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ABSTRACT

Facies characterization can be utilized to locate reservoir rocks. However, it alone cannot predict permeability and reser-
voir performance due to the complexity of pore type variation. In this paper, cementation factor “m” in Archie's law is used to
quantify the pore type variation in a microbial carbonate formation in onshore Alabama. From log and core analysis, we find
that the dominant pores are: micropores (1 < m < 1.9), intercrystalline and intergranular pores (1.9 < m < 2.1), and vuggy
pores (2.1 <m < 3). The cementation factor deviation log is then introduced to assist in locating high permeability zones. The
results show that the deviation in m agrees with the velocity deviation, both of which display a similar trend with permeability.
Considering the similar impact of pore structure on resistivity and sonic velocity, m is further applied to estimate shear wave
velocity and predict the amplitude versus offset (AVO) responses of reservoirs. The results show that rocks dominated by vug-
gy, moldic/intragranular, or microporosity display distinctive AVO features, and that fluid detection in carbonate rocks using

conventional AVO classification is challenging.

INTRODUCTION

Carbonate rocks generally have a low recovery factor due to
a strong variation in pore type and permeability (Sheng, 2013).
Changes in size, shape, and connectivity of the pores can signifi-
cantly modify current and fluid flow. Many rock physics param-
eters have been proposed to characterize the pore structure varia-
tion (e.g. Anselmetti and Eberli, 1999; Sun, 2000). The cementa-
tion factor “m” in Archie’s equation has a strong dependence on
the shape of grains and pores, and is so named the “shape fac-
tor” (Archie, 1942, 1952; Salem and Chilingarian, 1999). The
value of m ranges from 1.8 to 4, which correlates with the per-
centage of vuggy porosity in total porosity (Lucia, 1983). Simple
large pores such as vuggy, moldic pores have higher resistivity
and cementation factor m while intricate small pores such as mi-
cropores have much lower resistivity and m (Verwer et al., 2011).
Doveton (1999) reported that, in carbonate rocks, the value of m
for intergranular or intercrystalline pore systems is 2, 1.4 for frac-
tures, 2.4 for vuggy pores, and greater than 3 for moldic pores.
Accordingly, the variation of permeability due to pore type
change has been found to have a good relationship with cementa-
tion factor m from laboratory experiments. Samples with higher
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permeability have higher cementation factors with a fixed porosi-
ty (Verwer et al., 2011).

Another challenging problem in carbonate rocks is
that conventional amplitude versus offset (AVO) workflows for
fluid detection may fail due to the pore structure effect (Sun,
2004). Sun (2004) found that AVO technology is better in fluid
detection in carbonate rocks with only microporosity. For moldic
rocks or rocks with a combination of micro-, inter-particle,
and moldic porosities, it is difficult to distinguish water
from hydrocarbons using AVO analysis. Instead, different
pore types show different AVO characteristics. However, the
modeling requires shear wave velocity data, which is often una-
vailable.

In this paper, the cementation factor m is first derived from
resistivity and density logs acquired in the Smackover Formation,
Little Cedar Creek Field, onshore Alabama. Then, an m devia-
tion (Am) log is created by comparing m to a value of 2. After-
ward, m and the m deviation (Am) log are investigated to charac-
terize the pore type and permeability heterogeneity. The cemen-
tation factor m is further used as a pore structure indicator in a
rock physics model to estimate shear wave velocity, considering
the similar effect of pore structure on resistivity and velocity.
The estimated shear velocity is integrated to model the AVO
response of the studied carbonate reservoirs. Compared to the
previous studies in the Smackover Formation of Little Cedar
Creek Field focusing on depositional models and related facies
(e.g., Mancini et al., 2006, 2008; Heydari and Baria, 2006; Ridg-
way, 2010), this study attempts to understand the petrophysical
and seismic responses to the depositional variation. The applied
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approach may be used to assist reservoir management in other
fields producing from microbialites (e.g., Green River Formation
and offshore Brazil).

