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Physical Properties of Clastic Reservoir Rocks in the
Uinta, Wind River, and Anadarko Basins,
As Determined by Mercury-Injection Porosimetry

By C.W. Keighin

ABSTRACT nonproducing horizons from known reservoir rocks. Sam-
ples were taken from different depth intervals, each of

Pores, and pore throats, in clastic rocks from three sedwhich may reflect a different diagenetic history. The three
imentary basins were studied petrographically and by merbasins from which samples were collected all contribute sig-
cury-injection porosimetry. Samples represent a variety ofificant quantities of oil or natural gas to the Nation’s
sedimentary facies, as well as a wide range of depths, anénergy resource base.
diverse diagenetic histories. Although pore throats may be
!lmltlng features in controlling fluid flow in Iow-pgrmea_bll- SANDSTONE PETROGRAPHY
ity sandstones, very few data are available with which to
document the effect of confining stress typical of reservoir . . : . .

. . : Geographic location and stratigraphic position for each
conditions on capillary pressure or pore-throat size. Under- . :

sample are given in table 1. Sample depth and a summary

standing the nature of pore throats, and their relationship t%f modal analvses and porositv-permeability values are
facies distribution and to diagenesis, aids in understandin Y P y-p y

mechanisms of fluid flow in clastic rocks. This information %StEd in table 2. Photomicrographs of selected samples are

. . shown in figure 1. Because the samples are from widely sep-
is valuable for calculating hydrocarbon recovery from ; : : 2.

X . arated geographic locations and from different depositional
potential reservoir rocks.

environments, their petrologic properties differ signifi-
cantly. The small number of samples examined in this study

INTRODUCTION limits extrapolation of the results to other basins, although
similar rocks might be expected to have similar properties.
Although studies documenting the effects of confining The samples vary primarily in the relative abundance

stress on porosity and permeability in clastic rocks haveof quartz, feldspar, and rock fragments (table 2); carbonate
been made, almost no data are available with which to doccement is locally abundant. The relative abundance of rock
ument the effects of confining stress on pore-throat size disfragments may have a significant effect on macro- and
tribution when this size distribution has been determined bymicro-porosity and permeability. Pore size in any sample is
mercury-injection capillary pressure studies. Mercury- initially related to grain size of the original sediment and
injection porosimetry may be especially useful for under-thus to depositional environment. Pore size and, especially,
standing reservoir behavior in deep sedimentary basins. pore-throat size may be significantly modified by physical
In this paper, | document the usefulness of mercury-compaction or by precipitation of mineral cements. Com-
injection porosimetry in identifying reservoir quality for pression of labile rock fragments reduces intergranular
deep reservoir rocks using data from several basins. Ninglorosity and creates intergranular pseudomatrix; both
teen rock samples from the Uinta, Wind River, and Ana-reduce effective permeability (McBride and others, 1991).
darko basins were examined using standard petrographiBartial dissolution of rock fragments commonly creates
techniques and mercury-injection porosimetry to under-microporosity; micropores introduce micro-pore-throats
stand the pore-throat structure and overall petrophysicathat restrict fluid migration.
characteristics of reservoir rocks from the deeper parts of  The two samples from the Shell-Christenson well in
the basins. Samples were chosen to represent a wide varietiye Uinta Basin of Utah are fine grained and quartz rich.
of depositional environments, and petrological suites werePorosity is low in both samples but for different reasons.
selected from both reservoir and nonreservoir rock faciesThe sample from 11,852 ft (3,612 m) depth shows evidence
Individual samples may have been taken from producing oof compaction, but porosity loss is due primarily to the
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74 DEEP NATURAL GAS RESOURCES IN THE UNITED STATES

Table 1. Location and geologic formation for samples examined in this study.

