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- INTRODUCTION

The goal ,of reservoir characterization is to 'des<.:’ribe the spatial distribution of petrophysical
parameters such as porosity,' petmeﬁablllt’y,v‘and saturation. Wireline logs, core analyses,
production data, pressure buildups,.and tracer tests provide'quahtitative measurer’nenr'ts‘o‘f |
petrophysical parameters in the vicinity of the wellbore. These wellbore data must be
integrated with a geologic model to display the petrophysical properties in three-dimensionél
spacé. Studies that relate rock fabrié to porefslze distribution, énd thus to petrophysical
proper‘ties,vare key to quantificatibn of geolbgic models in numerical terms for input into
computer simulators (fig. 1). , |

Gedlogic models are generally based on obse;vétions that are interpreted in terms of
depositiohal envir‘onments and sequences. In the subsurface, cores and wiréline logs are the
‘main source of data for ‘theVSe interpret‘atlons. Engineering models a’re based on ‘wirelir‘le log
calculations and avefage rock properties frém core analyses. Numerical engineering data and
‘intefpretive geologic data are joined af the rock fabric level because the pore stfucture is
fundamental to petrophysical properties and the pore structure is thg result of spatially
_ distributed depositional and diagenetic procésses. |

The purpose of this feport'is tb 1) descrjbe thé relationship between carbonate rock -
fabrics and petrophysical properties, (2) suggest a generié petrophysical classification of
carbonate pore space, and (3) determine the important geologic p;rameters to be mépp’ed to

allow accurate quantification of carbonate geologic models.

" PORE SPACE TERMINOLOGY AND CLASSIFICATION

Pore space must be defined and classified in terms of rock fabrics and petrophysical
properties in order to integrate geological and engineering information. Archie (1952) made

the first attempt at relating rock fabrics to petrophysical rock properties in carbonate rocks.



" The Archie classification focuses on estimating pdrosity but is also useful for apprdximating
permeability and capillary prope:tiés. Archie (1952) recognized that not all the “pore space can
be observed using a 10-power microscope and that the surface texture of thé broken rock
reflected the amount of matrix porosity’. Therefore, ."pore space is divided irito matrix and
visible porosity (fig. 2) Chalky texture is associéted vﬁth a matrix porosity of about 15 per:cent,b
sucrosic texfure indicates a métrix porosity of about 7 percent, and compact texture indicates
matrix poyo#ify of about 2 percent. Visibie pore space is described based on pore size: A ‘fror no
visible pore space ath, C, and D for inéreasing pore sizes from pinpoint to larger than cutting
size. Porosit’y/p‘ermAeability trends and cépilli;ry pressure characteristics are also related to these
textures. | . | | |

Whereas the Archie method bis still useful for estimating petrophysical properties, it is
difficult to relate these descriptions to geologic modéls because the descriptions cannot be
defined in depositiohal or‘diagenetic terms. A principal difficulty is that no provision is made

»for‘vdistinguishing befween visiblé interparticie pore space »émd oth& types of»visible pore space
such as moldic pores. Research on carbonate pore space (Lucia, 1983) has shown the
importance of relating pore space to depbsit‘ional and diagenetic fabrics and of distinguishing
between} interparticle*(intergranular and intercrystailine) and other types of pore space.
Recognition of the im.portance»of these factors promi)téd modification of Archie’s classification.

The petrophysical classification o‘f carbonate porosity preseﬁted by Lucia (1983)
emphasizes vpetrophysical aspects of carbonate pbre space, as does the Archie classificati‘on, l;ut
by comparing fock fabric descriptions with laboratory measurements of porosi"ty, permeability,
capillarity, an’d Archie m values, Lucia (19835 sh‘owed. that the most‘ulseful division of pore
types was between pore space located between grains or cfystéls, called interparticle poros‘fty,.

.and all other pore space, called vuggy porosity (fig. 2). Vuggy pore space is fufther subdivided
by Luci_a (1983) into two groups based on> hdw the vugs are interconnected: (1)‘ vugs that are
intérconnected only through the interparticle pore network are termed separate vugs and

(2) vugs that form an interconnected pore system are termed touching vugs. }
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Choquette and Pray (1970) discuss the geologic concepts sufrbunding carbonate pore space
and present a classification that is widely used. They emphasize the importance of pore space
genesis, and the divisions in their classification are genetic and ‘not petrophysical. They divide
all carbonate pore space into two classes: fabric selective and nonfabric selective (fig. 2). Moldic
and intraparticle pore types are classified as fabric selective porosity by Choquette and Pray
(1970) and grouped with interparticle and intercrystalline porosity. However, Lucia (1983)
demonstrates that moldic and intraparticle pores have a different effect on petrophysical
properties than do interparticle and intercrystalline pores and thus should be grouped
separately. Pore-type terms used in this classification are listed in figure 3 and compared with
those suggested by Choquette and Pray. Whereas most of the termS defined by Choquette and
Pray are also used here, interparticle and vug porosity have different definitions. Lucia (1983)
demonstrated that pore spaces located both between grains (intergranular porosity) and
between crystals (intercrystalline porosity) are petrophysically similar, and a term is needed to
identify these petrophysically similar pore types. The term “interparticle” was selected because
of its broad connotation. The classification of Choquette and Pray (1970) doés not have a term
that encompasses these two petrophysically similar pore types. In their classification, the term
“interparticle” is used instead of “intergranular.”

