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A B S T R A C T

Limestone microporosity is ubiquitous and extensively developed in most Phanerozoic limestones. From an
economic perspective, microporosity is important because it contributes substantially to the carbonate pore
system, which can host significant volumes of water and hydrocarbons. Therefore, determining the presence and
distribution of limestone micropores is necessary for accurate hydrocarbon estimations, reservoir character-
ization, and fluid flow simulations. From an academic standpoint, microporosity is important because its genesis
is intimately linked with the mineralogical stabilization of metastable sediments, a fundamental process in
carbonate diagenesis.
Many types of micropores contribute to what has been referred to as microporosity, but the vast majority is

hosted among low-magnesium calcite (LMC) microcrystals that are present in limestone matrix and allochems.
Geochemical, textural, and mineralogical data from natural settings and laboratory experiments indicate that
LMC microcrystals are diagenetic in origin. More specifically, these data support a diagenetic model of miner-
alogical stabilization that involves dissolution of precursor sediments dominated by aragonite and high-mag-
nesium calcite (HMC) minerals, and precipitation of LMC microcrystal cements. The stabilization process is
inferred to take place in the meteoric, marine, and burial diagenetic realms. Although it has not been directly
observed, carbon and oxygen isotopes, as well as trace element data suggest that LMC microcrystals form during
burial diagenesis in marine-like fluids.
Evidence suggests that porosity is not generated during this dissolution-precipitation process, but rather in-

herited from the precursor sediments. The final arrangement of the micropores in a limestone, however, depends
on the precise diagenetic pathway. LMC microcrystals exhibit a range of microcrystalline textures that are
classified on the basis of crystal morphology and size. The three main textural classes - granular (framework),
fitted (mosaic), and clustered - have been recognized across a wide range of ages, depositional settings, burial
depths, and precursor types, and are characterized by distinct petrophysical properties, such as porosity, per-
meability, and pore-throat size.
Observations from modern sediments also support the hypothesis that LMC microcrystals develop from

aragonite and HMC dominated lime mud. The origin of lime mud has been extensively studied but still highly
debated. Of particular interest to the discussion of microporosity are proposed secular variations in the dominant
mineralogy of carbonate sediments through the Phanerozoic. Microporous limestones comprised of LMC mi-
crocrystals are equally abundant during times of aragonite seas and calcite seas, which suggests that no special
mineral precursor is required. Microporous textures are also observed in deep marine chalks where micropores
are hosted between chalk constituents. Unlike shallow marine limestones, deep marine sediments start out as
mostly LMC therefore mineralogical stabilization is not a significant process in chalk diagenesis.

1. Introduction

Porosity is perhaps the most important petrophysical property of a
carbonate rock. Pore abundance (storage capacity) and connectivity
(permeability) are routinely used to characterize limestone reservoirs in
terms of economic value, and as a means of assessing diagenetic al-
teration (Lucia, 2007; Moore and Wade, 2013). Whereas conventional

porosity models focus on the macroscopic pores located between larger
carbonate allochems (Archie, 1952; Choquette and Pray, 1970), new
research shows that most carbonates host vastly more complicated pore
systems, particularly at the micrometer scale (Lucia, 1995; Lønøy,
2006).

Limestone microporosity refers to the abundance of micrometer-size
pores common in a wide variety of ancient limestones (Wright et al.,
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1997; Fabricius, 2007). Microporosity has been reported in Phanerozoic
limestone reservoirs throughout the Middle East, North Africa, South-
east Asia, the Caspian region, North America, South America, and
Europe (Table 1). In many of these reservoirs, microporosity constitutes

a significant proportion of the total pore system (e.g., Kaczmarek et al.,
2015; Van Simaeys et al., 2017). It is therefore essential to understand
the occurrence and distribution of microporosity in limestone reservoirs
(Fullmer et al., 2014).

Table 1
Non-exhaustive list of studies that investigated limestone microporosity organized by geologic age. All studies are in marine limestones, unless otherwise noted.

Age Location Altered Material Reference

Holocene Bahamas Aragonite Mud Steinen (1982)
Pleistocene Barbados Aragonite Mud Steinen (1978)
Pleistocene and Oligocene Enewetak Atoll, Marshall Islands Matrix, Coral, Halimeda, Mollusks Saller and Moore (1989)
Miocene–Pleistocene Bahamas Matrix Lucia (2017)
Miocene–Pleistocene Bahamas Matrix & Allochems Lucia and Loucks (2013)
Neogene Bahamas Matrix Melim et al. (2002)
Miocene (lacustrine) Spain Matrix Volery et al. (2010a)
Miocene Spain Matrix Wright et al. (1997)
Oligocene–Pleistocene Florida, U.S.A., Bahamas, Mexico, Italy Matrix Lasemi and Sandberg (1984, 1993)
Eocene Tunisia Nummulite, Red Algae Loucks et al. (1998)
Eocene Florida, U.S.A. Matrix Maliva et al. (2009)
Paleogene (lacustrine) Spain Matrix Arribas et al. (2004)
Paleocene Spain Matrix da Silva et al. (2009)
Cretaceous – Holocene Ontong Java Plateau, Pacific Ocean Chalk Borre and Fabricius (1998)
Cretaceous & Miocene U.A.E., Indonesia, Iran Matrix Moshier (1989a,1989b)
Cretaceous & Paleogene North Sea Chalk Fabricius et al. (2008)
Cretaceous U.A.E. Matrix Budd (1989)
Cretaceous Oman, Middle East Matrix Al-Awar and Humphrey (2000)
Cretaceous U.A.E. Matrix Cox et al. (2010)
Cretaceous Belgium, France, UK Chalk Descamps et al. (2017)
Cretaceous Middle East Matrix Deville de Periere et al. (2011)
Cretaceous Albania Matrix Dewever et al. (2007)
Cretaceous Belgium, England, France Chalk Faÿ-Gomord et al. (2016)
Cretaceous U.A.E. Matrix Flügel (2004)
Cretaceous Egypt Chalk Holail and Lohmann (1994)
Cretaceous U.S.A. Matrix, Allochems Loucks et al. (2017)
Cretaceous Oman, Bahrain, Iraq,

Qatar, Syria, Saudi
Arabia

Matrix Volery et al. (2009)

Cretaceous U.A.E. Peloids, Skeletal Fragments Morad et al. (2019)
Cretaceous U.A.E. Peloids Morad et al. (2018)
Cretaceous Texas, U.S.A. Matrix, Peloids Perkins (1989)
Cretaceous Texas, U.S.A. Peloids, Forams, Intraclasts Van Simaeys et al. (2017)
Cretaceous Texas, U.S.A. Matrix Longman and Mench (1978)
Cretaceous Texas, U.S.A. Matrix, Peloids, Forams, Mollusks,

Red Algae
Loucks et al. (2013)

Cretaceous Nova Scotia, Canada Chalk Ings et al. (2005)
Cretaceous France Matrix, Peloids, Fournier and Borgomano (2009)
Cretaceous France Matrix, Peloids Richard et al. (2007)
Jurassic & Cretaceous U.A.E. – Marzouk et al. (1998)
Jurassic & Cretaceous Iraq, U.A.E. Matrix Lambert et al. (2006)
Jurassic & Cretaceous France, Switzerland Matrix Joachimski (1994)
Jurassic & Cretaceous France Matrix Volery et al. (2010b)
Jurassic France Matrix Brigaud et al. (2010)
Jurassic France – Humbert (1976)
Jurassic France Matrix, Micritized Grains Carpentier et al. (2015)
Jurassic France Matrix Loreau (1972)
Jurassic Germany Matrix Munnecke et al. (2008)
Jurassic U.K. Ooids, Micritized Bioclasts Heasley et al. (2000)
Jurassic U.K. Ooids Sellwood and Beckett (1991)
Jurassic Saudi Arabia Peloids, Matrix, Forams, Ooids Cantrell and Hagerty (1999)
Jurassic Saudi Arabia Matrix and Grains Clerke et al. (2008)
Jurassic Spain Matrix Coimbra et al. (2009)
Jurassic Texas, U.S.A. Ooids Ahr (1989)
Jurassic Texas, U.S.A. Ooids Dravis (1989)
Permian & Cretaceous Middle East – Tavakoli and Jamalian (2018)
Permian U.S.A. Matrix, Ooids, Pisolites, Micritized Intraclasts Pittman (1971)
Carboniferous Canada Matrix, Allochems Njiekak et al. (2018)
Devonian – Paleogene U.S.A., Canada, Middle

East, Europe, North Africa
Matrix, Peloids, Ooids, Forams, Corals, Red Algae, Green Algae,
Stromatoporoids, Bivalves, Brachiopods, Echinoderms

Hasiuk et al. (2016)

Devonian–Oligocene U.S.A., Canada, Middle
East, South America,
Southeast Asia, Europe, North Africa

Matrix, Peloids, Ooids, Forams, Corals, Red Algae, Green Algae,
Stromatoporoids, Bivalves, Brachiopods, Echinoderms

Kaczmarek et al. (2015)

Devonian – Carboniferous The Caspian Sea, Kazakhstan Matrix, Micritized Grains Dickson and Kenter (2014)
Devonian Canada Stromatoporoid, Peloids Kaldi (1989)
Devonian Canada Stromatoporoid, Peloids Al-Aasm and Azmy (1996)
Silurian & Pliocene Bahamas, Sweden Matrix Munnecke et al. (1997)
Ordovician Canada Matrix Oldershaw (1972)
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Microporosity is an important research topic for several economic
reasons. First, limestone micropores can host significant volumes of oil
and gas, particularly when the hydrocarbon column is thick enough to
overcome the entry pressure of the small pore throats (Illing et al.,
1967; Pittman, 1971). More commonly perhaps, micropores are filled
with bound, immobile water that is detected on resistivity log re-
sponses, leading to erroneous hydrocarbon estimations (Kieke and
Hartmann, 1974; Keith and Pittman, 1983; Cantrell and Hagerty,
1999). The distribution of microporosity in a reservoir must be con-
sidered for accurate volumes and fluid flow simulations of both hy-
drocarbon reservoirs and groundwater aquifers (Akbar et al., 2000;
Harland et al., 2015).

Historically, much of what we know about limestone microporosity
comes from studies by the oil and gas industry. In fact, microporosity
was originally inferred by geologists trying to explain limestone re-
servoirs exhibiting high porosities but abnormally low permeabilities
(Archie, 1952; Clerke et al., 2008; Clerke, 2009a,b). Amongst carbonate
petrographers, microporosity is commonly implicated by the presence
of the “blue haze” observed in blue epoxy-impregnated petrographic
thin sections (Fig. 1) (Saller and Moore, 1989; Cantrell and Hagerty,
1999). More recently, advanced electron imaging techniques has per-
mitted high-resolution characterization of these small pores (see review
by Milliken and Curtis, 2016). These analyses reveal that microporosity
can take on a wide variety of forms, including microporous grains and
matrix, microvugs, microchannels, and micropores between equant and
fibrous cement crystals (Moshier, 1987; Moshier, 1989a; Al-Aasm and
Azmy, 1996; Cantrell and Hagerty, 1999, Figs. 2 and 3). Additionally,
microporosity is also observed in dolomites (e.g., Slowakiewicz et al.,
2016; Perri et al., 2017). This paper, however, reviews limestone mi-
croporosity only.

In addition to its economic importance, detailed examination of the
microcrystals associated with limestone micropores may shed light on
mineralogical stabilization; a fundamental process in carbonate diag-
enesis. In fact, the first observations of limestone microporosity came
from investigations focused on the origin and diagenesis of lime mud
(Gee et al., 1932; Bathurst, 1958, 1959b; Folk, 1959, 1965, 1974).

Microporosity was the focus of a technical session on “Reservoir
Diagenesis and the Evolution of Micro- and Macro-Pore Networks in
Carbonate Rocks” at the 1987 SEPM conference hosted in Austin, Texas.
Seven of the papers presented at that conference were published in a
1989 special issue of Sedimentary Geology (edited by C.R. Handford,
R.G. Loucks, and S.O. Moshier) devoted to the topics of limestone mi-
croporosity and lime mud diagenesis. The studies included in this vo-
lume (Ahr, 1989; Budd, 1989; Dravis, 1989; Kaldi, 1989; Moshier,
1989a, 1989b; Perkins, 1989; Saller and Moore, 1989) not only estab-
lished a number of foundational observations that still hold true today,
they also set the tone for research on this topic for the following three
decades. The major findings in this volume can be summarized as fol-
lows: (1) The majority of limestone microporosity is attributed to mi-
cropores hosted between LMC microcrystals (e.g., Budd, 1989; Moshier,
1989a); (2) LMC microcrystals occur both in matrix and allochems in a
wide variety of shallow marine limestones (Ahr, 1989; Budd, 1989;
Moshier, 1989a); (3) LMC microcrystals are diagenetic products formed

during mineralogical stabilization of metastable carbonate sediments
(Budd, 1989; Moshier, 1989a; Saller and Moore, 1989); (4) Variations
in LMC microtexture are linked to porosity and permeability attributes
(Moshier, 1989a). Although these studies revolutionized how carbonate
geologists think about the nature and genesis of limestone micro-
porosity, they naturally raised a number of important questions: (1)
What is the mineralogy and texture of the precursor sediment? (2) How
many different types of LMC microcrystals exist? (3) What are the de-
positional and diagenetic conditions that promote microporosity de-
velopment? (4) What type of LMC microcrystal result from the process
of mineralogical stabilization? (5) What is the role of the different di-
agenetic processes, such as dissolution, compaction, and cementation in
modifying the texture of LMC microcrystals?

Since 1989, significant advancements have been made in our un-
derstanding of limestone microporosity, particularly in terms of the
questions listed above. Therefore, the current review is intended to
supplement the review by Moshier (1989a), and to discuss new scien-
tific understanding since publication of the seminal Sedimentary Geology
volume. The goal of this review is to serve as both an entry point for
geoscientists and engineers interested in learning about limestone mi-
croporosity, as well as an in-depth reference guide for those looking to
learn about the developments during the past three decades. The review
uses as a focal point the concept of a diagenetic origin of LMC

Fig. 1. Thin section photomicrographs of Cretaceous-age limestones from
Middle East. The blue haze appearance characterizes microporous areas within
the matrix, whereas the lighter blue areas characterize macropores.

Fig. 2. Schematic illustration of the different micropore types in limestones as
they appear under light microscope (A, B, C, and D) and under SEM (E and F).
A) Microporous grain characterized by blue haze appearance. The Micropores
are hosted among LMC microcrystals within the grain. B) Microporous matrix
characterized by blue haze appearance, where the micropores are hosted be-
tween LMC microcrystals in the matrix. C) Micropores hosted between fibrous
cement crystals. D) Micropores hosted between equant cement crystals. E)
Microvug occurs among LMC microcrystals. F) Microchannel within matrix.
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microcrystals that host the majority of micropores. Important termi-
nology will be discussed followed by a review of precursor sediments in
terms of their origin, mineralogy, and texture prior to diagenetic al-
teration. To accomplish this objective, the origins of modern lime mud
and carbonate allochems will also be discussed as well as the proposed
secular variations of the dominant carbonate depositional mineralogy
throughout the Phanerozoic. An overview of LMC microcrystals and

associated micropores is also provided, with special attention given to
the various textural classification schemes and the relationship between
texture and petrophysical properties. Lastly, the diagenetic processes
responsible for transforming metastable lime mud and grains into a
more stable collection of LMC microcrystals will be discussed.

2. Definitions and terminology

As is the case with any subject that has been studied by researchers
from a variety of disciplines, the literature on limestone microporosity
is rife with confusing, and sometimes contradictory terminology. For
example, in addition to microporosity and microporous, the terms
chalky, earthy, pinpoint, and intramicrite porosity are commonly used
in the petroleum geology literature to describe limestone rocks ex-
hibiting high porosity but low permeability (Archie, 1952; Choquette
and Pray, 1970; Moshier, 1989a). The term microporosity has also been
used to describe zones with “low resistivity pay” as well as the fraction
of porosity associated with pores falling below the resolution of a
standard thin section (Pittman, 1971; Budd, 1989; Cantrell and
Hagerty, 1999). Therefore, no set definition exists for microporosity.

Some workers have used pore and pore throat size to define mi-
croporosity, though the definitions of these metrics vary greatly in lit-
erature (Fig. 4). Pores have been defined as small as 0.02–2 μm (Loucks
and Ulrich, 2015) to as big as 5–62 μm (Al-Awar and Humphrey, 2000).
Similarly, pore throat radii have been defined as small as 0.3 μm
(Skalinski and Kenter, 2015) to as large as 50 μm (Tonietto et al., 2014).
The disagreement in definitions has largely resulted from workers re-
lying on different tools and techniques of investigation, as well as dif-
ferent study purposes. For example, Archie (1952) used the term “in-
visible pores” to refer to pores< 10 μm in diameter. In their
classification of porosity in carbonate rocks, Choquette and Pray (1970)
defined micropores as pores with<62.5 μm (1/16mm). Pittman
(1971) defined micropores as voids measuring< 1 μm in at least one
dimension, whereas Coalson et al. (1985) chose an upper size limit of
5 μm. Based on fluid flow and reservoir performance, Moshier (1989a)
argued that a value of 62 μm is too high and a value of 5 μm is too low.
Moshier (1989a) considered a range of 5–10 μm in diameter for mi-
cropores. Most recently, general agreement has been reached that the
term micropore should be used for pores with a diameter< 10 μm or
those hosted between< 10 μm microcrystals (Cantrell and Hagerty,
1999; Lønøy, 2006; Deville de Periere et al., 2011; Loucks et al., 2013;
Kaczmarek et al., 2015; Hasiuk et al., 2016).

