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ABSTRACT

Over 4100 ft (1100 ft oriented) of Mesaverde core was taken during the
drilling of the three Multiwell Experiment (MWX) wells, for study in a
comprehensive core analysis program. This core traversed five separate
depositional environments (shoreline/marine, coastal, paludal, fluvial, and
paralic), and almost every major sand in the Mesaverde at the site was
sampled. This paper summarizes MWX core analysis and describes the
petrophysical properties at the MWX site; reservoir parameters, including
permeabilities of naturally fractured core; and mechanical rock properties
including stress-related measurements. Some correlations are made between
reservoir properties and mineralogy/petrology data. Comparisons are made
between the properties of lenticular and blanket sandstone morphologies
existing at the site. This paper provides an overview of a complete core
analysis in a low-permeability sandstone reservoir.
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INTRODUCTION

The U.S. Department of Energy’'s Multiwell Experiment (MWX) is a
research-oriented field laboratory. Its objectives are to thoroughly
characterize lenticular tight gas sands occurring in the western United
States and to develop technology for their production. Three closely
spaced, straight, vertical wells, designated MWX 1, MWX 2, and MWX 3, which
are less than 225 ft. apart at depth, were drilled through the Mesaverde
formation in the Piceance basin near Rifle, Colorado. The Mesaverde
formation at the MWX site contains five diverse depositional environments
(Figure 1): shoreline/marine, delta plain (lower-paludal and upper-
coastal), fluvial, and paralic (Lorenz, 1983, 1986). Most of the
shoreline/marine sandstones and shales in the Mesaverde are blanket-like in
the area of the Piceance basin around the MWX site. This is in contrast to
the more heterogeneous strata including the lenticular sandstones, those of
the paludal, coastal, and fluvial zones. The paralic formation shows signs
of marine influence. Because of high water saturations, the paralic zohe
is thought to contain little produceable gas. Our estimates of the gas in

place at the MWX site are:

Zone BCF/mi2
marine 35
paludal 35
coastal 31
fluvial 55

The objectives of this paper are to summarize and to interpret MWX
core analysis. This paper constitutes an overview of a complete core
analysis in a low-permeability sandstone reservoir. Results from the core
program provided inputs for well test and stimulation activities, for
information of the earth stresses, and for data to correlate with log
studies to improve their reliability in tight sands. These results also
provided a thorough characterization of the Mesaverde formation because

core was taken from all depositional enviromments, The primary efforts of
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Figure 1. The Mesaverde Formation at the MWX Site.



the MWX centered in the lenticular sands. Comparisons are made between the
core properties of heterogeneous strata that incorporate lenticular
sandstones and those of the more uniform blanket formations occurring at

the bottom of the Mesaverde formation (Figure 1).

Core analysis is discussed in terms of the existing depositional
environments. Sedimentology/depositional environments and mineralogy/
petrology data themselves are not emphasized in this paper. This was
published elsewhere (Lorenz, June 1983, 1987; Bendix 1982 to 1984; and
Pitman and Spencer, 1984; Sandia/CER MWX Final Report Series, I to IV).
Further, correlations are frequently made between core reservoir properties

and the mineralogy/petrology data.

Production tests were conducted in MWX 1 in the Corcoran and Cozzette
sands, in paludal zone 2, and the coastal red sand (Figure 1). Production
tests and stimulations were conducted in MWX 1 in paludal zone 3 and 4
(combined), the coastal yellow sand, and the fluvial B, C, and E sands
(Branagan, 1984, 1985, 1987; Warpinski, Dec 1987; Sandia/CER MWX Final
Report Series I to IV). Emphasis was on the particular sands tested,
although core measurements were made throughout the entire Mesaverde
column: Data from all depositional environments are presented. The sand-
stones chosen as the focus for this paper are the upper Corcoran (MWX 2),
upper Cozzette (MWX 1 and MWX 2), paludal zone 3 (MWX 2), coastal yellow,
fluvial B and E and paralic, MWX 1. Geologic features of these sandstones

are shown in Table I.
CORE PROGRAM

Over 4100 ft of 4-inch-dia core was taken during the drilling of these
three wells (Figure 2). About 1150 ft of the core was oriented.  MWX 1 was
cored continuously from 4170 ft above the paralic zone to just below the
top of paludal zone at 6830 ft. Some core was also taken from the Cozzette
sand. Only selected intervals were cored in the other two wells. Among
the three wells, almost every major sand in the Mesaverde formation at the

MWX site was cored.



Table 1

Sands Chosen as Focus for Discussions

Sand/Depositional (Well) Description
Environmental (Depth, ft)
Upper Corcoran, 2) Considered a blanket sandstone in the Mesaverde in the region near the MWX

Marine/Shoreline
Upper Cozzette,
Marine/Shoreline
Paludal zone 3

Coastal yellow

Fluvial B

Fluvial E sand

Paralic sand

(8107-8124)

(1 or 2)
(7831-7894)

(2)

(7118-7140)

(1)
(6430-6462)

(1)
(5825-5841)

(1)
(5532-5565)

(1)
(4295-4361)

site, but at the MWX site itself, a discontinuous channel sandstone (Lorenz, 1987).

A blanket sandstone near the MWX site, and at the MWX site itself, displays good
shallow marine/shoreline characteristics. Upper portion of the sand contains a
bitumen zone (Lorenz, 1987).

A channel sandstone that shows a good sequence of crossbedded and rippled sands,
with few mudstones. Estimated to be around 350 ft wide (Lorenz, 1983).

A composite channel sand separated by 3-4 ft of mudstone. Minimum widths of the
two channel sands estimated to be 200-300 ft (Lorenz, 1984).

A meander-belt sandstone composed of point bars. Appears to be one of the more
uniform of the fluvial sands at the MWX site, but it is really heterogeneous in
detail. Estimated minimum meander-belt width around 1000 ft (Lorenz, 1986).
Relatively few fractures were seen in this sandstone, but this and the E sand is in
a highly fractured portion of the Mesaverde at the MWX site (Finley, Sep. 1986).

A composite sandstone. Upper part is a meander-belt sandstone with a fining upward
trend. Lower part is a meander-belt width is about 1800 ft (Lorenz, 1986). Upper
part is a splay-type deposit a few hundred feet wide. Three fracture sets were
seen in this sandstone (Finley, January 1986.). '

A marine-influenced blanket-like sandstone (Lorenz, 1987).
high water saturation at site, is not well studied.

Paralic zone, which has
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Two earlier papers were written about the MWX core program (Sattler,
1983, 1984). Detailed presentations of the core data by depositional
environment are to be found in the Sandia/CER MWX Final Report Series, I to

1v.
The MWX core program includes the following analyses:

e Routine screening. Routine reservoir parameter core analysis
(porosities, water saturations), along with the data from the open-
hole logs, to determine which regions of the core body require

special study.