Vuggy porosity, as defined by Luda, is pore space significantly larger than or within rock
particles; that is, pore space that is not interparticle. Vugs are commonly present as leached
grains, fossil chambers, fractures, and large irregular cavities. This definition deviates from the
restrictive definition of vugs used by Choquette and Pray (1970) as nonfabric selective‘ pores,
but it is consistant with the Archie terminolog’yland with the widespread use in the oil industry

of the term “vuggy porosity” to refer to visible pore space in carbonate rocks.
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ROCK FABRIC/PETROPHYSICAL CLASSIFICATION

At the foundation of the Lucia and the Archie clas’sifications are the concepts that pore- |
size distribution controls 'perrneability and saturation and that»p_ore-size distribution is related to
rock fabric. In order to relate carbonate rock fabrics to pore-size distribUtion, it is important to
determine if the pore space be‘longs to one of th‘e three major pore-type classes, interparticle,
’separate-vug, or touching-vug. Each class has'a different type of pore distribution and |
“interconnection. It is equally imbportant to determine the volume of pore space in these
various classes because pore volume relates to reservoir volume and, in the case of interparticle

and separate-vug porosity, to pore-size distribution.

Petrophysics of Interparticle Pore Space

In the absence of vuggy porosity, pore-size distribution in carbonate rocks can be
described in terms of partrcle size, sorting, and interparticle porosity (fig 4). Lucia (1983)
showed that particle size can be related to mercury caprllary displacement pressure in
nonvuggy carbonates having more than 0.1 md permeability, suggesting that particle size
describes the size of the larger pores (fig. S). Whereas the displacement pressure characterizes
the larger pore sizes, the shape of the capillary pressure curve characterizes the smaller_ pore
sizes. Lucia (1983) suggested that the shape of the capillary pressure curve is a function of - |
interparticle porosity and that the entry pressure is a function of particle size. -

The relationshrp between displacement pressure and partrcle size (frg 5) is hyperbolrc and
suggests important particle-size boundaries at 100 and 20 microns. Lucia (1983) demonstrated

| that three permeability fields can be defined using partrcle-size boundaries of 100 and
20 microns, a relationship that appears ‘to be limited to part'icle sizes l.essb than 500 microns .
(fig. 6). | | |
Recent work has shown that perrneability fields can be better described in geologic terms -

if sorting as well as particle size is considered. The approach to size and sorting used in this



petrophysical classification is simﬂar to the grain-mud-support ﬁrinciple upon whic_h Dunham’s
(1962) classification is built. Dunham’s classific‘atiori,» ,hdwever, is based on depositibnal téxt‘uré,v
whereas petfophysical classifications are focuséd on contemporary rock fabrics that inclﬁde
depositional and diagenetic textures. Therefore, minor modifications must be made in
Dunham’s classification before it can be applied to a petrophysical classification.

Insie_ad of dividing fabrics into graih supbo_rt and mu.d‘ support as in Dunham’s
classification, fabrics are divided into gfain-dominatéd and mud-dominated (fig. 4),‘ The
important attributé of grain-dominated fabrics is the presence of open or occluded intergranular
porosity and a grain-supported teﬁture. The ‘imporfant attribute of mud-dominated fabrics is
that the areas between the grain$ are filled with mud even if the grains appear to form a
supporting framework. |

Grainstone is clearly a grain-dominated fabric, buf Dunhém’s packsfone class bridges a
boundary between large intergranular pores iri grainstone and small interparticle pores in
wackestones and mudstdnes. Some packstones have intergranular pore space, and some havé
>the intergranular spacés vfilled,with mud. Therefore, the packstone textural class must be
divided into two rock-fabric clavsses_,v g’rain-dofninated packstones that have intergranular pore

space or cement and mud-dominated‘packstones that have intergranular spaces filled with mud.

- Permeability/Rock-Fabric Relationships
Limestone Rock Fabrics

Examples of nonvuggy limestone petrophysical rock fabrics are illustrated in figure 7. The '
size of the largesf pores is controlled by graih size in grainstone fabrics, whefeas in mud-
- dominated fabrics the siie Qf th.e micrite particles cohtrols the pore-size distribution. In grain-
dominated péckstones, however, the pbre size distribution will be controlled by pore spabe
between grains a§ well as between micr'i‘te'particles. Figure 8a illustrates a c':ro;s‘ plot betwéen air

permeability and intergranular porosity for grainstones. The data ar‘e‘froni Choquette and.
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‘Steiner’s (1985) publication on the Ste. Genevieve oolite (Mississippran) The average grain size .
~of the oolite is about 400 microns. The points on this graph are concentrated within the
>100 micron permeability field. |

Figure 8D illustrates a cross plot between air permeability and interparticle porosrty from a -
Middle Eastern mud-dominated fabric contalnlng microporosity. The data from this graph are
‘abstracted from Moshier and others (1988). The average crystal size of the mud matrix is about
5 microns (Moshier and others, 1988). The data plot in the <20 micron permeability field.