Sample no. Depth (feet) Well County Location Formation

Uinta Basin, Utah

Ch 1-35 11,852Shell-Christenson 1-35—-A5 Duchesne Sec.33, T.1S,R.5W. Green River.
Ch 1-35 11,932Shell-Christenson 1-35-A5 Duchesne Sec.33, T.1S,R.5W. Green River.
Anadarko, Basin, Oklahoma
OK-1 18,076Kerr-McGee No. 1 Tentanque Cado Sec. 35, T5N, R. 10 W. Springer.
OK-2 16,078Texaco No. 1 Carr Cado Sec. 36, T5N.,, R. 11 W. Springer.
OK-3 11,960Humble No. 1 Patterson Grady Sec. 23, T5N,R. 6 W. Springer.
OK—4 12,072Humble No. 1 Patterson Grady Sec. 23, T5N.,,R.6 W. Springer.
OK-5 16,626Chevron 1 Berta B Lay Grady Sec.8, T.3N,,R.7W. Springer.
OK-6 10,161Edwin Cox 1 Miller Canadian Sec. 26, T.14 N., R. 10 W. Morrow.
OK-7 7,096 King Stevenson 1 Anderson Woodward Sec. 26, T.25N., R. 20 W. Morrow.
OK-8 7,197.5King Stevenson 1 Anderson Woodward Sec. 26, T.25N., R. 20 W. Morrow.
OK-9 10,3780dessa Nat. Gas 1 Milstead Woodward Sec. 33, T.20 N., R. 21 W. Morrow.
Wind River Basin, Wyoming
WY-8 12,097.5Monsanto 1-35 Dolis Fremont Sec. 35, T.39N.,, R. 91 W. Lance.
WY-10 12,111Monsanto 1-35 Dolis Fremont Sec. 35, T.39 N, R. 91 W. Lance.
WY-=-20 12,709.4Monsanto 1-35 Dolis Fremont Sec. 35, T.39N.,, R. 91 W. Lance.
WY-21 13,483Monsanto 1-35 Dolis Fremont Sec. 35, T.39 N, R. 91 W. Lance.
WY-25 13,517.3Monsanto 1-35 Dolis Fremont Sec. 35, T.39N,, R. 91 W. Lance.
WY=-27 13,527Monsanto 1-35 Dolis Fremont Sec. 35, T.39N,, R. 91 W. Lance.
WY-31 13,602.5Monsanto 1-35 Dolis Fremont Sec. 35, T.39 N, R. 91 W. Lance.
WY-35 13,631Monsanto 1-35 Dolis Fremont Sec. 35, T.39 N, R. 91 W. Lance.

