250,000 barrels
of oil by a CO2 cap moving down and displacing residual oil (Saller & Dickson 2011).

Hypersaline Environment: Dolomite and Evaporites
Dolomitization

Dolomitization is a critical process for reservoir porosity in many areas including the Permian Basin of the USA, Devonian of western Canada,
and parts of the Middle East. Interpretations of the most important environments for dolomitization have varied through time with (1) tidal flat
and reflux dolomitization (Figure 28A-C; Adams & Rhodes 1960; Shinn et al., 1969; Hsu & Siegenthaler 1969) being a popular model in the
1960’s; (2) dolomitization in mixing zones (freshwater mixing with seawater) being popular in the 1970’s (Figure 28D; Badiozamani 1973,;
Land 1973); (3) dolomitization by circulating seawater was proposed in the 1980’s (Figure 28E; Saller 1984; Vahrenkamp & Swart 1994); (4)
dolomite associated with organics in deepwater sediments was discussed during the 1980’s (Figure 28F, G) and (5) hydrothermal
dolomitization during moderate to deep burial was proposed in many papers in the 1990’s (Eigure 28H; Davies & Smith 2006). Although
dolomitization can occur in all five of those environments, widespread dolomite is most common in platform top carbonates deposited in arid
and semi-arid climates apparently and subjected to reflux dolomitization (Figure 29).

Dolomite (CaMg(CO03)2) can replace CaCOs or be a void-fill cement. The dolomite crystal structure has alternating layers of (1) calcium, (2)
carbonate (CO:s), (3) magnesium, and (4) carbonate. Well-ordered dolomite with relatively pure layers of calcium and magnesium (as shown by



X-ray diffraction) has still not been synthesized in a lab at low temperatures (<40° C; Land 1985); however, moderately ordered dolomite has
been observed in late Cenozoic locations that do not appear to have been above 40° C (Vahrenkamp & Swart 1994). Poorly-ordered dolomite
(“protodolomite”) has been synthesized at low temperatures in the presence of sulfate-reducing bacteria (Warthmann et al. 2000). Gregg et al.,
(2015) discussed these poorly ordered dolomites in greater detail. Poorly-ordered dolomites probably formed in ancient times and likely
recrystallized into well-ordered dolomites with greater time and temperature.

Calcite is kinetically favored over dolomite because it has a much simpler crystal structure of calcium alternating with carbonate ions, but
dolomite is thermodynamically favored. A critical part of dolomitization at low temperature is water that is undersaturated with respect to
calcite allowing dissolution of calcite, but supersaturated with respect to dolomite. Several different equations can be used for replacement of
CaCOs by dolomite. Below are two.

(1) 2CaCOs3 + Mg?* ----> CaMg(COs3) 2 + Ca?*
(2) CaCOs + Mg?* + CO3% ----> CaMg(COs)2

Dolomitization is observed in modern tidal flats and evaporitic salinas, and below many ancient evaporitic lagoons (Figures 28A-C, 29-31).
The association between dolomitization and arid climates is shown in the Permian Basin where the climate became progressively more arid
during the Permian, and dolomites became progressively more widespread with platform interiors being dolomitized initially, and then
dolomitization spread to the platform margins (Figure 29; Saller 2004). Dolomite is also a major reservoir in giant oil fields of the Middle East
deposited in arid climates, e.g. Arab and Khuff formations (Meyer et al., 2000; Grotsch et al., 2003; Alsharhan 1993; Algattan & Budd 2017).
Reflux dolomitization by evaporated seawater is supported by relatively heavy stable carbon and oxygen isotopes (high 5!3C & §'20) in many
areas (Appendix A, Figure 1; Saller & Henderson, 1998). Dolomites might not occur in carbonates deposited in arid climates if sea level rise
was too rapid, not allowing restricted environments to form. Dolomitization of shelfal strata is moderately predictable, occurring in carbonates
deposited in arid climates with moderate to slow rise of relative sea level.

Evaporation concentrates Mg in seawater as calcium carbonate or gypsum are precipitated. The evaporitic waters might also become
undersaturated with respect to calcite by reactions involving decay of organic material. Evaporated seawater is denser than normal seawater,
and hence flows down and dolomitizes underlying calcareous sediments (Figure 30). Dolomitization liberates calcium (equation 1), which in
the presence of dissolved sulfate, precipitates gypsum and further lowers the calcite saturation of the waters, encouraging more calcite
dissolution and dolomitization. Dolomitization of calcitic sediment requires many hundreds to many thousands of pore volumes of
dolomitizing water to circulate through the sediments (Land 1985).

The effect of dolomitization on porosity varies. Equation (1) above has a volume decrease of 12%, resulting in a creation of porosity. Equation
(2) has a volume increase of 75%, resulting in a decrease of porosity. In the ancient, both reactions (as well as others) occurred, and a major
determiner of porosity in dolomite is the saturation of dolomitizing waters that initially passed through the original calcareous sediments, and
the volume of water supersaturated with respect to dolomite that later passed through the dolomite (Figure 30). In young shallow dolomites,
porosity is typically lower than adjacent limestone (Schmoker and Halley 1982; Lucia and Major 1994); however, in some other shallow



carbonates, dolomitization has maintained or slightly increased porosity as well as enlarged pore throats increasing permeability (Maliva et al.,
2011).

Porosity in dolomites is often lowest in proximal parts of the dolomitizing system where the greatest volume of highly supersaturated water
flowed through (Figure 30). Porosity is commonly highest in distal parts of the dolomitizing system because less dolomite was initially
precipitated there because of lower dolomite saturations, and lower volumes of dolomite-saturated waters subsequently passed through (Figure
30; Saller & Henderson 1998; Saller 2004). Other factors can locally control the distribution of dolomite including permeability, reactive
surface area, fluid salinity, and temperature.

Precipitation of evaporites, especially CaSO4 will also decrease porosity. Temperature and pressure determine whether gypsum or anhydrite is
precipitated, with anhydrite precipitating at higher temperatures. At burial depths of greater than 1500 m, anhydrite is generally the stable
phase. Evaporites occur in greater volumes in the proximal parts of evaporitic systems (tidal flats or restricted lagoons), further decreasing
porosity in those areas. Dolomites generally have higher porosity than limestones at moderate and great depths (Schmoker & Halley 1982)
apparently because dolomite is a more rigid, less soluble mineral that resists compaction.

Reservoirs with Early Dolomitization by Evaporated Seawater

Distribution of porosity may be related to position in the dolomitizing system or follow depositional facies or both. In some cases, porosity and
permeability in ramp and shelf dolomites are stratified, but in others, they are relatively discontinuous. Those differences in dolomite reservoir
architecture require different development strategies.