Grain-dominated packstone is a new fabr_icciass, and data characterizing this class are
difficult‘ to find. Lucia and Conti (1987) report on a nonvuggy grain-dominated packstone of
Wolfcampian age that occtrrs in a core taken in Oldham County; West Te)tas. The grain-‘ ”
dominated packstone is described as a poorly sorted mixture of 150 to 300 micron grains in a
matrix composed of 80-micron p‘ellets and 10-micron calcite crystals. A porosity-permeability
,cross plot of these data (fig. 8c) shows that they plot on the boundary between the <2,‘Ov‘and
~ 20-100 micron permeability fields. An additional few data points have been gleaned from the
| literature, and they plot in the 100 to 20 micron permeability field. |

Figure 8d_illustrates a cross —plot between air permeability and porosity'for North Sea
~coccolith chalk (Scholle, 1977). The average size of the coccoliths is about 1 micron. The data
points plot below the <20 micron permeability field. The presence of intrafossil pore space in
the coccolith grains probably accounts for the lower than expected permeability values in the
high porosity ranges. | |

Figure 9 illustrates all the data for limestones compared with the permeabilrty frelds
Whereas there is considerable scatter in the data, grainstone, grain-dominated packstone, and
mud-dominated faorics are'reasonably well constrained to the three permeability fields.
Whereas the fabrics of grain size and sorting define the permeability fields, the'interparticle
porosity defines the permeability within t-he field. Systematic changes ‘in intergranular porosity

by cementation, compaction, ‘and dissolution processes will produce systematic changes in the



pore size distribution. Therefore, the permeability field is defined by interparticle porosity,

- grain size, and sorting.

Dolomite Rock Fabrics

Examples of dolomite petrophysical rock fabrics are illustrated in figures 10 and 11.
l)olomitization can change the rock fabric significantly. In limestones, the grain/mud fabrics can
usually be distlnguished with little difﬁculty If the rock has been dolomitized however the
overprint of dolomite crystals often obscures the grain/mud fabric. Grain/mud fabrics in fme-
crystalline dolostones are easily recognizable. However, as the crystal size increases, the
precursor fabrics become more difficult to determine.

| Dolomite crystals (defined as particles in this classification) commonly range in size from
several microns to over 200 microns. Micrite particles are usually <20 microns in size. Thus,
dolomitization of a mud-dominated carbonate fabric can result in anincrease in particle size
from <20 microns to 200 microns (fig. 11). _The Cross plot of interparticle-porosity and
permeability (fig. 12a) illustrates vthe principle that, in mud-dominated fabrics, permeability
increases as dolomite crystal size increases. Finely crystalline (average 15 microns) mud-
dominated dolostones from Farmer and _Taylor Link fields in the Permian Basin and from
Choquette and Steiner (1985)v plot within'the <20 micron permeability field. Medium
crystallme (average 50 microns) mud-dominated dolostones from Dune field, Permian Basin,
(Bebout . and others, 1987) plot within the 100 to 20 micron permeability field. Large crystallme
(average 150 microns) mud-dominated dolostone from Andrews South Devonian field, Permian
Basin (Lucia, 1962), plot in the >100 micron permeability field. |

Grainstones are usually composed of grains much larger than the dolomite crystal size
(fig. 10) so that dolomitization does not have a significant effect on the pore size distribution.

- This principle is illustrated in figure 12b, where interparticle porosity.and permeability

measurements from dolomitized grainstones are crossplotted. The grain size of the



dolograinstones is 200 microns. The fineiy crystalline dol-ogra‘instone from Taylor Link field,
Permiah Basin, the medium crystalline dolograi_nstoné frdm Dune field, Permian Basin, and the
large cryStélline ddlograinstone frbm an outcrop on therAl'gerita Escarpment, New Mexico, all
plot within the >100 midon permeability field. The large crystalline mud-dominated fabrics also
plot in this penneability field, indicating that they are petrophysically similar to graiﬁstdnes
(fig. 12a). | o

'Ipterparticle porosity and permeabﬂity measurements from fin‘e fd medium erystalline '

grain-dominated dolopackstones are crossplotted in figdre 12c. The sample-s are from Seminole
-San Andres Unit and Dune (Grayburg) ﬁeld (Bebout'and others, 198'7), Permian Basin. The data
plot in the 100 to 20 micron permeabilify field. The medium aystalliﬁe mud-dominated |
dolostones also plot in this field (fig. 12a). | :

; Figﬁre 13 illustrates all doloxhite dafa compared with the permeability fields.
Dolbgrainstdnes and large crystal dolostones constitute the >100 micron permeability field.
Grains are very difficult to recognize invdolostones with >100 mfcron crystal size. However,
since all large erystall’ine dolostones and all grainstones are petrophysically-simi_lar;-it mak‘ebs‘
little difference petrophysically whether t_ﬁe crystal sivze or the grain size is described. Fine and

_ »mediu'rn crystalline grain-dominated dolopéckstones and medium crystalline mud-dominated |
dolostone fabrics constitute the 100 to 20 miicrvon permeability field. Fine crystalline mud-
dominated dolostone fabrics constitﬁte ‘the <20 micron field. N

The dolostone pe‘rmeability fields are defined by dolomite crystal size as well as grain size
~-and sorting of the precursor limestone. Within the field, permeability ‘is defined by‘
interparticle porosity. Systematic ehanges in intergranular and intercrystalline poro_sity by
pfedolomité calcite cementation, dolomite cemenfation, and compaction will systematically
chahge the pore size distribution. Therefore, interparticle porosity defines the permeability

whereas dolomite crystal size and grain size and sorting define the permeability field.