The last source of confusion lies in how microcrystals are defined.
Micrite, a contraction of “microcrystalline calcite” is the term in-
troduced by Folk (1959) to refer to microcrystalline ooze (i.e., lime
mud) ranging between 1 and 4 μm. Folk (1959) intended to the term
micrite to provide a quantitative term to describe rocks that consist
almost entirely of microcrystalline calcite as seen under the

Fig. 3. SEM photomicrographs showing various micropore types (illustrated in
Fig. 2). A) Microporous grain (an ooid) where micropores are hosted within
LMC microcrystals in a Cretaceous-age limestone from Europe. B) Microporous
matrix where micropores are hosted within LMC microcrystals in a Cretaceous-
age limestone from Europe. C) Micropores hosted within equant cement crystals
(spar) in a Devonian-age limestone from Canada. D) Another example of mi-
cropores hosted within cement crystals in Jurassic limestone from USA. E) SEM
photomicrograph showing a microvug within a matrix of LMC microcrystals in
a Devonian limestone from Alberta, Canada. F) SEM photomicrograph of a thin
section showing a microchannel within matrix in a Cretaceous-age limestone
from France.

Fig. 4. The various micropore definitions in literature. The horizontal axis is a logarithmic scale representing pore or pore-throat diameter in micrometers, and the
arrows refers to the upper size limit used by different authors.
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petrographic microscope, and to replace older terms such as calcilutite
(Grabau, 1904) and lithographic limestone, which were loosely used to
refer to microcrystalline calcite. However, Folk (1959, 1962) stated that
the presence of micrite indicates a low energy depositional environ-
ment. Therefore, the term micrite also has a genetic meaning, in ad-
dition to a descriptive one. Micrite was subsequently redefined by
Leighton and Pendexter (1962) to include consolidated mud and un-
consolidated ooze of either chemical or mechanical origin measuring
less than 30 μm. The upper size limit of micrite (i.e. lime mud), has been
modified several times. For example, Dunham (1962) proposed using
20 μm and Elf-Aquitai (1975) proposed using 10 μm as upper size limits
for micrite. Bathurst (1964) also used the term micrite to refer to mi-
crocrystalline aragonite. Bathurst (1966) described the formation of a
micrite envelope through the process of micritization. These envelopes
consist of aragonite cement and imply no information about the de-
positional environment (Milliman et al., 1985). Consequently, for most
authors, micrite is used as a descriptive, non-genetic term to refer to
micrometer-sized carbonate particles. Microspar, another term in-
troduced by (Folk, 1959), refers to LMC crystals (5–15 μm) that form
via recrystallization (aggrading neomorphism) of micrite. Although
important in a historical context, the terms micrite and microspar, have
become increasingly confusing and equivocal. To avoid further confu-
sion, these terms will be used only when necessary. Instead, the term
“microcrystal” will be used herein to refer to micrometer-size carbonate
crystals measuring ≤10 μm consistent with the global study of micro-
porous limestone reservoirs by Kaczmarek et al. (2015).

3. Precursor sediments

The prevailing interpretation is that the vast majority of limestone
microporosity is associated with diagenetically altered matrix and al-
lochems (Fig. 5). To provide the reader with a fuller appreciation for
the mineralogical, textural, and geochemical alterations that are in-
ferred to have taken place during the diagenetic transformation from
carbonate sediments to ancient limestones, the following discussion is
provided. The purpose of the discussion is to examine the origin of these
sediments and to fully characterize modern sediments from the per-
spective of their origin, mineralogy, texture, and geochemistry. Deep
marine chalks will be discussed separately in section 6, because they
follow a distinct diagenetic pathway compared to shallow marine se-
diments (Scholle, 1977; Fabricius, 2007).

3.1. Lime mud

Lime mud in modern carbonate environments includes a hetero-
geneous assortment of fine sediments mainly composed of metastable
carbonate minerals (aragonite and high-Mg calcite (HMC)). These

sediments are produced through physical, chemical, and biological
processes, and are characterized by a wide variety of textures. Lime
muds have been historically classified into two broad genetic classes,
automicrite (i.e. autochthonous micrite), which is formed in situ, and
allomicrite (i.e. allochthonous micrite), which is formed elsewhere and
is transported to the site of deposition (Flügel, 2013). These classes
should not be confused with diagenetic micrite, which is also referred to
as psuedomicrite (Flügel, 2013). The source, mineralogy, textures, and
petrophysical properties of lime mud are discussed below.

3.1.1. Source
Lime mud forms in marine and non-marine environments across

various settings and conditions, and is a major constituent of recent and
ancient carbonate sediments (Mathews, 1966; Flügel, 2013). It has been
postulated that lime mud originates from several organic and inorganic
processes. The degree to which these processes contribute to the overall
volume of sediment, as well as the origin and composition of lime mud
constituents, have been debated for more than a century (Vaughan,
1917; Lowenstam, 1963; Bathurst, 1975; Steinen et al., 1988; Shinn
et al., 1989; Milliman et al., 1993; Turpin et al., 2008, 2011, 2014;
Purkis et al., 2017; Trower et al., 2019). Initially, most workers con-
sidered carbonate mud as “chemical” sediments that precipitate directly
from sea water (e.g., Vaughan, 1917; Smith, 1940; Newell, 1955; Cloud
et al., 1962). Vaughan (1917) suggested that chemical precipitation is
possible based on the observation that ocean water is supersaturated
with respect to various carbonate mineral phases, as well as the un-
derstanding that a number of organic and inorganic factors, such as
bacterial activity, increased concentration due to evaporation, and
elevated temperature, help facilitate precipitation. Later experimental
work by Gee et al. (1932) supported the chemical precipitation hy-
pothesis by demonstrating that aragonite needles could precipitate in-
organically from artificial sea water. The inorganic model was subse-
quently challenged by a series of studies that showed the range of
oxygen and carbon isotopic measurements from aragonite needles in
the Bahamas were similar to those measured in codiacean algae (Hali-
meda and Penicillus), oolites, and grapestones (Lowenstam, 1955, 1963;
Lowenstam and Epstein, 1957). Lowenstam (1955) reported that the
abundance of aragonite needle-producing algae was similar to muddy
sediments comprised of aragonite needles in several modern carbonate
environments. Based on the similarity between the production rate of
mud-secreting organisms and rate of mud accumulation, an organic
origin was postulated for lime mud in Florida (Stockman et al., 1967),
in Discovery Bay, Jamaica (Land, 1979), and in the bight of Abaco
(Neumann and Land, 1975). A number of authors, however, argued
against the algal source model based on the observation that algal po-
pulations were insufficient to account for the vast mud accumulations
in the Bahamas (Newell and Rigby, 1957; Cloud et al., 1962; Queen,

Fig. 5. Thin section and SEM photomicrographs of a
Cretaceous-age limestone reservoir from the Middle
East showing the major type of micropores in lime-
stones that is hosted within LMC microcrystals at
different scales. A) Thin section photomicrograph of
a microporous mud-dominated limestone. B & C)
SEM photomicrographs at different magnification of
the sample shown in A, illustrating the micro-
porosity-hosting LMC microcrystals. D) Thin section
photomicrograph of a microporous grain-dominated
limestone from the same reservoir as in A. E & F)
SEM photomicrographs at different magnification of
the sample shown in D, illustrating that grains are
also characterized by similar LMC microcrystals that
host micropores. Modified after Kaczmarek et al.
(2015).
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1977; Steinen et al., 1988; Shinn et al., 1989).
The algal model has also been challenged based on geochemical and

textural evidence. Milliman (1974), for example, documented that the
Sr content of aragonite produced by green algae ranges 0.8–0.9% in
contrast to the 0.95–1.0% observed in inorganically precipitated ara-
gonite in ooids, grapestones, and pellets. These data suggested to
Milliman (1974) that the inorganic component of the lime mud in the
Bahamas was a larger contributor to the bulk mud fraction than the
algal component. Scanning electron microscope (SEM) observations
presented by Loreau (1982) showed that approximately 60–75% of the
aragonite produced by codiacean algae is in the form of equidimen-
sional nanograins and ∼25–40% are short aragonite needles. Both
forms, importantly, are fundamentally different from the longer ara-
gonite needles that are observed in the lime mud of the Bahamas
(Milliman et al., 1993; Gischler et al., 2013).

Patches of suspended lime mud called “whitings” have also been
implicated as a source of modern carbonate mud. Some evidence sug-
gests that whitings represent intermittent occurrences of in situ abiotic
(Cloud et al., 1962; Shinn et al., 1989; Milliman et al., 1993; Purkis
et al., 2017), or biotic (Robbins and Blackwelder, 1992; Riding, 1993;
Yates and Robbins, 1998) aragonite precipitation from seawater. Other
evidence, however, suggests that whitings are re-suspended bottom
sediments caused by agitation of the water (Broecker and Takahashi,
1966; Boss and Neumann, 1993; Dierssen et al., 2009). Published
geochemical data are more consistent with the suspension hypothesis
(Broecker and Takahashi, 1966; Morse et al., 1984, 2003; Shinn et al.,
1989; Morse and Mackenzie, 1990; Bustos-Serrano et al., 2009). Morse
et al. (1984), for example, cited the observed similarities in various
chemical parameters such as pH, total alkalinity, and total CO2 mea-
sured in water within and adjacent to whitings to argue against direct
precipitation from seawater. He reasoned that direct precipitation
should result in observable changes in water chemistry, especially a
reduction in the total alkalinity value. Shinn et al. (1989) showed that
the oxygen isotopic composition of suspended sediments in whitings
were not in equilibrium with the surrounding waters from which they
are assumed to precipitate, suggesting that the sediments associated
with whitings were re-suspended bottom sediments. Shinn et al. (1989)
also compared δ14C from sediments in whitings with those from modern
coral and bottom sediments. Sediments in whitings values range be-
tween −60 and +23‰, modern coral measured +111 to +149‰, and
bottom sediments measured −31‰. Accordingly, Shinn et al. (1989)
suggested mixing occurred between old and new carbon sources.

Numerous authors have pointed out that the major deficiency of the
sediment suspension model is that it lacks a robust mechanism to ex-
plain how bottom sediments become suspended (e.g., Shinn et al.,
1989; Larson and Mylroie, 2014). Initially, sediment suspension was
postulated to occur via agitation by bottom feeding fish. Despite em-
ploying numerous techniques, such as side-scan sonar, fathometer
imaging, shrimp trawls, rotenone, remote video, and direct scuba ob-
servations, Shinn et al. (1989) concluded that there is no relationship
between fish and whitings, an observation also made earlier by Cloud
et al. (1962) and Gebelein (1974). Shinn et al. (1989) also observed that
whitings occur equally over rocky, sandy, and muddy substrates sug-
gesting re-suspension was unlikely.

Shinn et al. (1989) compared bottom sediments with those sus-
pended in whitings in the Bahamas and found subtle differences in
mineralogy and texture. On average, bottom sediments were composed
of 91% aragonite, 8% HMC, and 1% LMC, whereas suspended sedi-
ments were composed of 86% aragonite, 12% HMC, 2% LMC, and trace
amounts of inorganic non-carbonate material (Shinn et al., 1989).
Bottom sediments were characterized as rectangular to hexagonal ara-
gonite needles with partially rounded crystal terminations and mea-
suring 0.25 μm by 2–3 μm. Also observed within the bottom sediments
were agglutinated grains composed of bundles of similarly oriented
aragonite needles. In contrast, suspended sediments consisted of ran-
domly oriented aggregates of aragonite needles, and single aragonite

needles some of which exhibited blunt crystal terminations (Shinn
et al., 1989). Macintyre and Reid (1992) reported that crystal
morphologies in sediments suspended in whitings were similar to Ba-
hamian bottom sediments, although both were morphologically distinct
from those associated with algae. Whitings and bottom sediments were
characterized by pointed ends and poorly developed crystal faces,
whereas algal needles were generally blunt ended with well-developed
crystal faces (Macintyre and Reid, 1992). Based on these morphological
observations, Macintyre and Reid (1992) suggested that Bahamian
bottom sediments and those suspended in the whitings near Andros
Island were not of algal origin.

The direct precipitation model has been strengthened by a wide
range of geochemical evidence. Robbins and Blackwelder (1992) ob-
served that various organic compounds, such as protein and amino
acids, analyzed from suspended sediments in whitings were different
from those in bottom and algal sediments. Some of these organic ma-
terials were found to be associated with planktonic algae. Robbins and
Blackwelder (1992) proposed a model of biologically induced pre-
cipitation whereby planktonic algae facilitate precipitation of aragonite
by providing nucleation sites and via CO2 removal by their photo-
synthesis. A biological origin for whitings was argued against by
Friedman (1993), who suggested that, although Bahamian whitings
might be biological in origin, whitings elsewhere are not. Unlike the
Bahamas, whitings in the Dead Sea occur only once every few years,
and coincided with annual temperature maxima (Neev, 1963). Morse
et al. (2003) later argued that aragonite precipitation via planktonic
algae catalysis is incapable of explaining why whitings are rare occur-
rences because planktonic algae are ubiquitous in the oceans. Boss and
Neumann (1993) analyzed satellite images of the Bahamas and de-
monstrated that the distribution of whitings is not random, but rather
more concentrated in areas where hydrodynamic energy was higher
and lime mud bottom sediments were more abundant. These observa-
tions led them to propose a mechanism by which bottom sediments
were re-suspended by turbulent bottom currents. Based on a correlation
between the distribution of whitings and hydrodynamic movements of
water as observed from satellite imagery and hydrodynamic modeling,
Purkis et al. (2017) recently hypothesized that Florida currents facil-
itate inorganic aragonite precipitation by bringing fresh, CaCO3-rich off
bank waters onto the platform top.

Some authors have suggested that sediments in whitings represent a
combination of directly precipitated and re-suspended bottom sedi-
ments (Shinn et al., 1989; Morse and Mackenzie, 1990; Morse et al.,
2003; Bustos-Serrano et al., 2009). This model reconciles the textural
and mineralogical observations that support the direct precipitation
model and geochemical data that suggest a source of sediments other
than direct precipitation. Shinn et al. (1989) proposed that one type of
whitings occur after regional storms redistribute agitated bottom sedi-
ments, whereas a second type has been proposed to occur locally and
represent direct precipitation from sea water. Morse and Mackenzie
(1990) and Morse et al. (2003) proposed that re-suspended sediments
act as nucleation sites for CaCO3 precipitation. This model, which they
called “The Hip-Hop'n model”, explains geochemical data including the
similarities in C14/C12 between bottom sediments and whiting sedi-
ments, as well as the faster rate of CaCO3 removal from seawater in
whitings area compared to areas where whitings are absent (Broecker
and Takahashi, 1966; Morse et al., 1984, 2003). On the basis of similar
geochemical observations (pH, total alkalinity, total CO2, and CaCO3
removal from seawater), Bustos-Serrano et al. (2009) proposed a si-
milar mechanism whereby CaCO3 precipitation occurs on re-suspended
sediments to explain whitings in Little Bahama Bank.

The genetic origin of whitings is still debated (e.g., Purkis et al.,
2017). According to the direct precipitation model, sediments in
whitings may be considered autochthonous. Autochthonous lime mud
may also form in microbialites (Burne and Moore, 1987; Reitner, 1993;
Perri et al., 2017). Microbialite is a term introduced by Burne and
Moore (1987) to describe “organosedimentary deposits formed from
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interaction between benthic microbial communities and detrital or
chemical sediments.” The exact mechanism by which biological car-
bonate precipitation occurs is poorly understood (Perri et al., 2018), but
one form of precipitation is attributed to macromolecules that bind
cations such as Ca2+ and Mg2+ (Reitner, 1993; Reitner et al., 2000;
Perri et al., 2018). Autochthonous mud may also be produced through
the biological activities and metabolic processes of bacteria, cyano-
bacteria, algae, fungi (Burne and Moore, 1987; Flügel, 2013), and
possibly viruses (Perri et al., 2018). In this case, biological precipitation
is linked to photosynthesis and bacterial activities that mediate the
chemistry of the surrounding fluids (e.g., remove CO2) and thus facil-
itate CaCO3 precipitation (Flügel, 2013). Biological precipitation of
carbonates has been categorized into three broad classes: microbial
metabolism, cell surface reaction, and physical microbial presence (see
review by Kaczmarek et al., 2017).

Although the contribution of biological autochthonous mud to the
sediment budget has not been quantitatively documented (Riding,
1993), it has been postulated that cyanobacterial-induced mud was a
larger portion of the sedimentary budget during the Precambrian, prior
to the evolution of eukaryotes (Golubic et al., 2000). Because a wide
range of eukaryotic organisms deplete ocean water of CaCO3, and prior
to their evolution, Precambrian oceans were likely more saturated with
respect to the various carbonate minerals, and “much closer to a state of
spontaneous carbonate precipitation” as stated by Golubic et al. (2000).
Textural criteria for distinguishing autochthonous carbonate mud in-
clude biolaminated structures, clotted peloidal fabrics, and/or crypto-
crystalline textures (Flügel, 2013). That being said, biologically medi-
ated autochthonous mud is likely to disintegrate and disperse (Golubic
et al., 2000), in which case, the origin of sediments is more challenging
to interpret.