presence of approximately 19 percent (by volume) carbonatef these characteristics can help to maximize production. An
cement. The sample from 11,932 ft (3,636 m) depth containanalytical technique useful for determining distribution of
approximately 4 percent carbonate cement but is more conpore-throat sizes, and thus understanding the structures of
pacted than the first sample. pore systems in the reservoir, is capillary pressure analysis.
Samples from the Anadarko Basin of Oklahoma (OK—1Pore systems consist of pores and smaller channels (pore
through OK-9; fig. A, B, D) are from different wells, for-  throats) connecting the pores. Pore throats, in conjunction
mations, and depths. They exhibit a large variation of poroswith pore-system geometry and topology, control the move-
ity and permeability. There is no obvious relationshipment of fluids between pores. Through the use of capillary-
between grain size and porosity or between depth and poroBressure curves derived from mercury-injection porosimetry,
ity, even in the same well. Reduced porosity is most comit is possible to calculate pore-throat size and distribution.
monly related to increased cementation and sometimes to  Mercury-injection porosimetry is based on measure-
compaction of labile rock fragments or to poor sorting.ment of volume distribution of pore throats; the method
Detailed petrologic data for additional samples from thedepends on forcing mercury into small voids, pore throats,
Anadarko Basin are given in Keighin and Flores (1989).  within the rock. Pore throats control access to larger voids
Samples from the Wind River Basin of Wyoming (pores) because greater pressures are required to force mer-
(WY-8 through WY-35; fig. €) are typically coarser cury, or other nonwetting fluids, into smaller spaces (see
grained and contain more rock fragments than samples frofdurcell, 1949). Thus, pore throats are bottlenecks in the sys-
the other basins. The Wind River subset is too small, howtem, and it is necessary to exceed their critical capillary pres-
ever, to determine if grain size and (or) the presence of rockure in order to inject mercury into pores. By injecting
fragments affect the distribution of porosity or permeability. mercury at incrementally higher pressures, and allowing
Most porosity probably is due to dissolution of rock frag- time for equilibration between pressure increments, mercury
ments or other detrital grains. Porosity loss is due primarilys injected into increasingly smaller pores. Itis then possible
to compaction; the volume of porosity-reducing carbonateo calculate the size distribution of pore throats, to determine
cement is usually less than 5 percent. how pore-throat size is affected by increasing confining
stress to approximate reservoir conditions, and to determine
how permeability is affected by reduction in pore-throat size.
MERCURY-INJECTION The samples in table 2 show a large range of porosity
POROSIMETRY and permeability values, although porosity is typically below
8 percent and Klinkenberg permeability below 0.1 mD.
Petrophysical characteristics of rocks influence the abilKlinkenberg (1941) showed that, especially in low-perme-
ity of petroleum reservoirs to produce, and an understandingbility media, permeability to a gas is a function of the mean
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76 DEEP NATURAL GAS RESOURCES IN THE UNITED STATES

Figure 1 (previous page). Photomicrographs of thin sections versus routine air permeability for samples in this study are
prepared from plugs on which porosity-permeability and mercuryshown in figure 2. They indicate a generally close correla-
injection determinations were made. Location of samples is givetion between porosity and permeability. As expected, poros-
in table 1, and porosity, permeability, and modal analysis results aig, and permeability in general decrease with depth, but
givenin table 2. All photographs taken in plane-polarized li§ht.  gepth is not the only factor to consider in the decrease of
Sample OK-7. Depth, 7,096 ft (2,163 m); helium porosity, 16 Peraither porosity or permeability.

cent; in situ permeability, 330 mD. Good porosity and permeability . . .
are created by large, open pores (P); pores are generally clay free Schmoker and Gautier (1988) considered that porosity-

but are typically lined by wheat-grain siderite (S). Neither porosiy€ducing diagenetic reactions in the subsurface are depen-
nor permeability has been reduced by compaction or chemical céent on time-temperature exposure of the formation and, fur-
mentation in this sampleB, Sample OK-8. Depth, 7,198 ft (2,194 ther, that depth may or may not be a good measure of thermal
m); helium porosity, 14.1 percent; in situ permeability, 47.7 mD.exposure. In addition, the decrease in porosity with depth
Sample is poorly sorted but clean (few rock fragments); pores aigay not be uniform (Atkins and McBride, 1992, fig. 9).
relatively clean and open, although some are filled with kaolinitexamination of thin sections indicates that, although com-

(K). Authigenic quartz overgrowths (O) and carbonate cement (Chaction due to increasing depth of burial may be a factor, the

are present, but neither porosity nor permeability has been Signiﬂegree of compaction is greatly influenced by lithology
cantly reduced by chemical cementati@n Sample OK-3. Depth, '

especially the presence and quantity of labile rock fragments

11,960 ft (3,645 m); helium porosity, 14.3 percent; in situ perme,, : . . =
ability, 86.6 mD. Sandstone is moderately sorted, fine grained, ar’g)utton and Diggs, 1992). Cementation, either by silica or

relatively clean; pores are typically open and clay-free, althougt y carbonate mllne_rgls, reduce; F’Oth porosity and permeabil-
iron-bearing carbonate cement (C) is sometimes preBer8am- Iy, @s well as significantly modifies pore structure.