. Special reservoir parameter core analyses. These include restored-
pressure-state permeabilities, pressure core, capillary pressures,
caprock analyses, electrical properties, and permeabilities of

naturally fractured core.

e Mechanical rock properties. These include Young's modulus,
compressive strengths, Poisson’s ratio, and fracture toughness.
They alsd includes the correlation of these properties with the
core gamma and sonic logs, and stress related core measurements
such as anelastic strain recovery (ASR) and differential strain

curve analysis (DSCA).

Core plugs were taken for routine core analyses every foot across sand
lenses and a few feet into the rock abutting the sands. Over 1500 core
plugs were taken. About 500 of them were reused for additional special
core analyses. Much of the routine and special core analysis was performed
on plugs. This allowed most of the whole core to be available for studies
of sedimentology and depositional environments, mechanical rock properties,
and natural fractures. After examination of the routine core analysis
data, restored state permeability and cation exchange capacity (CEC)
measurements were made every 1 to 3 ft using many of the same plugs. These
two successive stages of core analysis provided much of the necessary

reservoir data across a sand lens.



Thin-sections were taken subsequently'by facing off the ends of these
same core plugs. Preference for thin-section analyses was given to the
plug ends corresponding to the plugs selected for measurements of restored-
state permeabilities. This allowed correlations between sandstone
reservoir properties and mineralogy/petrology data. It is necessafy to
make correlations from the same ifnterval because properties can often vary

rapidly in a lenticular sequence.

The more time-consuming and expensive core analyses were conducted at
less frequent intervals. These analyses included determining mechanical
rock properties, capillary pressure, relative permeabilities, specific
permeabilities to brine, formation factors, and resistivity indexes.
Samples for these further studies were chosen after examining routine core

analysis and restored state permeability measurements.

There is interest not only in the sandstone lenses and the resérvoir
rock, but also in the rock abutting the sand (usually siltstones,
mudstones, and shales). Mechanical rock properties of these abutting
formations (and those of the sandstone reservoir) are inputs for hydraulic
fracture containment analyses. Caprock analyses provide some idea about
the extent of the reservoir and indicate how adequate these abutting
formations are as stratigraphic barriers between sandstohe units. CEC
measurements, in addition to being used with the electrical measurements,
in the Archie, Waxman, Smits formalisms (Waxman and Smits, 1968, Waxman and
Thomas, 1974), allow an approximate, rapid estimate of clay between the
sand and the formations abutting the sand. These measurements also give an
indication of how shaly the abutting formations are. Very limited analysis
of mineralogy was done on the rock abutting the sandstones (Dowell

Schlumberger, August 1985).
CORE HANDLING

Special core-processing and storage facilities were constructed near

the MWX site. The core-processing facility was set up in a building at



Department of Energy’s Anvil Points complex across the Colorado River and

about 15 mi by road from the MWX site.

When the core came to the surface, it was removed from the core barrel
by project geologists and placed in trays. After a quick preliminary
inspection and removal of samples for special measurements, such as ASR,
the core was covered with plastic to prevent evaporation and then with
thick canvas to protect it from the elements. The core was then
transﬁorted to Anvil Points for processing. Field processing of the core
entailed many nonstandard core-processing procedures that included the

following:

. (Construction and) use of a six-detector core gamma assembly. The
core gamma assembly provided for well control during drilling and
for core log depth correlation after logging. The core gamma
assembly also has better spatial resolution than the open-hole

gamma-ray log.

e Marking the positions and magnitude of scribe-line deviation and

locations of connections and other breaks in core.
¢  Photographing the entire amount of core in color.
. Taking of core'plugs.
° Presgrving core.

* Making a visual core log followed by construction of a detailed

lithology/sedimentology log from slabbed core.

. Using special no-freeze freight service in the winter to ship
samples selected for measurements of reservoir parameter or

mechanical rock properties.



MWX used a dedicated core library, constructed at the DOE/Grand
Junction facility, from 1981 through 1986. This facility is about 60 mi
from the MWX site. From mid-1986 to the present, the core facility has

been located at Sandia National Laboratories in Albuquerque, New Mexico.
ROUTINE CORE ANALYSES

Routine core analysis was performed on all the plugs taken (Core
Laboratories Routine Core Analyses Reports, 1981, 1982, 1983). The routine
core analyses included water saturation and porosity (Table II).

Porosities of sands were usually in range of 5 to 10 percent and do not
exceed 15 percent. Water saturations averaged around 65 percent at the top

of the Mesaverde and 30 to 35 percent in some of the productive sands.

Table II
Routine Core Analysis

Sand $(%) S,(%) Comments

Corcoran, MWX 2 5.0 ~49 ¢, S, tend to be uniform over sand.

Upper Cozzette, MWX 1,2

(Production zone) 7.3 ~36 ¢, S, uniform vertically and
horizontally.
(Bitumen zone) 3.2 ~79 ¢, S, uniform across zone.
Paludal zone 3, MWX 2 10.5 ~27 ¢, S, uniform across lens center.

¢ lower, S, higher, at edges of lens.

Coastal yellow, MWX 1 7.0 ~38 ¢, S, uniform across lens center.
¢ lower, S, higher, at edges of lens.

Fluvial B, MWX 1 6.7 ~46 ¢ lower, S, higher, at edges of lens.

Fluvial E, MWX 1 ; 5.0 ~60 Sand Fines Upward.
¢ high, S, low at bottom of lens.
¢ low, S, high at top of lens.

Paralic, MWX 1 5.5 =~65 ¢, S, fairly uniform.




An accurate determination of water saturation is important because
permeability depends strongly upon water saturation., At realistic
confining pressures, permeabilities of dry core and core at realistic water

saturations can differ by two orders of magnitude.

The drilling and coring of the MWX wells was usually done "at or ﬁear
balanced" conditions which means that the weight of the column of drilling
fluid is about the same as formation gas pressure. This balance would
minimize invasidn of the core and formation by drilling fluid. Oil-based
drilling fluid was used in the drilling of MWX 1 and MWX 2, in part to
further prevent invasion of core and formation by water-based drilling
fluids. These steps would result in more accurate water saturation values.
(However after subsequent determination of reservoir pressures it appeared
that the mud weights were a few hundred psi lower than the measured

reservoir pressure.)

Water-based drilling fluid was used in MWX 3 so that a more thorough
suite of electric logs could be run. An ammonium nitrate tag was used in
the drilling of MWX 3 to try to differentiate the water saturations from
invasion fluids. Differences in nitrate concentrations reported by the mud
logger and Core Laboratories, plus the rapid variation of properties in
these sandstone lenses over short distances, made a determination of
correction factors impossible (Core Labs Report, P83012, 1984). Each
saturation value of the MWX 3 plugs (Core Labs Routine Analysis Report,
1983) may be 5 percent to 15 percent (of porosity) high because of invasion
in MWX 3.