Thick Porous Dolomite: South Cowden Field

The reservoir at South Cowden Field in west Texas is in the upper Permian Grayburg Formation (Figures 18, 32). Dolomitization occurred in
evaporated seawater shortly after deposition (Lucia & Ruppel 1996; Ruppel & Lucia 1996; Saller & Henderson 1998). Evaporative lagoons
and tidal flats generated the dolomitizing brines, and they were more widespread in the western part of the field. Porosity at South Cowden
Field is related to position in the dolomitizing system. Porosity increases basinward (to the east) in the distal part of the dolomitizing system.
Porosity decreases and even pinches out to the west (Figures 32B, 33). Porosity is independent of depositional facies (Figures 32B, 33).
Structural dip is to the east (Figure 32A). As a result, porosity increases toward the oil-water contact. Oil production was greatest in the eastern
part of the field where the most porous dolomites are just above the oil-water contact. Original 40-acre spaced wells in the eastern part of the
field had cumulative production of 500,000 to more than 1 million barrels of oil. In contrast, many wells in the structurally high western part of
the field produced less than 100,000 barrels of oil (Figure 32A). South Cowden Field can be considered a diagenetic trap with no structural
closure to the west.

Layered, Stratified Porosity: Smyer Field



The reservoir at Smyer Field in west Texas (Figures 18, 34A) is dolomites of the middle Permian Clear Fork Formation. It was discovered in
1945 (Figure 34B). The main reservoir has four main stratified intervals, and two of them are packstone-grainstone facies with overlying and
underlying dolomitized wackestones and packstones being less porous and permeable (Figure 34C). Permeability is relatively low with a range
of 0.1 to 30 mD in dolomites with porosity >4%. Average permeability is 2.7 mD. A tidal flat interval is widespread, relatively impermeable
and further stratifies the field (Figure 34C). Smyer Field had a relatively weak solution gas drive, and combined with low permeability, gave
the field low primary recovery (7% of OOIP). However, relatively continuous stratified porosity allowed a successful waterflood (12% of
OOIP). Selective infill drilling at 20-acre spacing produced another 7% of OOIP (Figure 34). Similar production patterns in stratified dolomites
were observed on a larger scale in the San Andres Formation (middle Permian) at Seminole Field (San Andres) in west Texas where primary
production recovered approximately 180 million BO (approximately 14% of 1.2-1.4 billion barrels of OOIP), waterflood recovered
approximately 200 million BO (or 16% of OOIP), and infill and CO: floods recovered more than 300 million BO by 2010 (Tennyson et al.,
2012).

Discontinuous Porosity in Dolomites: North Riley Field

The reservoir at North Riley Field (Figure 18) is also dolomites of the middle Permian Clear Fork Formation. Dolomitization was caused by
evaporated seawater shortly after deposition (Saller & Henderson, 1998). Porosity in that dolomite is very heterogeneous and related to
depositional facies and position in the dolomitizing system (Figure 35A). Porosity generally increases to the north (basinward) which is also
downdip on the northward plunging anticline (Figure 35B). Lateral porosity variations on the scale of hundreds of meters are related to
discontinuous porous grainstone facies and variable porosity in wackestone-packstones after dolomitization (Figure 35A, C). Many porous
intervals have limited continuity (Figure 35A, C). As a result, primary recovery in 40-acre spaced wells was only 5% of OOIP, and initial
waterflood production added little (Figure 35D); however, production from 20-acre infill wells was excellent (Figure 35D), allowing infill
production with continued water injection to produce more than 10% OOIP giving a current total recovery efficiency of more than 15% of the
OOIP.

Burial Environment

Deep burial is a great obliterator of porosity in carbonates as well as sandstones. For this paper, a “burial” environment is considered a zone
below where fluids from the surface (meteoric, marine, or hypersaline waters) actively circulate. Schmoker and Halley (1982) showed that
porosity in carbonates generally decreases with depth of burial in the southeastern US (Figure 36). Ehrenberg & Nadeau (2005) show a similar
trend for carbonate reservoirs globally. However, both studies show a great deal of variation in porosity at any specific depth. That variation in
porosity is generally related to depositional facies, mineralogy and early, near-surface diagenesis prior to deeper burial.

Loss of porosity with deeper burial is caused by three main processes: (1) mechanical compression, (2) pressure solution, and (3) cementation
(Figures 37). (1) Mechanical compression often involves unlithified muddy sediments being squeezed with increased burial (Figure 21). (2)
Pressure solution involves dissolution along surfaces. The most obvious pressure solution feature is a stylolite (Figure 37A-C). Pressure
solution can also occur at grain-to-grain contacts (Figure 37D, E). Sometimes physical deformation occurs at grain contacts making the




distinction between pressure solution and compression difficult. (3) Burial cements are relatively common many deep burial cements is
pressure solution; hence, pressure solution decreases porosity by compaction and associated cementation.

Rate of porosity loss during progressive burial is related to many factors including facies, early diagenesis, temperature and effective stress.
Grain-rich facies and early lithification can reduce the effects of compaction during burial (Figure 38). Dolomitization is especially effective
for decreasing compaction (Figure 36). Many of the deepest carbonate reservoirs are dolomite (Figure 39). Different basins have different rates
of porosity loss in carbonates with depth because of two main extrinsic factors, temperature and net effective stress. In general, carbonates in
hotter basins, lose porosity with depth more rapidly, and hence vitrine reflectance that may be a proxy for paleotemperature is correlated with
lower porosity (Schmoker & Halley 1982; Brown 1997; Goldhammer 1997).

Net effective stress influences compaction during deeper burial. Some big, deep carbonate reservoirs (e.g. Tengiz, Karachaganak) are in
Kazahkstan where limestone reservoirs at depths of 4100-4400 m still have porosities of 5-25% (Kenter et al., 2006). These reservoirs are
overlain by thick salts. Salts are less dense than most other sediments and hence reduce the net effective stress of underlying sediments.
Saltalso has high thermal conductivity which can decrease the temperature of the underlying sediments. Rapid deposition of other low
permeability sediments (including salt) can also cause overpressure decreasing the net effective stress.

Although loss of porosity is the dominant process in moderate to deep burial environments, hydrothermal dolomitization and other types of
burial dissolution occur. Hydrothermal dolomitization is most commonly associated with highly saline water moving along faults and fracture
systems (Davies & Smith 2006) (Figures 28H, 41). It is debated whether hydrothermal dolomitization actually increases porosity or re-arranges
pores and makes the rock resistant to porosity loss with burial. Fluid inclusions in hydrothermal dolomites generally have very high salinities
(>15% TDS) and high homogenization temperatures indicating dolomitization by hot saline fluids that were probably the result of thermal
convection of highly evaporated seawater or fluids that evolved through rock-water interaction with siliciclastics or volcanics (Figure 40;
Davies & Smith 2006; Saller & Dickson 2011). The frequent association of hydrothermal dolomite to faults causes knowledge of the basin
architecture and history to be important for its prediction.

