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ABSTRACT

The Department of Energy's Multiwell Experiment is a field laboratory in the
Piceance Basin of Colorado which has two overall objectives: to characterize the low
permeability gas reservoirs in the Mesaverde Formation and to develop technology for
their production. Different depositional environments have created distinctly different
reservoirs in the Mesaverde, and MWX has addressed each of these in turn. This report
presents a comprehensive summary of results from the lowermost interval: the marine
interval which lies between 7450 and 8250 ft at the MWX site. Separate sections of this
report are background and summary; site description and operations; geology; log analysis;
core analysis; in situ stress; well testing, analysis and reservoir evaluation; and a
bibliography. Additional detailed data, results, and data file references are given on
microfiche in several appendices.
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1.0 BACKGROUND AND SUMMARY

David A. Northrop
Sandia National Laboratories

1.1 INTRODUCTION

New and improved technology is required to enhance natural gas production from the
low permeability reservoirs of the United States. This is a large potential resource with
an estimated maximum recoverable resource of over 600 TCF.1 The U.S. Government's
efforts to stimulate production from these reservoirs began in the mid-1960's. The early
work evaluated the use of nuclear explosives for fracturing, but this technique was
abandoned in 1973. Efforts then focused upon massive hydraulic fracturing and several
government-industry projects were conducted. The results were disappointing and did not
result in either an improved technology or confident, commercial production. The basic
shortcoming was that these past field tests provided insufficient data to define the

critical factors affecting gas production from this resource.

The Department of Bnergy's Multiwell Experiment (MWX) was conceived as a field
laboratory to obtain sufficient information on the geologic and technical aspects to unlock
this resource. A key feature of MWX is three wells between 110 and 215 ft apart.
Detailed core, log and well test data from such close spacings provide a detailed
characterization of the reservoir. Interference and tracer tests as well as the use of
fracture diagnostics in offset wells, give additional, out-of-the-ordinary information on
stimulation and production. A second key is the synergism resulting from a broad
spectrum of activities: geophysical surveys, sedimentological studies, core and log
analyses, well testing, in situ stress determinations, stimulation, fracture diagnostics, and
reservoir analyses. All these activities are further enhanced by the closely spaced wells.
Thus, the Multiwell Experiment provides a unique opportunity for understanding and
developing economic production from tight gas reservoirs.

Purther discussion of the rationale, plans, objectives and activities of MWX can be
found in references 2-5. The intent of this report is to compile results from activities
associated with one interval--the marine--at the MWX site. Similar final reports will be

compiled for subsequent intervals.



1.2 GEOLOGIC SETTING

The Multiwell Experiment’s focus is the Mesaverde Formation in the Piceance Basin
of Northwest Colorado. This thick sequence was deposited during the late Cretaceous age
over a broad region of the western United States and contemporaneous formations are
found in the Green River, Wind River, Uinta, and San Juan basins. The great extent and
thickness of these gas-containing deposits is the reason that this is a significant natural

gas resource.

At the MWX site, the Mesaverde Formation lies at a depth of 4000 to 8250 ft,
between the overlying Wasatch Formation and the underlying Mancos Shale (Figure 1.1).
The Mesaverde is exposed in outcrop at Rifle Gap in the Grand Hogback, approximately
11 miles northeast of the MWX site, and the outcrops have allowed excellent insight into
the subsurface geology at the site. The sandstones stand out clearly on outcrop and
sedimentological studies have been performed on them. These studies show that the
Mesaverde can be divided into five distinct intervals based upon different depositional

environments and resulting sandstone rnorphologies.(’“7

(1) The lowest interval (7450-8250 ft) was formed immediately on either side of an
oscillaﬁng coastline and is composed of widespread shoreline-to-marine blanket
sandstones, marine shales, and paralic coals. This interval contains the
Corcoran, Cozzette and Rollins sandstones and it is the focus of this final report.

(2) The paludal interval (6600-7450 ft) lies above the Rollins sandstone and contains
thick, abundant coal deposits. These are interspersed with lenticular,
distributary channel and splay sandstones formed in a lower delta plain
environment. The sand percentage in this zZone is markedly lower (26%) than
other intervals (~ 409), and channel widths are probably 250-500 ft.

