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ABSTRACT

Micropores are commonly found in mud-dominated fabrics located between microspar and microrhombic calcite. Under-
standing the development of micropores is important in petroleum geology to facilitate predicting its distribution and reservoir
properties in carbonate reservoirs. The diagenetic history of micropore development can be long and complex. Many geolo-
gists have emphasized dissolution of low-porosity micrite as the principal process in forming micropores, whereas others have
emphasized simple cementation of depositional carbonate mud. This study is focused on the early transformation of a deposi-
tional lime mud to a microporous microspar fabric. The material used in this study is from the core taken from well Clino on
the western slope of the Great Bahama Bank. Previous investigations of this transformation have concluded that microspar is
cemented aragonitic sediment. Results of our study suggest that the initial phase of the transformation is a replacement process
with dissolution of micrometer- to nanometer-sized aragonitic/calcitic precursor sediment and precipitation of 1- to 10-micron
microspar crystals. No porosity is gained or lost during this process indicating that no carbonate is added to or subtracted
from the system. Carbonate is added later in the form of porosity reducing cement. The increase in crystal size has a strong

impact on permeability by increasing permeability tenfold without changing porosity.

INTRODUCTION

Large volumes of micropores are present in many porous
carbonates. Micropores in limestones are often referred to as
microporosity, which is an incorrect use of the term porosity and
will not be used in this report. Micropores are located within
carbonate grains and between particles in carbonate mud.
Microporous carbonate muds are chalks if composed of mi-
cropores between planktonic sediment or mud-dominated fabrics
composed of micropores between micrite crystals. Microporous
mud-dominated fabrics are a diagenetic product of depositional
lime mud, whereas microporous chalks are typically made up of
sedimentary particles that ranging from microns to nanometers in
size. Petrophysically, porosity and permeability values of mi-
croporous lime mudplot within the petrophysical class 3 field
defined by Lucia (1995), whereas microporous chalks plot below
the class 3 field.

Understanding the development of micropores in mud-
dominated fabrics requires understanding the diagenetic history
of carbonate mud. Too often geologists conclude that micropores
are formed by simple dissolution without adequately considering
the precursor diagenetic history (Dravis, 1989; Jameson, 1994;
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Cantrell and Hagerty, 1999; Heasley et al., 2000; Lambert et al.,
2006). The focus of this study is to understand the changes in
texture, pore structure, porosity, and permeability that occur in
the mud fraction of mud-dominated carbonates during the initial
diagenetic stages.

Cores recovered from the west margin of the Great Bahama
Bank (Ginsburg et al., 2001) offer an excellent opportunity to
study the early development and petrophysics of micropores in
mud-dominated fabrics. Of particular interest is the Clino core
because (1) stable isotopes indicate a marine diagenetic environ-
ment for the Miocene and most of the Pliocene, thus eliminating
the added complexity of meteoric diagenesis, (2) aragonitic muds
transition downward into calcitic muds, and (3) a shift in poro-
sity-permeability relationships accompanies that transition
(Melim et al., 2001b). This study explores the reasons for the
change in porosity-permeability relationships at the boundary
between aragonitic and calcitic mud, as reported by Melim et al.
(2001a).

GEOLOGIC SETTING

The Clino core is well described in the Society of Economic
Paleontologists and Mineralogists Special Publication 70, edited
by Ginsburg (2001). In 1990, two holes were drilled, logged, and
cored on the western margin of Great Bahama Bank as part of the
Bahama Drilling Project. Well Unda was designed to core plat-
form sediments, and well Clino was designed to core slope sedi-
ments. This study is based on samples from the Clino core
(Fig. 1). The core from well Clino sampled Pleistocene through
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Figure 1. Depth plot showing location of samples and com-
paring mineralogy of current samples with that of Melim et
al. (2001a). Red dots are current data. Inset is a location
map for well Clino.

upper Miocene sediments, reaching a depth of 678 m (2222 ft).
All depths are listed as below mud pit. The depositional history
was well described by Kenter et al. (2001). The Pleistocene
is reefal. Pliocene and upper Miocene sediments are slope
deposits with sediment derived mainly from the shelf. The inter-
val of interest in this study is below 300 m (984 ft), which ranges
from mid-Pliocene to upper Miocene. The interval is divided
by two prominent marine hardgrounds at 367.1 m (1204 ft) and
536.33 m (1770 ft) (Fig. 1). Above the first hardground, the
carbonate is described as peloid lime mudstone, wackestone,
packstone, and grainstone. Below the first hardground, the car-
bonate is described as silt- to fine-sand-sized skeletal packstone
to grainstone with some wackestone. Note that the skeletal and
peloidal grains are generally in the silt-sized range and the core
has been characterized as monotonously muddy despite the pres-
ence of intervals of fine-grained grainstone and grain-dominated
packstone. The sediment was deposited in a slope environment,
and it is interpreted to have been transported off the shelf. The
change in texture above and below the hardground has been cor-
related with a change in sediment type from skeletal to nonskele-
tal that occurred on the shelf during the Pliocene (Kenter et al.,
2001).