ple OK-1. Depth 18,076 ft (5,510 m); helium porosity, 2.1 percent; ~ This study is particularly aimed at describing pore
in situ permeability, 0.0010 mD. Sandstone is well sorted andtructure and, necessarily, determining how these structures
clean, but porosity and permeability have been significantly regre generated and modified. It would be especially useful in
duced by compaction, quartz overgrowths (O) (silica cementationhth exploration and production to be able to accurately pre-
and pore-fil_ling carbonat_e (C). Intergranular pores (P) are presefict porosity and the role of mechanisms responsible for
but are typically very thin (<fm). E, Sample WY-8. Depth, . ifing norosity and pore structure. Pore throats are an

12,097.5 1t (3,687 m); helium porosity, 6.9 percent, in situ perme; ortant aspect of overall pore structure. In part because of
ability, 0.0022 mD. Moderately sorted medium-grained sandston P P P : P

contains both compacted and partially dissolved rock fragments e'r. Sma”_ size, _they are more sensmvg to diagenetic mOd"
(R); some porosity is microporosity due to partial dissolution offications including physical compaction and chemical
rock fragments; few pores are clean (free from clays or authigenighange (dissolution or precipitation of newly formed miner-
cements). Authigenic cements include silica overgrowths and inals). Research to date has not completely answered these
tergranular carbonatesF, Sample WY-35. Depth, 13,631 ft questions (Harrison, 1989; Surdam and others, 1989; Bloch,
(4,155 m); helium porosity, 7 percent; in situ permeability, 0.00241991; Bachu and Underschultz, 1992).

mD. Medium-grained, moderately sorted sandstone is rich inrock  gyamination of the porosity and permeability data in
fragments. Most pores are lined with authigenic chlorite (Ch), an?able 2 reveals a wide variation in measured values: the data
many are filled V‘.’it.h o_ther agthigenic clays. Porosity has also beeglso show wide variations in the effects of confinin,g stress
reduced by precipitation of intergranular carbonate (C). on permeability. Relationships between capillary pressure
and wetting-phase saturation (that is, air) and pore-size dis-
tribution for a range of porosity and permeability values are
shown in figure 3 (see also McCreesh and others, 1991). The
free path of the gas molecules. When gas flows through Cagémples illustrated in figureA3andB are among the most

illaries having diameters small enough to be comparable t . . o .
. : . orous of the samples investigated and, in thin section, have
the mean free path of the gas, as is typically the case in low-

. . . . I’(lje largest visible pores. Plots of pore-size frequency versus
permeability media, discrepancies appear between gas alBre entry-throat diameter reveal, however, that pore throats
liquid permeabilities in the porous media. Klinkenberg intro-p y ’ ¥ b

. ) X in th mpl rem mmonly in th fan
duced the concept of “slip” and the following equation to cor- these samples are most commonly in thqutOrange,

: ; significantly smaller than the pores visible in thin section.
rect apparent gas permeabilig, of a gas flowing at a mean .
= . The plots also show that pore throats are constricted by
pore pressureP, to the true permeability of the porous

. - ) increased confining stress, although not as dramatically as in
medium.K, (see also Sampath and Keighin, 1982): samples that have lower initial porosity and permeability and

Kg= Ko, (1+b/P) smaller measured pore throats. Data plotted in figues 3
andD indicate that, for samples more typically fitting the
“tight” sand designation, pore throats are more typically in
DATA ANALYSIS the <0.1pm size range and that these already small pores are
further reduced by confining stress. Thus, even though pores
Crossplots of in situ Klinkenberg permeability versus invisible in thin section may be relatively large, all pores must
situ helium porosity and in situ Klinkenberg permeability be accessed through pore throats, which are smaller,




Table 2. Sample depth, and summary of modal analyses and measured porosity and permeability for samples examined in this study.
[Sample location information is given in table 1. Modal analyses are normalized to 100 percent: Q, quartz; F, feldsipdraBrients; leaders (--) indicate not present. Properties are defined at bottom
of table. Helium porosity is in situ value. Permeability values are corrected for Klinkenberg effect. ND indicatesmutediter