(3) The coastal interval (6000-6600 ft) is characterized by distributary channel
sandstones deposited in an upper delta plain environment. Most of these
sandstones are probably less than 200 ft in width and are interbedded with

carbonaceous mudstones and siltstones.
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(4) The fluvial interval (4400-6000 ft) consists of irregularly shaped, multistory,
composite sandstones which were deposited by broad meandering stream
systems. These sandstones have widths on the order of 1000-2500 ft and
contain abundant internal discontinuities.

(5) The uppermost paralic interval (400-4400 ft) is a zone of returned marine
influence with more widespread, uniform sandstones. The interval is
water-saturated at the MWX site.

Specific sands in the shoreline/marine, paludal, coastal and fluvial intervals have
been the focus of separate MWX investigations.

1.3 MWX DESCRIPTION

The Multiwell Bxperiment field laboratory is located in the Rulison Field in the
southeastern portion of the Piceance Basin in Colorado. The site is located in the SW 1/34,
NW 1/4, Sec. 34, T6S, R94W, Garfield County and it is seven miles southwest of Rifle and
just south of the Colorado River. Agreements on the lease and landowners were obtained
in mid-1981 and work at the site began in August of that year. A chronology of MWX
activities is given in Figure 1.2.

Three wells were drilled: MWX-1 to a depth of 8350 ft in September-December
1981,8 MWX-2 to a depth of 8300 ft in January-March 1982,9 and MWX-3 to a depth of
7565 ft in June-August 1983.10 Over 4100 ft of 4-in core, approximately 1135 ft of it
oriented, were cut with a recovery of >99%. Numerous logging programs containing both
standard and experifnental logs were conducted. An overview of the coring and logging
activities in all three wells in relation to the Mesaverde section at the site is given in
Figure 1.3. The three wells are exceptionally straight as seen in Pigure 1.4; relative
separations are between 110 and 215 ft within the Mesaverde. Significant gas shows were
encountered throughout the section in all three wells and mud weights as high as

15 1bs/gal were required to control the well.

The entire Mesaverde at the MWX site as seen by gamma ray logs in the three wells
is shown in Figure 1.5.
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1.4 THE MARINE INTERVAL

The initial MWX investigations were performed in the marine interval which lies
between 7450 and 8250 ft and is shown in Figure 1.6. Note that only MWX-1 and MWX-2
penetrate this entire interval and were the only wells available in mid-1982 to mid-1983
for the well tests conducted in the Corcoran, lower Cozzette and upper Cozzette and for

stress tests performed over the interval.

DOE decided in early 1983 that the Multiwell Experiment’'s most appropriate focus
was the lenticular, nonmarine sandstones that comprise the majority (~85%) of the
Mesaverde at the MWX site and elsewhere in the Piceance and other basins. One factor in
this decision was the high, sustained production without stimulation from the upper
Cozzette zone in MWX-1 which indicated a large, naturally fractured (jointed) reservoir.
Other factors were the blanket, marine nature of these sandstones and that there is
limited commercial production from them in parts of the basin. Thus, no stimulations

were conducted in this interval.

MWX-3 was drilled specifically to provide better characterization of the nonmarine,
lenticular portion of the Mesaverde. Thus, it was drilled only into the top of the Rollins
sandstone, although a short open hole section was cored into the Rollins for specific in

situ stress investigations.

1.5 ACTIVITY SUMMARIES

The results of the MWX activities conducted in the marine interval of the Mesaverde
are presented in separate sections of this report, each authored by the principal

investigator. Summaries from these sections are presented here.

1.5.1 GROLOGY (Section 3.0)

The sandstones in the marine interval were deposited in environments which
oscillated between shallow marine, shoreline, and lower delta plain. The main sandstones
are shallow marine to wave-dominated shoreline deposits, the interbedded shales are
predominately deep marine shales, and the associated carbonaceous mudstones, coals, and

lenticular sandstones are nonmarine, lower delta plain deposits.
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- The Corcoran sandstone has two parts. The lower is a shallow marine to shoreline
sandstone of 30 ft thickness; the upper is a distributary channel sandstone with
different thicknesses (30 and 15 ft) in each well. Carbonaceous, nonmarine

lithologies separate the two sands.