Limestone and Dolomite Comparison

The limestone and dolostone rock fabrics that constitute the permeability fields are
combined in figure 14. The fabrics that make up the >100 micron permeability field are
(1) limestone and dolomitized grainstones and (2) large crystalline grain-dominated
dolopackstones and mud-dominated dolostone fabrics. The effect of grain size in this field can
be seen by comparing figures 9 and 13. Ooid grainstones, which have a grain size of 400
microns, are more permeable for a given porosity than dolograinstones, which have a grain size
of 200 microns.

Fabrics that make up the 100 to 20 micron field are (1) grain-ddminated packstones,

(2) fine to medium crystalline grain-dominated dolopackstones, and (3) medium crystalline mud-
dominated dolostone fabrics. A comparison of figures 11 and 16 shows that dolomitized grain-
dominated packstones tend to be more permeable for a given porosity than limestone grain-
dominated packstones. The <20 micron permeability field is characterized by mud-dominated
limestone and fine crystalline mud-dominated dolostone fabrics.

}Reduced major axis (RMA) transforms are presented below for each combined permeability
field (fig. 17). The transform for the between 100 and 20 micron fiéld is slightly skewed to the
field boundaries, and a transform that is more compatiblé with the field boundaries is presented
and recommended.

Class 1 k = (45.35108) * 9;,8.537 r=0.71

Class 2 k = (1.595*105) * @;,5-184 r=0.80

(recommended Class 2 k = (2.040*106) * 0ip6-38 )

Class 3 k = (2.884*103) * @;,4-275 r=0.81

where k = md, gip = fractional porosity



Special Types of Interparticle Porosity

Diagenesis can produce unique types of interparticle porosity. Collapse of separate-vug
fabrics due to overburden pressure can produce fragments that are properly considered
“diagenetic particles.” Large dolomite crystals with their centers dissolved can collapse to form
pockets of dolomite rim crystals. Leached grainstones can collapse to form intergranular fabrics
composed of fragments of dissolved grains. These special pore types are usually not areally

extensive, with the exception of collapse breccias formed by the collapse of caverns.

Capillary Pressure/Rock-Fabric Relationships

Several methods have been presented for relating porosity, permeability, water saturation,
and reservoir height (Leverett, 1941; Aufricht a'nd Koepf, 1957; Heseldin, 1974), the most
recent being Alger and others (1989). These methods attempt to average the capillary pressure
curves into one relationship between saturation, porosity, permeability,» and ieservoir height
without regard to rock fabric. The data presented above demonstrate that the three nonvuggy
rock-fabric fields have unique porosity-permeability relationships, suggesting fhat capillary
properties of nonvuggy carbonates should also be separated in rock fabric categories.

To characterize the capillary properties of the three rock-fabric fields, capillary pressure
curves with different interparticle porosities from the three rock-fabric fields are compared. -
Two curves representative of Class 1 are presented in figure 15a. Both curves are from samples
of fine to medium crystalline dolograinstones. The 9.2 percent porosity curve represents the
average of two sets of capillary pressure data from dolograinstones in Taylor Link field, and the
17.6 percent porosity curve represents the average of two data sets, one from the Taylor Link
field and one from Dune field. Three curves representative of class 3 are presented in
figure 15b. The curves are from samﬁles of fine crystalline dolowackestones and from Farmer
field. Three curves representative of class 2 are presented in figure 15c. Class 2 represents a

very diverse class of rock fabrics, and it is difficult to combine all the fabrics into a few simple
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curves. The curves presented-here are from medium crystalline dolowackestones of the
Seminole San Andres Unit and rrray not be representative of all grain-dominated packstones.

Eaeh group of curves is characterlzed by similar displacement bpressures and a ISYStemat‘ic
change in ‘curve shape arrd saturation characteristics with changes in interparticle porosity. ’fhe
relationship between porosity, saturation, and rock fabric class can be demonstrated by |
selectingba reservoir height of 500 ft ‘(equates to a mercury capillary pressure of about’65‘0 psia)‘
and plotting saturation against porosity for each rock-fabric class. The results (fig. 16) show that,
in nonvuggy carbonate reservoirs, a plot of porosity versus water saturation can separate the
three rock-fabric groups into saturation fields similar to permeability fields.

Equations relating water saturation to porosity and reservoir height are developed in two
steps. First, mercury capillary ,pressure is converted to reservoir height uSirrg generic values
(table 1). Second, wetting-phase saturations from the capillary pressure curves are plotted
against porosity for several reservoir heights. Third, lines of equal reservoir height are drawn
assuming equal slopes, and a relationshivp between intercepts and reservoir height is developed.
This relationship is substituted for the intercept term in the porosity vs. saturatron equ_ation ‘v
resulting in a relationship among vvater saturation, pOrosity, and reservoir height.