Water saturation values were determined by the Dean Stark method in the
core from MWX 1 and MWX 2 and by the summation of fluids method in the core
from MWX 3. We chose the latter method because MWX pressure core data
suggested that the Dean Stark method may not be the most efficient way of
extracting water from tight sandstone core (see the Pressure Core section,

Sattler, 1984).

-10-



Boyle's law porosity measurements were made on the core plugs with
helium because equilibration of the helium pressure in these tight sands
would occur faster with a core plug than with whole core. During

determination of the porosity, additional equilibration time was allowed.

The porosity of MWX core seems to change very little with confining
pressure (Table III) (Core Labs SCAL Reports, March 82, February 83, June
24, 83). This is unlike the dependence of permeability on confining

pressure (see Special Core Analysis).

Table III
Porosity (%) as a Function of Confining Pressure

Overburden Pressure (psi)

Depth (ft) 200 1000 2000 3000 200

Corcoran, MWX 2
8117 7.2 7.0 7.0 6.8

Cozzette, MWX 2

7885 8.2 8.0 8.0 7.9
7864 7.2 7.0 7.0 6.8
Paludal, MWX 2
7366 11.1 11.0 11.0 11.0 11.0
7121 4.1 4.0 3.9 3.8 4.0
Coastal, MWX 1
6550 6.8 6.7 6.7 6.7
6537 8.2 8.0 8.0 7.9
Fluvial, MWX 1
5730 6.1 6.0 5.9 5.9 6.1
5133 9.1 9.0 8.9 8.9 9.0

-11-



SPECIAL CORE ANALYSES

Measurements of Dry Restored Pressure State Permeabilities

Dry Klinkenberg permeability measurements were performed to obtain
information of the variation of permeability over a sand lens (Core Labs
SCAL Reports, February 1982 to August 1987; Institute of Gas Technology
(IGT) Dry Core Reports, July, August, October 1982, June 1984; Wei, 1986).
It has been well known for some time that the permeability of these tight
sands depends on confining pressure (Jones and Owen, 1980). Apparently,

temperature has very little effect on permeability (Wei, 1986).

Dry Klinkenberg permeability range from microdarcies to tens of
microdarcies. The average values for the sands studied are summarized in
Table IV. Also included in Table IV are measured pore-pressure values and
estimated net confining pressures. Vertical permeabilities appear to be
about the same as horizontal permeabilities (Core Labs SCAL Reports,

February 1982 to August 1987; Wei, 1986).

In the Corcoran sand, the effects of carbonaceous stringers and/or
narrow fractures is apparent in Table IV as shown by the higher average dry

permeability over that of the matrix rock.

In the lower part of the fluvial zone, there are some narrow,
"permeability streaks," where the permeabilities are much larger than in
_ the surrounding sandstone. In some cases these streaks may be continuous
between wells. Figure 3 shows one such streak in the B sand. The
corresponding thin-section data show a tendency toward low clay content and
larger maximum grain sizes (Bendix, October 1982, May 1983, Jﬁly 1984).
Also, there is a greater spread in the proportions of illite and mixed
layered clays in the fluvial zone than in the other lenticular zones (New
Mexico Petroleum Research Recovery Center (PRRC) 1987). Perhaps these
contrasts in amounts of layered clays translate into permeability

contrasts.

-12-
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Table IV

Estimated Dry and Saturated Klinkenberg Permeability Values and
Related Reservoir Characteristics

Sand E(dry) E(Sw) P(pore) P(conf) - P(pore) Comments on k(dry)
(microdarcies) (psi) (psi)
Corcoran, MWX 2 ~4 ~0.4 6700 1000-1500 Uniform W/0 Effects of Carb

Cozzette MWX 1, 2
(Production Zone)

Paludal Zone 3, MWX 2

Coastal Yellow, MWX 1

Fluvial B

Fluvial E

Stringers and Natural Fractures,

~10 Value Includes Effects of Carb
Stringers and Natural Fractures.

~5 ~0.4 6300 1000-1500 Uniform Vertically and
Horizontally.
~7 ~2 5400 ~1300 ~20 Microdarcies at Center of

Lens. ~1-2 Microdarcies at Edge.
Generally, Highest of Zones

Tested.
~4 ;0.6 4400 ~2000 - Tends to be Uniform Except Near
: Edge of Lens and Near Shale
Stringers.
~5 ~0.2 3450 ~2000 Permeability Streaks Present in

Lens. - k Values >30 microdarcies.

<2 = ~0.1~ 3200 ~2000 Permeability Streaks Present.
K Values >10 microdarcies.
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These horizontal permeability streaks would create conduits to a
vertical fracture system occurring at the MWX site. The permeability
streaks might recharge the natural fracture system during gas production
(Figure 4). There appear to be permeability streaks in both the B and E

sands.

The permeabilities of the few measured paralic sandstone samples are in
the range 70 to 80 microdarcies and these are among the highest values
found in the Mesaverde at the MWX site (Core Labs SCAL Report, June 1984) .
At the top of the Mesaverde (high fluvial/paralic zones), thin-section data
indicate relatively coarse-grained sands and well-connected porosity. -In
one paralic sample where permeability measurements were made (4331.2 ft)

the description even suggests primary porosity (Bendix, April, July 1983).

Figure 5 shows the dry Klinkenberg permeabilities as a function of
confining pressure for each of two paludal and fluvial samples. The
permeability of the fluvial sample decreases about tenfold over a pressure
range of 1000 to 7000 psi, whereas the permeability of the paludal samples
decreases only twofold over the range. The permeabilities of samples from
the paralic and fluvial zones, the coastal zone, the Cozzette, and the
paludal zone generally seem decreasingly dependent on pressure, in that
respective order (using kjgop PSi/kzoeg psi). Their pressure dependence on
permeability appears to vary with grain size and the amount of dolomitic
cement (Bendix, July 1982, August, December 1982, January, April, May
1983). Large grain sizes and/or relatively small to no amounts of
dolomitic cement may imply a larger pressure dependence on permeability.
However, there is a large scatter and overlap in these mineralogic
parameters from one depositional environment to the next. There may not be
any simple correlation of mineral properties. Other authors have discussed
this problem (Kilmer, 1987; New Mexico Tech, 1987; IGT, June 1984; Soeder
and Randolf, 1987).

-15-
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FRACTURE

PERMEABILITY
STREAKS
IN MATRIX

Figure 4. Schematic of Proposed Interaction Between Permeability
Streaks and Extension Fractures
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Measurements of the Effects of Water Saturation on Permeability

Effects of water saturation can reduce dry-core permeabilities an
order of magnitude or more (Figure 6) (IGT Relative Permeability Reports,
October, November, 1982, 1985; Core Labs. SCAL Reports, March 15, 1984,
June 1986; Wei, 1986; Walls, April, November 1982). For example, water
saturations at 15 percent, 30 percent, 40 percent, and 50 percent reduced
the permeabilities of a fluvial core sample by multipliers of 0.53, 0.24,

0.11, and 0.02, respectively, at a confining pressure of 3000 psi.