Other types of corrosive burial fluids can cause vuggy dissolution. Commonly, those fluids are associated with organic-rich shales and affect
carbonates adjacent to those shales (Figure 41; Saller & Vijaya 2002). Mazzullo and Harris (1991) also show several examples of deep burial
dissolution in the Permian Basin where corrosive waters formed by interaction with source rocks during maturation. Deep burial dissolution of
carbonate has also been associated with CO> and volcanics and metamorphics (Lowenstern 2001). As with hydrothermal dolomite, there is
debate as to whether dissolution commonly causes an increase in absolute porosity during deep burial dissolution (Wright & Harris 2013;
Ehrenberg et al., 2012). In either case, that dissolution causes more effective pore systems.

Reservoirs formed by Hydrothermal Dolomite
Many carbonate reservoirs occur in hydrothermal dolomites. In some cases, hydrothermal dolomitization is adjacent to faults (Davies and

Smith 2006). In other cases, hydrothermal dolomitization is independent of faults. In still other areas, hydrothermal brines moved vertically
along faults, and then spread out laterally and dolomitized permeable beds (Figure 28H). Hydrothermal dolomites frequently have high



permeability due to being coarse crystalline dolomite and having vugs and/or fractures. High vertical permeability is common in fields where
hydrothermal fluids moved up from below, and this vertical permeability has a distinct effect on production.

Rosevear Field

Rosevear Field is a gas reservoir in the Devonian Swan Hills Formation of Alberta (Figure 42A, B; Kaufman & Meyers 1989; Kaufman et al.,
1991; Saller et al., 2001). Shelf margin and channel margin grainstones were preferentially dolomitized by hydrothermal brines, while adjacent
lagoon wackestone-packstones and mud-rich slope to basinal facies were not, and are nonporous limestone (Figure 42C, D). Some of those
grainstones may have been partially dolomitized early in the shallow subsurface. Hydrothermal brines moved laterally along and through
permeable grainstone facies resulting in widespread dolomitization of the shelf and channel margin grainstones. The north-south trend of the
channel margin grainstones at Rosevear (Figure 42C) allowed stratigraphic trapping of gas against nonporous lagoonal (northeast pool) and
slope facies (southwest pool) in a system with a monoclinal dip to the southwest. Several other fields in the area (Kaybob South, Erith, Hanlan;
Figure 42B) have hydrothermal dolomite reservoirs in platform margin grainstones that stratigraphically trap updip again impermeable slope
mudstones that were also not dolomitized (Figure 42).

Wabamun Group, Peace River Arch

The Wabamun Group in the vicinity of the Peace River Arch in western Canada has a series of fields where porous hydrothermal dolomites
stratigraphically trap against impermeable limestones (Figure 43). Many of the fields are relatively circular in map view and apparently formed
by hydrothermal brines moving up through dolomites formed during shallow burial (Saller & Yaremko 1994). Some fields are associated with
faults, but many are not (Figure 43B). Many dry holes were drilled along faults looking for hydrothermal dolomites thought to preferentially
occur along faults (Figure 43B). Dissolution associated with the hydrothermal brines caused vugs and collapse structures. 3D seismic data were
used to find small relatively cylindrical bodies of dolomite. Critical features in identifying the hydrothermal dolomites in 3D seismic were
mound-like structures with differential compaction and chaotic character. These dolomites have high vertical and lateral permeability causing
high production rates, but early water breakthrough in some fields.

Panuke Deep

Panuke Deep Field in offshore Nova Scotia contains gas in vuggy hydrothermal dolomites in Jurassic shelf margin facies (Figure 44A, B;
Weissenberger et al., 2006; Wierzbicki et al., 2006). The field was extensively cored and characterized prior to development (\Weissenberger et
al., 2006). Panuke Deep had a gas column of ~150 m over an aquifer (Encana 2006; Figure 44C). The high permeability hydrothermal reservoir
allowed wells to produce gas at high rates, 80 mmscf/day (CNSOPB, 2016; Figure 44D). Unfortunately, 3 of the 4 producing wells coned water
much earlier than expected (Figure 44D). Prior to the field going online, ultimate production was estimated to be 350-950 BCF (P90-P10).
Cumulative production through September, 2016 was approximately 131 BCF with only one of the four wells still able to produce gas without
high water cuts (CNSOPB, 2016; Figure 44D). This production is only 15% of the originally estimated gas in place.



Lacustrine Carbonate Diagenesis

Important lacustrine carbonate reservoirs were discovered in the 1970’s and 1980’s in Brazil and west Africa. Additional large lacustrine
reservoirs were discovered more recently in currently deep-water parts of those two provinces, especially Brazil (Carminatti et al., 2008;
Greenhalgh et al., 2012). Diagenesis of lacustrine sediments can be quite variable because lacustrine sediments and waters have a wide range of
compositions. Lacustrine carbonate sediments range from coquinas with low Mg calcite to aragonitic coquinas and ooid grainstones to high Mg
calcite muds to dolomite (Halley 1977; Cohen & Thouin 1987; Pedone & Dickson 2000). Depositional minerals associated with lacustrine
carbonates include stevensite (smectitic clay), chert, and a wide variety of evaporites.

Lake waters vary from fresh to highly saline to highly alkaline. Variations in pH and alkalinity in lakes cause large variations in early
diagenesis as well as depositional mineralogy (Wright & Barnett 2015). Diagenesis associated with lacustrine carbonates includes early
dolomitization, calcitization of dolomite (dedolomite), early and late silica precipitation including chalcedony, and precipitation and alteration
of stevensite (Wright & Barnett 2015; Saller et al., 2016).

Early dolomitization in pre-salt carbonates occurs as replacement and isolated crystals. In pre-salt strata in Angola, replacive dolomitization
affects both syn-rift coquina intervals and “sag” microbial intervals. In both intervals, stable carbonate and oxygen isotopes indicate that lake
waters became dominated by evaporation, concentrating magnesium causing dense magnesium-rich water to dolomitize calcareous sediments
in the shallow subsurface. Dolomite crystals are common in pores between shrubby calcitic growths. Shrubby facies are a major reservoir
facies in Angola and Brazil (Figure 45A; Saller et al., 2016; Wright & Barnett 2015). Dolomites associated with the shrubby growths appear to
be petrographically early, just after deposition of the shrubs suggesting that the dolomite precipitated when shrubby boundstones went into a
reducing environment immediately after they are buried, but still in contact with lake waters.

Calcitization of dolomite (dedolomite) is widespread in lacustrine carbonates. In general, the calcitization of dolomite appears early. That
calcitization was interpreted to be caused by lake waters repeatedly shifting back and forth from magnesium-rich to calcium-rich (Saller et al.,
2016). Mixtures of calcite and dolomite are common in lacustrine pre-salt strata apparently because lake water commonly shifts from calcium-
rich to magnesium rich due rapid changes in lake level and dissolved ionic composition. Calcitization of aragonitic mollusks and precipitation
of low Mg calcite cements (Figure 45B) probably occurred in relatively freshwater, similar to meteoric alteration of marine carbonates.