Production of lime mud via abrasion of sand-size allochems was a
model originally proposed by Sorby (1879), and recently tested by
Trower et al. (2019) using physical abrasion experiments. They ob-
served that the abrasion of ooids produced mud composed of 1–2 μm
needles, whereas skeletal grains produced a more heterogenous as-
sortment of needles and nanograins. Morphologically, mud produced
from ooids and skeletal grains was similar to natural lime mud. Ac-
cordingly, Trower et al. (2019) argued that abrasion could be an im-
portant mechanism for mud production. They further suggested that
this mechanism could compensate for the lower rates of inorganic and
organic production, particularly in the Precambrian prior to the evo-
lution of carbonate producing eukaryotes. One limitation of this con-
clusion, however, is that inorganic and organic production of sand-sized
material is still required in this model.

Although most studies of lime mud production have focused on the
Caribbean and Florida (Gischler et al., 2013, Table 1), the process has
also been investigated in Hawaii (e.g., Thorp, 1936), the Dead Sea
(Neev, 1963), Persian Gulf (Wells and Illing, 1964), Red Sea (Ellis and
Milliman, 1985), French Polynesia (Debenay et al., 1999), the Maldives
(Gischler et al., 2013) and Great Barrier Reef (Gischler et al., 2013).
Based on the morphology, δ13C, and Sr, Gischler et al. (2013) suggested
that the majority of the lime mud was biogenic and was derived from
breakdown of skeletal grains and the disintegration of codiacean algae.
This agrees in general with many other studies that also concluded a
biological source of lime mud in shallow marine, tropical settings (e.g.,
Andrews et al., 1997; Debenay et al., 1999; Gischler and Zingeler, 2002;
Perry et al., 2011; Salter et al., 2012; Flügel, 2013). The origins of lime
mud in temperate (cool water) environments has received less atten-
tion. In one study, O'Connell and James (2015) investigated Spencer
Gulf, South Australia, a temperate, shallow water marine environment.
Using SEM, O’Connell and James (2015) showed that the majority of
the silt-size sediments (4–63 μm) were comprised of the skeletal re-
mains of benthic organisms such as bivalves, foraminifer, ascidian
spicules, echinoderms, and rhodoliths. Clay-size particles (< 4 μm)
were mainly composed of sheets, blades, and needles of aragonite, LMC,
and HMC, but were still interpreted to form through the physical and

chemical breakdown of skeletal material via maceration, which refers
to disintegration of skeletons into their microscopic structural elements
(sensu, Alexandersson, 1979). This interpretation was based on the
observation that the microscopic structural elements of the skeletons
were also characterized by sheets, blades, and needles (O'Connell and
James, 2015).

3.1.2. Mineralogy
Modern case studies have demonstrated that lime mud is composed

of metastable aragonite and HMC, as well as LMC to a lesser extent
(Friedman, 1964; Bathurst, 1975). The relative abundances of these
minerals vary by geographic location. For example, the Bahamas tends
to be dominated by aragonite (Cloud et al., 1962; Husseini and
Matthews, 1972; Milliman, 1974), whereas lime muds in Red Sea, as
well as Shark Bay, Australia, and along the northeastern coast of Yu-
catan, Mexico are dominated by HMC (Logan and Cebulski, 1970;
Milliman and Müller, 1973). Mathews (1966) reported that lime mud
from Honduras is composed of 49% aragonite, 44% HMC, and 7% LMC.
Steinen (1978) estimated the mineralogy of modern, tropical, shallow-
water lime muds in Barbados to be 60–95% aragonite, 5–40% HMC,
and 0–10% LMC. O'Connell and James (2015) found that, in the
modern, temperate, shallow-water environment of Spencer Gulf in
Australia, the fine sediments are composed of 23–31% aragonite,
17–40% LMC, and 29–52% HMC. Gischler et al. (2013) calculated a
global average for mineralogical composition of modern lime mud as
82.5% aragonite, 12.6% HMC, and 3.7% LMC based on data from Be-
lize, Bahamas, Florida, the Maldives, French Polynesia, and Great
Barrier Reef. These authors also observed that mineralogical composi-
tion of lime mud differs by geographic location. In the Great Barrier
Reef, offshore Australia and the Maldives, for example, lime mud is
characterized by elevated HMC content (up to 25%), whereas in the
Bahamas HMC is 2.3% only. In all the six locations examined, aragonite
is the dominant mineralogy. Fig. 6 illustrates mineralogical differences
between modern lime mud from U.S. Virgin Islands, which is domi-
nated by aragonite, and ancient limestones, which are dominated by
LMC.

Some studies reported bulk mineralogical data for lime mud for all
particles< 62.5 μm (e.g., Logan and Cebukski, 1970; Husseini and
Matthews, 1972; Milliman and Müller, 1973; Milliman, 1974), whereas
others split the mud into multiple fractions (e.g., Pilkey, 1964; Reid
et al., 1992; Andrews et al., 1997; Gischler and Zingeler, 2002; Gischler
et al., 2013). Only a few studies (e.g., Pilkey, 1964; Reid et al., 1992;
Andrews et al., 1997; Gischler and Zingeler, 2002) report mineralogical
data for small size fractions (< 10 or< 4 μm), primarily because it is
more difficult to isolate fine particles in quantities large enough to
accurately determine mineralogy. This is important because miner-
alogical composition has been observed to vary with crystal size. Ac-
cording to Hoffmann (1983) and Andrews et al. (1997), aragonite
content increases in the smaller size fraction, whereas Mathews (1966)
reported the same to be true of HMC. Despite a wide range of materials
and locations studies, the order of decreasing relative abundance in
modern carbonate muds appears to be aragonite, HMC, and LMC.

3.1.3. Texture
Investigating the textural attributes of lime mud has been challen-

ging due to the small particle size (Bathurst, 1975). Initially, crystal size
and shape were described using a binocular microscope (e.g., Gee et al.,
1932; Wood, 1941). The advent of the SEM in the 1940's allowed for
more detailed characterization. Many authors have described the tex-
tural characteristics of carbonate muds from modern depositional en-
vironments (e.g., Folk, 1965; Mathews, 1966; Loreau, 1982; Macintyre
and Reid, 1992; Reid and Macintyre, 1998; Gischler and Zingeler, 2002;
Gischler et al., 2013). Folk (1965) reported crystal sizes for various
synthetic and natural lime mud samples from earlier studies (e.g., Gee
et al., 1932; Cloud et al., 1962; Newell and Rigby, 1957; Hathaway and
Robertson, 1961; Hoskin, 1963). Folk (1965) showed that these muds
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were composed of elongated aragonite needles measuring 0.1–0.8 by
0.5–4 μm. A subsequent study by Mathews (1966) described lime mud
from Honduras as a collection of randomly oriented granular to irre-
gular crystals measuring< 4 μm. More recently, Gischler et al. (2013)
described lime muds from various modern environments around the
world. They observed that the grain-size fraction< 4 μm is dominated
by various grain morphologies such as needles, nanograins, and platelet
of coccoliths. Aragonite needles were found to be either short needles
(2–4 μm) with irregular crystal faces and pointed ends, or longer (up to
10 μm) needles with regular, six-sided crystal faces (Gischler et al.,
2013). Nanograins are< 1 μm equidimensional but anhedral (Gischler
et al., 2013). Lime mud constituents vary in morphology and abun-
dance from one location to another (Lasemi and Sandberg, 1993;
Gischler et al., 2013). Fig. 7 illustrates the various textures exhibited by
lime muds from different modern environments. These observations on
lime mud textures from modern environments highlight the stark

differences with textures exhibited by lime muds in ancient limestones
(compare Figs. 7 and 9).

3.1.4. Petrophysical properties of lime mud
Lime muds are observed to have high porosities and low perme-

abilities (Bathurst, 1975; Enos and Sawatsky, 1981; Kominz et al.,
2011; Flügel, 2013). In Holocene carbonate sediments from Florida and
the Bahamas, Enos and Sawatsky (1981) reported that the muddiest
sediments, which they defined as very fine grained wackestones, are
characterized by the highest porosities (70.5%) but the lowest perme-
abilities (0.87 md) among sediments exhibiting a range of depositional
textures, which they described as grainstone, packstone, and wack-
estone. Similar porosity and permeability ranges have been observed
for lime mud from Ocean Drilling Program (ODP) data (Kominz et al.,
2011).

3.2. Carbonate grains

Carbonate grains are classified on the basis of their origin (Bathurst,
1975; Flügel, 2013). Skeletal carbonate grains are skeletons or skeletal
fragments of carbonate-secreting organisms (Flügel, 2013). Non-ske-
letal carbonate grains include coated grains, peloids, grain aggregates,
and clasts (Folk, 1959; Bathurst, 1975; Tucker, 2009). Grains respond
differently to diagenesis and microporosity development based on their
mineralogy and microtexture (Budd, 1989, 1992; Cantrell and Hagerty,
1999). Therefore, the mineralogy and microstructure of carbonate
grains will be discussed.

3.2.1. Mineralogy
Marine exoskeletons are most commonly comprised of the carbo-

nate minerals aragonite, LMC, and HMC (Lowenstam and Weiner,
1989). Phosphates, silica, and iron oxides are also common, and they
follow carbonate minerals in abundance (Lowenstam and Weiner,
1989). Some organisms form monomineralic skeletons (e.g., scler-
actinian coral), whereas others can be polymineralic (e.g., for-
aminifera). Fig. 8 is a summary of most common carbonate-producing
organisms and their corresponding mineralogy. Modern non-skeletal
allochems, such as ooids, also exhibit a variety of mineral compositions.
In marine settings and saline lakes, ooids are mostly aragonite (Kahle,
1974; Sandberg, 1975), but HMC ooids also exist. Land et al. (1979), for
example, reported Holocene HMC ooids from Baffin Bay, Texas. LMC
ooids, in contrast, tend to occur more commonly in lakes, streams,

Fig. 6. XRD diffractograms of modern lime
mud from U.S. Virgin Islands (blue) and
microcrystals in matrix of Cretaceous-age
limestone from Middle East (red). The
modern carbonate mud is composed of
95.2% aragonite, 4.07% HMC, and 0.73%
LMC, whereas the microcrystals in the an-
cient limestone are composed of ∼100%
LMC.

Fig. 7. SEM photomicrographs of carbonate mud from different modern en-
vironments showing the variability in mineralogy and texture. A) Lime mud
composed mainly of aragonite needles from the Bahamas. B) Aragonite and
HMC lime mud from Florida. C) Lime mud composed of HMC nanograins from
the Bahamas. D) HMC cement with some detrital aragonite from coral reef in
Florida. Modified after Lasemi and Sandberg (1993).
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caves, and calcareous soils (Geno and Chafetz, 1982). Pisoids have been
reported to be both aragonite and HMC (Scholle and Kinsman, 1974;
Ferguson and Ibe, 1982). Non-marine pisoids tend to be LMC (Chafetz
and Butler, 1980). The mineralogy of peloids, grain aggregates, and
intraclasts commonly reflects the composition of the materials they are
made from (Flügel, 2013).

3.2.2. Microstructure
Microstructure refers to the internal texture of carbonate allochems

(Horowitz and Potter, 2012), which has been investigated using a
variety of methods, including standard thin section petrography (e.g.,
Horowitz and Potter, 2012) and SEM (e.g., Flügel, 2013; Gannon et al.,
2017). Most of what we know about the skeletal microstructures of

carbonate-producing organisms comes from descriptions of modern
fauna that have not been affected by diagenesis yet (e.g., Bathurst,
1975; Budd and Hiatt, 1993; Flügel, 2013; Gannon et al., 2017). Al-
though they are easily altered by diagenesis (Stearn et al., 1999), the
primary skeletal microstructures in some well-preserved ancient car-
bonates have been documented (e.g., Wendt, 1990; Roniewicz, 1996;
Stanley, 2003). Still, the nature of microstructure is highly debated. For
example, more than 14 distinct wall microstructures have been re-
ported in Paleozoic stromatoporoids (Stearn et al., 1999), leading to
general uncertainty about which types are primary and which are di-
agenetic (Horowitz and Potter, 2012).

The internal microstructure of non-skeletal carbonate allochems has
also been described in detail by various authors (Bathurst, 1975;

Fig. 8. Primary skeletal mineralogy of some common organisms in carbonates. Black circles refer to the dominant mineralogy, whereas less common mineralogy is
indicated by open circles. Modified after Flügel (2013).
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Sandberg, 1975; Simone, 1980; Flügel, 2013) and will be reviewed only
briefly here for context. Concentric ooids consist of tangentially ar-
ranged needles, or concentric layers of nano-grains (Loreau and Purser,
1973; Sandberg, 1975; Simone, 1980). Radial ooids, in contrast, consist
of radial crystals arranged perpendicular to the surface (Simone, 1980;
Tucker, 2009; Flügel, 2013). Superficial ooids consist of a single cortex
around a central nucleus (Tucker, 2009). Evidence suggests that ooid
microstructure is controlled by environmental conditions as well as
original mineralogy (Rusnak, 1960; Simone, 1980; Flügel, 2013). For
example, tangential ooids are often aragonite, whereas radial-fibrous
ooids can be either HMC or aragonite (Flügel, 2013). Pisoids generally
exhibit tangential or radial internal microstructures, similar to ooids,
but are characterized by more closely spaced laminae (Flügel, 2013).
Peloids, by definition, lack internal structure, and are composed of
microcrystalline material (Tucker, 2009).

A number of microstructure types for carbonate allochems have
been identified. Flügel (2013), for example, categorized the internal
microstructure of modern allochems into ten major types based on
crystal size, morphology, and orientation. Four different micro-
structures from various organisms are presented in Fig. 9. It can be
observed that the green algae Halimeda Incrassata has a microstructure
characterized by randomly oriented needles and equant crystals
(Fig. 9A), whereas the internal microstructure of Tridacna gigas mollusk
is composed of shield-like aragonite crystals (Fig. 9B). For detailed
descriptions of the most common skeletal microstructures, the reader is
referred to reviews by Horowitz and Potter (2012), Majewske (1974),
Carter (1990), and Flügel (2013).

4. Microporosity and microcrystals in ancient limestones

Dozens of limestone reservoir studies spanning the Ordovician to
the Quaternary, and from all around the world, have documented the
occurrence of limestone micropores in rocks representing various de-
positional environments and burial depths (Table 1). Micropores have
been observed both in marine limestones (e.g., Budd, 1989; Perkins,
1989; Holail and Lohmann, 1994; Al-Aasm and Azmy, 1996; Neilson
et al., 1998; Loucks et al., 2013), as well as in lacustrine limestones

(e.g., Wright et al., 1997; Arribas et al., 2004; Volery et al., 2010a). The
most common form of microporosity in ancient limestones is attributed
to the micropores hosted between LMC microcrystals (Moshier, 1989a;
Cantrell and Hagerty, 1999; Kaczmarek et al., 2015). As such, the re-
mainder of this review will focus on this particular type of micro-
porosity.

LMC microcrystals occur in what is identified petrographically as
matrix, and in association with most carbonate allochems (Moshier,
1989a; Cantrell and Hagerty, 1999; Kaczmarek et al., 2015). Accurate
characterization of LMC microcrystals has proven important because
the morphology (size, shape) and arrangement (orientation, organiza-
tion) of these microcrystals dictate the geometry of the associated pore
spaces, and thus the petrophysical properties of the rock (Deville de
Periere et al., 2011; Kaczmarek et al., 2015).

Various methods have been employed to study LMC microcrystals
and the associated micropores. High porosity - low permeability in-
tervals detected on wireline logs have long been interpreted to indicate
the presence of microporosity (Pittman, 1971; Cantrell and Hagerty,
1999; Clerke et al., 2008). Early characterization studies utilized plane
light microscopy methods to investigate LMC microcrystals and mi-
cropores (e.g., Gee et al., 1932; Bathurst, 1959b; Folk, 1959; Jodry,
1972). Carbonate petrologists routinely use the presence of the “blue
haze” in standard blue epoxy-impregnated petrographic thin sections to
infer the presence of abundant micropores (Fig. 1) (Saller and Moore,
1989; Jameson, 1994; Cantrell and Hagerty, 1999). Because most pet-
rographic microscopes are incapable of resolving the μm-size particles
(Pittman, 1971; Lasemi and Sandberg, 1983; Flügel, 2013), carbonate
petrologists now routinely apply more advanced imaging techniques.
SEM, for instance, in combination with other analytical tools, such as
TEM, AFM, porosimetry, and MICP has allowed micropores to be more
precisely characterized in terms of pore size, pore-throat size, shape,
and connectivity (e.g., Flügel et al., 1968; Pittman, 1971; Longman and
Mench, 1978; Lambert et al., 2006; Clerke et al., 2008; Deville de
Periere et al., 2011; Milliken and Curtis, 2016). Pore casts techniques
have also been used to characterize the geometry and distribution of
micropores (e.g., Pittman, 1971; Budd, 1989; Moshier, 1989a; Cantrell
and Hagerty, 1999).