The relative permeabilities at realistic water saturations range from
about a tenth of a microdarcy to a few microdarcies. Table IV summarizes
the estimated permeabilities resulting from saturation of the core. The
estimates were made by decreasing the abundant dry-permeability values by
the same ratio as that of the water saturated to dry-permeability values

taken from the few relative permeability measurements made in each zone.

Generally, the less permeable the core, the more dependent the
permeability is on water saturation. Also, at higher saturations the
permeabilities seem more dependent on confining pressures (Walls, April
1982). The very strong dependence of restored-pressure-state permeability
on water saturation (Figure 6) demonstrates the need for accurate

measurements of water saturation.

Permeability measurements on preserved core samples may give
considerably lower values than those from oven-dried core. . Brine and
relative permeability measurements have been made on preserved core from
the coastal and fluvial zones to determine the differences between oven-
dried and preserved tight sandstone core (New Mexico PRRC, 1987). There

were several highlights of this work:
U The water saturations of four preserved core specimens were

81.5 percent (at 4916 ft, MWX 1), 70.9 percent (at 4923 ft,
MWX 3), 40.2 percent (at 4900 ft, MWX 3), and 22.1 percent (at

-18-
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5968 ft MWX 3). Some water loss is assumed from the last sample
and some water loss may be indicated from the next-to-last sample.
MWX 1 and MWX 2 samples were sealed with seal peel, and the samples
from MWX 3 were preserved with Core Seal from Core Laboratories.
Preserved samples from the three wells had been stored for 5 yrs
and, based on earlier routine analyses, they still seemed to retain

their moisture.

¢ At low (500 psi) confining pressures the brine permeability of the
preserved-core is only about one half that of the resaturated oven-

dried core (Figure 7).

. At confining pressures characteristic of the coastal and fluvial
zones (2000 psi), the permeabilities of the preserved core are
about 25 to 30 percent less than the permeability of the
resaturated core. At higher confining pressures this difference

lessens.

° Gas permeabilities of the preserved core were usually less than the
permeability of the resaturated dried core at all water
saturations. As water saturations becomes less, the differences

become less (Figure 8).

Pressure Core Measurements

A pressure core operation was performed in the E and F fluvial sands,
at 5485 to 5500 and 5551 to 5581 ft, during the drilling of MWX 2 (Sattler,
1984). The goals of this operation were (1) to obtain accurate water
saturation data, (2) to measure the amount and composition of gas on a
foot-by-foot basis, and (3) to recover fluids for water-chemistry analyses.
This was felt to be a novel approach for accurate water saturation

measurements in tight sandstone core.

Several changes in usual pressure coring procedures were adopted,

including the development of an organic, noninvasive coring fluid to help
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preserve the water saturation. The pressure core barrel was modified so
that gas, not trapped during the freezing process, would not be lost.
During the operation, three 15-ft-long pressure core barrels were taken;

they were filled with reservoir rock.

Water saturation data were obtained on the pressure core first by Dean
Sark distillation and later by wvacuum oven-drying. The Dean Stark
distillation lasted 8 days, and the vacuum oven-drying (at 240°F) lasted
three more weeks. Not only was there core weight loss from the Dean Stark
distillation but additional weight loss occurred from the vacuum oven-
drying. Analyses of the data (Sattler, 1984) suggests the added weight
loss is due mainly to removal of additional connate water from tight core.
The additional weight loss (Figure 9) was not considered to be due to water
from invasion of core, to clay-bound water, or to water from decomposition
of some of the organic matter in the rock during the vacuum oven-drying.
The analysis suggests that water extraction should be carried on for a long
time, and that the Dean Stark procedure may not be the most efficient way

to extract water from tight sandstone core.

No water was recovered during the thawing of the pressure core prior to
the Dean Stark analyses, probably because permeabilities of the samples
were too low. Gas was recovered during the thawing process and the gas was

’analyzed on a foot-by-foot basis (Sattler, 1984).

The failure of one pressure core barrel, coring from 5551 to 5566 ft,
to hold pressure during retrieval of the core was a bonus, because it
allowed identical analyses to be made on both pressurized and unpressurized
core from the same sandstone lens. These analyses showed no water
saturation differences on rock with the same porosities. Under the
conditions described here pressure core and the more routine water
extraction methods can give the same results if the extraction methods are
carried on long enough. The newer noninvasive techniques (Wellington and
Vinegar 1987, Abrams and Vinegar 1987) hold promise for unambiguous water

saturation determination.
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Capillary Pressure Measurements

High capillary pressures values were obtained from MWX core samples
(Core Labs., SCAL Reports, February 1983, March 15, 1984, May, June 1986;
IGT Dry Core Reports, October 1982, 1984; Ward, 1987) because the rock is
tight and permeabilities are low. The meaning of an "average or effective"
capillary pressure in some of the lower permeability core is uncertain
because the (brine) capillary pressure measurements could be performed only
on the most "open" core in the zones tested. The pore capillary pressures
are useful in considering invasion from drilling and formation damage

during completions.

In most cases, the measured capillary pressures at realistic water

saturations (Table V), range in the hundreds of psi. Thus, these sands are

Table V
Capillary Pressures to Brine at Estimated Water Saturations

Depth (ft) Sw " P, (psi)

Cozzette, MWX 2

7883 ~36 ~800
7873 ~36 ~800

Paludal 3, MWX 2

7138 ~27 >1000
7128 ~27 : >1000

Coastal yellow, MWX 1

6426 ' ~38 >1300
6433 ~38 >1300

Fluvial B, MWX 1

5829 ~46 ~200
5837 ~46 ~900
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prone to invasion by drilling fluids and to inbibition from stimulation
with water-based fluids. However, these pore capillary forces may actually
assist in gas production from natural fractures (see section on Geologic

Features Enhancing Permeability).

When mercury-injection capillary pressure curves are superimposed on
the air-brine capillary pressure curves at the high-wetting-phase
saturations (Figure 10), the air-brine curves are lower even with the use
of the theoretical scaling factor of 5:1. At the lower saturations, the
mercury;injection data suggest lower pressures. Different threshold entry
pressures4appear to result from the two methods. A careful examination of
Purcell’s data for his lower-permeability sample shows the same difference
at high-wetting-phase saturations (Purcell, 1949; Walls and Amafule, 1985).
The different measurements were usually performed within a couple of feet

of each other.