In addition to limestone and dolomite reservoirs, major reservoirs composed of chert with minor dolomite and limestone have been recognized
in the pre-salt of offshore Brazil and Angola. Reservoirs include Pao de Agucar (offshore Brazil; de Luca et al., 2017) and Cameia (offshore
Angola; Cazier et al., 2014). The large chert-rich structures grew on structural highs adjacent to deep lacustrine basins (Saller et al., 2016; de
Luca et al., 2017). The reservoirs have abundant chalcedony cement. De Luca et al. (2017) interpret Pao de Agticar as the silicification of a
microbial carbonate. In contrast, Saller et al. (2016) interpreted these as microbial chert reefs that formed seismic-scale buildups. Diagenesis in
these buildups included fibrous chalcedony cement, fracturing, dolomitization, quartz cement and blocky calcite cement. The fibrous
chalcedony cement was apparently synsedimentary partially filling primary reefal pores and pores between talus clasts (Figure 45D). The chert
was apparently brittle causing widespread fracturing (Figure 45C). Late quartz and calcite cements partially fill reefal vugs and fractures
(Figure 45C, D).




Hydrothermal dolomitization is crucial for reservoir permeability in some syn-rift coquina reservoirs in northern offshore Angola.
Hydrothermal waters are interpreted to have come up along faults creating much fracture and vuggy porosity in the lacustrine Toca Formation
(Harris 2000).

Pore Types in Carbonate Rocks

While most porous sandstones are dominated by intergranular porosity, carbonate rocks have a myriad of pore types (Choquette & Pray 1970;
Figure 46A, B). Diagenesis is responsible for creation of many of those pore types.

Depositional (primary) pore types include intergranular in carbonate sands (grainstones), shelter (in reefs), intraparticle (commonly within
fossils), micro-intercrystalline porosity in carbonate muds, and fenestral (irregular vugs in decaying microbial mats; Figure 46). Diagenesis
creates secondary pores including molds (dissolved grains), intercrystalline porosity (especially in dolomite), micro-intercrystalline porosity in
some micritic limestones, vugs, caverns, channels, and fractures. Vugs, caverns, and channels are typically related to dissolution and cross-cut
depositional fabrics (Figure 46).

Pores in carbonates range in size from less than a micron to tens of meters across in caves. Permeability is related to pore size, but the key
parameter controlling permeability is the size of throats connecting pores (pore throats). Molds (especially spherical), fenestral and intraparticle
pores are typically connected by small pore throats and have low permeability (Figure 46). Permeability associated with intergranular and
intercrystalline porosity is related to grain or crystals size (Lucia 1995). Larger crystals and grains usually have larger pore throats and hence
higher permeability. Fractures, caverns, channels and connected vugs are associated with high permeability. Carbonates may have tectonic or
shelf/platform margin fractures that have preferred orientations or fractures related to collapse that may have random orientations. As a result
of many different pore types and sizes, carbonate rocks with similar porosity can have vastly different permeability (Figure 20A).

Microporous (“chalky”) calcites are common in the subsurface and deserve special attention. Microporosity may be the result of early
dissolution (Figures 3C, 15A-C) or later, burial dissolution (Dravis 1989). Microporous limestones are also frequently formed by small calcite
crystals surrounded by pore space (Figure 47). Crystals vary from euhedral (microrhombic) to subhedral to anhedral in various locations. In
many cases, microporosity formed by precipitation around, or recrystallization of, carbonate mud (Lucia & Loucks 2013). Microporous,
microcrystalline calcites can form in a variety of environments including meteoric, marine, mixing zone and burial (Moshier 1989; Saller &
Moore 1989; Lucia & Loucks 2013).

Microporous limestones are characterized by relatively low permeability, for example microporous limestones with 30% porosity have
permeability of 5-10 mD. Permeability is commonly related to crystal sizes which are often correlated to pore and pore throat sizes (Lucia &
Loucks 2013; Fullmer et al., 2014; Harland et al., 2015). These microcrystals are commonly 1-10 microns across (Figure 47). This style of
microporosity also affects water and hydrocarbon saturations as well as residual oil saturations in reservoirs (Harland et al., 2015). Imbibition
of oil in some water-wet microporous reservoirs allows efficient hydrocarbon drainage if the pore geometries are favorable (Harland et al.,
2015). Microporous limestones are especially important in the Cretaceous of the Middle East.



In addition to Choquette & Pray (1970), several other carbonate pore classifications have been published, and even more are in use in a variety
of labs and companies. Each has its utility, and no single classification is always the best. The Archie (1952) classification is the simplest and
divides porosity into visible and matrix, and then matrix is divided into compact crystalline, chalky, and granular or saccharoidal with size
classifications for the matrix. The pore classification of Lucia (1995) is well established, especially for Permian Basin reservoirs in the USA.
One important part of the Lucia (1995) classification is the correlation of particle size (grains or crystals) to mercury injection displacement
pressures (related to pore throat sizes) and permeability. Larger particles are commonly associated with larger pore throats and higher
permeability. Another facet of Lucia’s 1995 classification is “vugs” and the distinction between separate vugs and touching defined as either
(1) more than twice the size of particles or (2) are within particles. Lucia’s “vugs” include the vugs, intraparticle pores and molds of Choquette
and Pray (1970). Lucia’s touching vugs include cavernous, breccia, fracture and other solution-enlarged pores and are associated with high
permeability, as opposed to separate vugs that are dependent on the intervening matrix for permeability.

Lenay (2006) published a classification with 20 pore-type classes that combined pore sizes, types and depositional textures to better match
permeability observed in the carbonate rocks he studied. Similarly, Clerke et al. (2008) developed a sophisticated classification involving pore
sizes, types and facies to better characterize fluid flow in Middle Eastern reservoirs. Most recently, Skalinski and Kenter (2013) show an
improved workflow for pore typing. Because of depositional and diagenetic variability in carbonates, no single classification scheme is always
the best.

Multiple pore types in a single carbonate rock or formation can cause fluids to flow heterogeneously through only a fraction of the rock and
formation’s pores. For example, vugs and fractures might comprise 30% of a formation’s pores (Figure 48), but might be responsible for all of
the flow in or out of the formation during primary recovery or waterflood. As a result, much of the formation’s oil in matrix pores might be
bypassed during both primary and secondary recovery. In such cases, a substantial difference could exist between volume of hydrocarbons
(storage capacity) and volume of producible hydrocarbons. In addition, finer pores commonly have more surface area, and hence could have
much higher residual water saturations than larger vugs.