4.1. Description of LMC microcrystals

LMC microcrystals are described based on various physical attri-
butes, such as size, morphology, and type of boundaries between
crystals. In fact, these attributes have been used to classify LMC mi-
crocrystals into various textural classes (e.g., Moshier, 1989a; Lambert
et al., 2006; Clerke et al., 2008; Deville de Periere et al., 2011;
Kaczmarek et al., 2015). Crystal size distribution data show that LMC
crystal diameters generally range between 1 and 10 μm (e.g., Pittman,
1971; Longman and Mench, 1978; Budd, 1989; Kaldi, 1989; Loucks
et al., 2013; Kaczmarek et al., 2015). Based on data from a global study
of 12 microporous limestone reservoirs spanning Devonian to Paleo-
gene in age, Kaczmarek et al. (2015) reported that 99% of LMC mi-
crocrystals measure 0.5–9 μm with a mode of ∼2.0 μm. Data published
by Folk (1965), Flügel et al. (1968), Loreau (1972); Folk (1974), Kaldi
(1989), Lasemi and Sandberg (1993), Cantrell and Hagerty (1999),
Lambert et al. (2006), Richard et al. (2007), Munnecke et al. (2008),
Volery et al. (2009), Deville de Periere et al. (2011) and Loucks et al.
(2013) are generally consistent with this range.

Despite the narrow range in LMC microcrystal sizes, a broad range
of morphologies is observed. A variety of terms have been used to de-
scribe crystal morphology including euhedral, subhedral, anhedral,
rhombic, scalenohedral and rounded. Euhedral refers to crystals with
well-defined crystal faces, subhedral refers to crystals with moderately
defined faces, and anhedral refers to crystals with poorly defined faces
(Friedman, 1965). Terms such as idiotopic, hypidiotopic, and xenotopic
are also used to describe fabrics in which the majority of crystals are
euhedral, subhedral, and anhedral, respectively (Friedman, 1965).

Fig. 9. SEM photomicrographs showing microstructure of some organisms. A)
Halimeda incrassata (green algae) with microstructure characterized by ran-
domly oriented needles and equant crystals. Modified after Lowenstam and
Weiner (1989). B) Microstructure of Tridacna gigas (Mollusk) composed of
shield-like aragonite crystals. Modified after Gannon et al. (2017). C) Test of the
sea urchin Paracentrotus lividus (echinoderm). Modified after Scholle and Ulmer-
Scholle (2003). D) SEM photomicrograph an acid etched section of aragonitic
ooid showing the tangentially oriented and randomly distributed aragonite
needles. Modified after Scholle and Ulmer-Scholle (2003).
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Euhedral crystals have also been referred to as rhombic (e.g., Ahr,
1989), and subhedral crystals have been referred to as polyhedral (e.g.,
Pittman, 1971; Dravis, 1989), and rounded (e.g., Lambert et al., 2006).
LMC microcrystals are commonly equidimensional, meaning that their
X-Y-Z dimensions are relatively similar. However, elongated crystals,
which are referred to as scalenohedral have also been reported (e.g.,
Longman and Mench, 1978; Saller and Moore, 1989; Deville de Periere
et al., 2011).

4.2. Textural classifications

Numerous studies have used the physical attributes of LMC micro-
crystals as the basis for classification (e.g., Moshier, 1989a; Lambert
et al., 2006; Deville de Periere et al., 2011; Kaczmarek et al., 2015).
Moshier (1989a) recognized two major textural classes: a porous fra-
mework texture characterized by euhedral crystals with clearly dis-
tinguished crystal boundaries, and a non-porous mosaic texture char-
acterized by anhedral crystals with curvilinear or straight crystal
boundaries. In their investigation of Mesozoic carbonate reservoirs in
the Middle East, Lambert et al. (2006) distinguished three main textural
classes: rounded, micro-rhombic, and compact anhedral. Deville de
Periere et al. (2011) used the type of crystal contacts to classify LMC
microcrystals into two major textural classes: porous textures defined
by point or partially coalescent contacts, and tight textures defined by
fully coalescent or fused contacts. Porous textures were further classi-
fied based on crystal morphology into rounded, subrounded, scaleno-
rhombohedral, and polyhedral, whereas tight textures were divided
into anhedral compact and fused (Deville de Periere et al., 2011). Most
recently, Kaczmarek et al. (2015) proposed a classification that was
based on a broad study of 12 microporous limestone reservoirs that
span a wide range of basins, geological ages, burial depths, and de-
positional environments. Kaczmarek et al. (2015) proposed three major
textural classes - granular, clustered, and fitted - which were identified
based on qualitative and quantitative descriptions of individual mi-
crocrystals in terms of shape and orientation, and description of inter-
crystalline boundaries in terms of edge density, edge length, and geo-
metry. Granular texture was described as a loose framework of
randomly oriented LMC microcrystals. The clustered texture was
characterized by rough and lumpy crystals with irregular contacts. The
fitted texture was described as a compact mosaic of LMC microcrystals
with interlocking boundaries. Subclasses were also proposed to account
for observed variations within each class. The granular texture, for
example, was subdivided into granular euhedral and granular sub-
hedral based on the morphology of individual crystals in the limestone.
Fig. 10 summarizes the various LMC microcrystal textural classifica-
tions.

The aforementioned microcrystal classes account for the vast ma-
jority of LMC microcrystals observed in ancient limestones (Kaczmarek
et al., 2015), yet additional textures have been reported (Kaldi, 1989;
Al-Aasm and Azmy, 1996). For example, “incipient and immature”
textures were observed in stromatoporoids in Kee Scarp, Canada, where
euhedral LMC microcrystals are arranged in a uniform manner with
consistent 60° and 120° angles between crystals (Fig. 11) (Kaldi, 1989;
Al-Aasm and Azmy, 1996).

4.3. Petrophysical properties

Micropores can constitute the sole pore type in a rock (e.g., Loucks
et al., 2013), but more often coexist with other macro pore types (e.g.,
Cox et al., 2010). In microporous limestones, where nearly all the
porosity is attributed to micropores, porosities range from 2 to 35% and
permeabilities range from<0.01 to> 100 mD (Ahr, 1989; Budd,
1989; Moshier, 1989a, 1989b; Perkins, 1989; Al-Aasm and Azmy, 1996;
Lambert et al., 2006; Deville de Periere et al., 2011).

In grain-dominated carbonates, grain size has been shown to exert

the dominant control on petrophysical properties (Lucia, 1995; Melim
et al., 2001a,b; Moore and Wade, 2013). In microporous carbonates,
however, petrophysical properties are controlled not only by crystal
size, but also by the morphology of crystals (e.g., Moshier, 1989a;
Lambert et al., 2006; Deville de Periere et al., 2011; Kaczmarek et al.,
2015). Moshier (1989a) described microcrystal textures in Miocene
limestones from North Sumatra, Indonesia. He reported that limestones
characterized by the mosaic texture had porosity values below 5%. In
contrast, limestones characterized by the crystal-framework texture had
15–30% porosity. Deville de Periere et al. (2011) identified three dis-
tinct petrophysical classes – C, F, D – in Cretaceous microporous
limestone reservoirs in the Middle East. Class C was characterized by
the highest average porosities (> 20%), permeabilities (0.2–190 md),
and pore throat radii (∼0.5 μm). Class F was characterized by inter-
mediate reservoir qualities (3–35%,<10 md,< 0.5 μm), and Class D
by the poorest reservoir qualities (< 10%,<1 md). No pore throat
radii values were reported for Class D. Kaczmarek et al. (2015) also
documented a similar variety of petrophysical types in their global
survey of microporous marine limestones. In their classification, Type I
corresponds to the granular-subhedral texture and is characterized by
highest porosities, permeabilities, and pore throat radii (> 20%, 1–20
md, 0.7 μm). Type II includes the granular-euhedral and the clustered
textures and is characterized by intermediate reservoir quality
(10–20%, 0.1–1.0 md, 0.2 μm). Type III is associated with the fitted
textures and is characterized by the lowest reservoir quality (< 10%,
0.1 md, 0.06 μm). Petrophysical types I, II, and III of Kaczmarek et al.
(2015) are loosely correspond to classes C, F, and D of Deville de
Periere et al. (2011), respectively. Fig. 12 summarizes the petrophysical
types recognized by Kaczmarek et al. (2015) and their associated mi-
crocrystalline textures and petrophysical properties. Porosity and per-
meability relationships in micropore dominated limestone reservoirs
exhibit a log-linear trend (Fig. 13) (Lønøy, 2006; Kaczmarek et al.,
2015; Van Simaeys et al., 2017) similar to that observed in crystalline
dolomites (Lucia, 2007; Loucks and Ulrich, 2015). Along this trend, the
major textural classes have distinct porosity and permeability values,
and thus they plot in different zones.

Capillary pressure measurements on LMC microcrystals produce
curves that have been interpreted to indicate well sorted and fine-
skewed pore-throat size distributions (Archie, 1952). More recently,
Kaczmarek et al. (2015) described their pore-throat size distributions as
narrow and fine-skewed, indicating pore throat sizes that are uniform
but skewed toward smaller pore radii. Pore throat radii distributions
from Deville de Periere et al. (2011), Kaczmarek et al. (2015), and Van
Simaeys et al. (2017) show that although each textural class is char-
acterized by a range of pore throat radii, the classes easily dis-
tinguished.

The relationship between petrophysical properties and elastic
properties, such as sonic velocity, is of great importance in carbonate
rocks because correlations allow for predictive relationships between
petrophysical properties, wireline logs, and seismic responses. Such
relationships can also improve seismic inversion and AVO analyses
(Baechle et al., 2008; Brigaud et al., 2010; Janjuhah et al., 2019) as well
as seismic well ties. Eberli et al. (2003) measured acoustic velocities in
modern carbonate sediments and limestones from the Bahamas using
experiments to simulate in-situ stress conditions of buried rocks. They
found that rocks with higher interparticle or microporosity have lower
velocities by over 2500m/s compared to limestones with moldic por-
osity (up to 5000m/s) (Eberli et al., 2003). Baechle et al. (2008) spe-
cifically examined the effect of microporosity on sonic velocity. They
found that sonic velocities decreased as the percentage of microporosity
relative to the total porosity increased (Fig. 14). For example, at a given
porosity, samples with> 80% microporosity exhibit lower velocities
than samples with< 50% microporosity. Although some of the samples
were microporous dolomites, Baechle et al. (2008) showed that mi-
croporosity was related to lower velocities regardless of lithology.
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Fig. 10. Summary of the main textural classifications of LMC microcrystals. Mosaic texture identified by Moshier (1989a,1989b) corresponds to the fused texture of
Deville de Periere et al. (2011), and fitted compact of Kaczmarek et al. (2015). Framework texture of Moshier (1989a,1989b) corresponds to rounded texture of
Lambert et al. (2006), rounded texture of Deville de Periere et al. (2011), and granular subhedral of Kaczmarek et al., (2015). Micro-rhombic texture of Lambert et al.
(2006) corresponds to subrounded and micro-rhombic textures of Deville de Periere et al. (2011), and granular euhedral texture of Kaczmarek et al. (2015).

Fig. 11. SEM photomicrographs showing a unique texture
exhibited by LMC microcrystals in stromatoporoids from Kee
Scarp reef, Norman Wells, Canada. LMC microcrystals can be
seen to develop 60° and 120° cleavage traces. Modified After
Kaldi (1989).
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5. Origin of microporosity and LMC microcrystals

The microcrystals that host the majority of micropores in limestones
are invariably LMC, whereas modern sediments are predominantly
aragonite and HMC (Fig. 6). Texturally, the LMC microcrystals observed
in ancient limestones also differ significantly from the materials that
comprise modern carbonate sediments (compare Fig. 7 and 9 with 10)
(Moshier, 1989a). Geochemically, LMC microcrystals are also dissimilar
to modern carbonate sediments in terms of Sr and Mg content (e.g.,
Carpenter et al., 1991; Hasiuk et al., 2016). Together, these observa-
tions suggest that the transformation from the heterogeneous, miner-
alogically unstable assortment of carbonate sediments observed in
modern carbonate settings to the homogeneous, stable assortment of
microcrystals observed in ancient limestones is a common diagenetic
process (Bathurst, 1975; Longman and Mench, 1978; Ahr, 1989; Budd,
1989; Moshier, 1989a; Loucks et al., 2013; Kaczmarek et al., 2015;
Hasiuk et al., 2016).

5.1. Mineralogy of precursor sediments

One important aspect of the diagenetic origin of LMC microcrystals
is the mineralogy of the precursor sediments (Lasemi and Sandberg,
1984, 1993; Wiggins, 1986; Moshier, 1987; Coimbra et al., 2009;
Volery et al., 2009). Investigating precursor mineralogy is important
because of the proposed hypothesis regarding secular variations in the
dominant carbonate depositional mineral throughout the Phanerozoic
(Sandberg, 1983). In modern marine environments, ooids are composed
of aragonite exhibiting concentric (tangential) microtexture, whereas
ancient ooids are composed of LMC exhibiting predominately radial
textures (Kahle, 1974; Sandberg, 1975). Using modern ooids as an
analogue, ancient LMC ooids were interpreted to have been stabilized
from originally aragonite ooids with concentric microtexture (e.g.,
Eardley, 1938; Purdy et al., 1964; Carozzi, 1962; Loreau, 1969;
Bathurst, 1972). Radial ooids from the Great Salt Lake in Utah, for
example, were interpreted as originally aragonite with tangential mi-
crotexture that later stabilized to LMC with radial microtexture (e.g.,
Eardley, 1938; Carozzi, 1962; Bathurst, 1972). However, the proposed
textural alteration (tangential to radial) associated with aragonite to
LMC stabilization is at odds with observed textures in LMC replacing
known skeletal aragonites (Sanders and Friedman, 1967; Sandberg,
1975). Shells composed originally of aragonite typically alter to coarse
LMC crystals (Sandberg et al., 1973). Similar textural alterations were
also observed in Pleistocene ooids whose original mineralogy was in-
terpreted to be aragonite (Sandberg, 1975). Accordingly, Sandberg

Fig. 12. The three petrophysical types proposed by Kaczmarek et al. (2015). Each type is associated with certain microcrystalline texture and petrophysical
properties. Modified after Kaczmarek et al. (2015).

Fig. 13. Porosity-permeability cross plot showing log-linear relationship in
microporosity dominated limestones. Data compiled from Deville de Periere
et al. (2011), Kaczmarek et al. (2015), and Van Simaeys et al. (2017). Data
points are color coded based on the dominant microcrystalline texture observed
in SEM photomicrographs and the petrophysical types identified by Kaczmarek
et al. (2015) (black triangles= granular subhedral texture (type I), red cir-
cles= granular euhedral and clustered-loose textures (type II), blue
squares=fitted textures (type III).

Fig. 14. Cross plot showing an inverse relationship between percent micro-
porosity and sonic velocity (Vp). Modified after Baechle et al. (2008).
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(1975) re-evaluated ooids from Great Salt Lake and observed that their
mineralogy is actually aragonite not LMC, and interpreted the radial
texture as depositional not diagenetic. Based on these mineralogical
and textural relationships, Sandberg (1975, 1983) argued that the ori-
ginal mineralogy in many ancient ooids exhibiting radial texture must
have been LMC. This interpretation challenged the existing paradigm
about the mineralogy of ancient carbonate sediments and questioned
the veracity of using modern sediments as ancient analogues.

Sandberg (1983) also used the aforementioned observations to
propose that secular variations in non-skeletal carbonate mineralogy
occurred during the Phanerozoic. More specifically, that there were
times when aragonite and HMC were favored and other times when
LMC was more favored. He called these times “aragonite seas” and
“calcite seas,” respectively (sensu Milliken and Pigott, 1977). The mi-
neralogical oscillations were subsequently shown to broadly correlate
with eustatic sea level changes, climatic trends, and seawater Mg/Ca
ratio (Mackenzie and Pigott, 1981; Hardie, 1996).

Several mechanisms have been proposed to explain mineralogical
variations through the Phanerozoic. Among the most likely causes are
changes in atmospheric pCO2 (Mackenzie and Pigott, 1981; Sandberg,
1983, 1985; Wilkinson and Given, 1986) and changes in seawater Mg/
Ca ratio (Sandberg, 1975; Wilkinson, 1979; Hardie, 1996). Hardie
(1996) presented data showing how the dominant mineralogy of eva-
porites also changed in conjunction with non-skeletal carbonate mi-
neralogy (Zharkov, 1984; Hardie, 1990). Hardie (1996) reasoned that,
although pCO2 may affect carbonates directly, it clearly cannot explain
the observed variation in evaporite mineralogy. He thus concluded that
changes in Mg/Ca ratio of sea water driven by changes in the rate of
ocean crust production is the more likely control on carbonate mineral
oscillations during the Phanerozoic. The secular variation in seawater
Mg/Ca ratios is extensively reviewed in Ries (2010).

