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Porosity Prediction in Deeply Buried Sandstones,
With Examples From Cretaceous Formations
of the Rocky Mountain Region

By James W. Schmoker

ABSTRACT carbonate cementation, and grain size and as a possible
function of hydrocarbon generation.

Empirical porosity trends are examined for the Lower = Examples are drawn from Cretaceous sandstones of the
Cretaceous J sandstone in the Denver Basin, sandstoneRotky Mountain region, including the Lower Cretaceous J
the Upper Cretaceous Mesaverde Group in the Piceance asahdstone (an informal unit of the Muddy Sandstone) of the
Uinta basins, and combined, undifferentiated Cretaceou3enver Basin, Colorado, and Upper Cretaceous sandstones
sandstones in the Denver, Green River, Uinta, and Piceanakthe Mesaverde Group of the Piceance and Uinta basins,
basins. For each data set, porosity is examined as a functi@olorado and Utah. This paper is not intended as a report on
of vitrinite reflectance in an attempt to determine relationshe geology of these units. Rather, the J and Mesaverde
between porosity change during burial and thermal historgandstones serve to illustrate an approach to porosity predic-
Correlations between porosity and internal hydrocarbon getion that has broad applicability to deeply buried sandstones.
eration, carbonate cementation, clay content, and grain sigetaceous sandstones of Rocky Mountain basins are them-
are investigated as examples of links between porosity rangelves not deeply buried in many of the areas studied but
at a given vitrinite reflectance level and causal geologic elavere chosen as analogs because of the availability of poros-
ments. ity, vitrinite reflectance, and petrographic data.

INTRODUCTION APPROACH TO POROSITY

Technology for drilling oil and gas wells below 15,000 PREDICTION
ft (4,572 m) is well developed, and the ability to detect traps
at these depths has improved steadily over the years. Never- Predictive sandstone porosity models should account
theless, in some deep basins of the United States, relativéty effects on porosity of rock properties and burial history.
few wells penetrate below 15,000 ft, and deeply buried sangimply relating porosity to rock properties, as is sometimes
stones in these basins are poorly explored. done in petrographic and core studies, may yield descriptive

One of the factors that has limited deep drilling for sanddata that are difficult to generalize into regional predictive
stone reservoirs is the knowledge that porosity can be too lofodels.
to sustain economic hydrocarbon production. Better meth-  The influence of burial history on porosity commonly
ods for estimating the porosity anq porosity range of sanGas peen represented by plots of porosity versus depth
stones are needed for risk evaluation and reduction in dee(mhy’ 1930; Maxwell, 1964; Baldwin and Butler, 1985);
drilling programs, as well as for regional assessment of degpwever, in recent years, apparent relations between poros-
hydrocarbon resources. ity and depth have come under critical review (van de

In this report, | discuss an empirical approach to poroskamp, 1976; Lyons, 1978, 1979; Cassan and others, 1981;
ity prediction in deeply buried sandstones. Porosity trendSiever, 1983; Scherer, 1987; Schmoker and Gautier, 1988,
are described as a function of thermal maturity, as reprd989; Keighin and others, 1989; Bloch, 1991). The point
sented by vitrinite reflectance R The porosity range at a made in many of these latter papers is that processes of
given level of thermal maturity is predicted and is investiporosity modification during burial are strongly influenced
gated as a function of rock properties such as clay conteily thermal history.

89



90 DEEP NATURAL GAS RESOURCES IN THE UNITED STATES

By plotting porosity as a function of vitrinite reflec-
tance, which is a measure of thermal history, the effects of
temporal and spatial variations in thermal gradient, subsid-
ence, uplift, and erosion are normalized. Also, to the extent
that vitrinite reflectance is time dependent, the duration of a -1 90th
given set of burial conditions is empirically taken into
account.

Porosity-maturity relations, like porosity-depth curves,
do not provide much insight into the processes causing
porosity change in the subsurface. The influence on porosity 75th
of factors such as grain size and sorting, clay matrix, frame-
work composition, early cementation, overpressuring, prox-
imity to unconformities, dissolution (secondary porosity),
and coating of framework grains is empirically taken into
account by developing porosity—vitrinite reflectance trends
that represent the 10th, 25th, 50th, 75th, and 90th porosity
percentiles of data sets (fig. 1).

The 90th porosity percentile, for example, represents Z
strata of the data set that have rock properties relatively
favorable for pore-volume preservation or enhancement,
whereas the 10th porosity percentile represents intervals o
the data set that have properties favoring pore-volume reduc
tion or occlusion at similar levels of thermal maturity. By
depicting porosity using the 10th through 90th porosity per-
centiles (fig. 1), the porosity range at a given vitrinite reflec-
tance level is taken into account. If porosity was reported
only as an average, information significant for risk assess-
ment, reservoir-engineering models, and volumetric calcula- E— 10TH PERCENTILE
tions would be lost.