DATA AND METHODS

Seventeen 1-in (2.54-cm) core plugs were collected from the
Bahama Clino core drilled on the western Great Bahama Bank
(Ginsburg et al., 2001) so that the relationship between porosity,
permeability, and rock fabrics in this micropore-rich system

could be studied. Sample depths are compared with a description
of core mineralogy published by Melim et al. (2001a) (Fig. 1).
The Pleistocene interval was not sampled because of the heavy
overprint of meteoric diagenesis during Pleistocene sea-level fall.
Sampling was concentrated in the upper Miocene to Pliocene
section, where geochemical evidence indicates the presence of a
marine diagenetic environment (Melim et al., 2001a). The sam-
pling program was focused on collecting material across the tran-
sition from aragonite-rich to aragonite-poor carbonate so that
changes in fabric and petrophysics could be observed.

Mineralogy was determined using x-ray diffraction (XRD)
by Dr. Necip Guven at the University of Texas at San Antonio
using a Rigaku-Ultima IV (2007) diffractometer (Fig. 1; Table
1). Dolomite amounts are similar to those presented by Melim et
al. (2001a), and the transition from aragonitic carbonate to calcit-
ic carbonate has the same trend. The volume of aragonite in the
lower 13 samples presented in this paper is similar to that of pub-
lished data.

Some aragonite amounts in the upper four samples are sub-
stantially lower than those in published data (Fig. 1). The upper
two samples have 25 and 30% aragonite, respectively, whereas
volume of aragonite reported by Melim et al. (2001a) is around
50%. The next lower sample has 12% aragonite compared with a
published value of 40%, and the next lower sample has 16%
aragonite, which is close to the value of published data. The
aragonite percentages reported herein were tested by comparing
grain densities measured by Weatherford Labs with reconstructed
grain densities using XRD mineral percentages. Grain densities
were calculated using a density of 2.93 for aragonite, 2.71 for
calcite, and 2.87 for dolomite, and mineral percentages from
XRD (Table 1). Calculated grain densities for the upper two
samples average 2.77 gm/cc, which compares favorably with
2.75 gm/cc from core analysis. However, if 50% aragonite is
used, calculated grain density is 2.82 gm/cc, which is not compa-
rable to core grain density values. Therefore, we think that our
XRD data are accurate. The reason for this disparity with pub-
lished data is unknown, but is probably related to sample bias.

The 17 samples were analyzed for porosity and permeability
by Weatherford Labs in Midland, Texas. Porosity was measured
using a Boyles’s Law Porosimeter and permeability was meas-
ured using a Hassler Permeameter. In addition, mercury injec-
tion capillary pressure (MICP) was measured on five samples by
Exxon Mobil Corporation. Porosity and permeability results
(Table 1) are compared with data published by Melim et al.
(2001b) (Fig. 2). Published data are from a variety of sources.

Porosity was obtained from neutron logs and from scattered core
plugs. Permeability was measured on core plugs using a Hassler
Sleeve and on core slabs using a minipermeameter. Miniperme-
ameter data were averaged over 3-ft (1-m) intervals.

In general, new porosity and permeability values are similar
to those of the published data. The published data are from a
variety of scales. Permeability data are averaged miniperme-
ameter measurements, whereas porosity data are from the neu-
tron log. Only core-plug data from the same depth would be
expected to be directly comparable. The published data between
about 350 and 370 m (1148-1214 ft) has a number of plug meas-
urements that matched our data but has five core plugs with low
porosity and permeability values that do not correspond to any in
our sample set (Fig. 2). However, the published plug porosity is
much lower than neutron log porosity, and plug permeability is
much lower than averaged minipermeameter permeability, which
suggests that these plug samples were from cemented thin beds
that are not sampled in this study. The low minipermeameter
value at about 422 m (1384 ft) was not confirmed by the new
sample 1384, which has a permeability of 10 md rather than 0.1
to 1.0 md. The low published permeability at about 442 m (1450
ft) was sampled (sample 1451), but unfortunately permeability
could not be measured.