It is important to note that Sandberg (1975, 1983) proposed secular
variations in mineralogy for non-skeletal carbonates only. More recent
experiments by Ries (2006) and Ries et al. (2006) showed that major
aragonite-producing organisms in modern environments such as co-
diacean algae and scleractinian corals, switched partially to LMC pro-
duction at slower rates when put in artificial sea water with lower Mg/
Ca ratios (Mg/Ca=2.5 or 1) compared to modern seawater (Mg/
Ca=5.2). Based on these observations, it is reasonable to assume si-
milar variations in lime mud mineralogy also occurred throughout
geologic time, since lime mud originates from the degradation of var-
ious skeletal materials (Lowenstam, 1955, 1963; Lowenstam and
Epstein, 1957; Swinchatt, 1965; Stockman et al., 1967; Neumann and
Land, 1975; Sandberg, 1975; Gischler et al., 2013) as well as pre-
cipitates inorganically from seawater (Vaughan, 1917; Smith, 1940;
Newell, 1955; Cloud et al., 1962; Milliman, 1974; Loreau, 1982;

Milliman et al., 1993).
Assuming secular variations in the dominant mineralogy of carbo-

nate sediments has occurred (Sandberg, 1983), some studies have
postulated a similar trend in the mineralogy of lime mud, the inference
being that during times of “calcite seas” carbonate mud is dominated by
LMC rather than aragonite and HMC (Moshier, 1987, 1989b; Volery
et al., 2009). Moshier (1989b) observed that LMC microcrystals in a
Lower Cretaceous limestone in Middle East have low Sr and Mg con-
tents (Sr 148 ppm and Mg 1010 ppm), which he interpreted to reflect
the primary signature of LMC dominated sediments. However, based on
a compilation of published and new data, Hasiuk et al. (2016) later
showed, that the Sr and Mg concentrations in a wide variety of ancient
LMC microcrystals are lower than both modern biotic and abiotic cal-
cites precipitated directly from seawater (Fig. 15). This observation led
Hasiuk et al. (2016) to argue that LMC microcrystals do not preserve
their primary chemical signature with respect to Sr and Mg contents,
and therefore low Sr content does not necessarily indicate an LMC
precursor.

Based on observations from Cretaceous microporous limestone re-
servoirs in the Middle East, Volery et al. (2009) more recently suggested
that precursor sediments must have been dominated by LMC because
they were deposited during times of “calcite seas”. Volery et al. (2009)
further claimed that “low-Mg calcite muds are a necessary prerequisite
for the formation of microporous limestones”. Microporous limestones
have been observed, however, in limestones deposited during times of
“aragonite seas” as well as “calcite seas”. Examples from times of
“aragonite seas” are Carboniferous: Dickson and Kenter (2014), Per-
mian: Pittman (1971), Pliocene and Early Miocene: Lucia (2017),
Miocene: Moshier (1989a), and examples from times of “calcite seas”
are Silurian: Munnecke et al. (1997), Devonian: Kaldi (1989), Jurassic:
Cantrell and Hagerty (1999), Cretaceous: Volery et al. (2009).

The vast majority of researchers agree that precursor sediments in
ancient marine environments were likely to be dominated by aragonite
and HMC, similar to sediments in modern marine settings. This con-
sensus is based in large part on published observations from natural
environments and laboratory experiments that show aragonite and
HMC lime muds transform to LMC microcrystals similar to those ob-
served in ancient limestones (e.g., Bathurst, 1975; Steinen, 1978;
Steinen, 1982; McManus and Rimstidt, 1982; Lasemi and Sandberg,
1984; Papenguth, 1991; Lasemi and Sandberg, 1993; Lucia and Loucks,
2013; Lucia, 2017). In addition to the marine sediments, studies, such
as Volery et al. (2010a) showed that lacustrine deposits, interpreted to
have LMC precursor, now host LMC microcrystals with textures un-
distinguishable from LMC microcrystals in marine deposits with ara-
gonite and HMC precursors (e.g., Wright et al., 1997; Arribas et al.,
2004; Volery et al., 2010a). Deep ocean chalks that form from accu-
mulated LMC coccolith debris also exhibit LMC microcrystals similar to
marine and lacustrine limestones (Fabricius, 2007; Faÿ-Gomord et al.,
2016). These observations indicate no unique mineral assemblage is
required for the development of LMC microcrystals and associated
micropores.

5.2. Transformation mechanism

A variety of mechanisms have been proposed to explain the diage-
netic origin of LMC microcrystals. Bathurst (1958) suggested that
transformation of aragonite mud to LMC microcrystals proceeds by
grain growth. Grain growth is a dry transformation whereby inter-
crystalline boundaries migrate causing crystal enlargement (Bathurst,
1958, 1961). This mechanism was adopted from the metallurgy lit-
erature where growth of some metals takes place in dry conditions (e.g.,
Fullman, 1952). Bathurst (1964) later abandoned this idea, based on
the understanding that diagenetic environments are always assumed to
be wet (Bathurst, 1964; Bathurst, 1975 p. 480). Hathaway and
Robertson (1961) investigated experimentally how natural aragonite
needles in Bahamian sea water changed under burial conditions

Fig. 15. Conceptual diagram showing Sr/Ca and Mg/Ca contents of modern
lime mud and ancient LMC microcrystals. Aragonite dominated mud tends to be
richer in Sr/Ca, whereas HMC dominated mud tends to be richer in Mg/Ca.
Ancient stabilized mud is characterized by lower Sr/Ca and Mg/Ca ratios.
Modified after Hasiuk et al. (2016).
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equivalent to 10–20 km depth (up to 400 °C and 50,000 psi). They
observed conversion of aragonite needles to LMC with the retention of
the needle shape, although needle terminations became blunted. LMC
needles subsequently converted to equidimensional LMC microcrystals.
Informed by the experiments of Hathaway and Robertson (1961), Folk
(1965) speculated that the transformation process starts with the con-
version of larger μm-long aragonite needles to LMC while retaining
their needle shape. In contrast, smaller aragonite needles were pro-
posed to fully dissolve with the CaCO3 re-precipitating as LMC over-
growths on the larger LMC needles, thus producing equidimensional
LMC crystals.

To explain the formation of larger LMC microcrystals (i.e., micro-
spar), Folk (1965) proposed a process that he called aggrading neo-
morphism whereby smaller LMC microcrystals grow into larger LMC
microspar. “Neomorphism” was used by Folk (1965) as a general term
of ignorance encompassing all transformations between one mineral
and itself or a polymorph. Folk (1974) proposed that aggrading neo-
morphism was inhibited by the presence of Mg in the solution, which
formed a “cage” around LMC microcrystals preventing crystal growth.
Only after Mg was removed from the system, by fresh water for in-
stance, could micrite recrystallize to microspar via aggrading neo-
morphism (Folk, 1974; Longman, 1977; Longman and Mench, 1978).

Ostwald ripening (Ostwald, 1887), also referred to as grain coar-
sening, is another process invoked to explain the growth of LMC mi-
crocrystals. Ostwald ripening is similar to aggrading neomorphism. In
fact, these terms have been used synonymously in the literature (e.g.,
Dewever et al., 2007; Richard et al., 2007; Carpentier et al., 2015).
What distinguishes Ostwald ripening from aggrading neomorphism
(sensu Folk, 1965) is that the thermodynamic drive for Ostwald ripening
comes from minimization of surface free energy of the system via dis-
solution of smaller crystals and growth of larger ones (Morse and Casey,
1988). Some authors restrict the use of Ostwald ripening to re-
crystallization where there is no change in mineralogy (e.g., Morse and
Casey, 1988; Volery et al., 2010b; Carpentier et al., 2015). Lucia (2017)
used the term Ostwald ripening more broadly to refer to recrystalliza-
tion or mineralogical inversion from one mineral to another (e.g.,
aragonite to LMC). To avoid confusion, Volery et al. (2010b) introduced
the new term “Hybrid Ostwald Ripening” to describe Ostwald ripening
involving a change in mineralogy and restricted Ostwald ripening to
recrystallization where no mineralogical change occurred. Recently,
Ostwald ripening has been proposed by numerous authors to explain
the formation of LMC microspar in limestones (Dewever et al., 2007;
Richard et al., 2007; Volery et al., 2010a; Léonide et al., 2014;
Carpentier et al., 2015; Morad et al., 2018). Evidence in support of
Ostwald ripening includes LMC microcrystals size bimodality observed
in limestones where smaller crystals are more rounded and interpreted
to indicate dissolution, whereas larger crystals are more euhedral and
were interpreted to indicate overgrowth (Volery et al., 2010b;
Carpentier et al., 2015). Schultz et al. (2013) conducted recrystalliza-
tion experiments at 23 °C, 100 °C and 200 °C, where LMC submicron
crystals with surface area of 11.8 m2/g observed to grow to ∼2 μm in
solution saturated with respect to LMC (i.e., at equilibrium). Schultz
et al. (2013) attributed the crystal coarsening to Ostwald ripening.

The number of studies that have examined the rates of conversion
from aragonite to LMC are numerous (e.g., MacDonald, 1956; Clark,

1957; Fyfe and Bischoff, 1965; Davis and Adams, 1965; Taft, 1967;
Bischoff and Fyfe, 1968; Bischoff, 1969; Berner, 1975; Perdikouri et al.,
2008), but those that directly investigated textural changes during this
process are limited. A handful of case studies in natural environments
have been published (Steinen, 1978, 1982; Ahr, 1989; Perkins, 1989;
Al-Aasm and Azmy, 1996; Deville de Periere et al., 2011; Loucks et al.,
2013; Lucia, 2017), and there are even fewer laboratory-based experi-
mental studies (Moshier and McManus, 1986; Papenguth, 1991).
Steinen (1978) examined Pleistocene marine carbonate sediments in
Barbados and observed that sediments in the mixing zone are char-
acterized by 65% aragonite, 15–20% HMC, and 10–20% LMC. Micro-
porosity, estimated visually, was 35–40%, and grain size ranges be-
tween< 0.1 to ca. 15 μm. In contrast, sediments residing in fresh water
(above the mixing zone) are characterized by 100% LMC. Microporosity
in these sediments is< 15%. Crystal sizes were bimodal, with small
crystals measuring between 0.5 and 2.0 μm, and larger crystals 3–8 μm.
The larger crystals were faceted and formed patches or clusters that
grew in pore spaces (secondary molds). Steinen (1978) proposed that
the larger LMC microcrystals (i.e., microspar) formed, not by aggrading
neomorphism, but by a cementation process associated with miner-
alogical stabilization in fresh water. That is, aragonite and HMC pre-
cursor sediments dissolve, and equant LMC microcrystals precipitate as
cement crystals into existing pore space. The decrease in microporosity
associated with mineralogical stabilization was also interpreted to in-
dicate the introduction and precipitation of carbonates as cement.
Later, Steinen (1982) examined Holocene aragonitic mud in the fresh
water zone beneath hammocks on the tidal flats of west Andros Island,
Bahamas. He observed large (5–15 μm) pitted LMC microcrystals within
aragonitic lime mud that appeared to engulf adjacent aragonite needles.
Steinen (1982) concluded that LMC microcrystals formed by pre-
cipitation as cement crystals among aragonite needles. The precipita-
tion step was proposed to be followed by aragonite dissolution and
reprecipitation as LMC. Further cementation and/or compaction, it was
argued, is required to produce fitted (mosaic) textures similar to those
observed in ancient limestones (Steinen, 1982). Fig. 16 shows rhombic
LMC microcrystals among Holocene aragonitic mud from the Bahamas
(after Steinen, 1982).

The findings of Steinen (1978, 1982) were later supported by the
observations from laboratory experiments reported in a GSA conference
abstract by McManus and Rimstidt (1982) and later published by
Moshier and McManus (1986) and Moshier (1989a). These experi-
ments, which involved the conversion of aragonite to LMC at 50˚–100 °C
and 1 bar, were intended to mimic shallow burial diagenesis of arago-
nite-dominated lime muds (Moshier and McManus, 1986). The ex-
perimental conditions more accurately resemble sedimentary condi-
tions than the earlier experiments by Hathaway and Robertson (1961),
which were conducted at high temperatures and pressures (up to 400 °C
and 3447 bar). McManus and Rimstidt (1982) reported that aragonite
needles sequentially transformed to equant LMC crystals (2–15 μm in
diameter) suggesting that mineralogical conversion took place by pas-
sive dissolution of aragonite and precipitation of LMC cement crystals
(Fig. 17).

The only other laboratory study to examine the conversion of me-
tastable carbonate to LMC from the textural standpoint was a Ph.D.
dissertation completed under the guidance of Philip Sandberg. In this

Fig. 16. SEM photomicrographs showing rhombic LMC mi-
crocrystals within Holocene aragonite mud from the
Bahamas. A) Rhombic crystals of calcite within aragonitic
sediments. B) LMC microcrystals have grown around and
engulfed aragonite needles. C) Interlocking LMC micro-
crystals free of aragonite sediment. Modified after Steinen
(1982).
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study, Papenguth (1991) conducted dozens of open and closed system
experiments to evaluate lime mud stabilization. Papenguth (1991) used
a variety of carbonate precursors, including natural lime mud collected
from the Bahamas and Florida, artificial mud prepared from pulverizing
modern skeletal material, and fine-grained carbonate precipitates
formed in the laboratory. Papenguth (1991) observed that lime mud
stabilization to LMC occurs by dissolution of the reactant and pre-
cipitation of LMC rhombic cement crystals. Further, it was observed
that after complete transformation of aragonitic lime mud to LMC mi-
crocrystals, no further change in LMC crystal size occurred, which ar-
gues against the role of aggrading neomorphism in LMC stabilization.
The main drawback of this study is the general lack of experimental
control. More specifically, multiple variables were change between
experiments, thus complicating any attempt to evaluate individual
controls on the process and outcomes of mineralogical stabilization.

Lasemi and Sandberg (1984, 1993) observed pitted surfaces in LMC
microcrystals, which they interpreted as relics formed by dissolution of
aragonite needles, and elevated Sr concentrations in larger LMC mi-
crospar as evidence against aggrading neomorphism. They reasoned
that if aggrading neomorphism was responsible for the transformation
of LMC microcrystals to larger LMC microspar, then aragonite relics
would have been obliterated during this secondary recrystallization
process. Instead, Lasemi and Sandberg (1984, 1993) proposed that LMC
microcrystals (micrite and microspar) form during a single step, and
that the mineralogy of the precursor sediments is what controls the
crystal size. Relatively large (4–9 μm) crystals that engulf aragonite
relics, with higher Sr concentrations, and rough or pitted crystal sur-
faces, were also interpreted by Lasemi and Sandberg (1984) to reflect
an aragonite dominated precursor. In contrast, relatively small
(2–4 μm) crystals that lack aragonite relics, with lower Sr concentra-
tions, and smooth surfaces, were interpreted to reflect an LMC domi-
nated precursor. In a later study, Munnecke et al. (1997) compared
Pliocene carbonates from the Bahamas to Silurian limestones from
Sweden. Pitted microspar surfaces were interpreted by Munnecke et al.
(1997) as evidence of dissolution of aragonite precursors, consistent
with the interpretation of Lasemi and Sandberg (1984, 1993) that mi-
crospar crystals form as cements during dissolution-precipitation and
not by aggrading neomorphism.

Recently, Lucia and Loucks (2013) and Lucia (2017) examined the
transformation process from aragonite mud to LMC microcrystals in the
Neogene limestones of the Clino well from the Bahamas. Bulk miner-
alogy was reported to be 0–25% aragonite, 73–91% LMC, and 0–66%
dolomite. Lucia and Loucks (2013) observed a change in texture and
mineralogy with depth from a heterogeneous mixture of metastable
sediments to a more homogeneous assortment of LMC. Based on the
observation that porosity remained constant through the interval ex-
amined, they concluded that stabilization is a local dissolution-pre-
cipitation process taking place in a closed system without introduction
of additional carbonate from an outside source. However, Lucia and
Loucks (2013) observed several examples where sediments dominated
by LMC microcrystals had lower porosity values, which they attributed
to additional cementation. The findings of Lucia and Loucks (2013)
suggest that the pore space observed in microporous limestones is in-
herited from the initial muddy carbonate sediments, which have long
been known to contain an abundance of pore space (Bathurst, 1975;
Enos and Sawatsky, 1981; Lucia and Loucks, 2013; Lucia, 2017). The
eventual configuration of the micropores, however, is dictated by the
distribution of diagenetic LMC microcrystals. Lucia (2017) also in-
vestigated the carbonates in Clino well, but focused on the formation of
the smaller LMC microcrystals (i.e., micrite). He observed that the bulk
mineralogy of a sample composed of minimicrite (sensu, Reid and
Macintyre, 1998) which refers to crystals< 1 μm was a mixture of
aragonite and LMC, but that the bulk mineralogy of a sample composed
of crystals 1–4 μm (micrite) and>4 μm (microspar) contained only
LMC. Lucia (2017) also noted a decrease in minimicrite but an increase
in micrite with depth. SEM observations also revealed that anhedral
micrite crystals appeared to be aggregates of many smaller minimicrite
crystals. These observations were interpreted by Lucia (2017) to reflect
dissolution of aragonite and some LMC minimicrite with concomitant
precipitation of LMC cement on adjacent LMC minimicrite crystals,
which forms larger micrite crystals. Similar to this, microspar appeared
to Lucia (2017) to form as individual micrite crystals cemented to-
gether. Lucia (2017) further measured minimicrite crystal sizes and
observed no change with depth. Based on this observation, Lucia (2017)
concluded that Ostwald ripening could not explain the formation of
LMC microspar, because if Ostwald ripening was controlling the dis-
solution of minimicrite, the average crystal size of minimicrite should
decrease with depth.