In the region of low-wetting-phase saturations, recent work (Walls and
Amafule, 1985; New Mexico PRRC, April 1988) shows fairly good agreement
between the two techniques. This may have to do with a slower injection
rate (Wardlow and Taylor, 1976). Even in this recent work (Walls and
Amafule, 1985), the mercury curves tend to become lower as the saturation
becomes low. Differences between these measurement techniques are to be
expected because of complex interactions of adsorption, permeabilities, and

capillary forces with brine in these narrow, clay-lined pores.

These low-permeability MWX sandstones are hydroscopic. Totally dry MwX
core placed in a chamber at 90 percent humidity will attain saturation
values around 25 percent (Ward and Morrow, 1987). Capillary pressures have
been extended in tight sands lower water saturation values by generating

desorption isotherms.
Recent attempts have been made to measure low-permeability sandstone

capillary pressures at confining stress (IGT, 1987). These attempts were

made in a pressurized core holder with a capillary barrier (porous plate)
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of formation caprock. A comparison of the data from the confined sample
with that from air-brine, centrifuge method (Figure 10) shows the same, to
slightly higher, capillary pressures for the confined sample at the higher
brine saturations. This is expécted since‘permeabilities decrease with
increased confining pressure. Measurements involving water flow from this
low-porosity, low-permeability rock are very difficult. Further, the water
distributions at a given saturation in the core could differ for the two

techniques and from the distribution existing in situ.

Caprock Analvsis

Caprock énalysis was made on samples of rock abutting the sandstone
(IGT Caprock Reports, June, September 1982, 1984; Core Labs SCAL Report,
March 27, 1984). The measurements included permeability to brine and the
minimum gas-threshold pressure necessary to displace water. A combination
of very iow permeability plus a large threshold displacement pressure
implies good caprock/stratigraphic barriers. Permeabilities of these
materials are generally in the subnanodarcy range with threshold pressures

of at least 1000 psi.

Core samples from MWX i were chosen at what was thought to be the
boundaries of the reservoir. Core samples from MWX 2 and MWX 3 were chosen
with the aid of the core gamma assembly. The samples chosen had some of
the highest gamma-ray log traces seen in the abutting material and may be

among the more "shaly" material between the sand lenses.

Almost all the samples tested turned out to be good caprock, at least
within the limits of the test. However, the caprock testers used could
only go to 1000 psi for threshold pressures, well below measured sandstone
pore pressures. These measurements can therefore serve only as a

qualitative indicator of caprock quality.
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Electrical Measurements

CEC measurements were made on many core samples (Table VI) (Core Labs
SCAL Reports, February 1982 to June 1983, March 27, 1984, May 1984).
Values range from less than 1 meq/100 gm for marine/shoreline sands to
around 5 meq/100 gm for some coastal/fluvial'zone sandstones. These values
are >10 meq/100 gm for some of the materials abutting the sandstone lenses.
When the boundaries of the sandstone lenses are reached the CEC values rise
(usually markedly) because of increase in clay content. Also, when
normalized, the CEC values often overlie the core gamma-ray curve for some
sandstone lenses. Most CEC measurements were performed by the adsorbed-
water method. Some measurements were made by using the more expensive wet-
chemistry method. Results from both methods were within 30 percent (Core
Labs SCAL Report, June 1983).

Formation factof and resistivity index measurements were made on
selected core samples Table VII (Core Labs SCAL Reports, July 1982, August
1984, May 1986, November 1987). The values of the cementation exponents m
and m*, derived from a display of formation factor vs porosity, do not seem
to vary greatly with depositional environment. These cementation
exponents, m and m*, differ from each other by about 10 percent. The value
of m is around 1.8 and m* is around 2. There is a greater variation in the
values of the saturation exponents, n (1.08 to 1.85) and n* (1.47 to 2.55)
which were derived from a display of resistivity index vs water saturation.
These "starred" shaly sand values (Waxman and Smits, 1968, Waxman and
Thomas, 1974) were obtained from the appropriate core CEC values. Water
was removed from core plugs used in the determination of the resistivity
indexes and associated saturation exponent by using a centrifuge. As
mentioned, measurements of the removal of small amounts of water from this
low-permeability core are very difficult. Also the distribution of the
brine remaining in the plug may not be that distribution that characterizes
in situ conditions. This may result in different measured values for the
electrical characteristics. It is difficult to judge the reliability of

the saturation exponent values.
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Table VI

CEC Values for MWX Sands (meq/100 g)

Average Typical Value
Sand Value : for Material Comments
for Sand Abutting Sand
Corcoran, MWX 2 1.1 5 CECs Low and Moderately Uniform
Through Center of Sand.
Cozzette, MWX 1, MWX 2
(Production Zone) 0.5 17 CECs Low and Uniform Vertically
and Horizontally.
(Bitumen Zone) 1.5 CECs Uniform Across Zone.
Paludal Zone 3, MWX 2 1.7 6 CECs Relatively Low for Lenticular
Sand.
Coastal Yellow, MWX 1 2.7 12 CECs Among Highest of Sandstone
Studied and Are Not Uniform Across
Sand.
Fluvial B, MWX 1 2.1 10 CECs Relatively High and Not
Uniform Across Sand.
Fluvial E, MWX 2 2.2 - CECs Relatively High and Not
Uniform Across Sand.
Paralic 0.9 12 CECs Lower Than Lenticular Zones

Comparable to Those of Marine
Blanket Sands.




Table VII

Cementation and Saturation Exponents From Formation Resistivity Factor and
Resistivity Index Determinations

Effective
Overburden Cementation Exponent Saturation Exponent
Pressure, psi m M n n¥*
MWX 2 0 1.82 2.03 1.08 1.47
Paludal Zone 200 ‘ 1.92 2.12
3600 1.95 2.17
MWX 1 | 0 1.74 1.96 1.85  2.55
Coastal Zone ' 200 1.79 1.98 ‘
3000 1.88 2.09
MWX 1 0 1.72 1.92 1.37 1.83
Fluvial Zone 200 1.79 2.00 '
3000 1.89 2.08

Additional formation factors have been measured at pressures from 1000
to 5000 psi (New Mexico PRRC, 1987). Estimated cementation exponents, m,
from formation factors around 3000 psi are, very roughly, 20 percent higher
than the values in Table VII. The values of m and n in Table VII are

comparéble with other measurements made in tight sands (Rosepiler, 1981).

Geologic Features Enhancing Permeability: Filled Natural Fractures
and Carbonaceous Stringers

Natural fractures appear to dominate unstimuiatedtproduction, since the
formation permeabilities exceed matrix permeabiiities by a least an order
of magnitude in the two blanket and eight lenticular sands tested
(Figure 11) (Branagan, 1984,‘1985, 1987; Sandia/CER Final MWX Final Report
Series I to IV). Permeability measurements were made in naturally

fractured core to help explain this discrepancy.