New samples show a shift from low to high permeability
values at about 367 m (1204 ft), whereas porosity remains rela-
tively constant. Published data show a similar shift in permeabil-
ity. The new samples were selected to investigate the reason for
this shift in permeability.
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Table 1. Basic thin section descriptions, core measurements, and mineralogy. All depths are below mud pit.

(GDP = grain-

dominated packstone, MDP = mud-dominated packstone, Phi = porosity, Perm. = permeability, GD = grain density, Arag. =
Aragonite, LMC = low magnesium calcite, Dol. = dolomite, and XRD = x-ray diffraction.)

Sample Depth Thin Section Core Measurements XRD

feet | meters | Fabric Vlz‘?/os) 5,2)' P:n';nc;) GD Ar(?,Zj L:\‘I,I/OC) [zf,;ol )

992 302.4 | skeletal wackestone 0| 424 212 | 2.74 25 73 2
1071 326.5 | skeletal wackestone 0| 422 1.74 | 2.75 30 68 2
1155 352.1 | skeletal wackestone 3 38.5 6.88 | 2.69 12 86 2
1188 362.2 | skeletal wackestone 5 38.8 3.04 | 2.71 16 84 0
1204 367.1 | Marine Hardground
1208 368.3 | skeletal/peloid MDP 3| 474 118.82 | 2.71 2 71 27
1216 370.7 | skeletal/peloid MDP 10 | 451 12241 | 2.68 2 83 15
1248 380.5 | cemented silt-size skeletal/peloid GDP 0 171 233 | 2.71 2 89 9
1321 402.7 | silt-size skeletal/peloid GDP 5] 289 1012 | 2.69 2 85 13
1384 422.0 | skeletal/peloid wackestone 8| 33.0 9.41 2.68 4 91 5
1451 444 .2 | skeletal wackestone 0| 429 NA | 2.71 5 60 35
1518 462.8 | skeletal/peloid MDP 5| 39.9 65.67 | 2.68 1 85 14
1582 482.3 | skeletal/peloid MDP 10 | 46.0 78.65 | 2.71 2 85 13
1643 500.9 | skeletal/peloid MDP 8 | 40.0 68.32 | 2.67 3 85 12
1768 539.0 | silt-size skeletal/peloid GDP 5 39.0 169.01 2.72 0 34 66
1879 572.9 | skeletal/peloid MDP 7| 434 12642 | 2.66 2 79 19
1974 601.8 | skeletal/peloid MDP 10 | 40.9 179.03 | 2.67 1 79 23
2093 638.1 | skeletal/peloid MDP 7 34.2 43.05 | 2.72 1 78 21

The relationship between permeability, pore-size, and rock
fabrics was studied using scanning electron microscopy (SEM)
images of broken surfaces and polished thin sections from the 17
samples. Standard thin sections impregnated with fluorescent
blue dye were prepared for microscopic examination. Thin-
section descriptions (Table 1) differ from those provided by
Melim et al. (2001a, 2001b) because they used the Dunham clas-
sification, and this paper uses a modified Dunham classification
that divides packstone into grain-dominated packstone (GDP)
and mud-dominated packstone (MDP) (Lucia, 1995). Seven
broken rock chips and ten polished thin sections were prepared
for viewing on a field-emission FEI Nova NanoSEM 430 having
a Bruker energy-dispersive spectroscopy system. Rock chips
were coated with gold palladium. Polished thin sections were
coated with carbon.

ROCK FABRIC—
PETROPHYSICAL RELATIONSHIPS

Porosity and permeability are crossplotted and compared
with standard petrophysical rock fabric class fields (Lucia, 1995)
(Fig. 3). Aragonitic samples plot below the class 3 field, and
calcitic samples plot in the class 3 field. Permeability has been
shown to be a function of pore-throat size (Pittman, 1992), and
permeability in these samples is also assumed to be related
to pore-throat size. To test this assumption, five samples—two
low-permeability —aragonitic carbonates and three high-
permeability calcitic samples—were submitted for mercury-
injection capillary pressure tests to measure pore-throat sizes
(Fig. 4). The average median pore-throat radius of aragonitic
samples 992 and 1155 is 0.22 pm, which is within the micropore-
size range. The median pore-throat radius of calcitic samples
1208 and 1974 is 2.20 um, which is within the mesopore-size
range. Calcitic sample 1384 has an intermediate pore-throat radi-
us of 0.74 pm because porosity is reduced to 33% by calcite ce-
ment filling pores and reducing pore-throat size accordingly (Fig.
4b). Permeability and pore-throat size correlate well, as predict-
ed (Fig. 5).