Dissolution has been proposed as a mechanism to explain the oc-
currence of microporosity in limestone (Oldershaw, 1972; Wilson,
1975; Frost et al., 1983; Harris and Frost, 1984; Harris et al., 1985;
Dravis, 1989; Jameson, 1994). Oldershaw (1972) examined Ordovician
limestones from Ontario, Canada and observed microporous textures to
be associated with supratidal, evaporitic facies, whereas non-porous
textures were observed in subtidal facies. A supratidal environment was
indicated by the presence of fine-grained dolomite, and chalcedony,
both observations interpreted to indicate high salinity environment.
Oldershaw (1972) attributed the preservation of micropores to the early
precipitation of interstitial evaporite cements that prevented the oc-
clusion of the micropores by LMC overgrowth. The microporous tex-
tures, it was proposed, developed after the dissolution of the interstitial
evaporite cements. Evaporite dissolution, however, cannot explain the
occurrence of LMC microcrystals, and has been shown unsatisfactory to
explain the majority of micropores (e.g., Moshier, 1989a). The vast
majority of evidence suggests that LMC microcrystal development is a
constructive process rather than a destructive one (Folk, 1965;
Bathurst, 1975; Moshier, 1989a; Cantrell and Hagerty, 1999; Loucks
et al., 2013; Hasiuk et al., 2016). The microporosity, it has been argued,
is not produced during diagenesis, but rather redistributed to micro-
pores associated with the diagenetic LMC microcrystals (Lucia and
Loucks, 2013; Kaczmarek et al., 2015). In summary, data from nu-
merous studies suggest that the transformation of aragonite and HMC
dominated sediments to LMC microcrystals occurs via a dis-
solution–precipitation process driven by mineralogical stabilization

Fig. 17. SEM photomicrographs illustrating the conversion of synthetic ara-
gonite needles to LMC microcrystals in stabilization experiments in distilled
water at 50 °C conducted by McManus and Rimstidt (1982). A) Texture of the
reactant that is composed of 95% synthetic aragonite and 5% reagent grade
LMC. B) Experimental result after conversion of 50% of aragonite to LMC. C)
Polished and etched SEM photomicrograph of experimental result after con-
version of 50% of aragonite to LMC. D) Experimental result after conversion of
100% of aragonite to rhombic LMC microcrystals. Modified after Moshier
(1989a).
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(Land et al., 1967; Budd, 1989; Moshier, 1989a; Al-Aasm and Azmy,
1996; Cantrell and Hagerty, 1999; Melim et al., 2002; Loucks et al.,
2013; Kaczmarek et al., 2015; Hasiuk et al., 2016; Lucia, 2017). Ara-
gonite and HMC are metastable under most surface conditions and tend
to stabilize to LMC (Bathurst, 1975; Steinen, 1978; Carlson, 1983).
During this process, the pore system changes from one characterized by
a heterogeneous assortment of pore sizes and shapes in the interstices
between grains, mud, etc. to one characterized by a narrow distribution
of pore shapes and sizes in the interstices between LMC microcrystals.

5.3. Constraints on the stabilization process

Mineralogical stabilization as it pertains to carbonate diagenesis is a
complex process. It involves various mineral reactants exhibiting a wide
range in texture, size, and abundance, texturally variable products, and
several diagenetic conditions that may affect reaction kinetics in var-
ious ways. These factors are discussed below with a focus on how they
impact microporosity development.

5.3.1. Mineralogical constraints
LMC and aragonite are two phases of calcium carbonate (CaCO3).

These two polymorphs have different physical, chemical, and thermo-
dynamic properties (Table 2). Based on the thermodynamic data, LMC
is more stable compared to aragonite. That is, the reaction from ara-
gonite(s) to calcite(s) is thermodynamically favored, because
ΔfGcalcite < ΔfGaragonite. However, transformation of aragonite to LMC,
as well as the direct precipitation of carbonate minerals from seawater,
is governed by kinetic factors (Morse and Mackenzie, 1990).

In nature, carbonate minerals exhibit unique responses to miner-
alogical stabilization (Bathurst, 1975; Flügel, 2013; Loucks et al.,
2013). Whereas aragonitic lime muds have been observed to transform
to LMC microcrystals both naturally and experimentally (Steinen, 1978,
1982; McManus and Rimstidt, 1982; Lasemi and Sandberg, 1984;
Papenguth, 1991), aragonite allochems are not thought to yield the
microporous textures observed in ancient limestones. Instead, aragonite
allochems typically undergo dissolution leading to mold formation
(e.g., Friedman, 1964; Land et al., 1967), or dissolution accompanied
by LMC spar precipitation (Sandberg and Hudson, 1983; Martin et al.,
1986; Brand, 1989; Budd, 1989, 1992; Cantrell and Hagerty, 1999;
Loucks et al., 2013). Saller and Moore (1989) proposed that LMC mi-
crocrystals do not form in aragonite skeletal grains, at least not in the
open marine and mixing zone realms. In Pleistocene sediments from
Enewetak Atoll, they interpreted neomorphic LMC spar cement to re-
place the aragonite skeletons of coral, algae, and molluscs. Aragonite
grains were observed to undergo dissolution accompanied by pre-
cipitation of LMC cement crystals as overgrowth (Saller and Moore,
1989). Depleted oxygen isotope values (−5 to −9‰ VPDB) in the
neomorphic spar were interpreted by Saller and Moore (1989) to in-
dicate precipitation in a meteoric environment. Based on these ob-
servations, Saller and Moore (1989) proposed mineralogical stabiliza-
tion of aragonite to neomorphic LMC spar passing through an
intermediate stage characterized by intrafabric dissolution and LMC
overgrowth cement.

The mechanism by which aragonite converts to LMC is controlled by
kinetic and hydrologic factors (e.g., Pingitore, 1976; McManus, 1982;
Carlson, 1983). McManus (1982) investigated the role of reactive sur-
face area on the transformation of aragonite to LMC through

stabilization experiments. She proposed three transformation mechan-
isms to explain the variability in LMC textures based on the reactive
surface area available. The proposed mechanisms include passive dis-
solution precipitation, transformation across a chalk zone, and trans-
formation across a thin fluid film (McManus, 1982). In experiments
where fine aragonite powder was used as reactant (i.e., large reactive
surface area), the conversion to LMC was texturally destructive, and
thus inferred to proceed by passive dissolution-precipitation (Taft,
1967; McManus, 1982; McManus and Rimstidt, 1982; Papenguth,
1991). Conversely, when the surface area of the reactant was lower, the
transformation of aragonite was proposed to proceed by thin fluid films
based on the observation that the texture of the reactant is preserved
(McManus, 1982; Budd and Hiatt, 1993). Transformation through thin
films has not been observed in laboratory because the process requires
slow reaction rates (McManus, 1982).

The lack of LMC microcrystal formation in aragonite allochems is
contrasted with the observation that LMC microcrystals are commonly
develop in HMC allochems (e.g., Budd, 1989; Saller and Moore, 1989;
Budd, 1992; Al-Aasm and Azmy, 1996; Cantrell and Hagerty, 1999;
Loucks et al., 2013). Budd (1989) observed that LMC microcrystals in
the Shuaiba Formation, U.A.E., occurred most commonly in HMC
dominated micritic materials, including the carbonate mud in bound-
stones and packstones, as well as in micritized pellets and micritized
porcellaneous foraminifera. LMC microcrystals, in contrast, were absent
in originally aragonite and LMC allochems, nor were they observed in
echinoderms and hyaline foraminifera (Budd, 1989). The inference
being that stabilities of echinoderms and hyaline foraminifera are de-
termined by their microstructure, not their mineralogy. In Kee Scarp
reefs, Canada, LMC microcrystals have been observed in stromatopor-
oids which interpreted to have HMC precursor, whereas corals, which
interpreted to be originally aragonite were not microporous (Al-Aasm
and Azmy, 1996). In their study of the Jurassic Arab Formation in Saudi
Arabia, Cantrell and Hagerty (1999) reported that originally aragonitic
allochems, including mollusks, corals, and dasycladacean algae, were
leached, but HMC allochems were microporous. Originally LMC allo-
chems, such as brachiopods, bryozoans, arthropods, and stromatopor-
oids were neither leached nor microporous, but exhibited well pre-
served skeletal microstructures. It is worth noting, however, that
Cantrell and Hagerty (1999) inferred original grain mineralogy based
on published textural observations (e.g., Chave, 1964; Purser, 1969;
Johnson, 1971; Majewske, 1974; Bathurst, 1975; Sandberg, 1975;
Wray, 1977; Wilkinson et al., 1985), some of which are in disagree-
ment. For example, the original mineralogy of ooids has been

Table 2
Chemical and thermodynamic data for calcite and aragonite minerals at earth surface conditions (25 °C and 1 atm.). Data from Robie and Hemingway (1995) and
Fegley (2012).

Chemical Formula Mineral Crystal System Vm (cm3) So298 (J K−1 mol−1) CoP (J K−1 mol−1) ΔfHo298 (KJ mol−1) ΔfGo298 (KJ mol−1)

CaCO3
Calcite Trigonal 36.94 91.71 83.47 −1207.37 −1128.84
Aragonite Orthorhombic 34.16 87.99 82.32 −1207.43 −1127.79

Table 3
Qualitative susceptibility of carbonate grains to micropore development.
Based on data from1Budd (1989),2Al-Aasm and Azmy (1996),3Cantrell
and Hagerty (1999),4Loucks et al. (2013), and 5Kaczmarek et al. (2015).

Higher Susceptibility Lower Susceptibility

Matrix1,2,3,4

Micritized Grains1,3,4

Peloids3,4,5

Ooids3,5

Corals2,5

Foraminifera2

Stromatoporoids2

Algae4,5

Echinoderms1,3,5

Bivalves5

Brachiopods3,5

Hyaline Foraminifera1

Stromatoporoids3

Ostracodes3
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interpreted to be aragonite and HMC which suggests uncertainty in the
understanding of the precursor mineralogy (Cantrell and Hagerty,
1999, Table 1). In their global survey of microporous Phanerozoic
limestones, Kaczmarek et al. (2015) reported that peloids, ooids, corals,
foraminifera, and algae are generally more susceptible to develop mi-
cropores than echinoderms, bivalves, and brachiopods. Loucks et al.
(2013) investigated the genesis of the micropores in Pawnee Field,
Texas. Based on petrographic observations, they interpreted open and
cement-filled molds as dissolved aragonite allochems (e.g., bivalves),
whereas HMC grains, including foraminifera, red algae, and other mi-
critized allochems developed LMC microcrystals. Although no sys-
tematic quantitative evaluation of the relative susceptibilities of car-
bonate allochems has been provided, qualitative observations from the
various studies are illustrated in Table 3.

The most common diagenetic pathway for unstable HMC allochems
is dissolution and concurrent precipitation of LMC pore-filling cement
(e.g., Land et al., 1967; Richter, 1979; Brand and Veizer, 1980; Turner
et al., 1986; Budd, 1992). In rare cases, dissolution of HMC allochems
lead to mold formation (Schroeder, 1979; Saller, 1984; Budd, 1992).
Budd (1992) showed that moldic pores in the Bahamas and Bermuda
formed as a result of HMC dissolution during exposure to meteoric
fluids. Diagenetic transformation of HMC allochems occur either by
incongruent dissolution (Chilingar, 1962; Friedman, 1964; Land et al.,
1967; Schroeder, 1969; Gomberg and Bonatti, 1970) or congruent
dissolution (Oti and Müller, 1985; Turner et al., 1986). Incongruent
dissolution refers to a cation exchange process where Mg is replaced by
Ca within the crystal lattice thus preserving the allochem micro-
structure (Friedman, 1964). This hypothesis has been disproven based
on the observed textural and chemical modifications that accompany
transformation of HMC to LMC (e.g., Oti and Müller, 1985; Budd and
Hiatt, 1993). Congruent dissolution, in contrast, is synonymous with
passive dissolution-reprecipitation and entails textural alteration/re-
placement (Oti and Müller, 1985).

Towe and Hemleben (1976) proposed that HMC porcellaneous
foraminifera undergo mineralogical stabilization in two stages based on
the observation that unaltered tests are composed of HMC needles and
laths, whereas altered tests are composed of LMC needles, laths, and
equant LMC crystals. In this model, the first stage involves a miner-
alogical change and textural preservation where HMC needles and laths
convert to LMC. The second stage includes a textural change whereby
the LMC laths and needles convert to equidimensional crystals. Budd
and Hiatt (1993) investigated the stabilization process of Holocene
porcellaneous foraminifera in the meteoric environment from the Ba-
hamas. Based on textural observations and geochemical data, they
concluded that HMC skeletons of foraminifera undergo mineralogical
stabilization with no textural change. Budd and Hiatt (1993) observed
that Mg loss corresponds to how long the foraminifera were subjected
to meteoric fluids. To explain the observed textural retention but geo-
chemical change, they proposed that stabilization of porcellaneous
foraminifera involves incongruent intracrystal alteration via incre-
mental dissolution-precipitation, consistent with the first stabilization
stage proposed by Towe and Hemleben (1976). Budd and Hiatt (1993)
did not, however, report a second stabilization stage characterized by
textural alteration. It is unknown if two-step stabilization applies to
other HMC skeletons because evidence of an earlier stage of alteration
would be obscured in most cases (Budd and Hiatt, 1993).

Plummer and Mackenzie (1974) investigated biogenic HMC dis-
solution by reacting Amphiroa r. (coralline algae) in distilled water at
25 °C with continuous addition of CO2 gas. Based on the slope changes
in a plot of [Ca] and [Mg] versus the square root of time, Plummer and
Mackenzie (1974) identified three stages of dissolution. Stage 1 and 2
are marked by a linear relationship between Ca and Mg, and were in-
terpreted to reflect congruent dissolution of the HMC. Stage 3 is char-
acterized by nonlinear relationship and was interpreted to indicate in-
congruent dissolution. This incongruent dissolution was further
supported by comparing XRD patters of the initial and the partially

dissolved material. Plummer and Mackenzie (1974) observed a reduc-
tion in the asymmetry toward more Mg-rich calcite in the partially
dissolved material, which was interpreted to result from the incon-
gruent dissolution of the higher Mg-calcite portions of Amphiroa r.

Oti and Müller (1985) carried out year-long experiments where
HMC skeletons of Lithothamnion sp. (Coralline algae) reacted in distilled
water with various concentrations of CaCl2.2H2O. Although they ob-
served no shift in the (104) XRD reflection in the altered material, they
did observe a decrease in the peak intensity, which was interpreted to
indicate a reduction in the amount of HMC material due to replacement
by LMC. Oti and Müller (1985) argued for congruent dissolution (i.e.,
passive dissolution-precipitation) whereby HMC dissolves and rhombic
LMC microcrystals precipitate as cement. Stabilization, however, was
documented only in fluids with CaCl2.2H2O added. In these experi-
ments, the abundance of LMC microcrystals precipitated as measured
by XRD correlated with amount of CaCl2.2H2O in the experimental
fluids. In contrast, no LMC precipitated in the distilled water experi-
ments. Oti and Müller (1985) interpreted the irregular release of Mg
and Ca into solution, which had also been documented previously
(Schroeder, 1969; Plummer and Mackenzie, 1974), to indicate spatial
heterogeneity of Mg within the skeletons, and that Mg exists in com-
pounds other than MgCO3. Therefore, Oti and Müller (1985) suggested
that more Mg is released into the solution from dissolution of the more
soluble portions of skeletons (i.e., the Mg-enriched parts).

Laboratory stabilization of HMC (Oti and Müller, 1985), and ara-
gonite in Mg-bearing fluids have been largely unsuccessful (e.g., Fyfe
and Bischoff, 1965). Explanations for this include the presence of che-
mical inhibitors, such as Mg, PO4, SO4, and organic matter (Fyfe and
Bischoff, 1965; Bischoff and Fyfe, 1968; Bischoff, 1969; Carlson, 1983;
Papenguth, 1991). In seawater, the most significant chemical inhibitor
is Mg (Carlson, 1983). It has been proposed that Mg hinders both direct
precipitation of LMC (Lippman, 1960; Simkiss, 1964; Berner, 1975) and
stabilization of aragonite and HMC to LMC (Taft, 1967; Bischoff and
Fyfe, 1968; Berner, 1975; Carlson, 1983). Inhibition of LMC growth by
Mg is thought to occur by adsorption of Mg at active growth sites and
into LMC crystal structure (Berner, 1975; Carlson, 1983).

Bischoff and Fyfe (1968) observed that it took longer for LMC
growth to initiate in experimental solutions with higher concentrations
of Mg. Bischoff and Fyfe (1968) suggested that LMC grown in the Mg-
bearing solution incorporates Mg until the concentration of Mg drops
below a critical value. After this, LMC growth proceeds as it does in the
Mg-free solutions. Importantly, the concentrations of MgCl2 in their
experiments were at least an order of magnitude lower than con-
centrations of CaCl2. Modern seawater, it should be noted, has an Mg/
Ca of ∼5.0 (Lowenstein et al., 2001) so the applicability of these ex-
periments to nature is uncertain.