@ ricHesT

50th

CREASING POROSITY

25th

. .. . Figure 1. Box diagram illustrating data format used to
The dependence of sandstone porosity on vitrinite AR Lo
develop porosity—vitrinite reflectance trends. Porosity distribu-

reflectance (B can be represented by a power function of tion of each measurement suite is represented by 10th, 25th,

the form@=A(R,)*, where A and B (a negative number) are 5oty 75th, and 90th porosity percentiles, as well as by single
constants (SChmOker and Gaut'er, 1988, 1989) SUCh trend:h|ghest porosity measurement. Modified from Cleveland

graph as straight-line segments on log-log plots. (1985).

PREDICTIVE POROSITY TRENDS FOR focusing on the J sandstone is based on work of Schmoker
J SANDSTONE and Higley (1991), in which complete tables of the data used

herein are presented.

The Lower Cretaceous J sandstone of the Dakota Group
was deposited in nearshore-marine, deltaic, and fluvial-estu-
arine (valley-fill) settings in the Denver Basin (fig. 2). Itis POROSITY-MATURITY TRENDS
correlative to other Lower Cretaceous Dakota Group sand-
stones of the Rocky Mountain region (Coalson, 1989). Some  Core-plug porosity data from 31 wells in the Denver
90 percent of the oil and gas extracted from the Denver BasiBasin (fig. 2) were used to create the porosity-vitrinite
has been produced from the J sandstone (Land and Weimégflectance plots of figures 3 and 4. Vitrinite reflectance val-
1978; Tainter, 1984). ues were measured in each well by M.J. Pawlewicz, U.S.
The maximum depth of the J sandstone in the wells ofs€ological Survey, using material from shale within and
this study (fig. 2) is only 8,745 ft (2,665 m), at first consid- adjacent to the J sandstone. Because formation thickness
eration not sufficiently deep for the development of deepdoes not exceed 150 ft (46 m) and is generally less than 100
sandstone porosity models; however, a good suite of porodt (30 m), the thermal maturity of the J sandstone in an indi-
ity, vitrinite reflectance, and thin section data (Schmoker ang/idual well does not vary significantly.
Higley, 1991) makes the J sandstone a useful unit for devel-  For the J sandstone, as well as for the other examples
oping approaches to porosity prediction. Such approachgsresented herein, the porosity data of a given measurement
might then be applied to sandstones in general. This sectiguite (such as data from a particular well) are grouped into a
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Figure 2. Map of study area in Denver Basin, Colorado, showing location of wells (solid circles) from which J sandstone porosity
and vitrinite reflectance data were obtained. Structure contours are on top of J sandstone using sea-level datum (aftdr Higley
Schmoker, 1989); contour interval 1,000 ft (305 m).

box diagram and represented by the 10th, 25th, 50th, 75tthe 10th, 25th, 75th, and 90th porosity percentiles. The
and 90th porosity percentiles, as previously discussed (fignorosity—vitrinite reflectance regression lines of these five
1). The porosity of the J sandstone is characterized by Jlots are assembled in figure 4 and documented in table
such box diagrams. 1. Correlation coefficients range between —0.76 and —0.88.
Figure 3 shows the 50th (median) percentiles of théor 31 data points, a correlation coefficient of —0.42 would
31 J sandstone box diagrams, plotted as a function of vike significant at the 1 percent level (Till, 1974).
rinite reflectance. A least-squares power-law regression A power-function relation of porosity to vitrinite reflec-
line with vitrinite reflectance as the independent variable isance explains about three-fourths of the porosity variance of
fit to the data of this figure. Similar plots were made forthe 50th, 75th, and 90th J sandstone porosity percentiles
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30 I ‘ ‘ ‘ ‘ ‘ ‘ Table 1. Power-law regression lines fit to J sandstone

25 — — porosity—vitrinite reflectance data.

[Data are shown graphically in figure 4. 68 percent confidence intervals are

20 = shown for A and B]

15 — — Fraction of
= C i Porosity QJ:A(I%)B Correlation total variance
g r a percentile A B coefficientr) (rd
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o)
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g 50th 8.340.5 -1.180.12  —0.88 0.77
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Figure 3. Porosity versus vitrinite reflectance for 50th percentile
of J sandstone porosity distributions for 31 wells in Denver Basin:
Coefficients for least-squares fit to data (line) are given in table 1.

Location of wells is shown in figure 2.
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Figure 4. Porosity versus vitrinite reflectance regression lines for

11 1.2

represent different combinations of diagenetic processes and
geologic factors, the negative correlation between porosity
and thermal maturity is characteristic of each case.