Dry permeabilities of core plugs containing filled, narrow, natural .

fractures were measured and compared with permeabilities derived from
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adjacent matrix rock (Core Labs SCAL Reports, August 1984, December 1985,
and June 1986; Lorenz, 1986). On the average, the dry permeabilities of
the fractured-core plugs along the fractures were significantly higher than
those from the unfractured plugs, sometimes by over an order of magnitude
(Figure 12) (Lorenz, 1986). Even core plugs with narrow calcite-filled
fractures provide, on the average, some permeability enhancement.
Measurements were also made perpendicular to the filled fractures (Core
Labs SCAL Report, March 15, 1984; New Mexico Tech, 1985, 1986, 1987).
There usually appears to be some permeability enhancement, although the
greatest enhancement was found along the fractures. Moreover, only well-
cemented core plugs survived the coring and machining process{ core with

more open fractures often did not.

Dry permeabilities of whole core containing natural fractures were
measured and compared with permeabilities derived from adjacent matrix
(Litton, April 1987). There was significant increase in the permeabilities
of fractured core along the fracture direction over the permeabilities of
the matrix plugs in four of the six whole core samples. Both the fractured
core and associated matrix plugs had extremely low permeability in the

other two cases (Figure 13).

Permeabilities of fractured whole core were measured at various water
saturations and compared with matrix permeabilities from adjacent plugs at
the same water saturations (Figure 14) (Litton, July 1987; New Mexico Tech,
1987). The measurements, made along the fracture direction, revealed the

following:

¢ The permeability of the core with natural fractures is much greater
than that from the matrix rock alone at zero percent water

saturation.
e As expected, the permeability of the associated matrix plug is

strongly dependent on water saturation, and decreases rapidly with

an increase of water saturation.
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e The permeability of the core with fractures has a different
dependence on water saturation than that of the matrix alone.
Water saturation does not decrease permeabilities in fractured core
to the degree it decreases the permeabilities of the matrix rock.
(The capillary pressures of the matrix rock are high, and these
forces may tend to keep the narrow natural fractures free of

water.)

Permeabilities of core plugs containing carbonaceous stringers were
also measured to determine if these stringers provide any permeability
enhancement (Core Labs. SCAL Reports May and June 1986, April 1987). There
is no clear-cut pattern in these results but there is some permeability
enhancement from several of the stringers. These carbonaceous stringers
may intersect some of the predominantly vertical fractures in the

formation.
MECHANICAL ROCK PROPERTIES

Tests of Mechanical Rock Properties

Mechanical rock properties have been conducted on a large number of MWX
core samples MWX (RE/SPEC, September, October, November 1983, February,
July 1984, 1985.). The greatest number of these measurements were
conducted in the regions where formation testing and stimulation have taken
place. Measurements were made of Young's modulus, of compressive
strengths, and of Poisson’s ratio at confining pressures of zero, 1,450,
2,900, 4,350 and 7,260 psi. For sandstones, Young'’s modulus ranges from
about 2.17 x 10% to 5.8 x 106 psi, and compressive strength ranges from
2.3 x 10% to 3.8 x 104 psi. For the material abutting the sandstone
(siltstones, mudstones, and shales), Young’s modulus ranges from 2.1 x 108
to 6.5 x 108 psi, and compressive strengths range from around 1.3 x 10* to
5.6 x 10% psi at realistic confining pressures. Poisson’'s ratio varies
from about 0.2 to 0.3 for sandstones, siltstones, mudstones, and shales.

Tensile strength and fracture toughness measurements were also made
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(Senseny, 1984). Fracture toughness ranges from 0.6 x 103 to 2.1 x 103
psi/in for sandstones and from 0.15 x 103 to 2.3 x 103 psi/in for the
material abutting the sandstones. Tensile strengths range from 0.7 x 104
to 2.3 x 10% psi for sandstones and from 0.4 x 104 to 3.1 x 10% psi for
siltstones, mudstones, and shales. The plugs for the above sample

measurements were cut vertically.

There appear to be differences in some measurements between sandstones
and the abutting material. For sandstones, compressive strengths and
Young's modulus increase linearly with confining pressure. Young's modulus
for abutting rock is generally independent of confining pressures or
decreases slightly with increasing confining pressure. Poisson’s ratio for

both types of materials shows no trend with changes in confining pressure.

There appears to be an additional difference in the stress-strain
curves for the sandstones and the abutting rock. The sandstone stress-
strain curve is nonlinear at both low and high stresses and the volumetric
strain curve shows that the specimen dilates substantially before reaching
its failure strength. In contrast, the stress-strain curve of the abutting
material trends to be linear throughout the test, and the volumetric strain
curve shows that the specimen dilates only slightly, if at all, before

failure (Figure 15).

There are also some differences in the fundamental behavior in the
load-crack displacement curves (Figure 16) that were generated in the
fracture toughness tests (RE/SPEC, February 1984; Senseny and Pfeifle, June
1984). For sandstones, the load rises with crack-opening displacement
until after reaching the load that is used to calculate the toughness.
However, for the abutting rock the peak load is reached early in the test,
and the load that is used to calculate the toughness is found on the
declinihg part of the curve. The initial part of the sandstone curve also
.tends to be more nonlinear than the initial part of the curves from the
abutting rock. Finally, the curves in Figure 16 show that the slopes of

the unload/reload parts of the crack load-vs-crack opening displacement
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curve decrease more rapidly for these abutting rocks than for sandstone.
This means that a greater plasticity correction factor must be used for the
sandstone when calculating fracture toughness. The correction factor for

sandstones is about 0.5, whereas for shale it is about 0.35.

These observations of the stress-strain curve and load-crack opening
displacement curves may relate to the ease with which microcracks nucleate
and grow in these materials. The nonlinearity of the sandstone stress-
strain curve and the relatively large plasticity correction factor used to
calculate fracture toughness of sandstone may indicate that micrécracks
nucleate and grow more easily in sandstones than in the materials abutting
the sands. This is consistent with ASR measurements (see the section on
Stress-Related Measurements of Rock Properties) which show somewhat more
strain in sandstones than in the abutting materials. However, the effects

of rock fabric itself in these measurements cannot be ruled out.

A limited number of comparisons were made more recently on Young's
modulus values from core samples of the same depth that were cut both
vertically and horizontally (Dowell Schlumberger, August 1985, October
1986). Although there were often some differences in these values of
Young'’s modulus on a sample-by-sample basis that were probably caused by
bedding structures, the differences showed no systematic trend with respect
to lithology. These measurements and the earlier group of measurements
(RE/SPEC, September, October, November 1983, February, July 1984, 1985)
showed that some siltstones are among the stiffest rocks in the formation.
Sandstones were next in stiffness, and most mudstones and shales were to be

found among the least stiff rock (Table VIII).

Correlation of Mechanical Rock Properties with the Core Gamma and
Sonic logs

There appears to be correlation between some mechanical properties and
lithology in formations of blanket morphology. For example, high moduli

and compressive strength (along with low-gamma-ray and high-velocity log
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signatures) are found in the Cozzette blanket sand.