Implications of Carbonate Diagenesis for Reservoir Models

Diagenesis can have important implications for flow in carbonate reservoirs, and hence reservoir models. Immediately after deposition,
porosity and permeability generally follow depositional facies and stratigraphy, similar to siliciclastic sand-shale systems; however, diagenesis
can alter those original pore types and change porosity and permeability on many different scales. Major implications of diagenesis for fluid
flow and reservoir models include: (1) creation of new, often complex pores causing heterogeneous flow characteristics on a cm-scale, (2)
creation of very high permeability conduit pores (vugs & fractures) in some reservoirs, (3) permeability networks cutting across depositional
stratigraphy and facies in some cases and (4) poor correlation of porosity to permeability.

(1) Diagenesis commonly results in new pore types and hence new flow characteristics.



Carbonate sediments at time of deposition usually have only 1 or 2 major pore types and matrix permeability controls flow (except in reefs). At
time of deposition, most grainstones (carbonate sands) are dominated by intergranular pores. Intragranular pores (pores within grains) may be
present, but they generally do not contribute to permeability, hence intergranular pores control permeability, similar to quartzose sands. Mud-
rich carbonate sediments have pores and permeability associated with the connectivity of the small pores between carbonate mud particles.
Diagenesis frequently creates many new pore types and sizes. Occasionally carbonate rocks will behave in a “dual porosity” manner with flow
though high permeability pores that are volumetrically minor, but usually flow is much more complex. In dual porosity systems, much of the
volumetric storage in the rock is in the low permeability matrix that is contacted and drained by the high permeability pores.

Multiple pore types cause complex drainage that is difficult to model. For example, high permeability vugs and fractures may comprise 10-
30% of a rock’s pores. Low permeability matrix pores may comprise 10-30% of that same rock’s porosity, and substantial intermediate
porosity is also present (Figure 49). In water-wet carbonates during primary recovery, all pores might drain moderately effectively and
modelling is not too complex. However, fluid displacement during water or gas flooding is much more complex in reservoirs with multiple
pore types, especially during pattern floods relying on lateral movement of injected fluids. In the schematic example above (Figure 49), an
injected fluid might largely displace the original hydrocarbons in the larger third of the pores (vugs), and partially displace the middle third of
the pores (connected molds) with no displacement in the smallest third of the pores (microporosity). This flow and displacement are very
difficult to model. The larger the model’s cell, the more difficult the heterogeneity will be to handle. Displacements in oil-wet reservoirs could
be even more difficult.

(2) Diagenesis can create conduit pores (vugs & fractures) with super-high permeability, and these can cause very high production rates or
potential thief intervals during water or gas injection. The true formation permeability of carbonates with super-permeability zones can only be
measured with dynamic (flow) data from drill stem tests (DST’s) or sustained production. As a result, permeability measured from NMR logs,
core plugs and even full diameter core analysis are not representative of the formation permeability. Understanding these diagenetic pore types
is vital to an accurate reservoir model.

(3) Dissolution or fracturing in carbonate formations can create pores that cut across depositional stratigraphy and facies. These include
fractures and caverns developed during early freshwater diagenesis or late hydrothermal diagenesis. Both can result in high vertical and lateral
permeability through originally low permeability intervals. This type of diagenesis may also cause very heterogeneous vertical and horizontal
permeability (Kv/Kh) which is difficult to model.

(4) Heterogeneous pores result in a poor correlation of porosity to permeability (Figure 20A), and as a result, linear porosity-permeability
transforms are not an accurate method to model formation permeability. In some cases, depositional or diagenetic facies may have more
consistent porosity-permeability relationships that could be used (Figure 20A); however, in those cases, the facies must be identifiable in most
wells, including wells without core.

Conclusion



In conclusion, diagenesis is a major factor in the ultimate porosity and permeability of carbonates. Most carbonate reservoirs were subjected to
important diagenesis in the shallow subsurface during or shortly after deposition. Diagenetic modification continued through moderate and
deep burial. Although porosity generally decreases with burial depth, carbonates at the same burial depth can have greatly different porosity
and permeability related to original depositional facies and early diagenetic alteration.

Even when greatly altered by diagenesis, porosity and permeability in carbonate rocks may be related to depositional facies (Figure 20).
Carbonate mud-rich sediments (mudstones, wackestones, and mud-rich packstones) are frequently less permeable than grainstones, and those
mud-rich rocks generally need favorable shallow diagenesis to prevent mechanical compaction from obliterating porosity during deeper burial
(Goldhammer 1997). Subaerial exposure and early freshwater diagenesis may cause recrystallization of aragonite or high Mg calcite muds
resulting in porous, microcrystalline calcite (Moshier 1989; Saller & Moore 1989) that gives the original micrite-rich rock, a rigid framework
that slows mechanical compaction (compression). Microporosity is commonly associated with low permeability. Dolomitization may also
recrystallize original muddy sediments causing lithification and intercrystalline porosity. If too much supersaturated water circulates through
micro-crystalline sediments, additional fine crystalline calcite or dolomite rims precipitate and completely fill microporosity. As a result, brief
subaerial exposure associated with thick depositional cycles may result in high microporosity. Mixing zones of seawater and meteoric water
may also be an important diagenetic environment to form microporous mud-rich carbonates because their waters should recrystallize the
original mud without being supersaturated and precipitating additional calcite.

Grainstones (carbonate sands) can retain porosity through significant burial without early lithification (Figure 38). Early diagenesis in seawater,
meteoric water, and hypersaline water can lithify those grainstones, re-arranging pore systems and preserving porosity to greater depths (Figure
38). However, in some cases, early cementation eliminates porosity in grainstones. If cementation or dolomitization are prolonged, large
volumes of waters can flow through the grainstone causing too much cement or dolomite to be precipitated, and porosity is eliminated (Figures
16, 30). Without lithification, uncemented grainstones will eventually compact during deeper burial (Figure 37D, E).

Reefal boundstones are not a large volume of ancient carbonates, however they constitute a substantial number of carbonate reservoirs. In some
cases, vertical reefal growth creates domal structures and stratigraphic traps. Most reefs have some marine cementation and lithification.
Unfortunately, submarine cements are so abundant in some reefal boundstones like the Capitan reef (west Texas and southeast New Mexico,
USA) and west side of Malampaya Field (Philippines) that porosity was largely filled (Figures 6D, E, 10; Garber et al., 1989; Grotsch &
Mercadier 1999). Early submarine lithification when combined with differential compaction often causes fractures in reefal boundstones
(Figure 10; Saller 1996). In contrast, phylloid algal boundstones in Upper Carboniferous (Pennsylvanian) reservoirs of west Texas often have
good porosity and permeability because of early aragonite dissolution (Figures 4C, 20C) and fracturing associated with collapse in freshwater
shortly after deposition.

Dolomitization involving evaporated seawater (reflux dolomitization) is common in carbonates deposited in an arid climate. Repeated flows of
brines supersaturated with respect to dolomite cause the precipitation of large amounts of dolomite in the proximal parts of the dolomitizing
system, and hence, the proximal parts of the dolomitizing system have less porosity than distal parts of the system. Early dolomitization slows
porosity loss with deeper burial.