Two basic rock fabrics are considered to be present on the
basis of thin-section descriptions and SEM images. The first
fabric is a skeletal wackestone with micrite composed of a range
of crystal sizes and shapes (Fig. 6) that is characteristic of the
upper four samples. SEM photographs show this fabric to be
composed of (1) elongated crystals with pointed ends ranging in
size from 1 to 3 um that are referred to as needles, (2) elongated
crystals with square ends ranging in size from several microme-
ters to nanometers that are referred to as rods, and (3) anhedral
equant crystals that are mostly in the nanometer range. This tex-
ture is referred to herein as minimicrite (see discussion by Folk,
1974; Maclntyre and Reed, 1995, 1998). The second fabric typi-
cally is a skeletal/peloid MDP with varying amounts of small
oval vugs (Fig. 7). SEM photographs show the mud fraction
dominated by 1 to 10 pm calcite crystals referred to as micro-
spar. The crystal size of the microspar includes some crystals
that are smaller than proposed by Folk (1965), but the average
size is about 5 um, which is consistent with Folk’s definition.
One to 20% remnant minimicrite is found lining pore space.
Minimicrite crystals are micron- to nanometer-sized rods and
anhedral crystals with few needle-shaped crystals.

Minimicrite fabric grades into microspar fabric. Thin sec-
tions show the upper four samples to be characterized by mini-
micrite, with a few Globigerina and silt-sized patches of sparry
calcite thought to be recrystallized skeletal fragments (Fig. 3a).
The upper two samples (992 and 1071) contain 25 to 30% arago-
nite, respectively. SEM backscatter photographs show a few silt-
sized skeletal fragments composed of sparry calcite in a mini-
micrite matrix (Fig. 8a). The porosity of both samples is 42%;
permeabilities average 2 md. Measured median pore-throat radi-
us of sample 992 is 0.15 pm.

The next two samples (1155 and 1188) differ somewhat
from the upper two samples. In thin section, they contain 3 to
5% oval vugs about 30 um in diameter. They have less aragonite
(12 and 16%, respectively). Note that SEM photographs show
scattered 2- to 5-pum microspar crystals associated with pore
space and small vugs interpreted to have formed by dissolution of
minimicrite (Fig. 8b). Microspar crystal faces are euhedral.
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Figure 2. Depth plot showing location of samples and com-
paring porosity and permeability of current samples with
that of Melim et al. (2001b). Red dots are current data.
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Figure 3. Cross plot of porosity and permeability illustrating
difference between microspar and minimicrite samples.
Microspar samples with external cement are flagged.

Rods and needle shaped crystals have a knobby texture and some
rods are cemented into slabs (Fig. 8c).

Porosity of these two samples is 38%, somewhat less than
that of the upper two samples. Permeabilities are 6.88 and 3.04
md, somewhat higher than those of the upper two samples. Me-
dian pore-throat radius of sample 1155 is 0.396 um. However,
the distribution of sizes shows a range from about 0.2 to about
0.6 pm (Fig. 4), which is consistent with a dual pore system con-
trolled by the size of minimicrite particles and the size of dissolu-
tion pores associated with microspar.

The lower 15 samples are characterized by microspar. In
thin section, these samples are predominantly skeletal/peloid
dolomitic MDP with up to 10% oval vugs between 30 and 50 pm
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Figure 4. Mercury capillary pressure data. (a) Capillary
pressure curves illustrating high entry pressures for mini-
micrite and lower entry pressures for microspar. (b) Distri-
bution of pore-throat radii showing minimicrite in the mi-
cropore range and microspar in the mesopore range. How-
ever, these pores are not visible in thin section and are all
considered microporosity.

in diameter (Table 1) (Fig. 7a). Two samples are skeletal dolo-
mitic GDP, and two are skeletal dolomitic wackestones. Skeletal
and peloid grains are very fine sand to silt size. XRD analysis
shows the average value for calcite is 77%, that of aragonite is
3% and that of dolomite is 20%.

SEM analysis conducted on seven microspar samples shows
a fabric of 1- to 10-um microspar, with varying amounts of mini-
micrite, dolomite, intercrystal pore space, and small vugs (Fig.
8d). Large patches of microspar are observed, and close exami-
nation shows that they are composed of microspar crystals that



Micropores in Carbonate Mud: Early Development and Petrophysics 5

1000 ————————————— ]
y = 2.66 * e"(1.7856x)
|
r2=0.82 L
"-g Microspar’O
— L 2 /
> 100; -
= [
& [ o
E [ 3
o = .
o rE Cemented microspar
(] =
§ 1o —= /
/0
L &
10 0.5 1 1.5 2 25 3

Median Pore-Throat Radius (microns)
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have coalesced (Fig. 8¢). When remnant minimicrite is present,
it is found lining pore space and plastered on faces of microspar
(Fig. 8f). The remnant minimicrite is composed of rods and sub-
micron, anhedral, equant crystals, and only a few needle-shaped
crystals.