LMC allochems are generally considered more stable and therefore
less susceptible to diagenetic alteration in most diagenetic environ-
ments (James and Choquette, 1984; Morse and Mackenzie, 1990).
Dravis (1989), however, reported that LMC grains (oyster fragments) in
the Haynesville Formation, Texas, exhibited microporous textures si-
milar to HMC allochems, such as foraminifera and red algae. This study
was based on observations from thin section photomicrograph taken
under blue-light fluorescence, where bright areas were interpreted to
indicate the existence of micropores. No SEM photomicrographs of the
oyster shells were provided so the presence of LMC microcrystals
cannot be confirmed. Based on petrographic and geochemical ob-
servations, including lack of subaerial exposure, lack of meteoric ce-
ment or vuggy pores, extensive pressure solution features, and stable
carbon and oxygen isotopes of LMC cements consistent with burial di-
agenesis, Dravis (1989) suggested that microporosity development oc-
curred in the deep burial realm where corrosive fluids led to develop-
ment of microporous textures.

5.3.2. Textural constraints
The texture of precursor carbonate sediments has also been shown
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to be an important control on mineralogical stabilization and sub-
sequent microporosity development (e.g., Al-Aasm and Azmy, 1996;
Cantrell and Hagerty, 1999; Loucks et al., 2013; Carpentier et al.,
2015). This is especially true for allochems. Dissolution of biogenic
carbonates has been shown in laboratory experiments to be influenced
by fluid chemistry, as well as the mineralogy and microstructure of the
allochems (Walter, 1983; Walter and Morse, 1985). Walter and Morse
(1985) showed that allochem microstructure can override thermo-
dynamic constraints of mineralogical solubility under certain chemical
conditions. Dissolution experiments involving carbonate allochems
were carried out in solutions where the saturation state was held con-
stant by controlling the [Ca+2], [CO3−2], pCO2, pH, and ionic strength.
In solutions undersaturated with respect to LMC, Walter and Morse and
Mackenzie (1993) showed that aragonite allochems with finely crys-
talline microstructures, such as green algae (Halimeda) and gastropods,
dissolve faster than HMC allochems, such as foraminifera (Peneroplis)
(15mol% MgCO3) and red algae (18mol% MgCO3) that are more
thermodynamically unstable and have a lower reactive surface area. Al-
Aasm and Azmy (1996) showed that micropores associated with LMC
microcrystals developed more extensively in tabular stromatoporoids
than in algae. They reasoned that the open skeletal structure of stro-
matoporoids allowed fluids to more easily pass through the skeletal
framework and thus establish a positive feedback on the rate. A mi-
crostructural control was also invoked by Cantrell and Hagerty (1999)
to explain the lack of micropore development in echinoderm fragments,
which are comprised of a single crystal of HMC and have relatively low
reactive surface area.

Numerous studies have shown that micritized grains are more likely
to exhibit microporous textures (e.g., Pittman, 1971; Ahr, 1989; Budd,
1989; Cantrell and Hagerty, 1999; Loucks et al., 2013). According to
Bathurst (1966), micritization refers to the process by which the ori-
ginal fabric of a carbonate allochem is altered to microcrystalline car-
bonate. Micritization, refers specifically to alteration to aragonite or
HMC only, not LMC stabilization (Alexandersson, 1972; Reid and
Macintyre, 1998; Flügel, 2013). Initially, micritization was interpreted
as inorganically precipitated microcrystalline carbonate in the voids left
by endolithic borings by microorganisms, such as bacteria and algae
(Bathurst, 1966; Alexandersson, 1972). Reid and Macintyre (2000) re-
cognized another type of micritization where biologically induced
precipitation of aragonite takes place concurrently with endolithic ac-
tivity. A third type of micritization occurs via recrystallization of ske-
letal allochems that occurs during the life cycle of the organism and
continues post mortem. This process has been shown to be widespread
in shallow marine environments (Purdy, 1968; Reid and Macintyre,
1998). Reid and Macintyre (1998) documented recrystallization mi-
critization in living Archaias porcellaneous foraminifer (HMC) where
the original aragonite/HMC rods comprising the skeletal wall re-
crystallize to anhedral equant minimicrite (0.05–0.1 μm) without an
associated mineralogical change. They also documented post-mortem
recrystallization as a series of textural changes from skeletal rods and
needles that convert to minimicrite (crystals that are< 1 μm), which
then convert to pseudomicrite (crystals that measure between 0.02 and
0.05 μm) and finally micrite (1–4 μm). Although the formation of
minimicrite from rods and needles involves no change in mineralogy,
the formation of pseudomicrite and micrite may involve a change in
mineralogy from HMC to aragonite or vice versa (Reid and Macintyre,
1998). Hover et al. (2001) reported similar observations on living and
recently deceased Peneropolid foraminifera from Florida and the Ba-
hamas. The elongated HMC crystal rods in the tests of living samples
were observed under the SEM to be shorter and more equidimensional
than in altered foraminifera (Hover et al., 2001). Using high-resolution
scanning transmission analytical electron microscopy (STEM/AEM),
Hover et al. (2001) observed that HMC crystals comprising the altered
tests exhibited rounded terminations and more irregular shapes, which
they interpreted as evidence of dissolution. The crystals comprising the
altered test were also cemented together by intercrystalline material

forming larger aggregates, interpreted as evidence of precipitation
(Hover et al., 2001). Hover et al. (2001) also observed that average
crystal lengths increased from 280 ± 9 nm in living organisms to
353 ± 15 nm in deepest interval (12–14 cm), and average crystal
widths increased from 56 ± 1 nm in living specimens to 120 ± 4 nm
in the deepest interval. Based on these observations, they proposed that
textural alterations in Peneropolid foraminifera occur without miner-
alogical changes and is driven by Ostwald ripening.

Recrystallization processes described by Macintyre and Reid (1995),
Reid and Macintyre (1998), and Hover et al. (2001) occur in shallow
marine environments to living organisms and during post-mortem. Al-
though these recrystallization processes may involve mineralogical
changes from aragonite to HMC or vice versa, they are unrelated to
mineralogical stabilization to LMC (Reid and Macintyre, 1998, p. 944)
despite being confused with the process of mineralogical stabilization
by which LMC microcrystals develop (e.g., Kaczmarek et al., 2015).

5.3.3. Diagenetic environments
Geochemical and petrographic observations implicate various di-

agenetic environments for mineralogical stabilization of carbonate se-
diments. Moshier (1989b) presented geochemical data from LMC mi-
crocrystals in the Lower Cretaceous Thamama Group at Sajaa field,
U.A.E. Average δ 18O and δ13C values were −4 to −5‰ and 1.5–5‰,
respectively. Trace element (Fe, Mn, Sr, Na) concentrations were de-
pleted (101–102 ppm) relative to modern marine carbonates. Moshier
(1989b) interpreted the low concentrations of trace elements as the
primary signature of a precursor sediments dominated by LMC. Nega-
tive δ 18O values suggested to Moshier (1989b) that stabilization hap-
pened at slightly elevated fluid temperatures (∼40–48 °C) corre-
sponding to shallow burial between 530 and 815m δ13C values also
became less positive with depth, which was interpreted to reflect ad-
dition of isotopically light CO2 generated by anaerobic microbial ac-
tivity at shallow burial depths (Irwin et al., 1977). Using a closed
system model linking the observed changes in δ18O, porosity, and
temperature, Moshier (1989b) concluded that stabilization occurred in
“marine-like” fluids in the shallow burial realm.

Budd (1989) investigated Thamama Group limestones in an ad-
jacent field to the field studied by Moshier (1989b). Despite observing
low trace element concentrations and depleted δ18O values, Budd
(1989) proposed that two diagenetic events were required for micro-
porosity development. The first corresponds to mineralogical stabili-
zation to LMC by meteoric fluids in a water-buffered system, which is
reflected in both the low Sr and Mg concentrations and depleted δ18O.
The second, Budd (1989) posited, is LMC recrystallization that further
reduced δ 18O. The drive for secondary LMC recrystallization was not
discussed. Budd (1989) further argued that mineralogical stabilization
in marine fluids was unlikely because the high Mg/Ca ratio of seawater
would inhibit LMC growth as documented in numerous studies (Fyfe
and Bischoff, 1965; Bischoff and Fyfe, 1968; Bischoff, 1969; Berner,
1975; Carlson, 1983; Papenguth, 1991).

Meteoric fluids are the most commonly implicated to explain car-
bonate stabilization (Longman and Mench, 1978; Ahr, 1989; Budd,
1989; Perkins, 1989; Richard et al., 2007; da Silva et al., 2009; Volery
et al., 2009; Volery et al., 2010b; Deville de Periere et al., 2011). Based
on petrographic observations, including clay-filled karst cavities, ara-
gonite allochem molds, and sparry calcite cements, in Cretaceous age
carbonates from Iraq, Qatar, and U.A.E., Deville de Periere et al. (2011)
suggested that mineralogical stabilization occurs in meteoric fluids. A
gradual increase in δ13C (1.1–3.5‰) in LMC microcrystals below a
major unconformity was also consistent with the addition of soil carbon
associated with meteoric diagenesis (Deville de Periere et al., 2011).

Insights on the diagenetic environment where mineralogical stabi-
lization occurs have also come from investigations of the Neogene and
Pleistocene limestones in the Clino and Unda cores, which are located
along the western margin of the Great Bahama Bank (Melim et al.,
1995, 2002, 2001a; 2001b; Melim, 1996; Melim and Masaferro, 1997;
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Munnecke et al., 1997; Westphal and Munnecke, 1997; Westphal, 1998;
Swart, 2000; Swart and Melim, 2000; Westphal et al., 1999b, 2000).
Based on the observation that aragonite needles are commonly engulfed
in LMC microcrystals, the limestones are interpreted to have an ara-
gonitic precursor (Munnecke et al., 1997; Melim et al., 2002). Melim
et al. (2002) used petrographic and geochemical data to propose a
model whereby LMC cement forms at the expense of the dissolution of
aragonite dominated muds. They reasoned that this process happened
in seawater because the sediments showed no evidence of having been
in contact with meteoric fluids. The interpretation that LMC micro-
crystals form in the marine realm (Melim et al., 2002) challenged the
idea that stabilization does not take place in the presence of Mg, as
implied by stabilization experiments performed by Fyfe and Bischoff
(1965), Taft (1967), Berner (1975), and Papenguth (1991), and argued
by many authors (e.g., Ahr, 1989; Budd, 1989; Perkins, 1989). One
possibility is that pore-fluids were Mg-depleted. Dolomite was ob-
served, but pore-fluids were not analyzed. Aragonite dissolution in
shallow marine environments is typically unfavorable because above
the aragonite compensation depth (ACD), as it is the case in Clino and
Unda wells, seawater is supersaturated with respect to aragonite
(Melim et al., 2002). Dissolved aragonite in wells 1007 and 1006, both
of which are located downslope from Clino and Unda, was also ob-
served earlier by Frank and Bernet (2000), who suggested that ACD was
shallower during the Miocene. This requires, however, a shallowing of
the ACD by more than 3000m compared to its present-day position.
The fact that Clino and Unda wells are both substantially shallower
than wells 1007 and 1006, led Melim et al. (2002) to reject the hy-
pothesis of Frank and Bernet (2000). As an alternative, they proposed
that aragonite dissolution was more likely caused by undersaturated
pore-fluids driven by CO2 release during microbial degradation of or-
ganic matter. Aragonite dissolution, they reasoned, would have also
reduced the Mg/Ca ratio of the pore-fluids, thus lessening the kinetic
inhibition effect of Mg on the precipitation of LMC microcrystals.

Reuning et al. (2006) examined Pliocene sediments from the
Maldives recovered from ODP Leg 115. Based on the observation that
porosity decreased and the percent of LMC increased in some strati-
graphic intervals, they inferred variations in the degree of LMC ce-
mentation. In these intervals, the Mg/Ca ratio of the pore-fluids was
lower than seawater (Swart and Burns, 1990). Reuning et al. (2006)
reasoned that these conditions favored LMC precipitation (Morse et al.,
1997). Mineralogical data from ODP Hole 1127, which penetrates
Southern Australian slope sediments, also show that aragonite and HMC
dominate near the sea floor, whereas LMC and dolomite dominate
below ∼150m (Feary et al., 2000; Rivers et al., 2012). Pore-fluid
chemistry in the well shows a decrease in Mg/Ca with depth from ∼5
near the sea floor, to ∼4.1 at 150m, to ∼2 at 500m (Feary et al., 2000;
Rivers et al., 2012). These data taken together, suggest that the Mg/Ca
ratio of solution may play a significant role in the stabilization of ara-
gonite to LMC, which is also consistent with laboratory experiments
(e.g., Taft, 1967).

Hasiuk et al. (2016) compiled a stable isotope and elemental dataset
from seven hydrocarbon reservoirs and twenty-one published studies
covering a wide range of geological ages, burial depths, and deposi-
tional environments. δ13C values measured in LMC microcrystals were
between −10‰ and +5.5‰, and δ18O values were between −18‰
and +3.5‰ (Hasiuk et al., 2016). They reported that LMC micro-
crystals had δ18O values a few per mil more negative and δ13C values
less than a per mil more negative compared to age-equivalent marine
calcites. Further, both δ18O and δ13C were observed to decrease with
depth along a burial trend that was modeled with a positive slope
(Hasiuk et al., 2016). This isotopic trend was interpreted to indicate
formation of LMC microcrystals in shallow burial environment. Data
from Moshier (1989b) and Deville de Periere et al. (2011), however,
show stable δ18O but highly variable δ13C, which were interpreted to
indicate stabilization in meteoric realm (Hasiuk et al., 2016). Elemental
data, which showed Mg/Ca range between 6.4 and 90.4mmol/mol, Sr/

Ca 0.2–0.9mmol/mol, Fe/Ca 0.0–29.3 mmol/mol, and Mn/Ca
0.0–1.3mmol/mol (Fig. 15) further supported this interpretation. The
trace element concentrations also co-varied with δ18O, and Mg/Ca de-
creased, but Fe/Ca increased as δ18O became more depleted (Hasiuk
et al., 2016). Hasiuk et al. (2016) argued that diagenetic stabilization
was unlikely to occur in meteoric fluids, but rather during shallow
burial in a marine setting.

5.4. Controls on LMC microcrystal size

LMC microcrystals have historically been classified either as micrite
(1–4 μm) or microspar (5–10 μm) based on a proposed gap in crystal
size distributions reported by Folk (1965). Subsequent studies, how-
ever, have failed to confirm a gap in the sizes of LMC micrite and mi-
crospar in Phanerozoic limestones (Lasemi and Sandberg, 1993;
Kaczmarek et al., 2015), but instead showed unimodal crystal size
distributions in the range of 1–10 μm. Based on these new data,
Kaczmarek et al. (2015) avoided the terms micrite and microspar, and
instead used the term microcrystal when referring to LMC crystals<
10 μm. Additionally, it has been demonstrated that both micrite and
microspar form from lime mud during a one-step stabilization process,
and what controls crystal size is precursor mineralogy (Lasemi and
Sandberg, 1984, 1993; Papenguth, 1991; Munnecke et al., 1997).
Lasemi and Sandberg (1993), showed that aragonite dominated muds
produced larger LMC crystals with mean size of 5–12 μm, whereas HMC
dominated muds produced smaller crystals with mean size of 1–4 μm.
Papenguth (1991) also evaluated how mineralogy controlled LMC mi-
crocrystal size during stabilization experiments. Aragonite-rich muds
stabilized to 5–25 μm LMC microcrystals, whereas HMC-rich muds
stabilized to 1–3 μm LMC microcrystals. Precursor mineralogy is hy-
pothesized to control the number of nucleation sites (Lasemi and
Sandberg, 1984; Papenguth, 1991). The scarcity of nucleation sites in
aragonite-rich muds results in coarser LMC crystals, whereas an abun-
dance of nucleation sites in HMC-rich muds produces finer LMC crystals
(Papenguth, 1991; Lasemi and Sandberg, 1993).

Another proposed control on LMC microcrystal size is the grain size
of precursor sediments (Bathurst, 1961; Papenguth, 1991). Bathurst
(1961) suggested that LMC microcrystal size is limited by the length of
aragonite needles in the precursor sediments. An attempt was made to
experimentally evaluate the influence of grain size of initial sediments
on crystal size of LMC microcrystals by Papenguth (1991). HMC-rich
muds were prepared by grinding up skeletons of Goniolithon and Me-
lobesia (HMC algae) into two crystal size populations (< 25 μm and
≪25 μm). These muds were then reacted in CaCl2.2H2O solutions at
200 °C for 117 days. Grain size measurements of the resultant LMC
microcrystals indicate that Goniolithon muds with smaller crystal size
(≪25 μm) stabilized to larger (3 μm) LMC microcrystals compared to
muds with larger crystal size (< 25 μm) which produced smaller
(1.6 μm) LMC microcrystals (Papenguth, 1991).Melobesiamuds showed
a similar trend, but the difference in crystal sizes was less significant.
That is, initial grain size ≪25 μm produced crystal that measure 1.8 μm,
compared to initial grain size< 25 μm that produced crystals of 1.4 μm.
One comment about these experiments is that the HMC lime muds only
partially transformed to LMC (maximum LMC=54wt%), which limits
our ability to make textural observations because LMC textures evolve
as the reaction proceed (Moshier and McManus, 1986). There is also a
technical challenge to separate extremely fine material into definite
ranges of crystal size. Papenguth (1991) used a 500 mesh (25 μm) sieve
to separate fine material. Sediments that passed through the sieve with
difficulty were denoted< 25 μm, whereas those that passed through
easily were denoted ≪25 μm.