METHOD
Pore Structure Index from Resistivity Log

We used the cementation factor m from Archie’s equation
(Archie, 1952) to quantify the pore type change and associated
permeability behaviors in the Smackover Formation. The ce-
mentation factor m is calculated using the provided deep investi-
gation resistivity (R,), apparent water saturation (R,,) logs and
density derived porosity logs (¢), based on the following equa-
tions:
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where a is assumed to be 1, and FF is the formation factor. Den-
sity-derived porosity is calculated using a variable grain density
based on the mineral compositions (Dou et al., 2011) and a con-
stant fluid density of 1 g/cc. A constant fluid density is selected
because there is very limited gas and oil show in the studied
well from core observation. The derived porosity is further
checked and corrected against core measurements where applica-
ble. It is noted that the value of a is not always 1 and can vary
between 0.5-1.5, following variations in lithology, pore struc-
ture and grain size (Winsauer et al., 1952). However, in car-
bonate rocks, a is close to 1. It is also noted that basic Archie’s
equation is chosen due to limited presence of clay in the studied
interval.

Based on Equations 1 and 2, the cementation factor m is
estimated at log scale. We then introduce a cementation factor
deviation log (Am) by comparing the value of m to a value of 2.
The concept of cementation factor deviation is similar to velocity
deviation log introduced by Anselmetti and Eberli (1999), which
is used as a tool for predicting of pore type and permeability.
The deviation of velocity is made by comparing the sonic log
velocity with the velocity calculated using the time-average equa-
tion of Wyllie (1956), as shown in Equation 3, which is valid for
connected intergranular porosity. Similarly, the value of 2 is
chosen to derive the cementation deviation log because it repre-
sents a rock frame with intergranular and intercrystalline pores
(Dullien, 1992).

1
=V v, 3)

here the velocity of the matrix (V) and water (V) is taken to
6530 m/sec and 1500m/sec for this study, respectively. The val-
ues are chosen because the studied formation is mostly limestone
and water wet. The cementation deviation log can be used to
correlate the pore structure change to permeability in the same
way the velocity deviation log can.

Pore Structure Index Guided
Shear Wave Estimation

In the studied field, a shear wave velocity log is not availa-
ble and is estimated using Sun’s (2000) rock physics model.
Based on extended Biot theory (Biot, 1962a, 1962b), Sun (2000,
2004) introduced a rock physics model and defined elastic pa-

rameters, termed the frame flexibility factors (y, y,), which are
used as proxies for pore structure classification.
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For the studied reservoir rock, we assume that
K=K, (®)
1= gy ©)

where K and u, K, and ud, K; and u; are total, dry frame, solid
matrix bulk modulus and shear modulus, respectively; and y and
7. are frame flexibility factors. Porosity (¢) is derived from den-
sity (p).

Based on Equations 4-9, the shear wave velocity can be
estimated as shown in Equation 10.
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The derivation of V; requires the input of a variable f
(Equation 11) which is closely related to the pore structure.

f=(-g)y ™" (11)

When porosity or the pore connectivity increases, rocks be-
come more susceptible to shear deformation than volumetric
change (Detournay and Cheng, 1993). Both will result in a low-
ered f'value. For instance, connected vuggy pores are much easi-
er to deform than isolated moldic pores. As porosity and pore
connectivity are the two most important factors deciding permea-
bility behaviors, permeability can, in turn, infer the relative mag-
nitude of /. We use the cementation factor m deviation (Am) log
as a proxy for permeability, and thus estimate f as shown in
Equation 12. The assumption is verified using the well log data
from another field where Vs is available and will be discussed in
the Results section.

Am = cf (12)

where f'is a function of pore structure shown in Equation 11, and
¢ is a constant for a specific rock type. The value of ¢ will also
be discussed in the Results section.