The trend lines of figure 4 provide an empirical frame-
work for estimating both the porosity and the porosity range
of the J sandstone within the Denver Basin. It is important
to note, however, that the concept behind figure 4 is broader
than a study of a particular sandstone in a particular basin.
Figure 4 illustrates a sound general approach to empirical
porosity prediction in sandstones.

POROSITY RANGE AT A GIVEN VITRINITE
REFLECTANCE LEVEL

The predictive porosity model of figure 4 incorporates
the porosity range at a given level of thermal maturity.
Although a substantial porosity range at a given vitrinite
reflectance level is typical of sandstones in general, the par-
ticular causal factors are varied and cannot be specified
independently of observation. Examination of thin sections
reveals that the petrographic factors that most affect J sand-
stone porosity variability at a given vitrinite reflectance
level are carbonate cementation and clay content. These two
factors are discussed briefly in the following paragraphs, as
examples of the links between empirical porosity percentiles

10th, 25th, 50th, 75th, and 90th porosity percentiles, J sandstonaéjl,nd causal geologic elements.

Denver Basin. Regression lines are documented in table 1. These

Carbonate cement, where present, reduces porosity. In

trend lines constitute an empirical, predictive porosity model foraddition, corroded and embayed quartz edges show that car-

the J sandstone.

bonate cement was formerly more widespread. Such cement
protects the pore network from volume loss due to other pro-
cesses of burial diagenesis relative to uncemented intervals.

(table 1). For these sandstones, the effect of thermal matdrhus, direct and indirect effects of carbonate cementation
rity on porosity change in the subsurface is considerablyre responsible for a portion of the porosity range at a given
larger than that of all other factors combined. vitrinite reflectance level shown in figure 4.

The five regression lines of figure 4 each show a  Abundant clay reduces J sandstone porosity, all else
decrease of porosity with increasing thermal maturity.being equal, by occupying pores and deforming during
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burial to fill pore networks. Low clay content also reduces 111° 110° 109° 108°
porosity of the J sandstone, all else being equal, probab outline ofL‘Jima
because inhibiting effects of clay on quartz cementation ar | and Piceance Basins
mostly absent. Thus, the higher J sandstone porosities a

given R tend to be associated with intervals of intermediate,. | |
clay content, that is, a clay content sufficient to retard quart
cementation yet low enough to minimize the mechanica
clogging of pores (fig. 5). The clay content associated witt
maximum porosity percentile is about 12 percent in the .

sandstone (fig. 5).

PICEANCE
BASIN

39°— 0 20

40 MILES

0 25 50KILOMETERS

x \ ‘
oth |- ——————— ]

Figure 6. Map of Piceance and Uinta basins, Colorado and Utah,
showing location of wells (solid circles) from which porosity data
representing sandstones of Mesaverde Group were obtained.
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reservoir quality are not well known.

The maximum depth of Mesaverde sandstones in the
wells of this study (fig. 6) in the Piceance Basin is 7,300 ft
(2,230 m), whereas in one well in the Uinta Basin the

CLAY, PERCENTAGE OF SOLIDS Mesaverde is deeper than 15,000 ft (4,572 m). As with the

) _ ) _ _ preceding J sandstone example, the exercise of developing
Figure 5. Point-count porosity, expressed relative to porosity-p agictive porosity models for Mesaverde sandstones is
percentile trfend lines of flgure 4, versus clay content,Jsandstoqﬁtended to illustrate approaches that can be applied to
Denver Basin. Interpretation of basic trend is shaded. For purposéndstones in general. This section focusing on Mesaverde
es of this figure, clay is defined as mudstone clasts, detrital claﬁ . 9 ) K of h E H
and authigenic mixed-layer illite-smectite and chlorite. Sandstones is based on work of Schmoker and others

(21992), in which the data used here are discussed more

fully.

An important aspect of figure 5, one that extends
beyond the characterization of the J sandstone, is that the ver-

tical axis represents porosity percentile, rather than porosity, ) . )
on an absolute scale. Thus, porosity is adjusted for the level Core-plug porosity data from 14 wells (11 locations) in

of thermal maturity. This technique permits the crossplottin{’® Piceance and Uinta basins (fig. 6) are used for the poros-

of porosity and petrographic measurements from rocks 6tfy—vitrinite reflectance plots of figures 7 and 8. Vitrinite
reflectance values were estimated in each well, based on

different thermal maturity levels. The influence of geologic
y g g 8re-p|ug depths, by interpolating from a variety of pub-

elements on porosity evolution in the subsurface can thus ﬁf X
b y Ished and unpublished sources (Schmoker and others,

isolated from the influence of burial history as represented b : . .
thermal maturity. i’992). The merging of data from the Piceance and Uinta

basins is rationalized on the basis that Mesaverde rocks of
both basins are temporally and depositionally similar
(Keighin and Fouch, 1981). As in the case of the J sand-
stone, the porosity distribution of a given measurement suite
is represented by porosity percentiles (fig. 1). The porosity
of predominantly nonmarine Mesaverde sandstones is char-
acterized by 31 box diagrams.