Early diagenesis often follows depositional facies, so even when diagenesis has thoroughly altered the rock, the distribution of porosity and
permeability may still be predicted by the distribution of depositional facies, but important exceptions occur.

Hydrothermal dolomitization is important for the development and preservation of porosity in some carbonate reservoirs. Hot, Mg-rich brines
can move up through faults and fractures dolomitizing limestones and recrystallizing pre-existing dolomites. Hydrothermal dolomite
commonly has high vertical and lateral permeability and form stratigraphic traps with adjacent limestones being lateral seals.

Diagenesis rearranges pores and greatly alters permeability, and this should be addressed in static and dynamic reservoir models. Diagenesis
can result in conduit pores with ultra-high permeability, or diagenesis can greatly decrease permeability. Conduit and/or matrix pores may
follow or cross-cut depositional stratigraphy and facies. Multiple pore types may cause substantial heterogeneity in a single rock resulting in
complex drainage and hydrocarbon displacement in that rock.

As a result of variations in early diagenesis and facies, every carbonate field is different (Jerry Lucia, personal communication, 1987). To
understand variations in subsurface porosity and permeability, both depositional facies and diagenesis as well as stratigraphy must be integrated
into carbonate reservoir models. That understanding needs to be integrated with hydrocarbon characteristics and drive mechanisms to
understand primary recovery, secondary and tertiary recovery in a given carbonate reservoir or reservoir model.
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APPENDIX A
Techniques for Studying Carbonate Diagenesis

Several techniques have been relatively routine for studying carbonate diagenesis, additional techniques have been applied recently, and new
analytical methods are being developed. Relatively common techniques include thin section petrography, cathodoluminescence, UV
fluorescence, scanning electronic microscope (SEM) imaging, trace element concentrations, stable carbon & oxygen isotope, strontium
isotopes, fluid inclusions, X-ray diffraction, dating of diagenetic products by radioactive isotopes, and now clumped isotopes.

Thin section petrography is one of the oldest and most common techniques used to study and interpret carbonate diagenesis. Thin sections are
pieces of rock glued to rectangles of glass, and the rock is cut to a thickness of 0.035 mm to allow light to easily pass through the rock, and the
rock fabric can be carefully analyzed. Blue plastic is usually injected into pores in reservoir rocks prior to thin sectioning to allow identification
of original pores in the thin section. Thin sections of carbonates are often stained with a combined Alizarin red—-S and potassium ferricyanide
solution to allow identification of iron-poor calcite, iron-rich calcite, dolomite, and iron-rich dolomite (Dickson 1965, 1966). Petrographic
relationships often allow determination of the sequence of carbonate diagenesis including cement precipitation, dissolution, replacement and
compaction. Diagenetic environments can sometimes be inferred based on cement distribution, crystal shape and size (Folk 1974; Longman
1980).

Cathodoluminescence analysis usually involves a polished thin section put in a small vacuum chamber with an electron beam focused onto a
thin section and then viewed with a microscope. Luminescence radiation results in color bands related to minerals and trace elements.
Luminescent patterns can show different generations and zones (bands) of carbonate crystal growth. Cathodo-luminescence is often combined
with other techniques, like extraction of zones of cement for geochemical analyses (Dickson and Coleman 1980) to give a more detailed
diagenetic history.

Fluorescence occurs in minerals subjected to ultraviolet light. No special preparation is needed for thin sections for fluorescence analysis.
Similar to cathodoluminescence, fluorescence is related to mineralogy, trace elements, organics and sometimes crystal defects. Fluorescence
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can identify (1) original grains that may be obscured by dolomitization or calcite recrystallization, (2) different generations of diagenetic calcite
or dolomite, and (3) patterns of cement growth (Dravis & Yurewicz 1985; Saller & Yaremko 1994).

Trace elemental concentrations in carbonates may be determined by a number of methods. Bulk rock or solid components may be analyzed
by (1) inductively coupled plasma (ICP) after dissolution, (2) x-ray fluorescence (XRF) of powders, (3) electron microprobe analysis of small
parts of thin sections, and (4) energy-dispersive X-ray spectroscopy (EDS) analyses of samples in SEMs (scanning electron microscopes). Most
trace elements studied in carbonates are cations that substituted for calcium and magnesium in calcite or dolomite. Concentrations of trace
elements in carbonate minerals vary for many different reasons including variations in concentration of those elements in the diagenetic water,
temperature of precipitation, eH of the diagenetic environment, and rate of precipitation. Some cations are preferentially incorporated into the
carbonate mineral, and other elements are preferentially excluded from the crystal. Relating elemental concentration to diagenetic environments
is often equivocal. Significant quantities of manganese and iron in cements usually indicate a reducing environment of precipitation. High
strontium concentrations may indicate a marine aragonitic precursor. High magnesium concentrations in ancient carbonates might indicate
precursors that were originally high Mg calcite.

Stable carbon and oxygen isotope compositions of calcites and dolomite are related to temperature and isotopic composition of the
diagenetic waters. Conventional analyses of calcites and dolomites involve (1) powdering the bulk rock or separation of the phase to be
analyzed, (2) reaction with phosphoric acid, and (3) analysis in a mass spectrometer giving results in 580 and §**C relative to a PDB or VPDB
standard. More recently, ion probes have allowed detailed characterization of carbon and oxygen isotope compositions of small amounts of
rock that can give sequential variations. Stable carbon and oxygen isotope compositions can help identify environments of carbonate
precipitation (freshwater, seawater, evaporated seawater) and can help identify high temperatures of precipitation (Appendix Figure 1).
Unfortunately, stable oxygen isotope analyses of rocks give a single value that is caused by two variables (water composition and temperature;
Swart 2015). If either the temperature or the composition of the precipitating water can be constrained, the other variable (temperature or §*80
of the precipitating water) can be determined. If not, the interpretation of oxygen isotopes in ancient rocks may be equivocal. Stable carbon
isotopes can help identify systems where organic carbon has influenced the diagenetic environment like in soil zones or carbon derived from
maturing source rocks.

Strontium isotopes (87Sr/%®Sr) in rocks vary for a number of reasons. & Sr/®Sr ratios are generally low in oceanic crust, and high in continental
crust. The &7Sr/%8Sr ratios in seawater and carbonate precipitated from seawater have varied systematically through time (Burke et al., 1982;
Veizer et al., 1999). In some situations, strontium isotopes can be used to date depositional carbonate, date diagenetic carbonates precipitated
from seawater, and as a tracer to identify the source and perhaps the age of the diagenetic waters.