-  The Cozzette sandstone has two parts. Both are shallow marine to shoreline deposits
which are thick (70 and 50 ft) and very continuous and uniform between the two
wells. The top of the lower sandstone contains a shale break and a thin (8 in) coal

seam, and has less marine character than the rest of the Cozzette.

-  The Rollins sandstone is characteristic of a prograding, wave-dominated shoreline. It
is 70 ft thick and very uniform between the wells.

- The deep-marine Mancos shale underlies this entire interval. Well-developed,
uniform tongues of the Mancos shale abruptly overlie the upper Corcoran and upper
Cozzette sandstone and distinctly separate the Corcoran, Cozzette and Rollins.

Sandstone petrology (grain size, composition, and diagenetic history) is the primary
control on reservoir porosity and matrix permeability. Most of the sandstones are
well-sorted and show little variation between the few cored intervals. The diagenetic
sequence in the three sandstones has been interpreted to include at least two cycles of
calcite cementation, dissolution of feldspar, authegenic clay formation, and
recementation by calcite and/or quartz. Dissolution of feldspar and rock fragments leads
to authegenic illite and illite-smectite which reduce the primary porosity and
permeability. The absorbent clays may also contribute to the relatively high water
saturations in these sandstones.

Natural gas in the marine section could have come from organic material in either
deep marine or terrestrial sources. The levels of maturation are high: coal rank below
7800 ft is semi-anthracite and vitrinite reflectance levels range from 1.35 to over 2.15.
Thus, the organic material produced hydrocarbons. Isotopic gas analyses indicate that
most of the gas in this interval originated in marine rocks, although there are indications
of nonmarine contributions as well. The top 20 ft of the upper Cozzette contains
pyrobitumin (pyrolyzed oil) in the pores, which effectively reduces porosity and
permeability.
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Only five natural extension fractures were observed in Corcoran and Cozzette core.
These are thin (hairline to 4 mm), vertical, and filled or partially filled with calcite and
quartz. The importance of natural fractures is evident in the well test results for this
interval.

1.5.2 LOG ANALYSIS (Section 4.0)

Extensive logging programs were conducted during the drilling of the MWX wells.
However, the marine interval in MWX-1 and MWX-2 was logged only during the final
open-hole logging program as the interval was at the bottom of each well. A variety of

standard and experimental logs were run in the oil-based-mud-filled wells.

The well logs were analyzed with the tight gas sand log interpretation model called
'I‘ITBGAS.H Computer-generated, two- and three-dimensional crossplots show
relationships between the various reservoir parameters and shed light upon the various
tool responses. The analysis of the marine interval used data from the dual induction/
gamma ray log, the lithodensity/compensated mneutron/gamma ray/caliper, the
long-spaced sonic log, the cement bond log, and core measurements of porosity,

permeability, grain-density and water saturation.

The model calculates various estimates of reservoir properties. The porosity,
saturation and clay volume (Vcl), of both the flushed zone and virgin formation, are
computed based primarily on the dual induction and lithodensity/compensated neutron
logs. The model also computes volume carbonate from the photoelectric effect in the
lithodensity log. The model then obtains the average flushed-zone saturation, Sxo’ from
corrected neutron porosity and gamma ray responses in order to derive porosity. Rw is
computed in uninvaded sandstones by combining Sxo' porosity, and resistivity data.
Finally the virgin formation water saturation, Sw, is calculated by the total shale
relationship. Comparison of the flushed zone and virgin water saturations, ASw, indicates
the amount of invasion and identifies permeable zones. Also a quantitative estimate of in
situ permeability, kh, is made based on porosity, clay content and water saturation. A
summary of the log analyses for the four Corcoran and Cozzette intervals is given in
Figure 1.7. The plotted logs have been calculated by TITEGAS and give an estimate of
the density and neutron response in an uninvaded, virgin formation. These results provide

an overall reservoir evaluation for the four sandstone units. The two
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Cozzette sandstones are good candidates for testing and stimulation. They are thick,
uniform, and have reasonable reservoir properties. The two Corcoran sandstones are less
viable candidates. The upper sandstone is very nonuniform and is the least attractive

reservoir.
1.5.3 CORE ANALYSIS (Section 5.0)

Limited core was taken from the marine interval: 221 ft of 4-in core in MWX-1 and
MWX-2 and 28 ft of 2 1/2-in core in MWX-3. Core samples were distributed to
participants in a comprehensive core analysis progrzaun.12 Both routine and special core
analyses for reservoir properties were made at frequent intervals in the sandstones. Many
analyses also extended above and below the sandstone so that properties are also available
for the bounding lithologies.