Pore Structure AVO Modeling

With known V), Vi, and p, AVO modeling is conducted at
different angles using the AVO module available in Hampson-
Russell Software (Russell, 2010), which is based on Zoeppritz
equations (Zoeppritz, 1919). Three surfaces separating four ma-
jor facies with distinctive pore types are selected to model the
AVO response of seismic wave propagation. The effect of pore
type on AVO response will be discussed in the Results section.
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Little Cedar Creek Field (LCCF), onshore Alabama (Fig. 1),
is an oil field with limited gas production. From 1994-2013,
cumulative production is 20 million barrels of oil and condensate,
and 19 million cubic ft of gas (Tonietto, 2014). The producing
reservoirs are low-energy microbial thrombolite and oolitic
grainstone of the Smackover Formation. The oolitic grainstone
was deposited in a high-energy, near-shore environment on a
carbonate ramp (Ahr, 1973) (Fig. 2). The ramp was created dur-
ing sea level regression on the northeastern Gulf of Mexico plat-
form, which was characterized as several marginal extensional
basins created after the Early Triassic breakup of Pangea
(Stanley, 2008). Following that, the Jurassic Smackover For-
mation was deposited within these basins. The deposition was
compartmentalized by a series of structural highs (Heydari and
Baria, 2006). Pre-Jurassic salt tectonics resulted in variations of
topography (Ahr, 1973).
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The post-rift deposition within the Gulf Coastal Plain is
greatly affected by the Late Jurassic and Early Cretaceous trans-
gression-regressive (T-R) sequences (Fig. 3). The Smackover
Formation is deposited within one of the sequences, and is sub-
divided into the lower transgressive systems tract (TST) and up-
per highstand systems tract (HST). Five major facies formed
following the sea level change. Transgressive lime-mudstone,
microbial thrombolite, and microbially influenced packstone
were deposited successively during the TST, following sea level
rise. The maximum flooding zone is characterized by subtidal
lime mudstone/wackestone and condensed section. Nearshore
peloid/ooid grainstone and peritidal mudstone/dolostone have
deposited afterward during HST when sea level drops (Mancini
et al., 1990). Thrombolites with a clotted, mottled and nodular
texture, and rare domal and branching structures, was deposited
in nearshore, shallow subtidal paleoenvironments along the up-
dip margin of Smackover Formation deposition (Mancini et al.,
2008).

LEGEND

Approximate Updip Limit of
the Smackover Formation

X

Basement Arch, Ridge, or
Anticline

Smackover Basement
Ridge Play

£
wn
@
()]
= | MISSISSIPPI
INTERIOR ]
SALT BASIN LITTLE CEDAR CREEK FIELD
ALABAMA __ CONECUH
FLORIDA SUB-BASIN e
/ (09
/ X
. Y 3
. . 6\6\0 // 6(\500
Wiggins Arch %Q}Q@‘ ."/ <
GULF OF MEXICO

Figure 1. Regional structure map of the Gulf Coastal Plain, with information on the location of Little Cedar Creek Field and the
distribution of the Smackover Formation (modified after Tonietto, 2014).
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Figure 2. Depositional facies model for the Smackover Formation.
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Figure 3. Sequence stratigraphy of Smackover Formation in
Little Cedar Creek Field, Alabama (modified after Mancini et
al., 2008).

The dominant pore types vary significantly as the facies
change (Fig. 4). Vugs are mainly located in thrombolite facies
developed during transgression. Microporosity is mostly found
in transgressive mudstone and wackestone units at the end of
transgression. Most of the grainstone unit consists of moldic
pores generated by the dissolution of ooids after exposure during
regression. Petrophysical properties vary significantly within the

thrombolite with porosity varying from 3 to 19% and permeabil-
ity varying from less than 1 to 100 md, locally as much as 500
md (Tonietto, 2014). Dolomitization is limited and often occurs
within the thrombolite facies in the southern portion of the field.
The porosity for these intercrystalline pores varies between 10 to
21%, and permeability ranges from 150 to 850 md. Vugs devel-
oped from sucrosic intercrystalline pores create a much larger
permeability that ranges from tens of md to hundreds of md. In
comparison, most of the grainstone unit consists of moldic pores
generated by the dissolution of ooids. The porosity is good,
ranging from 5 to 32%. However, permeability within the grain-
stone unit is poor, varying from 1 to 10 md (Tonietto, 2014).
Facies mapping assisted in the interpretation of pore types, char-
acterizing pore structure, and finding reservoir zones. The lim-
ited amount of dolomitization and good preservation of deposi-
tional rock fabrics make it an excellent region to study the effects
of depositional rock texture on petrophysical properties.
Conventional logging data from 81 wells were used in this
work. Of the 81 wells, 27 wells have core data, and a few wells
have special core analysis data. There is no shear log infor-
mation available from the wells. Therefore, shear wave velocity
will be estimated as outlined in the Methods section and then
applied for seismic AVO modeling. The well used the most in
this paper is from Well McCreary 21-1, which has 70 ft of
core measurements such as porosity, permeability, thin sections,
and core descriptions. Unfortunately, seismic reflection data
(Handford and Baria, 2007) were not available for this study.