Fluid inclusions occur in carbonate cements when crystals grow over flaws in the crystal creating small cavities. The fluids in those cavities
may record the temperature and salinity of waters when the cements grew. If inclusions are “single phase” (all water), inclusions are assumed
to precipitate at relatively low temperatures (<50° C). If inclusions are “two phase” (gas and liquid), the rock can be heated, and the
temperature of crystal precipitation is assumed to be when the fluid expands and homogenizes into a single- phase inclusion. The salinity of the
waters in the inclusions can be estimated by cooling the thin section and determining the temperature at which the inclusion freezes. See
Goldstein and Reynolds (1994) for details of fluid inclusion analysis. Unfortunately, later alteration of the carbonate may change the fluids and



apparent homogenization temperature in the inclusion. Rock samples may also be crushed releasing fluid inclusions that may also be
geochemically analyzed.

X-ray diffraction is a well-established method to determine minerals, and the method is now quantitatively accurate. Variations in the exact
location and heights of various mineral peaks can also indicate crystal imperfections, poor ordering in dolomite (especially Ca in Mg layers),
and trace minerals.

Dating of diagenetic products by radioactive isotopes is sometimes possible. Unfortunately, obtaining usable dates for diagenetic products is
often difficult because of low concentrations of radioactive elements like uranium and alteration of carbonates after precipitation. In some
cases, accurate age dates of ancient carbonates have been obtained using U-Pb (Rasbury et al., 1998). For relatively young carbonates (less than
3 Ma), 1*C (especially ACS) and U-Th disequilibrium techniques have provided excellent age dates (Saller et al., 2011).

Clumped isotope analysis is a relatively new technique to allow determination of temperature of carbonate precipitation. Clumped isotope
analysis measures A47 which is the difference of amount of molecular weight 47 in CO> derived from a sample and a standard. This molecular
weight is determined by a mass spectrometer, similar to those used for §'80 and §*3C. The A4 values have been correlated theoretically and
empirically to temperatures of carbonate precipitation (Ghosh et al., 2006, 2007; Swart, 2015). This technique is still relatively new, and
“pitfalls” are being determined, but the ability to determine temperatures of precipitation has great advantages over 580 analysis which is
related to both temperature and §'80 of the water.

This section briefly described techniques that are used commonly. Other analytic techniques can be used on carbonates. More details on these
and other techniques to characterize carbonate diagenesis can be found in Scholle and Ulmer-Scholle (2003), Swart (2015), and James and
Jones (2016).

APPENDIX B
Measuring Permeability in Carbonate Reservoirs

Permeability is a key characteristic of hydrocarbon reservoirs. A number of different techniques are used to measure or infer permeability in
carbonate rocks. Each technique describes important features, but heterogeneity in carbonate pore types and distribution results in none
accurately characterizing the permeability of all facets of all carbonate reservoirs. Techniques include probe permeametry on core samples and
outcrops, petrographic image analysis, mercury injection capillary pressure analysis, CT scans of core, routine core plug and full diameter core
analysis, downhole pressure and sampling probes (MDT, RDT, etc), nuclear magnetic resonance (NMR) logs, borehole image logs, and
pressure transient analysis of drill stem tests (DSTs). The list is roughly in order of size of volume analyzed, from small to large. Large, high
permeability conduit pores (large vugs, caves, fractures) are difficult to capture in cores because cores commonly break off when they
encounter conduit pores, hence the permeability of most conduit pores is only captured qualitatively in borehole image logs and quantitatively
in DST analyses.



Probe permeametry measures the rate of pressure decrease from a probe with high pressure gas pressed against a flat core or outcrop face.
Permeability is then calculated from the rate of flow versus pressure drop. Although less accurate than conventional plug analysis,
measurements at a large number of spots allow a much more comprehensive characterization of permeability variations on a core or outcrop
face. An advantage and limitation is that only a small volume of the rock (<1 cubic cm) is analyzed.

Petrographic image analysis (P1A) characterizes pore geometries on thin sections cut from rocks that are impregnated with a colored plastic
(commonly blue). This technique was developed in the 1980s (Ehrlich et al., 1984, 1991) and can quantitatively describe pores on a 2D
surfaces. Combining with plug porosity and permeability data and mercury injection capillary pressure data from the same sample, volumes of
various pore types can be estimated with PIA. For pore throat and permeability estimates, pores captured in 2D data are converted to 3D
volumes using algorithms. In general, 2D petrographic training images are analyzed and correlated to permeability (from core plug
measurements) and pore throat distributions (from mercury injection capillary pressure analysis), and then that information is used to estimate
permeability and pore throat distributions on new samples analyzed by petrographic image analysis (Ehrlich et al., 1984, 1991).

Mercury injection capillary pressure analysis measures the amount of mercury injected into a sample with increasing pressure and can
quantitatively describe pores and pore throat diameters. Sample sizes are small, commonly 1 cubic centimeter or less. Pore throat sizes
determine how much pressure is required to push mercury into a given pore and pore volume. Pore throat sizes also determine permeability.
Empirically, Swanson (1981) and Winland (1972) through Pittman (1992) developed methods to estimate matrix permeability from mercury
injection capillary pressure data. They found a correlation of the 35" percentile of pore throat size to permeability. An advantage of capillary
pressure analysis is that it does not require cylindrical plug samples, and helps quantify all pores and pore throat sizes within a sample,
including microporosity. It generally cannot characterize and quantify pores larger than 1 cm across, and is a sample destructive analysis.

Techniques for CT (Computed Tomography) scans of cores have been advancing rapidly. CT scanning uses X-rays to image the rock and
pore systems because porosity and minerals have different densities and hence different X-ray transparencies within core samples, from which
porosity and mineral densities can be mapped in 3D. Amounts and connectivity of larger pores in cores (vugs, fractures, molds) can now be
captured. Resolution is related to sample size. Resolution continues to improve allowing progressively smaller pores to be mapped in 3D. As of
2017, resolution of pores analyzed in full diameter core samples (10 cm; 3-4”) was approximately 0.5 mm, whereas a resolution of 1-24
microns could be obtained for samples that were approximately a cubic centimeter (Skalinski & Kenter, 2013; Bazaikin et al., 2017).

Relatively accurate routine analysis of porosity and permeability in core plugs and full diameter cores has been possible for many
decades. Analysis of full diameter core samples (3-5 inch [7.5-17.5 cm] diameter; up to 1 foot [30 cm] length) is generally preferred in
carbonates because carbonate porosity is heterogeneous on a centimeter scale, so a larger sample captures more of that heterogeneity. In
addition, full diameter porosity and permeability analysis includes pores that are too large for 1 inch (2.5 cm) diameter plugs to capture. Full
diameter core permeability measurements commonly include permeability at two horizontal orientations (usually perpendicular orientations)
and vertical permeability through the core.



Downhole pressure and sampling probes (MDT, RDT, etc) measure formation pressures and permeabilities with a probe pressed against the
edge of a borehole. Although measuring formation mobility in situ is advantageous, formation damage related to drilling degrades porosity
adjacent to the wellbore and can give misleading values. This damage includes shearing of the reservoir rock adjacent to the wellbore and
filling larger pores with drill mud at locations that the probe analyzes. Also, probes frequently cannot seal around large vugs and fractures,
preventing measurement of permeability associated with many high permeability pores in carbonates; hence permeability calculated from probe
data (mobility) commonly under-estimates the true formation permeability.