Upper Cretaceous, undifferentiated, predominantly  Figure 7 shows the 25th and 75th percentiles
nonmarine sandstones of the Mesaverde Group in thgonnected by vertical lines) of the 31 Mesaverde box
Piceance and Uinta basins contain large volumes of naturgiagrams, plotted as a function of vitrinite reflectance.
gas; however, economically successful exploration in thesehese data depict the middle range of porosity
low-permeability fractured rocks has proven difficult. Inmeasurements and thus define an envelope of typical, or nor-
large parts of the two basins, the Cretaceous section rsal, porosities. Porosity-vitrinite reflectance trend lines

POROSITY-MATURITY TRENDS

PREDICTIVE POROSITY TRENDS FOR
MESAVERDE GROUP SANDSTONES
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Figure 7. Porosity versus vitrinite reflectance for 25th through
75th percentiles (vertical lines) of porosity distributions for 31 sam
ples of sandstone of the Mesaverde Group from 11 locations In
Piceance and Uinta basins. Type curve, 10th percentile, and 9
percentile dashed lines provide a reference framework that repr

25 3.0

Porosities of predominantly nonmarine Mesaverde
sandstones have been described as low relative to other sand-
stones; however, comparison to the reference lines of figure
7 demonstrates that this is not the general case if levels of
time-temperature exposure (vitrinite reflectance) are taken
into consideration. In sharp contrast to J sandstone porosi-
ties, which decrease systematically as vitrinite reflectance
increases (figs. 3, 4), the middle porosity range of Mesaverde
sandstones does not show an overall porosity decrease
between Rof 0.7 and 1.8 percent (fig. 7). Whether casual or
causal, these vitrinite reflectance levels approximate the win-
dow of active hydrocarbon generation (Tissot and Welte,
1984) for the type lll kerogen present in nonmarine parts of
the Mesaverde Group. Betweep & 0.7 and 1.8 percent,
Mesaverde sandstones have typical porosities in the 5-8 per-
cent range (fig. 7).

Figure 8 shows the 75th percentiles and the single high-
est measurements (connected by vertical lines) of the 31
Mesaverde box diagrams, plotted as a function of vitrinite
reflectance. These data depict the upper quartile of porosity

dJijeasurements and thus define an envelope of above average

gorosities. Two reference lines (dashed) are also shown in

sents sandstones in general (Schmoker and Gautier, 1989; schmfigure 8. One marks the 8 percent porosity level, which is

er and Hester, 1990). Sample locations are shown in figure 6.

sometimes taken as an arbitrary lower cutoff for sandstone
reservoirs, and the other approximates the high-porosity limit
of the data set.

30

25— | IR | - The distribution of upper quartile Mesaverde porosities
% 20 — | h\\ Limit of highest — (fig. 8) is similar in overall shape to that of the middle range
Q \(poms'ty measurements of Mesaverde porosities (fig. 7). For vitrinite reflectance
2 N———————— ~ N between 0.7 and 1.8 percent, Mesaverde sandstones are
>Z_—10 — IW | | ‘ | — likely to have some intervals in which porosity is greater than
o R T N e i ooy -
g B—~——— — W > T 8 percent; the maximum porosity in this thermal maturity
% g | BprC’)‘;i';t | ] range is about 13 percent (fig. 8).
& s5— — Models for the porosity and porosity range of the J and

4 | L L 1 || | | | Mesaverde sandstones predict quite different responses of

0.4 05 06 0.7 080910 15 2.0 25 30

porosity to increasing thermal maturity (figs. 4, 7, 8); how-
_ _ o _ever, both models result from the same empirical method of
Figure 8. Porosity versus vitrinite reflectance for 75th percentlleyrosity prediction. This method is robust and offers a sound

VITRINITE REFLECTANCE (Rp), IN PERCENT

th_rou_gh single highest measurements (vertical lines) of porosity di eneral approach to the problem of porosity prediction in
tributions for 31 samples of sandstone of the Mesaverde Group fro .
eeply buried sandstones.

11 locations in the Piceance and Uinta basins. Sample locations aré
shown in figure 6.