A summary of the core-derived reservoir properties for the marine interval is given
in Pigure 1.8. (This compilation includes a diverse number of samples; many more samples
were taken in the sandstones themselves.) Typical reservoir properties of the best
reservoir, the upper Cozzette sandstone, show dry Klinkenberg permeabilities of 4-7 ud
(at 1000 psi confining pressures), porosities of 6-8%, and water saturations of 25-50%.
The permeabilities of these sandstones are a strong function of the net stress and water
saturation. The dry Klinkenberg permeabilities of 4-7 ud should be reduced by at least an
order of magnitude to obtain a more realistic estimate of the in situ matrix permeability.
In addition, capillary pressures greater than 500 psi were found at the prevailing water

saturations.

Other core analyses included vertical permeabilities, compressibility, caprock
analysis, triaxial tests for compressive strength, modules, and Poisson's ratio, fracture
toughness, and tensile strength. Core samples were also used in other MWX activities
such as sedimentology, mineralogy/petrology, organic content and maturation, natural

fractures, and estimates of in situ stresses.
1.5.4 IN SITU STRESS MEASUREMENTS AND ANALYSIS (Section 6.0)

Several different stress-related measurements were made in the marine interval.

Cased-hole stress tests were conducted in MWX-2 at eleven depths in, between, and below
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the Rollins and Cozzette sandstones. These tests were repeated small volume hydraulic
fractures (<100 gal) conducted through perforations under conditions where the
instantaneous shut-in pressure is equal to the minimum in situ s'cress.13 The measured
minimum in situ stresses and frac gradients are summarized in Pigure 1.9. Significantly
different stresses were characteristic of the sandstones (0.85-0.90 psi/ft) and the
confining shales (1.00-1.11 psi/ft). Different test behaviors were noted for the different
lithologies where shales had low breakdown pressures and relatively constant injection
pressures, and sandstones exhibited generally larger breakdown pressures and larger
reopening pressures. One test, in a siltstone between the Cozzette sands, exhibited a
repeatable dual shut-in which may be indicative of a thin silt or sandstone surrounded by
higher stress shales. The measured stress distribution around the Cozzette sandstone is
ideal for hydraulic fracture containment during stimulation; there are upper and lower
stress contrasts of 2000 and 1300 psi, respectively. Fracture height calculations show
excellent containment of a frac at treatment pressures less than 1000 psi over the

minimum in situ stress.

Open hole stress tests were conducted in MWX-3 at two locations in the Rollins
sandstone. As seen in Figure 1.9, there is good agreement with the cased hole tests in
MWX-2. An estimate of the maximum horizontal in situ stress can be obtained from the
breakdown and/or reopening pressures in open hole tests. The minimum and maximum
horizontal in situ stresses in the Rollins were found to be 6800 and 7600 psi,
respectively. An impression packer was run in the upper interval and gave indications of a
hydraulic fracture orientation of N50-70°W.

Two stress-related analyses were made on oriented core: anelastic strain recovery
(ASR)14 and differential strain curve analysis (DSCA).15 The primary ASR result is the
direction of the maximum horizontal in situ stress, which is the azimuth of a hydraulic
fracture. The measured azimuths for fdur sandstone core samples in each of the Rollins,
Cozzette and Corcoran are given in Figure 1.10; three shale tests were unsuccessful. (A
hydraulic fracture was subsequently conducted at 7100 ft. The frac azimuth was deter-
mined by the borehole seismic method to be N67;0:8°W.16) Stress magnitudes were also
calculated from ASR data via a procedure that requires several basic assumptions”; only
fair agreement with the hydraulic fracture data was obtained. Two Cozzette sandstone
samples were analyzed via DSCA; these gave a frac azimuth estimate of N76°W and a

minimum stress, assuming a 1.05 psi/ft overburden stress, of 6400 and 6930 psi.