Deville de Periere et al. (2011) observed that LMC crystal size is
controlled by both depositional and diagenetic facies. Coarser LMC
microcrystals (> 2 μm) were found to be associated with rudist-rich
bioclastic shoals and back shoal environments, whereas finer LMC mi-
crocrystals (< 2 μm) were found in association with sediments from a
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protected inner platform. Additionally, the coarser LMC microcrystals
were associated with intervals subjected to meteoric diagenesis. It was
reasoned that selective dissolution of aragonite and HMC in meteoric
fluids would create spaces between undissolved LMC crystals (Volery
et al., 2010b; Deville de Periere et al., 2011), which enhances porosity,
and the carbonate re-precipitates as cement overgrowths, leading to
larger but fewer crystals (Deville de Periere et al., 2011). In contrast,
finer LMC microcrystals experienced no observed leaching by meteoric
fluids, but stabilization occurred in continuously supersaturated fluids
(Deville de Periere et al., 2011).

5.5. Origin of LMC microcrystal textures

Early studies focused on the genetic origin of LMC microcrystals
with little regard for textural variations (e.g., Bathurst, 1961; Folk,
1965; Bathurst, 1971; Pittman, 1971). More recent studies, however,
document a wide variety of LMC microcrystal textures and have at-
tempted to explain their diagenetic origins (Moshier, 1989a; Lambert
et al., 2006; Deville de Periere et al., 2011).

In the preceding sections, various controls, such as mineralogy,
texture, and diagenetic environment have been discussed in terms of
their impact on the stabilization process. These controls not only affect
the development of LMC microcrystals and associated micropores, but
also the textures exhibited by LMC microcrystals that result from sta-
bilization (Longman and Mench, 1978; Moshier, 1989a). In nature, the
diagenetic history is often too complicated to discern the texture of the
initial product formed during the mineralogical stabilization reaction.
Moreover, experiments investigating the stabilization of carbonate se-
diments are limited and extremely controlled compared to natural
settings (McManus and Rimstidt, 1982; Papenguth, 1991). Compli-
cating matters further is the understanding that LMC microcrystals
presumably undergo textural changes throughout their entire diage-
netic history (Lambert et al., 2006; Deville de Periere et al., 2011;
Hasiuk et al., 2016).

Moshier (1989a) suggested that higher porosity crystal-framework
textures (Fig. 10) result from a mineralogical stabilization process that
takes place in a closed system (i.e., high rock/water ratio), without
substantial addition of carbonate material from an external source as
cement. The lower porosity mosaic texture, conversely, was interpreted
to form in an open system (i.e., low rock/water ratio) whereby addi-
tional carbonate is introduced from an outside source (Moshier, 1989a).
Lambert et al. (2006) interpreted the rhombic LMC to result from mi-
neralogical stabilization in seawater via dissolution of HMC and pre-
cipitation of LMC. They reasoned that the dissolution of aragonite
would increase the Ca/Mg ratio, causing fluids to become under-
saturated with respect to HMC and supersaturated with respect to LMC
(Lambert et al., 2006). Lambert et al. (2006) interpreted anhedral
compact textures to result from granular euhedral textures overprinted
by further cementation induced by chemical compaction. The anhedral
compact texture was observed in association with cemented facies
(Lambert et al., 2006). Rounded LMC microcrystals have been inter-
preted to result from dissolution of granular euhedral LMC micro-
crystals (Lambert et al., 2006; Tavakoli and Jamalian, 2018). This
dissolution process of LMC microcrystals was proposed to take place in
the burial environment and is unrelated to dissolution of metastable
sediments during mineralogical stabilization (Lambert et al., 2006).
Lambert et al. (2006) observed the occurrence of rounded textures in
the oil zone of Cretaceous limestones in Iraq and U.A.E., in the Middle
East and suggested that they resulted from the dissolution at the edges
and corners of rhombic crystals by acidic burial fluids. Lambert et al.
(2006) argued that dissolution reduced the diameter of LMC micro-
crystals by > 1 μm and increased porosity by 8–13%. The rounded
shape of crystals as well as channels observed between adjacent crystals
were considered as evidence of dissolution. It was further reported that
the porosity created by dissolution remained open and filled with hy-
drocarbons suggesting to Lambert et al. (2006) that acidic fluids were

emplaced prior to or coeval with oil emplacement. Earlier, Moshier
(1989a) reported the occurrence of smaller than average, and more
rounded crystals along the edges of microchannels in Lower Cretaceous
in age limestones from an undisclosed location in the Middle East.
However, the SEM photomicrograph provided is of low resolution and
does not clearly show rounded crystals (Moshier, 1989a, Fig. 8).
Kaczmarek et al. (2015) found that crystals in the granular subhedral
textures were slightly smaller than 2 μm, whereas crystals exhibiting
the granular euhedral (their hypothesized precursor) were slightly
larger than 2 μm, an observation that is consistent with the idea that
dissolution reduced crystal size. However, Kaczmarek et al. (2015) re-
ported that the granular subhedral crystals were not rounded, but ra-
ther polyhedral with well-defined crystal faces, an observation that is
inconsistent with the dissolution model.

Upon reevaluating data from Lambert et al. (2006), Ehrenberg et al.
(2012) argued that the amount of increase in porosity attributed to
dissolution was unrealistic. They demonstrated that a reduction in
crystal diameter from 4.5 μm (48 μm3 volume) to 3 μm (14 μm3 volume)
would result in a 71% loss of solid material. They also showed that the
published porosity and crystal size trends from Lambert et al. (2006),
when extrapolated, would result in only 64% porosity when crystal size
is equal to zero. This suggests that larger LMC crystals were ignored in
the analysis, and that cementation likely occurred in other parts of the
reservoir (Ehrenberg et al., 2012). Ehrenberg et al. (2012) further ar-
gued that acidic fluids would have likely caused extensive dissolution
along the entire fluid migration pathway, not only along the structural
crest of the reservoir as reported by Lambert et al. (2006).

Morad et al. (2018) argued that the dissolution hypothesis is in-
capable of explaining rounded LMC microcrystals because dissolution
would produce etched and pitted anhedral crystals rather than smooth
rounded crystals. It has been shown, however, that the mechanism by
which dissolution occurs in carbonate minerals, largely depends on
chemical variables, such as saturation state (Berner and Morse, 1974),
and defect microstructure (Kaczmarek and Sibley, 2007). For example,
in experiments conducted at pH=3.9 and PCO2 = 10 2.5, Berner and
Morse (1974) showed that rhombic LMC crystals dissolved to form
rounded crystals. Alternatively, Morad et al. (2018) proposed that
rounded (spheroidal) crystals can be associated with microbial pre-
cipitation of CaCO3, though these forms are typically aragonite or HMC
(e.g., Folk, 1993; Perri and Tucker, 2007; Maruthamuthu et al., 2010;
Spadafora et al., 2010). Maruthamuthu et al. (2010) reported bacterial
precipitation of LMC, yet crystals were mostly not rounded, but rather
rod shaped. Mineralogy of the bacterially precipitated carbonates is
important, because if the mineralogy is aragonite or HMC, then it will
be subjected to mineralogical stabilization, and thus textural alteration.

Deville de Periere et al. (2011) observed that compact anhedral
textures were accompanied by either micro-stylolitization or epitaxial
overgrowth cement between LMC microcrystals. Additionally, clay
contents were higher (10–20%) in the compact anhedral texture,
compared to the microporous textures (0.1–10%) (Deville de Periere
et al., 2011). These observations were interpreted to reflect pressure
solution that led to subsequent cementation between LMC micro-
crystals. An association between stylolite abundance and fitted textures
has been observed earlier by Moshier (1989a) from a Cretaceous re-
servoir in Middle East (Shuaiba Formation), and by Kaczmarek et al.
(2015) in limestones from the Black Sea Region. Interestingly, the fitted
textures and stylolites occurred approximately 10m shallower than the
limestones with stylolites exhibiting granular subhedral textures, sug-
gesting that the relationship between LMC microtexture and burial
depth is somewhat complicated.

6. Chalk microporosity

Despite being fundamentally different in terms of precursor miner-
alogy and texture (Hancock, 1975), chalk diagenesis is important to the
discussion of limestone microporosity. Unlike shallow marine
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carbonate sediments, which are characterized by wide array of carbo-
nate minerals and textures, deep marine chalks are invariably LMC with
a more straightforward diagenetic pathway (Scholle, 1977). Ad-
ditionally, chalks serve as an analogue for shallow marine limestones
deposited during times of calcite seas, which are hypothesized to have
initial sediments dominated by LMC.

Chalks are regarded as deep marine deposits, mainly composed of
calcareous nano- and micro-fossils, along with other, less common, si-
liceous, organic, and siliciclastic components (Scholle, 1977; Fabricius,
2007). Modern deep marine sediments (i.e., “ooze”) consist of the
skeletal remains of various calcareous planktic organisms, such as for-
aminifera, coccoliths, and pteropods, as well as siliceous organisms,
such as radiolaria and diatoms (Milliman, 1974; James and Jones,
2015). Planktic organisms inhabit near-surface (upper 300m) marine
waters, but once they die they settle through the water column and
accumulate as “pelagic rain” on the sea bottom (Ekdale and Bromley,
1984). The tests of planktic foraminifera are typically the main con-
tributors to the sand-size fraction in the sediment, whereas skeletal
fragments usually contribute to the silt-size fraction (Milliman, 1974).
Coccoliths typically disintegrate into particles< 6 μm (Milliman,
1974). Both planktic foraminifera and coccolith are LMC, pteropods are
aragonitic, whereas radiolarians and diatoms are siliceous (James and
Jones, 2015). Contribution of the different planktic organisms to the
pelagic sediments vary spatially and temporally (Bukry et al., 1971;
Milliman, 1974). In modern oceans, planktic foraminifera are generally
considered the significant contributor to deep marine sediments
(Milliman, 1974). In the Mediterranean and the Black Seas, however,
coccoliths are more dominant (e.g., Bukry et al., 1971). Based on
measured coccolith abundances in several stratigraphic units, Bramlette
(1958) proposed that contribution of coccoliths to calcareous oozes was
greater during the Tertiary than its today.

Unlike the shallow marine sediments comprised of aragonite and
HMC that stabilize to LMC microcrystals, deep marine sediments start
out as mostly LMC (Schlanger and Douglas, 1974; Hancock, 1975;
Scholle, 1977). Consequently, mineralogical stabilization is not a

significant diagenetic process in chalk. Instead, chalk diagenesis is
characterized by LMC-LMC recrystallization (Schlanger and Douglas,
1974; Fabricius, 2007; Hasiuk et al., 2016; Descamps et al., 2017),
thought to be driven by either chemical equilibration between the solid
phase and pore waters (Fabricius, 2007), or by Ostwald ripening
(Schlanger and Douglas, 1974; Hasiuk et al., 2016). LMC re-
crystallization has been suggested to initiate after the organic coatings
on carbonate skeletons are removed by bacterial activities (Henriksen
et al., 2004; Fabricius, 2007).

Chalk constituents share the same particle size range as the LMC
microcrystals in shallow marine microporous limestones (Hasiuk et al.,
2016). At the SEM scale, textures in chalk are distinguishable from
those of shallow marine microporous limestones by the presence of
nano- and micro-fossils that host micropores if chalk has not experi-
enced extensive recrystallization. Recrystallized chalk, on the other
hand, may look very similar to shallow marine limestones (Fig. 18).

Calcareous oozes are documented to have ≥70% primary porosity
(Scholle, 1977; Fabricius, 2007), which is present as interparticle and
intraparticle micropores associated with skeletal remains (Fabricius,
2007). Porosity can decrease by more than 40% in the first few kilo-
meters of burial (Cook and Cook, 1972; Scholle et al., 1974; Scholle,
1977; Fabricius and Borre, 2007), an observation attributed to me-
chanical compaction and/or chemical compaction and subsequent ce-
mentation (Schlanger and Douglas, 1974; Scholle, 1977; Fabricius,
2007). Mechanical compaction typically dominates during shallow
burial, whereas chemical compaction dominates during deep burial
(Schlanger and Douglas, 1974; Fabricius, 2007). Textural evidence for
mechanical compaction includes broken, deformed, and reoriented al-
lochems (Scholle, 1977). Experimental studies demonstrated that me-
chanical compaction of chalk can reduce porosity by up to 40% (Lind,
1993b; Fabricius, 2000, 2003). Schlanger and Douglas (1974) in-
vestigated the transition between deep sea oozes and lithified chalk in
several pelagic cores spanning Recent to Upper Jurassic in age. They
proposed that chalk porosity is reduced during a two-stage process. In
the first stage, porosity reduction from 80% to 60% is observed in the
upper 200m of the core (Schlanger and Douglas, 1974). Sediments in
the upper 200m were characterized by intact, but etched foraminifera
tests, and disaggregated coccoliths tests (Schlanger and Douglas, 1974).
Porosity reduction during this stage was attributed mainly to mechan-
ical compaction (Schlanger and Douglas, 1974). The second stage is
characterized by a further 40% porosity reduction, which was attrib-
uted to dissolution-reprecipitation as evidenced by the presence of se-
verely etched coccoliths fragments and foraminifera tests, as well as
LMC void filling cements. The burial diagenetic history of chalk has
been detailed by Fabricius (2003; Fig. 19).

7. Summary

Microporosity is a common attribute of ancient Phanerozoic lime-
stones. The vast majority of limestone microporosity can be attributed
to micropores hosted within a framework of LMC microcrystals, which
typically measure< 10 μm and occur in matrix and grains. Less
common types of micropores include microvugs, microchannels, and
micropores between spar cement crystals.

Many hypotheses have been put forward to explain the origin of
LMC microcrystals and associated micropores. The vast majority of data
suggests that LMC microcrystals form through diagenetic stabilization,
whereby a heterogeneous assortment of precursor sediments dominated
by metastable aragonite and HMC are converted to a more homo-
geneous collection of LMC microcrystals. This is largely a constructive
process in which LMC microcrystals precipitate in the pore spaces as
cement. This transformation, which is driven, at least in part, by mi-
neralogical stabilization is a common and fundamental process in
nature. Importantly, porosity is not created during this process, but
rather inherited from the precursor sediments. The pore system is
simply rearranged.

Fig. 18. SEM photomicrographs of chalk from the North Sea. A) Chalk char-
acterized by micro- and nano-fossils. Micropores are hosted between these
constituents. B) Recrystallized chalk that is, at the SEM level, undistinguishable
from shallow marine microporous limestones.
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The diagenetic environment where mineralogical stabilization takes
place is poorly understood. In modern Holocene sediments, LMC mi-
crocrystals have been observed among aragonitic mud in contact with
meteoric fluids but not in the underlying mixing zone. Experimental
investigations show that the presence of Mg inhibits mineralogical
stabilization of aragonite to LMC. However, LMC microcrystals have
been observed in Neogene-age rocks, interpreted to form in marine
fluids and presumably never influenced by meteoric fluids. In ancient
limestones, on the other hand, geochemical data suggest that LMC
microcrystals form during burial diagenesis in marine-like fluids. If
anything, these seemingly contradictory observations indicate the lack
of robust understanding of two of the principle types of carbonate di-
agenesis.

LMC microcrystals exhibit various textures that have distinct por-
osities, permeabilities, and pore throat radii. The diagenetic origin of
these textures has been attributed to various diagenetic processes. For
example, granular-euhedral textures have typically been considered the
product of stabilization process. Granular-subhedral (rounded) textures
have been attributed to dissolution by corrosive fluids. Lastly, fitted
textures have been interpreted to indicate cementation. Generally
speaking, most of these interpretations are based on limited evidence.

Mineralogical stabilization is governed by various controls that

determine the diagenetic product, and consequently, whether or not
LMC microcrystals will develop. Some of these factors are depositional,
such as precursor mineralogy, texture, and grain size, and some of them
are diagenetic, such as fluid chemistry, temperature, and water/rock
ratio. Diagenetic controls such as fluid chemistry and water/rock ratio
are more important than depositional controls in lime mud. In contrast,
depositional controls such as precursor mineralogy and microstructure
are more important in carbonate grains.

While more than half a century of research on microporosity and
lime mud diagenesis answered many questions and significantly im-
proved our understanding, it also raised many other questions that need
investigation in the future. Among these questions are:

1. Do diagenetic LMC microcrystals carry a depositional signature that
indicates mineralogy and texture of precursor sediment?

2. What is the textural product of mineralogical stabilization?
3. How the different physiochemical factors such as temperature, fluid
chemistry, precursor mineralogy, texture, and grain size affect tex-
tures of LMC microcrystals?

4. What is the role of the different diagenetic processes, such as dis-
solution, compaction, and cementation in modifying LMC micro-
crystal textures?

Fig. 19. SEM photomicrographs (left) and backscatter photomicrographs of epoxy-impregnated and polished thin sections (middle and right) from ODP Site 807
showing the development of chalk with depth. Modified after Fabricius (2003).
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