The resulting equations are listed below, and three dimensional representations for
classes 1 and 3 are presented in figure 17. These equations are specific to the capillary pressrlre
- curves used in this report and will not necessarrly apply to specific reservoirs. However, the
equations will provrde reasonable values for ongmal water saturations when porosrty and rock
fabric data are all that is available. |

Class 1 Sw = 0.02219 * H-0.316 + 1745
Class 2 Sw = 0.1404 * H-0-407 + (3-1.440
Class 3 Sw=0.6110* H-0.505 + 1210

where H= Height above capillary pressure = 0

@ = Fractional porosity
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Rock-fabric/Petrophysical Classes

The three rock;faﬁric groubps”defi'ne permeability and saturvatbiony fields, and therefore the
tﬁree rock-fabric groups, together With interparticle pordsity and reservoir height, can be used
to relate petrophysical properties to geologic observations. These rock-fabric groups are herein
termed rock-fabric/petrophysical classes (fig. 18). The classes are described below and generic
transform equations presented. |
Class 1 - Grainstones, dolograinstones; and large "crystallinev dolostones.

Class 1k = (45.35108) * @, 8537

Class 1 Sw = 0.02219 * H-0316  g-1745
Class 2 - Gréi‘n-dominated packsfones, fine»and medium Crystalline'grain-dominated délo-

packstones, and medium crystalline mud-dominated dolostone fabriés. - |

Class 2 k = (2.040}*106) * Qip6-38 (recommended transforth)

Class 2 Sw = 0.1404 * H-0-407 » ¢5-1.440 |
Class 3 - Mud-dominatedblimestbones and fine crystallirie mud-dominated dolostone fabrics.

Class 3 k = (2.884*103) *@, 4275 |

Class 3 Sw = 0.6110 * H-0-505 x@}-1.210

Petrdphysics of Separate-Vug Pore Space -

Separate-vug pore space is defined as pore spacé that is (1) eithef vwithin particles or
significantly larger than the particle sizé and (2) interconnected only through the interparticle
porosity (fig. 19). Separate vugs (fig. Z_O) are typicall'y fabric-selective in their origin. 1ﬁtréfossil
pore space, such as_the living chambers of a gastropod shell; moldic pore space, such as‘
~ dissolved grains (oomblds)>or doldm_ite crystals (dolomolds); and intragranular microporosity are
eXamples of intraparticle, fabric-selective separate vugs. Molds of evaporite crystals and fossil-

molds found in mud-dominated fabrics are examples of fabric-selective separate vugs that are =
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vsignificanbtly larger than the ‘particl'e size (fig. ZQ); In mud-dominated fabrics, shelter pore space
is typically muc_h larger than the particle size and is classified as eeparate-vug porosity. |

In grain-dominated fabrics, extensive selective leaching of grains may cause grain
boundaries to dissolve, producing composite molds. »Thes'é composife molds may nave the
- petrophysical characteristics of separate vugs. However, if dissolution of the grain boundaries is
extensive, the pore space may be _interccnnected well enough to be} classified as solution-
enlarged interperticle porosity; |

Grain-dominated fabrics rnay contain grains with intregranular microporosity (Pittman,
.19'7 1). Intragranulaf microporosity is classified as a type of separate vug because it is within the
particles of the rock and is interconnected only through the intergranular pore network. Mud-
dominated fabrics may also contain grains with mic_rbpornsity,'but they present no unique |
petrophysical condition because of the similar pore sizes between the microporosiey in the
mud matrix and in the grains. |

The addition of ceparate-x;ug porosity to interparticle porosity increases total porosity but
“does not significantly increase permeability (Lucie, 1983). Figure 21a illustrates this principle in‘
that'pernxeability of a moldic grainstone is less than would be expected if all the total porosity
~were interparticle a‘nd, at constant porosity, penneability increases with decreasing separate-
vug porosity (Lucia and Conti; 1987). This vprinciple is also true for intragranular microporosity.
Figure 21b is a cross blot of data from a San Andres dclograinstone from the Permian of West
Texas. The cross plot shows that the permeability of the grainstone is less than would be
expected if all the porosity were interparticle. | | U

Separate vugs fcund within the oil colufnn,are usually considered to be saturated with oil
because of their relatively large size. Results from relative permeability experiments in samples
, With high separaté-v_ug pordsities show low values for water saturation. Capillary pressure curves
vfrom grainstones with moid_ic separate vugs, however, suggest that in some i.nstancesnot all the
grain-molds are filled with oil. Curve A in figure 22a has 16 percent moldic porosity, 11 percent

intergranular porosity, and 5md permeability. The curve can be interpreted as showing that
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most of the intergranular porosity but only about 50 percent of the moldic porosity is filled |
with the nonwetting phase at most reservoir conditions. A similaf interpretation can be applied
to curve B. The curves could also result from hot allowing the experiment to come to
equilibrium. |

Intragranular microporosity may contain capillary-held water leading to anomalously high
water saturations within a productive interval (Pittman, 1971). The capillary characteristics of a
grainstone composed of grains containing microporosity between 2 micron crystals (Keith and
Pittman, 1983) and a San Andres dolograinstone with grains containing microporosity between
10 micron dolomite crystals are shown in figures 22b and 22c and illustrate that water
saturations in grainstones with intragranular microporosity are significantly higher than would

be expected if no intragranular microporosity were present.

Petrophysics of Touching-Vug Pore Space

Touching-vug pore systems are defined as pore space that (1) is either within the particles
or significantly larger than the particle size and (2) forms an interconnected pore system of
significant extent (fig. 23). Touching vugs are typically nonfabric selective in origin. Cavernous,
breccia, fracture, and solution-enlarged fracture pore types commonly form an interconnected
pore system on a reservoir scale andb are typical touching-vug pore types (fig. 23). Fenestral
pore space is commonly connected on a reservoir scale and is grouped with touching vugs
because the pores are normally much larger than the grain size (Major and others, 1990).