POROSITY RANGE AT A GIVEN VITRINITE
representing combined data sets of other formations are also REELECTANCE LEVEL

shown in figure 7. The dashed line labeled “type curve” was

presented by Schmoker and Gautier (1989) as a typical The predictive porosity model of figures 7 and 8 incor-
porosity versus thermal maturity curve for clastic rocks. Th@orates the porosity range at a given level of thermal matu-
dashed lines labeled “10th percentile” and “90th percentilefity- ~ Petrographic data indicate that proximity to the
are from Schmoker and Hester (1990) and form an envelo%%]conformny at the top of the Mesaverde Group, dissolution

that 80 t of thei itv data f early carbonate cement, larger grain size, and lower clay-
at encompasses ol percent ot their porosity data from Vafzayiy content are all factors favoring higher porosities in

ious basins and formations. These three trend lines providgesaverde sandstones. These factors are discussed as addi-
a reference framework against which to compare Mesaverd@nal examples of the links between empirical porosity
porosities. percentiles and causal geologic elements.
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Secondary porosity is probably best developed immefigure 10 shows no evidence of an association between opti-
diately below the Tertiary-Cretaceous unconformity at themum porosity and intermediate clay content. Although a
top of the Mesaverde Group, and enhanced dissolution mgyredictive relation between clay-matrix content and porosity
be associated with surface weathering (Hansley andannot be proposed for the Mesaverde, maximum porosity
Johnson, 1990). The unconformity might also havedecreases systematically as matrix content increases (fig.
enhanced later stage dissolution, in the subsurface, by focusg). Porosities greater than a few percent are improbable if
ing the flow of basin waters. clay-matrix content exceeds 8 percent.

Porosities of Mesaverde sandstones greater than a few The examples of the J and Mesaverde sandstones show
percent are unlikely if carbonate cement (determined byiow effects of geologic factors on porosity range can be
point-counting thin sections) exceeds about 12 percent. Ascorporated within a thermal maturity framework.
in the case of the J sandstone, carbonate cement might have
been widespread in intervals that now have little such

cement. Early carbonate cement could preserve the pore n@RED|CTIVE POROSITY TRENDS FOR
work from mechanical and chemical compaction during UNDIFFERENTIATED CRETACEOUS

burial relative to uncemented intervals; carbonate-cement

dissolution could then develop relatively high, secondarySANDSTONES OF ROCKY MOUNTAIN
porosity. REGION

Grain size can influence the rate and extent of burial
diagenesis (Houseknecht, 1984, and references therein). Porosity and vitrinite reflectance data from Cretaceous
Data to test for a relation between grain size and porosity ifandstones of Rocky Mountain basins can be combined to
Mesaverde sandstones are plotted in figure 9. The porositjevelop generic, regional models for porosity as a function
ranges of the different grain-size categories are large aref vitrinite reflectance. As in the examples of preceding sec-
overlap; however, the midpoint porosity of each porositytions, which focus on individual formations, the develop-
range increases as grain size increases. These data (fig.n@¢nt of a predictive porosity model for Cretaceous
indicate a weak relation between grain size and porosity angndstones of the Rocky Mountain region is intended prima-
suggest porosity that is higher in sandstones of larger graiiily to illustrate approaches that can be applied to sandstones
size. in general and to deeply buried sandstones in particular.

Data to test for a relation between clay-matrix content ~ The Cretaceous data set described in table 2 represents
and porosity in Mesaverde sandstones are plotted in figud@rmations in five different basins, a variety of geologic set-
10. Pseudomatrix and authigenic clays resulting from matritings, and a wide range of thermal maturities and depths.
recrystallization are included, to some extent, in the categoryhe J sandstone and Mesaverde Group measurement suites
of clay-matrix content. In contrast to the J sandstone (fig. 59 the preceding sections make up 58 percent of the com-

bined Cretaceous data set.
Ideally, the measurement suites assembled here would

vi e .. ] represent a comprehensive sampling of all Rocky Mountain
aadeun Cretaceous sandstones; however, in reality the data set is
F N0 €00- @ @8O limited (table 2). Furthermore, wells in these basins are
M= 00 —— —— — — ——— drilled according to specific selection criteria and do not pro-
w : : : vide an unbiased sampling of the subsurface. Nevertheless,
o O > 10 i % the data set is thought to be sufficient to illustrate character-
z CORE-PLUG POROSITY, IN PERCENT
< istics of generic, regional models for porosity and porosity
© \ \ \ range in which porosity predictivity is based on the level of
VF@——— @ ————————— | thermal exposure.
F 0O 0606 — — — — — — — —
MO—— —CI—00 — 00— 00O — — — — ——
\ \ \ POROSITY-THERMAL MATURITY TRENDS

0 5 10 15 20

VISIBLE PORE SPACE, IN PERCENT .. . .
Vitrinite reflectance is proportional to thermal expo-

sure, which strongly influences burial diagenesis (Siever,

Figure S Core-plug porosity and V'S'ble.’ pore space (a51983), and, as a result, porosity data from basins of varied
determined from point counting) as a function of grain size foL