Visual estimates suggest that most samples contain only a
small percentage of minimicrite. Samples 1384 and 1451, how-
ever, have an estimated 10 to 20% minimicrite and, interestingly,
4 to 5% aragonite, the highest percentage of aragonite in the mi-
crospar fabrics. In deeper samples, only small amounts of mini-
micrite remain, in the form of microrhombic calcite.

Two GDP samples, 1248 and 1321, have 17.1 and 28.6%
porosity and 2.33 and 10.12 md permeability, respectively, and
wackestone sample 1384 has 33% porosity and 9.41 md, much
lower than average values. SEM images show large areas of
microspar crystals cemented together (Fig. 9b), and thin sections
of GDP show cement in intergrain pore space (Fig. 9a). These
three samples illustrate the introduction of porosity-reducing
calcite cement after much of the minimicrite has been trans-
formed to microspar.

The lower 13 samples have an average porosity of 38% and
an average permeability of 83 md. The median pore-throat radii
of uncemented samples 1208 and 1974 are 1.81 and 2.58 um,
respectively. These values are much larger than those of the min-
imicrite samples and are linked to the size of microspar crystals
and microspar patches. Sample 1384 has an intermediate median
pore-throat radius of 0.74 um because cementation has reduced
porosity and pore size.

The conclusion from the sample descriptions is that pore-
throat sizes are controlled by crystal size and porosity. Mini-
micrite samples have the smallest crystal size and the smallest
pore-throat sizes, and the microspar samples have the largest
crystal size and the largest pore-throat sizes. Conversion of mini-
micrite to microspar has increased pore-throat size and permea-
bility without changing porosity.

TRANSFORMATION OF
MINIMICRITE TO MICROSPAR
Because no porosity is lost, the transformation of mini-

micrite to microspar is not a simple cementation process. There-
fore, the transformation is a replacement process. Minimicrite is

, ® s
A LAY
I 20 pwm

Figure 6. Clino 992. (a) Thin-section photomicrograph
showing sparry calcite skeletal fragments (s) in porous lime
mud (minimicrite), and (b) Broken surface SEM photograph
of minimicrite composed of 75% calcite and 25% aragonite,
showing texture of needles, rods, and anhedral equant crys-
tals in micro-to-nano size range.

dissolved and microspar precipitated locally. The initial fabric of
the Pliocene-age carbonate in this dataset (McNeill et al., 2001)
is composed of needles, rods, and anhedral equant calcite crystals
(Figs. 6a, 6b, and 8a), and the mineralogy is between 30 and 50%
aragonite, with the remainder being calcite. The exact mineralo-
gy and fabric of the original lime mud sediment are unknown but
may have been similar to current slope sediments that are 85%
mud and contain between 57 and 93% aragonite (Rendel and
Reijmer, 2002). Some aragonite could have recrystallized to
calcite during burial and before microspar development. Burial
compaction certainly reduced depositional porosity to the current
porosity of the 42%, which is consistent with mechanical com-
paction curves for this depth (Goldhammer, 1997).

The initial stage of microspar formation as seen in this sam-
ple set is dissolution of minimicrite enlarging intercrystal pore
space and local precipitation of microspar. Figure 8b shows mi-
crospar scattered in a matrix of minimicrite and small vugs juxta-
posed to microspar. Minimicrite has dissolved and microspar has
formed by precipitation. Some elongated and rod-shaped crystals
have a knobby texture, suggesting dissolution, and some rods
appear to be cemented into slabs (Fig. 8c). Crystal faces of mi-
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Figure 7. (a) Clino 1208. Thin-section photomicrograph
showing small vugs (v), foram (f), and sparry calcite skeletal
fragments (s) in porous lime mud (microspar). (b) Clino
1216. Broken surface SEM photography of microspar com-
posed of 1- to 10-mm anhedral calcite crystals and some
minimicrite plastered on crystal faces. Aragonite estimated
at 2% by XRD for this sample.

crospar are anhedral owing to minimicrite crystals inhibiting
growth of microspar. Note that porosity remains between 42 and
38% during this initial stage of microspar formation. Presence of
dissolution vugs adjacent to microspar and consistency of the
porosity indicate that compaction has not offset minimicrite dis-
solution.