RESULTS
Pore Type Estimation

As shown in Figure 4, the Smackover Formation has diverse
pore types for different facies units, which have significantly
affected the rock properties. Figure 5 shows conventional logs
and core measurements. Gamma ray (GR) and photoelectric
factor (PEF) log shows that the studied interval is dominated by
limestone matrix. The estimated matrix density and density po-
rosity match well with the grain density and porosity from core
lab measurement respectively, which the basis for an accurate
estimation of m. Figure 5 also displays that grainstone and
thrombolite have different resistivity values while both have low-
er porosity and velocity than mudstone. Thrombolite has higher
average permeability than grainstone due to the occurrence of
connected vuggy pores. Neither velocity nor porosity can distin-
guish the three facies noted alone. However, as illustrated in
Figure 5, the calculated cementation factor m can be used to dis-
tinguish all three facies. The value of m for thrombolite is slight-
ly larger than that for grainstone, while mudstone displays the
smallest m among the three.

Figures 6 and 7 show the cross plots of FF and V), against
density porosity. For a given porosity, both FF and V), show a
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significant variation. Because the formation is relatively thin, in-
situ pressure and temperature are considered to be constant,
changes in pore structures cause the variations in #F and V,,. The
cementation factor (m) from Archie's law shows clear trends
when used to study the scattered cross plots of formation factor
and sonic velocity versus porosity due to its close relationship
with reservoir pore structure. For m < 1.9, FF and sonic velocity
are low at a fixed porosity as microporosity dominates the rock.
Micropores with larger pore numbers at a given porosity may
result in better continuity for conducting electrical current and
lower resistivity, while their relatively compliant rock mechanics
lowers the velocity. Meanwhile, micropores restrict fluid flow
with increased capillary actions, compared with larger pores at a
given porosity. When 1.9 < m < 2.1, the dominant pore type is
interparticle or intercrystalline porosity. The interparticle pores
in grainstone often occur with moldic porosity while intercrystal-

Figure 4. Images of scanned
thin sections from 1 in (2.5 cm)
B diameter plugs, the blue color
indicates pore spaces. The
dominant features observed are
(A, B) moldic porosity, (C) highly
vuggy porosity, (D) intercrystal-
line and vuggy porosity, (E) sty-
lolite and microporosity, and
(F) highly cemented grainstone.

line porosity in thrombolite units are due to partial dolomitiza-
tion. When 2.1 <m < 3, the dominant pore type is vugs, widely
distributed in thrombolites, which can be connected or isolated.
Compared with microporosity at a given porosity, large vugs
have a relatively low number of pores and create reduced flow
paths for electrical charge resulting in higher resistivity. Howev-
er, the permeability of these vugs for fluid can be high where
vugs are connected with large pore throats as shown in Figure 4.
For the very low porosity zone (<2%), the FF and sonic velocity
can be very high, and m can be larger than 3 because the rock is
highly cemented and rigid.

Permeability Evaluation

Carbonate pore type variation can significantly affect perme-
ability by changing the pore throat size and connectivity. Ce-
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Figure 5. A representative conventional core and well log data for this study. The facies description and calculated cementa-
tion factor m are also illustrated.
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Figure 6. A plot of formation factor FF and corrected density porosity with cementation factor m being the color indicator. The
green line shows the relation between FF and porosity when m is 2. Scanned thin sections from 1 in (2.5 cm) diameter plugs for
the selected samples are also shown.
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Figure 8. Semi-log plot of air permeability against porosity
from core measurement. Cementation factor is the color indi-
cator. Higher cementation factor displays higher permeabil-
ity. The two blocks are data with thin sections shown in Fig-
ure 9.

mentation factor m as a pore structure indicator can be used to
evaluate permeability. Figures 8 and 9 show that the moldic
grainstone with a high cementation factor m has a relatively low-
er permeability. Thrombolites with a lower cementation factor

have higher permeability than moldic grainstone. Mudstone and
wackestone with microporosity as the dominant pore type show
the lowest cementation factor and lowest permeability. However,
when fractures develop in the mudstone the permeability can
increase. It is noted that although most of the rocks from the
same facies have a similar range of value for m, m can be quite
variable within the same facies such as thrombolite.