-1.8-



1.5.5 WELL TESTING, ANALYSIS AND RESERVOIR BVALUATION (Section 7.0)

Several well tests of various kinds were conducted in the Corcoran and Cozzette

sandstones. The overall results from these tests and analyse318 indicate:

(1) Unstimulated production from these very tight sandstones with matrix
permeabilities of the order of 0.1 ud can be substantial provided there exists an

extensive, interconnected natural fracture system that is connected to the well.

(2) Damage surrounding the wellbore can mask the true productive capacity of a
highly overpressured, naturally fractured reservoir. In all tests, a breakdown
was required to initiate flow, and continually increasing relative gas
permeabilities were observed during the test periods. Such continual cleanup
suggests that prefrac testing be extended and carefully monitored and analyzed
before considering any stimulation technique.

(3) Average reservoir permeabilities obtained from the production well
(200-400 ud) do not reveal the large anisotropy of the natural fracture system
or its high flow capacity.

(4) Well test data from the production well may indicate conventional production
history and not exhibit, at least in a reasonable time, a slope change on semilog
plots that would suggest a dual porosity system.

A production test was conducted in the Corcoran sandstone in MWX-1 over a
perforated interval of 8110-8230 ft. After a breakdown and two weeks of various flow
periods, the well flowed at 340-390 MCED at a surface flowing tubing pressure of
225 psi. A modified isochronal test was conducted at rates of 125-135, 200-210, and 310-
420 MCFD. However, rates continued to increase and a lower limit for deliverability of
620 MCFD was found. at the end of the test period. This represents an estimated average
permeability of 30-60 ud over the entire interval; this is a substantial increase over the

measured matrix permeability of 0.1 ud measured in core.
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Transient pressure tests were conducted in the lower Cozzette sandstone in MWX-1
over a perforated interval of 7940-7954 ft. Two flow and buildup tests were performed.
The first buildup after a nine day flow period with rates increasing from 30 to 90 MCRD,
gave Horner plots which indicated an average reservoir permeability of 6 ud. The second
test was conducted at flow rates of 95 at first and then 150 MCED; Horner plots of the
subsequent buildup data gave an average reservoir permeability of 400 ud. These results
suggest the presence of an interconnected natural fracture system with relatively high
average permeability. Yet the pressure signatures from the well tests do not indicate the

presence of a long singular fracture.

An interference test was conducted in the upper Cozzette sandstone with MWX-1,
perforated from 7855 to 7892 ft, as the production well, and MWX-2, 123 ft away and
perforated at three intervals between 7830 and 7885 ft, as the observation well. The test
is shown schematically in Rigure 1.11; a downhole shut-off tool was used in MWX-2 to
isolate a small bottomhole volume and increase the sensitivity of the pressure response.
After breakdown and a several day flow period at 300-400 MCED in which interference
was noted in MWX-2, a series of pulses were produced in MWX by alternating shut in
periods with flow periods of 500, 600 and 1100 MCED. The corresponding pressure
transients in MWX-2 are small, but definite; the time lag is about 2.5 hrs. An analytic
analysis of the pressure response provided a best match for an anisotropic natural fracture
system with kx and ky of 120 md and 0.4 md and an average system permeability of 7 md.
Several numeric analyses were performed with different simulators to study the relative
effects and sensitivity of permeability, wellbore damage, nondarcy flow, and boundaries.
As before, a comparison of data obtained in MWX-1 at the beginning and end of the tests
in this zone showed an increase in average permeability from 75 to 225 ud and a reduction

in skin from 2.6 to nearly zero.

After a three month shut-in, MWX-1 was flowed from the upper Cozzette interval
into the pipeline at various times over a four month period. The average production rate
was 550 MCFD with a cumulative produced volume of 35 MMCF. A Horner analysis of a
buildup test at this end of this period gave a relative gas permeability of 380 ud, a 70%
increase since the previous test seven months before. There was no evidence of
boundaries or a decrease in the ability of the natural fracture system of this reservoir to

produce gas over an extended period of time.
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1.6.6 OTHER ACTIVITIES

Three geophysics-related experiments were conducted over the Mesaverde Formation

’ 9,20
19,20 vertical seismic profile,1 3

The primary focus for each of these experiments

at the MWX site: three-dimensional surface seismic,

19,21
and cross-well acoustic survey. '

was the lenticular sands, but limited dat‘a include the marine interval. These are not
specifically discussed in this report, but key references to each experiment are given

above.
1.6 SIGNIRICANT ACCOMPLISHMEBNTS

We have drilled three wells which penetrate the Mesaverde Formation in the
Piceance basin at a site near Rifle, Colorado. These establish the Multiwell Experiment
as a field laboratory for the study of the tight gas resource in this formation. The
Mesaverde has been subdivided into five distinct intervals based upon their depositional
environments, which, in turn, strongly influence their reservoir characteristics. We have
completed work for the deepest of these intervals-—the marine--and this report is the
culmination of that work.