The next stage of microspar formation is a fabric composed
of microspar with only a small percentage of remaining mini-
micrite lining pore spaces (Fig. 8d—8f). Microspar is commonly
coalesced into patches of calcite (Fig. 8¢). Individual microspar
crystals can be seen partly cemented together, and close examina-
tion of calcite patches shows that they are composed of microspar
crystals cemented together. Crystal faces are commonly uneven
(Fig. 8e¢). The porosity of microspar samples that do not show
evidence of cementation ranges from 47 to 39%. Note that the
starting minimicrite fabric was converted to microspar fabric
without any significant change in porosity. An increase in poros-
ity would be expected because the molar volume of aragonite is
about 8% higher than that of calcite. However, the effect of this
molar volume difference is negligible because average porosity
of the initial microspar is about 40% and the amount of aragonite
is 50% or less.

Figure 8. (a) Clino 1071. Backscatter SEM photograph
showing minimicrite and a few sparry calcite skeletal frag-
ments. (b) Clino 1188. Backscatter SEM photograph show-
ing minimicrite (mm), scattered microspar (ms), and intermi-
crospar pores (p) formed by dissolution of minimicrite.
Note uneven crystal faces. (c) Clino 1188. Broken surface
SEM photograph showing poorly developed rods with knob-
by texture, slabs of cemented rods (arrows) and submicron
rhombs. (d) Clino 1216. Backscatter SEM photograph
showing fabric composed of microspar, intermicrospar pore
space and small vugs. (e) Clino 1384. Backscatter SEM
photograph showing coalescing of microspar. Note uneven
crystal faces. (f) Clino 1384. Broken surface SEM photo-
graph showing 5- to 10-mm microspar crystals with intermi-
crospar pores and with minimicrite coating crystal faces.
Some crystal faces well developed and some poorly devel-
oped.

The consistency of porosity during transformation suggests
that the replacement occurred without any addition of carbonate
from an outside source. However, three microspar samples have
reduced porosity values and evidence of calcite filling intergrain
pore space and vugs, as well as pore space between microspar
crystals (Fig. 9). Therefore, the final stage is addition of car-
bonate from an outside source occluding pore space and reducing
porosity after most minimicrite has been converted to microspar.
The final result is the low-porosity microspar fabric commonly
observed in mud-dominated fabrics, as described by Lasemi and
Sanderg (1984).

The suggested transformation process is summarized in Fig-
ure 10. The minimicrite fabric has 40% porosity, very low per-
meability, and a very small pore-throat size. Carbonate from the
dissolution of minimicrite is used to grow microspar, resulting in
larger crystals, larger pores juxtaposed to microspar, larger pore-
throat sizes, and higher permeability without a significant change
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in porosity. The final stage in microspar development is a fabric
of 1- to 10-pum crystals, some of which are coalesced to form
patches, resulting in the highest permeability and largest pore-
throat sizes. Again, there is no significant change in porosity.
After formation of the microspar fabrics, addition of carbonate
from an outside source reduces porosity, permeability, and pore-
throat sizes. Porosity and permeability of the final fabric will
depend on the volume of imported carbonate, as well as degree of
burial compaction.

Interestingly, microspar crystals that formed by this process
commonly have crystal faces that are uneven and anhedral (Figs.
7 and 8). Minimicrite crystals are observed on crystal faces, and
the existence of anhedral crystal faces may be related to the inter-
ference of minimicrite crystals in the growth of microspar. Crys-
tal growth appears to be retarded when existing crystals are en-
countered. These crystals are later dissolved to provide CaCO;
for continued microspar growth, resulting in uneven crystal faces.

The textural changes observed are similar to those obtained
in experimental conversion of aragonite to calcite presented by
McManus and Rimstidt (1982) and Moshier and McManus
(1986) and described by Moshier (1989). In these experiments,
synthetic aragonite crystals were dissolved and reprecipitated as
10-pm calcite crystals.

DISCUSSION

The relationship between pore types and permeability in the
Clino samples was extensively discussed by Melim et al.
(2001b). They used measured permeability and porosity from 21
core plugs and minipermeameter permeability and neutron-log
porosity from 101 depths. The cross plot of porosity and permea-
bility from our 17 plugs is similar to that of their 21 plugs, except
that Melim et al. (2001b) recorded more scatter and, unlike those
workers, we have four samples with permeability ranging from 1
to 10 md and 40% porosity.