Touching vugs are usually considered to be filled with oil in the reservoirs and can increase
permeability well above what would be expected from the interparticle pore system. Lucia
(1983) illustrated this fact by comparing a plot of fracture permeability versus fracture porosity
to the three porosity/permeability fields for interparticle porosity (fig. 24). It is apparentbfrorn

this graph that permeability in touching-vug pore systems is related principally to fracture
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width and is sensitive to exfremely small changes in fracture porosity. There is no effective

method for measil:ing fracture width using the -_rock-fabric' approach.

IMPLICATIONS FOR CONSTRUCTING A/GEOL(_)GIC MODEL

A. fundamental problem in constructing a reservoir model for input into nﬁmerical ﬂuid-
ﬂow simulators is cbnverting‘geologic observations into petrophysiéal rock properties, nameiy’
porosity, permeabﬂity, and saturation. The rock fabrics p;esented here form a framework of
“rock types that can be most effectively converted to petrophysical parameters. Gbeolbogic
models described in térms of these rock fabrics. can be most readily converted into a reservoir
model. In nontbuching-vug reserfroirs, fhe most important roék fabrics to describe and map are
1) grain‘size and sorting using the modified Dunham classification, (2) dolomite crystal size
. using 20 and 100 microns as size boundéries, 3) séparate-vﬁg type with special attention to
intragranular microporosity, (4) total porosify, and (5) separate-vug porosity.

The stacking pattern§ of rock-fabric units are systematic within a depoSitionai. and
diagenetic environment (Lucia, 1993). The simplest exaniple is the upward-shoaling bar
complex. Mud-dominated fabrics gfadé upward and laterally into grain-dominated fabrics with a
corresponding increase in permeability, decrease in water saturation, and little change in
potosity (ﬁg. 25). The permeability énd water saturation are a function _‘of total porosify and
fock fabric. The introductidn of rﬁoldié porosity (separate vugs) by selective dissolution of grains
in the grain-dominated fabric, due per}hapsv to shbaling and the introduction of meteoric Water
f at a subaerial ‘exposure surface, can producé a diagenetic overprint that rgsults in (1) ﬁo
significant change in porosity, (2) little change i‘n water saturation assuming the molds are filled
with hydrocarbohs, and (3) drastically reduced permeability in the grainstohe v(fig.v 25). ‘Thé
permeability will be a function of interpartidé pofosit_y determined by subtracting' separate-vug

poresity from total porosity.
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Coﬁversion ofvthe ﬁpward-shoallng bar complex from _limestonve to SO-m‘icron trystalline
dolostorie will not change the grain size and sorting characteristics of the grain~d6minated
fabrics but will alter the particle size characteﬂstics of the mud-dominated fabrics.
Dolomitization may reduce the total porosity of the grain-dominated fabrics, but fhe
permeability and water saturation will still be a functidh of grain size, sorting, and intergranﬁlar
porosity. If the precursor limestone is a moldic grain;domina{ed fabric, the resulting grain-
dominated dolostone fabric will be moldic (fig. 25). Dolomitization of the mud-dominated fabric
to a S0-micron crystalline dolostone may reduce the porosity but will increase the 'I‘Jermeabili‘ty
and decrease the water saturation 'signifi‘cantly.

These examples illustrate the impbrtance of mapping the rock fabric uﬁits. If the upward-
shoaling cycle is mapped as a bar facies, the pemieabilitY and saturation structure are
compromised and the resulting model ibs overskimpliﬁed. HoWever, geostistical studies have
suggested that the petrophysical ﬁroperties within a rock-fabric unit are near rahdomly
distributed and thus can be legitimately averaged (Lucia and others, 1992,; Sengér and others,
1993). If the diagehetic facies are not included as‘ mappipg param‘eters, the pe:meébility and
satura_tion values in the resulting reservoir model could b'e‘ in serious error. Permeability can be
: ‘significéntly overestimated if the estimate is based on total porosity rather than total pofosity
less separate-vug porosity. If the effects of dolomitization are not included fn the model,

extrapolations of permeability and saturation can be seriously underestimated.
SUMMARY
The goal of reservoir characterization is to describe the spatial distribution of petrophysical
| parameters such as porosity, permeability, and saturation. The rock-fabric approach presented

here is based on the premise that pore-si'ze distribution controls the engineering parameters of

permeability' and saturation and that pore-size distribution is related to rock fabric, a product of
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geologi¢ procestse'sv. _Thus, rock fabric integrates geploéic interpretation with engineering
numerical measurements. | . |

To determine the rélationships between rock fabric and petrophysical paramét»ers, it is
necessary to define and classify pbte space as it ei(ists today in termé of petrophysical
properties. ’i‘his is bedt accomplished by dividing poré space into pore space locaited between
grains or crystals, called interparticle porosity, and all other pore space, called vuggy porosity.
Vuggy pore space is further subdivided ixito two groups based on how the vugs are
interconnected: (1) vugs that are interconnected only’through the interparticle pore network
are termed separate vug$ and (2) vugs that are in direct contact between vugs are termed touching
vugs. »