In the Little Cedar Creek Field, the oolitic grainstone and
thrombolite units are the two major reservoirs. However, the
reservoir quality differs depending on the connectivity of moldic
pores in grainstone and vugs in thrombolites. The thrombolite
facies has a relatively large connected vuggy porosity, resulting
in a higher m value and higher permeability than the grainstone
unit. Therefore, the cementation factor deviation log can be used
similarly to velocity deviation log to identify permeable zones
(Fig. 10). The velocity deviation and cementation factor devia-
tion are in agreement, both showing similar trends with permea-
bility. This is especially true in high permeability zones which
can be correlated with positive m and V), deviation logs. The m
deviation (Am) is as high as 0.9 with an average of 0.4 for the
two zones. However, the deviation logs only provide a qualita-
tive way to distinguish high permeable zones from less produc-
tive zones and cannot be applied to seismic. To understand the
seismic responses of different pore types, AVO modeling is ap-
plied using the estimated shear wave velocity log.

Shear Wave Estimation

In this study, the effect of cementation factor m on resistivity
in Archie’s law is mathematically similar to the influence of a
predefined frame flexibility factors y and y, on velocity in Sun’s
rock physics model, as shown in Equations 2 and 6 (Sun, 2004).
The application of frame flexibility factors for pore type predic-
tion is limited in this field due to insufficient shear wave velocity
information. However, with given pore type information, this
rock physics model can be used to estimate the shear wave veloc-
ity, which is needed to study the elastic properties of the rock and
to create synthetic seismic models.

As outlined in Methods, m is used to classify the pore types
and to obtain the solution to Equation 11 by searching for the ¢
value in Equation 12. A well from Puguang Gas Field in South-
western China, with shear velocity logs is first studied to test the
assumed relationship between m and f'in Equation 12. Puguang
gas field is dominated in production from the Triassic Feixian-
guan Formation, which has similar pore types as occurred in
Smackover Formation. The selected well has two distinctive
pore types adjacently in the Triassic Feixianguan reservoir,
namely intergranular and dissolution porosity (Ma et al., 2007,
Yu et al., 2015). Figure 11 shows the cross plot of m against f
based on the data from this well. The color indicates depth,
where cooler colored samples are from interparticle pores, and
warm colored samples are from dissolution pores. For the rock
samples dominated by intergranular porosity, ¢ is found to be
around 0.5, while those dominated by dissolution porosity, ¢ is
around 2.5. Using the proposed methods, we estimated ¥V for the
reference well and compared the value to the V| log, also shown
in Figure 11. The estimated shear velocity agrees with the meas-
ured velocity.

Considering that the dominant pore types of Smackover
Formation in LCCF are related to dissolution porosity, ¢ is ex-
pected to be largely constant around 2.5 for this study. This is
evident in the moldic porosity in upper oolitic grainstone unit and
vuggy porosity in the lower thrombolite unit.

To further test this assumption, we apply different ¢ values
to the studied wells in LCCF and observe the correlations be-
tween core permeability and the calculated values of the two
frame flexibility factors y and y, (Fig. 12). Theoretically, y and y,
are good indicators of pore type (e.g. Dou, 2011; Adesokan and
Sun, 2014; Zhang, 2014). The ratio of y and y, is commonly
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Figure 9. (A) Semi-log plot of air permeability against porosity from core measurements. The color is facies indicated with the
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permeable zone for this well is in thrombolite unit. (B) Thin section of thrombolite at 11589.8 ft. (C) Thin section of the oolitic
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considered as constant (Sun, 2004). The variation of both param-
eters should be similar and correlate with pore type variation. In
this study, the permeability variation strongly agrees with the
pore type variation, thus, the change of permeability should cor-
respond to the variation of both factors. We assume that when
the permeability variation agrees with y and y, variations and the
ratio of y and y, is relatively stable, the estimated shear wave
velocity is reliable. Based on this assumption, when c is 2.5, y
and y, best match the core permeability for the studied Smacko-
ver Formation. In addition, when ¢ is 2.5, the variation of y
closely follows the variation of y, which makes the y/y, ratio
stable. We then can apply the estimated synthetic shear wave
velocity from Equations 10-12 where ¢ is 2.5, and then model
the AVO responses of the studied reservoir.