Macroporosity, — microporosity  (total — porosity less
macroporosity), and connected macroporosity were measured by
Melim et al. (2001b) from thin sections by point counting and
plotted versus permeability. They concluded that permeability is
related to connectivity of macropores and that microporosity
makes little contribution to permeability. MICP analysis demon-
strates that primary connected pore space is basically intercrystal-
line and located between minimicrite crystals, microspar, and
patches of microspar. Small vugs are connected through intermi-
crospar pore space. The connected pore space is not clearly visi-
ble in thin section and is considered to be micropores
(microporosity), although the pore-throat sizes range from micro-
to mesopore sizes. The difference between the low- and high-
permeability samples is the increase in crystal size resulting from
the transformation of minimicrite to microspar. Melim et al.
(2001b) concluded that permeability is related to macroporosity,
but did not attempt to relate crystal size of mud-dominated fab-
rics to porosity and permeability.

Melim et al. (2001b) defined macropores to include inter-
crystal pores, and pore space between microspars could be in-
cluded in their definition. Whether microspar intercrystal pores
are micropores or macropores depends on a judgment as to their
visibility in thin section. We think that because they are not
clearly visible in thin section, they are micropores.

The origin of microspar was discussed extensively by Folk
(1965), who concluded that it forms by neomorphic crystal
growth of a dense micrite. That conclusion was disproven by
Lasemi and Sanderg (1984), Munnecke et al. (1997), Westphal et
al. (2000), and Melim et al. (2002). These authors proposed that
microspar is instead formed by cementing aragonitic sediment
(sediment similar to modern sediment found on the Bahama Plat-
form) after or during conversion of aragonite to calcite.

We agree with these authors that cementation is an im-
portant aspect of forming a microspar fabric. However, our data
suggest that the initial phase of microspar formation is the re-
placement of minimicrite by microspar without significant
change in porosity. Previous authors recognized that the for-
mation of microspar requires some form of aragonite transfor-
mation. None of these authors, however, presented a clear meth-

Figure 9. Clino 1248. (a) Thin-section photomicrograph of
grain-dominated packstone with partly cemented intergrain
pore space (arrow). Porosity is 17.1% and permeability is
2.33 md. (b) Backscatter SEM photograph showing coa-
lesced microspar enclosing dolomite (d), pore space be-
tween microspar (p), vuggy pore space (v), and minimicrite
lining vug (mm).

od for this conversion. The model proposed by Munnecke et al.
(1997) suggested that microspar crystals form as cement, engulf-
ing aragonite needles and reducing porosity. Embedded arago-
nite crystals are later dissolved and filled with calcite cement.
These authors proposed that microspar nucleated only on calcitic
particles in the sediment, not on aragonite needles. They also
recognized that it would be difficult to dissolve embedded arago-
nite because embedded crystals are effectively isolated from in-
terstitial fluids. The source of the cementing carbonate was
thought to be external, which would imply that the formation of
microspar is a porosity-destroying mechanism. However, no
substantiating porosity data were presented.

The source of cementing carbonate was addressed by West-
phal et al. (2000). Their model calls for dissolution of aragonite
sediment from some beds, transporting the carbonate by diffusion
some distance, and cementing aragonitic sediment in other beds.
In this model, porosity of the dissolved sediment is kept constant
by inferred ongoing compaction. The distinction between beds
of aragonite dissolution (compacted) and cemented beds
(uncompacted) is based on textural observations and the concen-
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Increase in pore size with formation of microspar
in mud-dominated limestone fabrics while

porosity remains constant
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Figure 10. Diagram illustrating development of microspar fabric and associated intermicrospar pores by (1) dissolution of
porous minimicrite (depositional lime mud?) and precipitation of microspar with no loss or addition of CaCO;, and (2) later
addition of CaCO; in the form of porosity-reducing overgrowth cement. Porosity-permeability graphs illustrate progressive

change in petrophysics.

tration of palynomorphs in compacted beds. The implication is
that the cemented beds have very low porosity. However, the
authors did not test their model against porosity measurements,
and comparing their depth plot of compacted (dissolution) and
uncompacted (cemented) beds with the porosity log presented
shows no consistent correlation between low porosity and un-
compacted layers.

Melim et al. (2002) placed the studied interval in their
closed system of marine burial diagenesis and suggested a closed
system of recycling carbonate by dissolution in one location and
precipitation in another. Cement found in their grainstones
comes from an external source. This process is similar to the
process proposed here, except our model calls for dissolution and
reprecipitation on the scale of microns. These authors restated
that microspar in these samples is cement.