The petrophysical properties of interparticle pore space are related td particle size,
sorting, and vinterparticle porosity. Grain size and sorting of grains ahd micrite are based on
Dunham’s (1962) classification and modified to make it compatible with pétrophysical
corisideratidns. Instead of dividing fabrics into giain support and mud support, fabrics are
divided into grain-dominated and mud-dominated. The important attributés of grain-dorhinated |
fgbrics are the presence of'open‘ dr oéciuded infergranular porosity and a grain-supported
terxt_ure.» The important attribute of mud-dominated fabrics is that the areas betwéen the grains
are filled with mud even if the grains appear to form a supporting framework. |

Grainstone is clearly a grain-dominatéd fabric_:, but Dunham'’s pdckstone class bridges an
important petrophysical boundary. Somg packstones have intergranulai pore'space: and some
have intergranular spaces filled with mud. Therefore, 'thé packstone textural class muSt be
divided into two rock-‘fabric’ classes, (1) grain-dominated packstones that have intergranular
poré ‘space or cement and_(Z). mud-dominated packsiones, in which the intergranular‘ spaces are
filled with mud.

The important fabric elements to recognize for petrophysical classification of dolomites are
precursor grain size and sorting, dolomite CryStal size, and inter.cr'ystdlline porosity. Impértant a

dolomite crystal size boundaries are 20 and 100 microns. Dblomite,cr’ystai size has little effect
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»onbthe petrophysical properties of grain-dominated dolostone fabrics. The petrophysical
propertiés of mu_d-domiﬁated fabﬁcs, howevér, are significantly improved when the dolomite
crystal size is <20 microns. | | -

Permeability and saturation charatteristics of inferparticle porosity can bé grouped into
three rock—fabric/pefrophysical classes. Class 1 is composed of (a") limestohe and dQlomifiz‘ed
grainstones and (b) large crystalline grain-doinin’ated d010p$ckstones and mud-dominated
’ dolostone fabrics. Class 2 is composeci of (a) grain-dominated packstones, (b) fine _tvo medium
crystalline grain-dominated dolopackstdnes, and (c) niediuin crystalliné mud-domiﬁated
dolostone fabrics. Class 3 is composed Qf mud-dominated limestone and fine crystalline mud-
dorriinatedb dolostone fabrics. | |

Generic permeability transforms ahd water saturation, porqsity, féservoir-heighf equations
for each roc’k-fabric/petrdphysical class are presented below. |
Class 1 - Grainstones, dolgrainstones, and large cryStalline dolostones.

Class 1k = (45.35*108) * @, 8537 |

Class .1 Sw = 6.02219 * H-0:316 * 5-1.745
Class 2 - Grain-dominated packstones, fine and medium crystalline graih-dominatéd

dolopackstones, and medium crystalliné ‘mud-domiﬂnated dolostone fabrics.

Class 2 k = (2.040*106) * Qip5-38 (recommended traﬁsform)

Class 2 Sw = 0.1404 * H-0407 » 1440
Claés 3 - Mud-dominated limestones and fine crystalline mud-domiﬁated dolostone fabrics.

Class 3 k = (2.884*103) * ;4275

Class 3 Sw=0.6110 * H0-505 » @—1-_210

The addition of separate-vug pordsity to interparticle porosfty increases total porosity but
does not significantly increase permeability. Therefore, it is important to determine
interparticle porosity by subtracting separate-vug porosity from total porosity and use

interparticle porosity to estimate permeability. Séparate-vug poroSity is normally considered to
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be filled wifh ’hydr'oycarbo_.n's iri the reservoir. Intergranular microporosity, howéver, may contain
significant .amounts'of capillary-bound*water',_ resulting in watef—free production of hydrOcarb‘ons
from intervals with higher than expected water sﬁturation; |

Touching-vug pore systems cannot be related to porosityk but are related pfincipbal‘ly to
fracture width. Because there is no effective méthod for makingkthis dbservation in the
reservoir, the rock fabric approach cannot be used to characterize tOuching-&ug reservoirs.

The 'kéy to constructing ‘a' geologic model that can bé quantified in petrophysical terms ié |
to select facies or units.that have unique petr0phySical qualities for mapping. Petrqphysical
'propetties inbrock fabtit facies or units ‘are near randomly distributed and can be legitimately
averaged, making these geologic units idéal for petrophysical quantification. In nontouching -
vug_ reservoirs, the most importaht rock fabrics to describe and map are (i) grain size and sorting
uSing the modified Dunham classification, (2) dolomite crystal size using 20 and 100 microns as
size boundaries, (3) sebarate-vug type with special attention fo intergranular microporosity,

(4) total porosity, and (S) separate-vug porosity.