In situ permeability/

Sample Depth Modal analysis (volume percent) Properties Porosity (percent) Permeabilityx ambient permeability
No. (feet, meters) Q F R Size Sort Angularity Helium Modal Ambient Insitu (percent) %
Uinta Basin, Utah é
Ch 1-35 11,852 (3,612) 91.3 25 6.2 165 0.7 35 2.2 3 0.0065 0.0004 6.15 0
Ch 1-35 11,932 (3,637) 93.1 3.1 3.8 193 0.8 2.1 4.0 7.6 0.0165 0.0018 10.9 |:E
Anadarko Basin, Oklahoma g
OK-1 18,076 (5,510) 100 207 0.4 3.5 2.0 0.8 0.0050 0.0010 20. r-?l
OK-2 16,078 (4,901) 98.1 0.8 1.1 148 04 2.9 4.9 8.5 0.0729 0.0078 10.69 Py
OK-3 11,960 (3,645) 99.6 0.4 210 0.9 2.0 13.3 24 95.466 89.6 93.39 %
OK-4 12,072 (3,680) 100 -.- 156 0.4 2.0 4.3 6 0.0477 0.0026 5.45 n
OK-5 16,626 (5,068) 99.5 0.5 140 1.0 25 8.8 10.8 0.5185 0.1975 38.09 %
OK-6 10,161 (3,097) 98.7 0.9 0.4 166 0.5 3.6 ND 15.4 ND ND @)
OK-7 7,096 (2,163) 91.4 1.0 7.6 321 0.4 3.8 14. 25 343.75 330.20 96.06 5
OK-8 7,197 (2,194) 99.6 04 209 1.7 3.8 12.8 22 50.75 47.65 93.89 g
OK-9 10,378 (3,163) 98.7 0.65 0.65 101 15 0.6 9.6 4.8 0.0078 0.0032 41.03 0
Wind River Basin, Wyoming ﬁ
WY-8 12,097 (3,687) 85.5 2.0 12.5 317 0.7 15 6.5 12.2 0.0157 0.0022 14.01 %
WY-10 12,111 (3,691) 85.2 0.5 14.3 162 0.5 1.5 8.2 9.5 0.0077 0.0017 22.07 6
WY-20 12,709 (3,874) 75.8 2.4 21.8 255 0.8 2 5.5 6.1 0.0106 0.0012 10.85 3
WY-21 13,483 (4,110) 60.4 3.9 35.7 330 1.0 1.8 5.9 5.7 0.0133 0.0010 7.52 o)
WY-25 13,517 (4,120) 69.7 4.3 26. 226 1.2 1.2 3.7 4.1 0.0012 0.0001 8.33 8
WY-27 13,527 (4,123) 77.8 3.9 18.3 317 0.8 15 5.2 3.3 0.0052 0.0005 9.62 a

WY-31 13,602 (4,146) 80 10.9 18.3 397 0.5 2.1 4.7 4.9 0.0051 0.0011 21.57

WY-35 13,631 (4,155) 62.1 15.9 22 272 0.5 2.2 6.7 7.2 0.0065 0.0024 36.92

Properties
Grain size Sorting Angularity
Size im) Wentworth size Visual estimate Degree of sorting Class interval Grade term
550-250 Medium sand 0-0.35 Very well sorted 2.0-3.0 Subangular
250-125 Fine sand 0.35-0.5 Well sorted 3.0-4.0 Subrounded
125-62.5 Very fine sand 0.5-1.0 Moderately sorted 4.0-5.0 Rounded
1.0-2.0 Poorly sorted

Ll
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Figure 2. Cross plots of in situ Klinkenberg permeability ver8u situ helium porosity anB, routine air permeability for samples
from core in the Anadarko, Uinta, and Wind River basins.