Mesaverde Group sandstones from Colorado Interstate Gas Exp, S_mperat'ure (:jIS.tI"IbUtIOHS and burial h'.StoneS can be c;om-
ration Natural Buttes 21 well, sec. 15, T. 10 S.. R. 22 E., Uinta Ined using vitrinite reflectance as the independent variable

County, Utah (loc. 5, fig. 6) (Pitman and others, 1986, 1987). Graff qomparison. Depth ?5 sometimgs used as the .compgrison
size: VF, very fine, 62—-125 microns (micrometers); F, finevariable, on the implicit assumption that depth is a direct
125-250 microns; M, medium, 250-500 microns. measure of thermal history. Although this assumption is
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Figure 10. Point-count data showing visible pore space as a function of clay-matrix content for Mesaverde Group
sandstones, from Colorado Interstate Gas Exploration Natural Buttes 21 well (sec. 15, T. 10 S., R. 22 E., Uintah
County, Utah) (loc. 5, fig. 6) and Exxon Wilkin Ridge 1 well (sec. 29, T. 10 S., R. 17 E., Duchesne County, Utah)
(loc. 2, fig. 6) (Pitman and others, 1988). Because vitrinite reflectance values for Mesaverde rocks in these two
wells are similar (0.75-0.95 percent), porosity need not be expressed relative to porosity-percentile trend lines as
in figure 5.

valid for some geologic settings, it is invalid for Rocky the J sandstone data set (table 1), as might be expected
Mountain basins. As shown in figure 11, vitrinite reflectancebecause of the greater geologic diversity and range of ther-
cannot be accurately predicted on the basis of present-dayal maturity of the regional Cretaceous data set. For 107
depth within and between Rocky Mountain basins. data points, a correlation coefficient of —0.22 would be sig-

Present depth is not a good measure of thermal histofjfficant at the 1 percent level (Till, 1974).
in these basins and is therefore not a good parameter forcom- The fraction of the total variance explained by the
bining the diverse Cretaceous sandstone porosity data of thisgression lines of figures 12—16 increases from 0.36 for the
study. 10th porosity percentile to 0.58 for the 90th percentile. The

The 10th, 25th, 50th, 75th, and 90th percentiles (fig. 151igher porosity percentiles are thus modeled with more con-
of 107 box diagrams, representing Cretaceous sandstonedifence than the lower percentiles. A power-function rela-
the Denver, Green River, Powder River, Uinta, and Piceandion of porosity to vitrinite reflectance explains slightly more
Basins (table 2), are plotted as a function of vitrinitethan half of the porosity variance of the 50th, 75th, and 90th

reflectance in figures 12—16. For each porosity percentile, dt¢rcentiles (table 3). For these diverse Rocky Mountain Cre-
overall decrease of porosity with increasing vitrinite taC€OUS sandstones, the effect of thermal exposure on poros-
reflectance is apparent. Least-squares power-law regressitih change in the subsurface is at least equal to that of all
lines with vitrinite reflectance as the independent variabl®ther factors combined.

are fit to the data of figures 12-16 (table 3). Correlation = The porosity-vitrinite reflectance regression lines of
coefficients range between —0.60 and —0.76 (table 3). Thefigures 12—-16 together provide a possible empirical frame-
correlation coefficients are somewhat lower than those fowork for estimating the porosity and the porosity range of
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Table 2. Description of Cretaceous sandstone data set, Rocky Mountain basins.

No. of
core-plug No. of Vitrinite
Basin Description and source porosity measurement reflectance
measurements  suites (percent) Depth (feet and meters)

Denver J sandstone (Schmoker and Higley, 1991) 963 31* 0.41-1.14  4,300-8,700 (1,311-2,652)
Green River Dakota Sandstone of Bridger Lake field

(B.E. Law, written commun., 1987) 326 1 0.59 15,500 (4,724)

Undifferentiated Cretaceous strata of El Paso

Wagon Wheel 1 well (author's data) 442 7 0.66-1.78  8,100-16,100 (2,469-4,907)

Almond Formation (B.E. Law, written commun.,

1988) 811 24 0.57-1.64  4,500-14,300 (1,372-4,359)
Powder River Sussex Sandstone Member of Cody Shale

(D.K. Higley, written commun., 1991) 632 3 0.52-0.76  7,200-10,000 (2,195-3,048)
Uinta Predominantly nonmarine sandstones of Mesaverde

Group (Schmoker and others, 1992) 318 13* 0.56-2.40  700-19,300 (213-5,883)
Piceance Predominantly nonmarine sandstones of Mesaverde

Group (Schmoker and others, 1992) 741 18* 0.54-1.80 1,100-7,300 (335-2,225)

Predominantly marine sandstones of Mesaverde

Group (author's data; Schmoker and others, 1992) 162 6 1.33-2.16  7,500-8,200 (2,286-2,499)

“B” zone of Mancos Shale (author's data) 67 4 1.80 11,800 (3,597)

Total 4,462 107

*Data used in discussions of porosity trends (this paper) for J or Mesaverde Group sandstones.