The marine Mancos

tongue (interfingering into the Mesaverde above the Corcoran and Cozzette

sands at the MWX site) is characterized by low moduli and compressive

strengths (along with high-gamma ray and low-velocity log signatures),

Table

appear uniform,

VIII.

In the Cozzette sand this uniformity is seen both

vertically and hdrizontally (RE/SPEC, September, October 1983).

Table VIII

The mechanical properties in these blanket sands or shales

Correlation of Rock Property Data in Blanket and Lenticular Regions of the
Mesaverde at the MWX Site

Well/Interval Gamma Ray Young's Compressive Inverse
Depth Number Modulus Strength Velocity
(ft) (arbitrary) (psi x 108) (psi x 10%) usS/ft
Blanket and Blanket Like Sands
MWX 2 Cozzette  7955-7956 3.5 5.1 2.9 66
MWX 2 Corcoran  7882-7883 4.5 5.8 3.8 66
MWX 1 Cozzette 7849-7850 3.0 5.1 2.6 68
MWX 1 Paralic 4300-4301 - 3.4 5.4 2.3 65
Blanket Like Shales
MWX 2 Marine 8100-8101 12.5 2.9 1.6 82
MWX 2 Marine 7821-7822 13.0 2.7 1.5 83
Lenticular Sands
MWX 2 Coastal 6520-6521 4.0 3.3 2.7 72
MWX 1 Coastal 6517-6518 5.0 4.1 2.6 67
MWX 1 Coastal 6451-6452 5.5 4.1 2.5 72
MWX 2 Coastal 6440-6441 4.0 4.6 3.1 69
Siltstones/Mudstones Abutting Lenticular Sands
MWX 1 Coastal 6564-6565 7.5 5.8 4.5 63
MWX 2 Coastal 6561-6562 16.0 2.2 1.3 82
MWX 2 Coastal 6493-6494 11.0 2.5 1.2 83
MWX 2 Coastal 6462-6463 4.0 5.2 3.5 67
MWX 1 Coastal 6428-6429 12.0 2.3 1.5 84
MWX 1 Coastal 6422-6423 5.5 6.5 5.5 66
MWX 2 Coastal 6418-6419 4.5 5.2 3.7 66
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Table VIII (Continued)

Correlation of Rock Property Data in Blanket and Lenticular Regions of the
Mesaverde at the MWX Site

Well/Interval Depth Gamma Ray Youngs Compressive Inverse
Number Modulus Strength Velocity
(ft) (arbitrary) (psi x 108) (psi x 10%) uS/ft

(Examples where expected correlation
between sonic and gamma ray logs is poor)

Lenticular Sand
MWX 1 Fluvial 4922-4923 2.5 3.8 2.6 - 72
Shale Abutting Lenticular Sand
MWX 1 Fluvial 4946-4947 20.0 3.6 2.3 82

Non-Blanket Siltstones/Mudstones

MWX 1 Cozzette  7936-7937 10.0 4.2 2.0 68

MWX 2 Cozzette 7900-7901 10.0 5.1 2.2 68

MWX 1 Cozzette 7900-7901 10.5 4.6 1.6 68
Non-Blanket Carbonaceous Mudstones

MWX 2 Corcoran 8140-8141 10.0 4.3 1,9 67

MWX 2 Paludal 7308-7309 12.0 4.0 2.3 68

MWX 2 Paludal 7171-7172 13.0 3.9 2.2 75

Some of the coastal lenticular sands behave like the blanket sands, at
least with respect to correlation of these rock‘properties with the gamma-
ray and sonic logs. These sands seem somewhat more shaly, which is
consistent with the CEC data. However, the heterogeneous material abutting
these sands can behave quite differently from the blanket-like shaies
below. These materials are mostly siltstones and mudstones with an
occasional small sand "stringer." Some of the mudstones also appear to
behave like the blanket shales, but some of the siltstones appear to be
very stiff, quite unlike the other fine-grained rock. For example, in

MWX 1 at 6422 and 6428 ft, the rock appears to have similar fine-grained
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lithology. However, rock property data indicate very stiff rock and
compliant rocks, respectively, only 7 ft apart. Both the gamma-ray and
sonic logs corroborate this: compliant rock--high gamma-ray and low-
velocity signature; stiff rock--low gamma-ray and relatively high-velocity
signature (Table VIII). In these lenticular formations, properties vary

rapidly over very short distances.

Usually, the gamma-ray log‘and the sonic log will give the same
interpretation of the material type. However, there are instances in these
heterogeneous Mesaverde strata that include the lenticular sandstones where
the gamma-ray and sonic logs suggest different rock properties. The gamma-
ray log suggests soft shales; the sonic log suggests stiffer sands or
siltstones. Some of the high fluvial, paludal, and nonblanket layers below

the upper Cozzette sand are examples (Table VIII).

It was thought that a large number of measurements would be needed to
characterize core from lenticular formations. However, the use of a core
gamma assembly provided an additional tool for sample selection. It
usually gave a good indication of whether the material was a "clean" or
"dirty" sand, or a stiff or compliant siltstone or mudstone, before the
sample was sent for analysis. The sonic log should also be a very useful

tool for sample selection of core in formations such as these.

Stress-Related Measurements of Rock Properties

Data for hydraulic fracture design has been obtained from core by means
of (1) ASR measurements (Warﬁinski and Teufel, May 1987); (2) DSCA
(Strickland and Ren, 1980, Ren and Rogiers, 1983); and (3) a relatively new
form of measufement called differential waveform analysis (DWVA) (Ren and
Hudson, 1985). 1Its use on MWX demonstrated the capabilities of ASR for
predicting hydraulic fracture azimuth from these core measurements (Teufel,
September 1984; Hart, 1987; Thorne and Morris, 1987). Many improvements to
ASR were developed during its extensive use on MWX (Teufel, 1983; Warpinski

and Teufel, 1987). The capabilities of DSCA and DWVA for predicting
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hydraulic fracture azimuth were also shown on MWX (Dowell Schlumberger,
August 1985, October 1986), because the predicted fracture azimuth from
core and that measured by borehole geophones were fairly consistent (Thorne

and Morris, 1987).

ASR measurements on MWX sandstones show horizontal strain anisotropy
(Teufel, 1983, Warpinski and Teufel, May 1987). Analyses of ASR data to
date on MWX core do not indicate if this degree of horizontal anisotropy is
greater over particular regions of the Mesaverde, although such analyses
are presently under way. The most recent MWX ASR measurements, those made
on some MWX 3 nommarine MWX mudstones, show horizontal strain isotropy,
with the vertical strains being just slightly larger. The stresses are
nearly isotropic. The same data show that strains in sands usually appear
to be somewhat larger than in mudstones. In the nonmarine zomes the
vertical strain appears to be the largest; whereas in the marine blanket
sands a horizontal rather than vertical stress component appears to be the

largest.