Figure 3 (following pages). Plots illustrating capillary pressure higher proportion of larger pores (although still in theug0size
versus wetting phase (that is, air) saturation and pore size distribrange) in this sample as compared with sample OK-8; pore
tion for samples under ambient (squares) and in situ (trianglesthroats under confining stress are typically smaller thapm5
stress conditions. Location of samples is given in table 1, and p«C, Sample WY-21. Porosity, 5.9 percent; permeability, 0.0010
rosity, permeability, and modal analysis results are given in tablmD; depth 13,483 ft (4,109 m). Capillary pressure versus satura-
2. Values of porosity and permeability given following are in sitution curves show that mercury saturation of pore space is not ac-
values.A, Sample OK-8. Porosity, 12.8 percent; permeability,complished, even at 10,000 psia, and that entry into pores is
47.65 mD; depth 7,197.5 ft (2,194 m). Shape of the capillansignificantly restricted with increasing confining stress. Pore-
pressure versus saturation curve indicates that mercury entersize distribution curves reveal that unconfined pore throats are
pores at relatively low pressure and that saturation was essentiatypically smaller than approximatelypin; when under confin-
complete at approximately 7,000 psia. Although the larger poreing stress, pore throats are reduced significantly in size and are
visible in figure B are approximately 50 by 1Qn, measured typically less than 0.08m. D, Sample OK-1. Porosity, 2.0 per-
pore-size distribution shows that the majority of pore throats arcent; permeability, 0.0010 mD; depth 18,076 ft (5,509 m). The
smaller than approximately 18n. B, Sample OK-3. Porosity, physical appearance of the sample (fif) suggests very low
13.3 percent; permeability, 89.6 mD; depth 11,960 ft (3,645 m)porosity and permeability due, at least in part, to compaction and
Measured porosity and visible pores in figu® duggest that cementation by carbonate and silica overgrows. Examination of
properties of sample OK-3 are very similar to those of samplithe thin section illustrated in figureD1suggests that the “thin-
OK-8. The capillary pressure versus saturation curve indicatefilm” intergranular pores may be 142n across. Pore size distri-
that more pore throats are being constricted by application of corbution curves show, however, that pore throats are most com-
fining stress. The pore-size distribution curves reveal a slighthmonly <0.2um (unconfined) to 0.04-0{m (confined) across.
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commonly much smaller, than the pores. These data alstiagenetic processes. It is usually possible to identify and

suggest that pore throats, rather than stress-relief microfragace depositional facies through the use of geophysical logs,
tures, are indeed being closed by increased confining stresgithough these data are commonly too widely spaced to
adequately define facies distribution. Itis not generally pos-

sible, however, because of wide variations in diagenetic pro-

DISCUSSION cesses, to predict capillary pressure characteristics, which

are a measure of pore-throat characteristics, from knowledge

Pores and pore throats are initially controlled by depoof depositional lithofacies. It is necessary to generate the
sitional patterns and facies and are subsequently modified lo\ata for calculation of pore-throat characteristics from
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measurements on core samples; supporting data can bere. Small pore throats are also very sensitive to formation
obtained from examination of thin sections and from scanfluids, which reduce their effective diameter. Measurement
ning electron microscopy. of capillary pressure under confining stress suggests that,
Data from this study show that pore throats, the controlalthough microfractures are induced by removing core from

ling structure in the flow of fluids through a pore network, reservoir conditions and are closed during restoration of con-
are typically smaller than pores in thin section or apparent ifining stress, constriction of very small pore throats is the
hand specimen. Pore throats, especially small (g}l  controlling mechanism affecting fluid flow at reservoir con-
pore throats, common in fine-grained to very fine grainedlitions in the samples examined. These data aid in defining
clastic rocks, are very sensitive to confining stress and prolseservoir properties under in situ conditions and are available
ably act as limiting factors controlling flow of gas to a well for reservoir description and for use in simulation studies.
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