Cretaceous sandstones in Rocky Mountain basins (fig. 17)eflectance range do not reflect the internal structure of the
The Cretaceous sandstone porosity model of figure 17 iRocky Mountain Cretaceous sandstone data set.
analogous in concept and similar in overall appearance to
the J sandstone porosity model (fig. 4); however, the two
porosity models differ in detail. ALTERNATIVE POROSITY MODEL
First, the five regression-line slopes of figure 17 are
equal, within error limits, whereas those of the J sandstone A second possible empirical approach for estimating
porosity model decrease systematically as porosity percerihe porosity and the porosity range of Cretaceous sandstones
tile increases. Second, the 50th-percentile regression-line
slope of figure 17 is less steep than that of the J sandstone
porosity model and is also less steep than the “type curve” Table 3. Power-law regression lines fit to combined Rocky
that is typical of other sandstone data sets. Mountain porosity-vitrinite‘ re_flectance data. _
Examination of the relation between the regression [Data are shown graphically in figures 12—-16. 68 percent confidence
lines of figures 12—-16 and the data points from which they Intervals are shown for A and B]
are derived reveals the principal reason for the differences

between the J sandstone (fig. 4) and the possible Rocky Fraction of
Mountain Cretaceous sandstone (fig. 17) porosity models. Porosity 2=A(R)"® Correlation total variance
For vitrinite reflectance less than about 0.7 percent and percentle @A B coefficientr) (r2)
greater than about 1.2 percent, the regression lines system-

atically underestimate actual porosity values, whereas 10th 5603 -0.920.12 -0.60 0.36
between Rof about 0.7 and 1.2 percent the regression lines 25th 6.803 -0.9&¢0.10 -0.66 0.44
systematically overestimate the actual porosity values (figs. 50th 7.90.3 -0.930.09 -0.72 0.52
12-16). Thus, variations about the regression lines are not sy 9303 -0.880.08 —0.74 0.55
random. Although the correlation coefficients are fairly g5, 10.50.3 —0.8%0.07 076 0.58

high, single regression lines fit to the entire vitrinite
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Figure 11. Present-day depth versus vitrinite reflectance for rocks of Cretaceous sandstone data set, Rocky Mountain basins
(table 2). Trend labeled “MWX wells” refers to U.S. Department of Energy Multiwell Experiment, Garfield County, Colorado
(Spencer and Keighin, 1984). Present depth of rocks at a given reflectance value can vary by many thousands of feet because of
intra- and interbasinal variations in thermal and burial histories.
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Figure 12. Porosity versus vitrinite reflectance for 10th percentile of Cretaceous sandstone data set, Rocky Mountain
basins (table 2). Parameters for least-squares fit to data (line) are given in table 3.
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Figure 13. Porosity versus vitrinite reflectance for 25th percentile of Cretaceous sandstone data set, Rocky Mountain
basins (table 2). Parameters for least-squares fit to data (line) are given in table 3.
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Figure 14. Porosity versus vitrinite reflectance for 50th percentile of Cretaceous sandstone data set, Rocky Moun-
tain basins (table 2). Parameters for least-squares fit to data (line) are given in table 3.

in Rocky Mountain basins is shown in figure 18. This altermy ideas and biases, to fit the data of figures 12-16. Models

native predictive porosity framework is composed of two” and B are derived from observation of porosity—vitrinite
. . o reflectance crossplot patterns and represent a working
elements in order to represent the porosity—vitrinite refle

o ) o ?ﬁypothesis that, because of a paucity of data, is at present
tance data better than regression lines fit to the entire V't”n'tﬁjpported only by circumstantial evidence.

reflectance range (fig. 17). The trend lines of models A (fig. ~ Model A applies to strata in which porosity continues to
18A) and B (fig. 18) are subjectively drawn, incorporating decrease at a uniform rate as vitrinite reflectance increases
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Figure 15. Porosity versus vitrinite reflectance for 75th percentile of Cretaceous sandstone data set, Rocky Moun-
tain basins (table 2). Parameters for least-squares fit to data (line) are given in table 3.
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Figure 16. Porosity versus vitrinite reflectance for 90th percentile of Cretaceous sandstone data set, Rocky Moun-
tain basins (table 2). Parameters for least-squares fit to data (line) are given in table 3.