Nuclear magnetic resonance (NMR) logs use a magnetic signal to induce magnetism in the reservoir’s fluids. The time of decay of the
induced magnetic response of the fluids (T2) is used to measure porosity, amount of bound water and size of pores that are filled with
hydrocarbon and water. Algorithms extrapolate porosity and pore sizes to permeability. Many algorithms are based on siliciclastics, and hence
need to be adapted for carbonates. Although permeability is related to pore size, it is controlled by pore throat sizes which are quite variable in
carbonates and are not measured by NMR. Therefore, NMR logs need local calibration to correlate bulk pore sizes to permeability. Also, NMR
logs average pores and pore sizes over a vertical thickness of about a half meter. As a result, only average matrix permeability is usually
captured. The volume of vugs and fractures are commonly small relative to matrix pores and hence are often not captured by the NMR log, but
those vugs and fractures may control flow in the formation.

Borehole image logs can semi-quantitatively characterize vugs and larger fractures. The resolution of sonic and resistivity based borehole
image logs have improved greatly especially in oil-base mud. Although exact permeabilities cannot be determined by the image logs, intervals
with high permeability vugs and fractures can be determined.

Drill stem test (DST) pressure transient analyses are often the only way to accurately measure large-scale formation permeability prior to
production. In formations dominated by homogeneous matrix permeability, core data may accurately portray formation permeability. However,
cores commonly cannot accurately characterize the permeability of heterogeneous carbonate formations, especially with substantial amounts of
connected vugs and fractures. Permeability derived from DST pressure transient analysis can capture full formation permeability in those
situations. Unfortunately, the small-scale distribution of permeability is not captured by DST’s unless production logging tools (PLTs) are run
in conjunction with the DST. Pressure transient analyses of DST’s also indicate the lateral continuity of permeability and distances to “baffles”
and “barriers” in the reservoir.






Figure 2. Stabilization of high Mg calcite. (A) Schematic showing conversion of high Mg calcite to low Mg calcite with no petrographic
change. (B) Large rotaline forams (Oligocene, Indonesia) & (C) coralline algae (CA; Eocene, Enewetak) originally high Mg calcite, are now
low Mg calcite (<2 mole % MgCOs) with no petrographic difference.




































Figure 14. Meteoric phreatic diagenesis. Porosity is blue. (A) Schematic showing meteoric water filling all pores and circumgranular crusts of
equant-to-bladed calcite cement. (B) Bioclastic grainstone with circumgranular, equant-to-bladed calcite cement, Pleistocene, Indonesia. (C)
Bioclastic grainstone with vugs (blue) lined with equant calcite cement (white), Pleistocene, Enewetak. (D) Neomorphosed coral (N; light
brown) with equant calcite cement in primary coralline pores (white, C), Pleistocene, Enewetak.
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Figure 15. Mixing zone diagenesis. (A-C) Microporous corals that were subjected to partial intrafabric dissolution in an interpreted Pleistocene
mixing zone below a freshwater lens, Enewetak Atoll. (A) Core slab with microporous coral. (B) Thin section. Arrows show original primary
pores. The rest of the photo is microporous coral (m). (C) SEM of microporous coral. Arrows point out a few of the many micropores. (D)
Dissolution forming cavernous passages (CP) in limestones in a modern mixing zone along the east coast of the Yucatan.
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Shale Fills Vugs after Exposure

Figure 16. Schematic evolution of porosity in a grainstone during meteoric diagenesis with increasing duration of subaerial exposure (from
Saller et al 1999a). Pores are blue. Stage 1, initial depositional fabric with primary intergranular porosity. Stage 2, intergranular calcite cement
and moldic porosity after brief subaerial exposure. Stage 3, calcite cements fill many moldic pores, and a vuggy pore (blue) is created during
moderate exposure. Stage 4, prolonged exposure, moldic pores are filled with equant calcite cement, and vug is enlarged (blue). Stage 5, vug is

filled with shale (brown) during transgression after subaerial exposure.



Figure 17. Cavernous porosity. (A) Cave in an Oligocene limestone in central Borneo. (B) Relatively young breccia formed by the collapse of a
cave roof in the Permian Capitan Formation, west Texas. (C-E) Model for development of caves and their collapse during burial. Porosity is
blue. (C) Initial formation of caves during subaerial exposure and freshwater diagenesis. (D) Enlargement of caves with collapse of some
material from the roof of the cave. (E) Cave collapse during burial with breccias and fractures in overlying carbonates. Collapse during burial
can be recognized by the “sag” of strata overlying the cavernous carbonate interval. Ideas from Loucks (1999).
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Figure 18. (A-B) Maps showing the location of five west Texas oil fields discussed in this paper. Location of cross section in Figure 29 is
shown.
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Figure 19. Characteristics of cyclic deposition, subaerial exposure and meteoric diagenesis of Pennsylvanian (Upper Carboniferous; Strawn to
Cisco) and lower Permian (Wolfcampian) limestones in the Parker X-1 well, Southwest Andrews Area, west Texas. Thick cycles with no
subaerial exposure (lower-middle Strawn) have little porosity and high stable carbon (5*C) and oxygen isotope (3'20) values. Thick cycles
with brief subaerial exposure (upper Strawn, lower Canyon, Wolfcamp Reef) have substantial core porosity and variable 3'3C and 520 values.
Thin cycles with long subaerial exposure and intense meteoric diagenesis (upper Cisco and Wolfcamp Detrital) have little porosity and low
513C and 580 values. Moderately thick cycles had intermediate length subaerial exposure and moderate meteoric diagenesis (upper Canyon
and lower Cisco),and have moderate porosity and intermediate 8*3C and 80 values (from Saller et al, 1999b).
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Figure 20. Limestones subjected freshwater diagenesis. (A) Relation of porosity and permeability to facies in Pennsylvanian (Upper
Carboniferous) and lower Permian (Wolfcampian) limestones at Southwest Andrews Area, west Texas. Phylloid boundstones (green triangles)
have high permeability due to fractures and elongate well-connected molds. Ooid grainstones (yellow diamonds) have spherical moldic pores
connected by small pore throats causing low permeability. Wackestone-packstones (black) have generally low porosity and permeability.
Porous wacke-packstones (black dots to right) have microporosity. (B) Photomicrograph of ooid grainstone with calcite cements filling
intergranular pores. Porosity is 21.5% and dominated by moldic pores (blue) resulting in permeability of only 0.99 mD, 2865 m deep. (C) Core

photo of phylloid boundstone with porous grain-rich areas (G), elongate moldic pores (arrows) and fractures causing high permeability (113
mD) between dense micritic internal sediments (M)(porosity =14.8%), 2630 m deep.


































































