Models under development (Blanton, 1983, Warpinski and Teufel, May _
1987) allow the determination of stress magnitudes from the ASR results.
These models supplement earlier models of the DSCA measurements (Strickland
and Ren, 1980, Ren and Rogiers, 1983). It appears that the stress
estimates modeled from ASR and DSCA data give fair agreement with the
measured minimum principal stress data from in situ stress measurements.
There are little measured data on the maximum principal stress. It is not
known how effective these models are for actual hydraulic fracture design

and containment considerations, especially in lenticular formations.

Permeability measurements were made on oriented paludal, coastal, and
fluvial core at N80°W and N10°E (IGT, September 1984). These directions.
are close to the maximum and minimum horizontal stresses, respectively, at
the site for these zones (Table IX) (Teufel, 1983; Hart, 1987; Thorne and
Morris, 1987; Warpinski and Teufel, May 1987). The following observations

are made from Table IX.
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Table IX
Directional Permeability, MWX-3%

Dry Permeability

to Gas (K«)
N 80°W - N 10°E % Greater Than Vertical
Depth (ft) (ud) (ud) N 80°W Perms (pd)
Paludal
7131 9.2 11.3 . 23 7.0
7090 1.40 1.95 39 0.56
Coastal
6514 0.89 1.20 35 0.74
6446 1.77 » 1.88 6 1.16
Fluvial
5830 2.51 3.75 49 ' 4.93
5737 1.22 2.16 77 1.88

*Permeabilities were measured at the following values of net confining

stress:

Fluvial cores, 3800 psi; coastal cores, 4000 psi; Paludal cores,

4200 psi.

In all cases, the permeabilities orthogonal to the maximum
principal horizontal stresses (N10°E) are greater than those along
the maximum stress direction (N80°W). These laboratory
permeabilities may be influenced by microcracks from stress relief
which in turn are influenced by the in situ stress. The amount of
microcracking might be greatest along the minimum rather than along
the maximum horizontal stress, and thus, the permeability might be

influenced by the residual microcracks.
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® If indeed the permeabilities, as measured, are influenced by
microcracking, then we might expect the vertical permeabilities to
be the smallest because the vertical stresses are the predominant
ones in these zones. The permeabilities are indeed the smallest
for the paludal and coastal sandstone samples, but not for the
fluvial samples. Effects of bedding on permeability may be
important in the vertical direction. Unfortunately it is not known
for sure whether or how much the microcracking is caused by stress
relief from the coring process. This could add some systematic
uncertainty of some tens of percent in estimating the true in situ

permeability.
® The differences in the horizontal permeabilities are greatest for
the fluvial zone, suggesting that the degree of horizontal

anisotropy may be greater there.

Importance of Net Stress in Permeability Measurements

The permeability of one coastal and fluvial zone core plug'waé measured
as a function of constant net overburden stress (2900 psi). This stress is
simulated by constant laboratory confining pressure minus laboratory pore
pressure for various pore pressure/confining pressure combinations (Walls,
September 1982; Littom, July 1986, April 1987). At the time these
measurements were made, the net overburden stress in the coastal/fluvial
region was estimated to be around 2900 psi. The estimates of net confining
stresses were made from (1) the measured pore pressure, (2) the measured
minimum horizontal stress from in situ stress tests (Warpinski, 1988),

(3) the maximum horizontal stress, which was estimated as about 800 psi
higher than the minimum horizontal stress from open-hole stress measurement
(Teufel, June 1984) and the ﬁodeling of ASR data, and (4)‘an estimate of

1 psi/ft for vertical stresses. Five pore pressures were chosen with the
initial pore pressure 4300 psi chosen to be close to those existing in the

ccastal zone. The results are given in Figure 17. For both samples it
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appears that gas permeability is constant at a pore pressure of 1500 psi
and above. Presumably, the increase in gas permeability at low pore
pressures is due to reduction in Klinkenberg slippage effects. This figure
suggests that permeability in these tight sands depends more on the value
of the net stress rather than on the individual values of pore or confining
pressure. It further verifies some earlier work suggesting this (Walls,.

April, November 1982).
SUMMARY AND CONCLUSIONS

A comprehensive analysis of the 4100 ft of core from the low-
permeability sandstone reservoir at the DOE’s Multiwell Experiment site is
virtually complete. This paper contains references to over 100 documents

with most pertaining to some aspect of MWX core analyses.

Reservoir parameters have been determined for the five Mesaverde
depositional enviromments at the site. Porosities are in the range of 5 to
10 percent. Measured water saturations range from 30 to 65 percent.

Matrix rock permeabilities at realistic water saturations are no greater
than a few microdarcies, often less. Capillary pressures are in the range

of hundreds of psi at realistic water saturations.

The average porosity in the paludal zone is somewhat higher than that
of the sands in the other zones discussed. The porosities of those
sandstones in other depositional environments are within one or two percent
of each other. Measured water saturations are lowest in the paludal zone,
the Cozzette and coastal zone have somewhat higher saturation values with
the Corcoran and fluvial sands having even higher values. Above the
coastal zone, the water saturation increases with decreasing depth and the
paralic sand has the highest average water saturation value of the sands
examined here. The permeability of the paralic sand is relatively high.
In the sands tested, permeabilities are generally higher in the paludal
zone and lowest in the fluvial zone. The marine blanket sands and the

coastal sands have about the same permeabilities.
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It appears as if the matrix rock would be susceptible to inhibition
from water-based drilling fluids or water-based fracture fluids. Based on
both core and production data, it appears that natural fractures dominate
production but at reservoir conditions, the natural fractures may be

expected to be fairly dry.
Additional conclusions are:

. Differences in the petrophysical properties between the blanket and
lenticular sandstones are often distinct and more pronounced than
differences between the petrophysical properties of the different

lenticular depositional environments.

. Fair-to-limited success was achieved in correlating some aspects of

reservoir parameters with mineralogy-petrology data.

e Accurate water saturation data were determined for tight sandstone

under a limited set of conditions.

L Brine and mercury capillary pressures are similar in spite of the
. complexities of the interactions between the narrow pores and the

brine.

. The brine and relative permeabilities of preserved core are less
than those of resaturated core. At realistic confining pressures
this decrease is in range of 25 to 30 percent for brine

permeabilities.

e The permeabilities of a pair of tight sandstone core plugs appear
to depend more on the net stress (confining stress minus pore
pressures) than on the individual values of either the confining

pressures or the pore pressures.
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The behavior of moduli and of fracture toughness for sands and for

siltstones/mudstones/shales are distinctly different.
ASR/DSCA data appear to be adequate at least for fracture azimuth

(stress orientation) predictions. It was not possible to assess

the value of modeling ASR/DSCA data for hydraulic fracture design.
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