AVO Modeling

Seismic forward modeling is often necessary to assist with
seismic interpretation and inversion. Amplitude versus offset
(AVO) analysis has been widely used to predict fluid type. How-
ever, in carbonate rocks with complex rock texture, the AVO
responses for the fluid are often disguised due to the strong influ-
ence of pore type on seismic wave propagation (Sun, 2004). The
conventional AVO classification may not be applicable for car-
bonate reservoirs. Figure 13 shows the AVO responses of differ-
ent pore types from Sun (2004) synthetic model. The two-layer
model consists of a limestone reservoir of 30% porosity underly-
ing a shale layer. The input parameters used for the model is also
listed in Figure 13. The seismic signatures of three carbonate

pore types are modeled by solving Zoeppritz equation and apply-
ing elastic wave fine-element-method. AVO for fluid detection
in oil saturated carbonate reservoirs is difficult due to the strong
influence of pore structure on seismic wave propagation (Sun,
2004). However, the results show that there are distinctive fea-
tures on AVO for different pore types.

Figure 14 shows the synthetic AVO modeling using the well
log data (V), V, p) from this study and a 30 Hz Ricker wavelet.
We apply the backus average method to intervals above and be-
low the three interfaces to get the average rock properties, which
include the interfaces between overlying mudstone and grain-
stone, between grainstone and internal mudstone, between mud-
stone and thrombolite respectively. By solving the Zoeppritz
equation using Hampson-Russell software, the synthetic signa-
tures of the interfaces between different pore types are modeled
(Russell, 2010). In agreement with Sun (2004), the synthetic
seismic for the thrombolite unit, dominated by vuggy/
intercrystalline pores, shows an abnormal amplitude increase
near critical fraction followed by a sudden decrease in amplitude.
The synthetic seismic for the grainstone unit, dominated by
moldic/intergranular pores, shows a slight increase in amplitude
near the critical angle followed by a sudden decrease in ampli-
tude. The critical fraction angle in oolitic grainstone unit is
around 12% larger than that the one in thrombolite. The synthet-
ic seismic for mudstone with microporosity shows complete re-
versed polarity with no critical angle of refraction. These results
can be used to direct and improve AVO prediction of pore struc-
ture and high permeability zones when pre-stack data is availa-
ble.



Carbonate Reservoir Characterization Using the Cementation Factor: 185
A Case Study of Little Cedar Creek Field, Onshore Alabama

Deltam Delta Vp Core kmax
-0.9 0.9]-0.9 0.9§0.00001 md 1000
[~
—
-
g'\
> ¢>
3 — |
— .:’—.
- =l ousim ™ |°
= ‘ L3
=L .

Y
VARV

VWA
TV S

. .5:’.)!

P
E

< 4]
C___j <;__
e
|___— I
<]
s | =
<2 e

Figure 10. Log template showing cementation factor devia-
tion curve, velocity deviation curve, and permeability curve.
The predicted high permeability zone is indicated by pink
color.

CONCLUSIONS

In this study, the cementation factor “m” and its deviation
log are found to effectively describe the pore structure variation
and permeability heterogeneity in a microbial carbonate for-
mation onshore Alabama. When 1 <m < 1.9, the dominant pore
type is micropores; when 1.9 <m < 2.1, the dominant pore types
are intercrystalline and intergranular; when 2.1< m < 3, vuggy
pores are prevalent. The deviation of m correlates with the per-
meability variation. The cementation factor m is then applied in
a rock physics model to estimate shear wave velocity and model
the AVO responses of pore structures. The 1D synthetic seismic
modeling for the lower thrombolite and upper grainstone units
show similar increasing amplitude with offset followed by a sud-
den decrease in amplitude near the critical fraction. When com-
pared to thrombolite, the offset for the critical fraction in grain-
stone is 12% larger. In contrast, mudstone with microporosity
shows a slight decrease followed by a sudden increase in ampli-
tude near the critical fraction. The offset for the critical fraction
in mudstone is the largest among the three rock types. These
results can be used to direct AVO prediction of pore type and
permeability in microbial carbonate reservoirs when pre-stack
data are available.
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Figure 13. Synthetic modeling of P-wave reflection for a
shale/limestone interface for water saturated rocks dominat-
ed by three different pore types (modified after Sun, 2004).
PST1 is dominated by microporosity, PST2 represents moldic
rocks with or without vugs, PST3 is from a mixture of in-
terparticle and vuggy porosity.
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