In touching vug tese’rvoiri charactérizing the pore §ystem is difficult because thé poré
system is not related to a precursbr depositional fabric but is usually wholly diagenetic ih nature_.
While it may conform to bedding, as in the case of evaporite collapSe brecciation, it more often
cﬁts across stratal bOundaries, However, the tecognition of the presence of é touching vug pore

system is paramount because it may dominate the flow characteristics of the reservoir.
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Figure 1. Integration of spatial geologic data with numerical engineering data through rock-fabric
studies.
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Figure 2. Petrophysical classification of carbonate pore types used in this report compared with
Archie’s original classification (1952) and

the fabric selectivity concept of Choquette and Pray
(1970). T :



Term ' 3 - Abbreviations ‘
Lucia Choquette and Pray
Interparticle : P BP
Intergranular - - 1G Not used
Intercrystalline v X -~ BC
Vug , ‘ vug VUG
‘Separate Vug ' Y - Not used
Moldic ‘MO MO
Intraparticle WP : WP
Intragranular WG Not used
Intracrystal WX Not used
Intrafossil WF- Not used
Intragranular
microporosity uG Not used
- Shelter SH SH
Touchmg Vug TV Not used
Fracture : . FR~ FR
Solution enlarged , ‘
fracture - SF CH(channel)
Cavernous Ccv cv
Breccia : BR BR
Fenestral - FE - FE

Figur(e 3. Pore type terminology used in this report compared with terminology of Choquette and
Pray (1970).
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Figure 4. Geological/petrophysical classification of carbonate interparticle pore space based on size
and sorting of grains and crystals.
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Figure 7. Examples of nonvuggy limestone rock fabrics. (A) Grainstone. (B) Grain-dominated
packstone. Note intergranular cement and pore space. (C) Mud-dominated packstone.
(D) Wackestone.
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Figure 8. Porosity-permeability cross plots for nonvuggy limestone rock fabrics. (A) 400 micron ooid
grainstone, Ste. Genevieve (Choquette and Steiner (1985). Low-permeability, high-porosity data are
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causes the data to plot below the <20 micron field.
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Figure 10. Examples of nonvuggy grain-dominated dolomite fabrics. (A) Dolograinstone, 15 micron
dolomite crystal size. Dune field (Bebout and others, 1987). (B) Grain-dominated dolopackstone,
10 micron dolomite crystal size. Farmer field, West Texas. (C) Dolograinstone, 30 micron dolomite
crystal size. Seminole San Andres Unit, West Texas. (D) Grain-dominated dolopackstone, 30 micron
dolomite crystal size. Seminole San Andres Unit, West Texas. (E) Dolograinstone, crystal size
400 microns. Harmatton field, Alberta, Canada.



Figure 11. Examples of nonvuggy mid-dominated dolomite fabrics. (A) Fine crystalline
dolowackestone, 10 micron dolomite crystal size. Devonian, North Dakota. (B) Medium crystalline
dolowackestone, 80 micron dolomite crystal size. Devonian North Dakota. (C) Large crystalline
dolowackestone, 150 micron dolomite crystal size. Andrews South Devonian field, West Texas.
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Figure 12. Porosity-permeability cross plots of nonvuggy dolomite fabrics. (A) Mud-dominated
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Figure 16. Cross plot of porosity and water saturation for the three rock-fabric petrophysical classes
at a reservoir height of 500 ft. Water saturation and porosity values are taken from capillary pressure
curves illustrated in figure 1S.
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Figure 20. Examples of separate vug pore types. (A) Oomoldic porosity, Wolfcampian, West Texas.
(B) Intrafossil pore space in a gastropod shell, Cretaceous, Gulf Coast. (C) Fossil molds in
wackestone. (D) Anhydrite molds in grain-dominated packstone, Mississippian, Montana. (E) Fine
crystalline dolograinstone with intragranular microporosity, Farmer field, West Texas. (F) Scanning
electron photomicrograph of dolograins in (E) showing intragranular microporosity between
10 micron crystals.
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Figure 21. Cross plot illustrating the effect of separate-vug porosity on permeability. (A) Grainstones

with separate-vug porosity in the form of grain molds plot to the right of the grainstone field in
* proportion to the volume of separate-vug porosity. (B) Dolograinstones with separate vugs in the
form of intragranular microporosity plot to the right of the grainstone field.
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Figure 22. Capillary pressure curves illustrating the effect of moldic and intragranular-microporosity
types of separate vugs on capillary properties. (A) Dolograinstones with large volumes of moldic
porosity, San Andres Formation, Algerita Escarpment, New Mexico. (B) Oolid grainstone with
intergranular porosity compared with ooid grainstone with both intergranular and intragranular-
microporosity pore types, Rodessa limestone, Cretaceous, East Texas. (C) Dolograinstone with
intergranular porosity compared with dolograinstone with both intergranular porosity and
- intragranular-microporosity pore types, Farmer San Andres field, West Texas.



Figure 23. Examples of touching-vug pore types. (A) Cavernous porosity in a Niagaran reef,
Northern Michigan. (B) Collapse breccia, Ellenburger, West Texas. (C) Solution-enlarged fractures,
Ellenburger, West Texas. (D) Cavernous porosity in Miami oolite, Florida. (E) Fenestral porosity in a

pisolitic dolomite. Note that the pore space is more than twice the size of the enclosing grains. '
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Figure 24. Theoretical fracture permeability-porosity relationship compared to the rock-
fabric/petrophysical porosity, permeability fields (Lucia, 1983).
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Figure 25. Examples of how the stacking of rock-fabric units affects the distribution of porosity,
permeability, and water saturation in an upward-shoaling sequence with selective dissolution and
dolomitization overprints. ‘ - ' ~ : .



Table 1. Values used to convert mercury/air capillary pressure to reservoir height.

Laboratory Reservoir

(Mercury/air/solid) - (Oil/water/solid)
T = 480 dynes/cm T = 28 dynes/cm
@ = 140° B = 44°

Water Density = 1.04 Oil Density = 0.88