above 0.9 percent. Model B applies to strata in which the  Differences in models A and B do not directly reflect

rate of porosity loss slows as vitrinite reflectance increasegariability in rock properties such as grain size and sorting,
above 0.9 percent. (The abrupt change in slope shown in fighale content, composition of framework grains, and so on.
ure 18 schematically represents a transition zone.) For vitThe effects on porosity of these factors are already incorpo-
rinite reflectance less than 0.9 percent, models A and B arated in the porosity range defined by the 10th through 90th
identical. porosity percentiles. Rather, models A and B are interpreted
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Figure 17. Summary figure showing regression lines representing 10th, 25th, 50th, 75th, and 90th porosity percen-
tiles versus vitrinite reflectance shown in figures 12—16 for the Cretaceous sandstone data set, Rocky Mountain basins.
These trend lines constitute a possible empirical, predictive porosity model for Cretaceous sandstones of the Rocky
Mountain region. An alternative model is presented in figure 18. Dashed type curve (also shown in figures 7 and 18)
provides a reference line that represents sandstones in general (Schmoker and Gautier, 1989).

as representing sandstones in which porosity evolution foldeep parts of Rocky Mountain basins. At 2.0 percgnfoR
lows fundamentally different pathways. example, model A predicts median porosities of about 2 per-
The predictive porosity models of figure 17 and figure cent and 90th-perce;nti|e por'osities of'o.nly 4 percent; in con-
18A are conceptually similar in that each line segment spari§ast, model B predicts median porosities of about 5 percent
the entire thermal maturity range. Such models implicitly2nd 90th-percentile porosities of 8 percent. Extrapolating
assume that the net effect on porosity of various diagenetfe€Yond the data to 3.0 perceny, Riodel A predicts 10th-
processes, operative at different levels of thermal maturity"rough 90th-percentile porosities to all be less than 3
can be approximated by single power functions over a largB€rcent, whereas model B predicts some porosities of 6-7
vitrinite reflectance range. This assumption does not seefrcent. Reference to figure 11 shows that maximum depths
obvious a priori but is empirically supported by a number ofof €c0nomic production predicted by model A in a given area
published data sets (Schmoker and Gautier, 1988, 1989{ a basin would be thousands of feet less than those pre-
Schmoker and Hester, 1990; Schmoker and Higley, 1991flicted by model B.

A single porosity—vitrinite reflectance power function span- As is apparent from the foregoing porosity compari-
ning a large vitrinite reflectance range is analogous to a sinsons, the hypothesis that porosity evolution can follow dis-
gle porosity-depth exponential function spanning a largeinctly different pathways as vitrinite reflectance increases
depth range (Schmoker and Gautier, 1988). Such porositghove 0.9 percent has significant implications for the eco-
depth exponential curves are common in the literatureaomic production of deeply buried hydrocarbons. Under-
although the underlying assumptions are rarely discussed. standing which sandstones follow models analogous to A
The line segments of figure B&hange slope as vitrin- and which follow models analogous to B is important. At
ite reflectance increases. Such porosity models implicithfhis point, however, such understanding is uncertain, and the
assume that the net effect on porosity of various diagenetf®!lowing discussion of cause and effect is speculative.

processes varies as different processes wax and wane during pe particular strata of the data set that conform to

burial. Figure 1B could not be depicted by a single expo- o de| B are from the Almond Formation in the Green River

nential curve in the porosity-depth domain. Basin and the Mesaverde Group (marine and nonmarine) in
The choice of diagenetic pathway (model A versusthe Piceance Basin (table 2). Low-permeability sandstones

model B) is important for sandstone porosity prediction inin both formations are commonly overpressured at vitrinite
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Figure 18. Subjectively drawn trend lines representing 10th, 25th, 50th, 75th, and 90th porosity percentiles versus
vitrinite reflectance, Cretaceous sandstone data set, Rocky Mountain basins. These trend lines constitute an alternative
predictive porosity model to the set of regression lines of figure 17. Dashed type curve (also shown in figures 7 and
17) provides a reference line that represents sandstones in general (Schmoker and Gautier, 1989). For vitrinite reflec-
tance less than 0.9 percent, trend line& ahdB are identical and represent all data (figs. 12—16). For vitrinite re-
flectance greater than 0.9 percent, trend lindsrepresent strata in which porosity continues to decrease at a uniform

rate and trend lines & represent strata in which the rate of porosity loss decreases.

reflectance greater than 0.9 percent due to hydrocarbon gamrmal diagenetic pathways (fig. ABbecause of the effects
eration (Spencer, 1987). It is thus possible that some Cretan diagenesis of hydrocarbon generation from adjacent and
ceous sandstones of Rocky Mountain basins do not followntercalated coals and organic-rich shales.
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