Previous authors argued that the presence of aragonite crys-
tal molds in microspar suggests cementation of the original sedi-
ment without a dissolution phase. By contrast, we observed min-
imicrite plastered on crystal faces in images of broken surfaces
and uneven crystal faces that we interpreted to be places where
minimicrite crystals interfered with microspar growth in
backscatter images of polished sections. Unlike previous au-
thors, we did not etch our samples to look specifically for arago-
nite crystal molds. However, had aragonite crystal molds been
present in our polished thin sections and backscatter images, we
would have expected to see evidence of them; we observed none.
In addition, XRD measurements show little or no aragonite re-
maining in the microspar fabric. Therefore, we see no evidence
that aragonite was engulfed by the microspar.

Petrophysical data support replacement of minimicrite by
microspar without any significant loss of porosity. Therefore, the
transformation process cannot be simple cementation. Instead,
the conversion of minimicrite to microspar is a process of disso-
lution of less-stable aragonite and nano-sized calcite crystals,
followed by local reprecipitation of more stable calcite. The
presence of dissolution vugs in the partly transformed mini-
micrite indicates that, contrary to Westphal et al. (2000), compac-
tion is not a major process in the transformation. Low-porosity
samples are partly cemented microspar fabric, with some rem-
nant minimicrite and little or no aragonite remaining.

More recently, Volery et al. (2009, 2010) presented a disso-
lution and reprecipitation model for Cretaceous microporosity

that is similar to the model presented herein for Pliocene-
Miocene micropores. However, they concluded that only calcitic
sediment converts to microspar and that aragonitic sediments are
transformed into tight micritic limestones. The data presented
here show that microporous fabrics can develop from transfor-
mation of aragonitic sediments. Volery et al. (2009, 2010) con-
cluded that the Clino fabrics described by Melim et al. (2002)
and Munnecke et al. (1997) are very different from their fabrics.
We suggest, however, that the fabrics described in sections 4 and
5 are similar to those described by Volery et al. (2009, 2010ears),
although their fabrics are Cretaceous in age and their sediment
probably contained less aragonite then our Neogene sediments.
In addition, Volery et al. (2009, 2010) concluded that mi-
croporous fabrics develop only in the meteoric diagenetic envi-
ronment. However, Melim et al. (2001a, 2002) demonstrated
that the Clino microporous fabrics described herein developed in
the marine diagenetic environment. These observations place
doubt on the assertion by Volery et al. (2009) that microporous
fabrics form only in calcitic seas.

CONCLUSIONS

The dominant permeability control in this sample set is pore-
throat size linked to crystal size. The transformation of mini-
micrite sediment to microspar increases crystal size, pore-throat
size, and permeability without a significant change in porosity.
The connecting pore space is intercrystal and is not clearly visi-
ble in thin sections. Therefore, it is considered to be microporous
even though pore-throat sizes range from micro- to mesoscale.

We agree with previous authors that cementation is im-
portant in the formation of microspar development. However,
we conclude that the transformation of minimicrite sediment to
microspar is a replacement process, not simple cementation.
Micrometer- and nanometer-scale aragonitic and calcitic mini-
micrite is dissolved and 1- to 10-pm microspar crystals precipi-
tate in the volume previously occupied by minimicrite and in the
associated pore space. Calcite not only replaces minimicrite
crystals but also grows as cement in pore space that existed be-
tween minimicrite crystals. The volume of replacement calcite is
balanced by the volume of carbonate dissolution. There is no
outside source of carbonate. After most of the minimicrite has
been replaced, cement grows in the intercrystal and vuggy pore
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space of the microspar fabric. The carbonate is from an unknown
outside source.

Simple dissolution is not a part of this diagenetic process. In
the early stages of development, porosity is not related to a sim-
ple dissolution event but is inherited from the precursor fabric.
Pore space is redistributed and pore-throat size modified through
a replacement process. Later, porosity is lost through cementa-
tion, and petrophysical properties are reduced accordingly.

Needle- and rod-shaped crystals are plastered on the surface
of growing calcite crystals and interfere with crystal growth, re-
sulting in uneven, anhedral, crystal facies. The aragonite crystals
are not embedded in microspar. Previous authors, viewing SEM
images of broken surfaces, may well have misinterpreted the
uneven crystal faces to be embedded aragonite crystals

A key observation in this study is that measured porosity
does not change significantly during the transformation of mini-
micrite to microspar, an observation that supports the conclusion
that the initial transformation is a replacement process and not
cementation. This observation illustrates the importance of link-
ing measured porosity, permeability, and pore size data to thin
section and SEM descriptions for an improved understanding of
carbonate diagenetic processes.
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