We have conducted well tests in three zones of the marine interval which show that
unstimulated Mesaverde sandstones may be more productive than generally recognized in
standard practice. While these sandstones have matrix permeabilities on the order of
0.1 yd, average reservoir permeabilities were measured to be between 2 to 4 orders of
magnitude higher, thus indicating that production is through an extensive, interconnected
natural fracture system. Also, we observed that these sandstones required breakdown and
continued to clean up with time under various flow and pressure conditions even at the
end of each test. Flow rates as high as 1,100 MCFD for short periods, and of several
hundred MCFD over four months, were found for the upper Cozzette sandstone interval
tested.

We have developed a cased-hole stress test procedure, based on small volume

hydraulic fracture, to determine the minimum in situ stress. Thirteen tests in the marine
interval showed characteristic frac gradients of 0.85-0.90 and 1.00-1.11 psi/ft for the
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marine sandstones and shales, respectively. Thus, there are good stress contrasts
(1000-1800 psi) between the sands and confining lithologies.

We have used the MWX logging data to aid in the development of TITEGAS, an

improved log analysis program for tight gas sands.

We have compiled a comprehensive body of core, log and geologic data for this part
of the Mesaverde PFormation. These data are available publicly as a result of the
Multiwell Experiment.
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Figure 1.4 Relative Well Springs at Surface and 7300 ft (the deepest
all three wells)
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2.0 SITE DESCRIPTION AND OPERATIONS

Robert L. Mann
CER Corporation

2.1 WELL DRILLING AND WELL DESCRIPTIONS

As shown in Figure 2.1, the Multiwell Experiment (MWX) is located in the Rulison
Field in the southeastern portion of the Piceance Basin in Colorado. The site is located in
the SW1/4 NW1/4 Sec. 34, T6S, R94W, Garfield County, and is about 7 miles southwest of
Rifle.

Site selection was based upon several factors, such as:

. The Mesaverde Group was at a reasonable depth in the area.
. The zones of interest were typical of the tight gas sands formations.
. The zones were also in an area of proven Mesaverde production.

An agreement was reached with Superior Oil Company in mid-1981 and all necessary
drilling and operating permits were acquired. Drilling of MWX-1 began in mid-September
1981, achieving total depth at 8350 ft. The well was drilled through the blanket
Mesaverde sections and 7-in, 29-1b N-80 casing was run and cemented. As shown in
Pigure 2.2, a total of 2747 ft of the Mesaverde group was cored and recoverd, including
470 feet of oriented core.

The rig was moved to the adjoining location and the second well was spudded on
December 31, 1981. MWX-2 was also drilled through the blanket marine Mesaverde to a
depth of 8300 ft with 915 ft of formation cored and recovered, as shown in Pigure 2.3.
The MWZX-2 casing program was similar to the first well. The casing was run and
cemented and the rig released on March 30, 1982.



The third well, MWX-3, was spudded on June 7, 1983, and was drilled to a depth of
7564 ft. As shown in Pigure 2.4, it penetrated the Rollins Formation but not the
Corcoran/Cozzette. "As-built" reports have been published on all three wells.l’z’3

Detailed geologic information is provided in other sections of this report, but a brief
description of the formation tops and characteristics is appropriate here. A geologic
section in MWX-1 is shown in Figure 2.5.

The top of the Rollins section of the marine Mesaverde was penetrated at 7488 ft KB
in MWX-1. The Mancos Shale Tongue separated the Rollins sandstone from the lower
marine Mesaverde Corcoran/Cozzette sandstone. The Mancos Tongue was penetrated at
7672 ft KB in MWX-1. The Mancos Tongue is approximately 150 ft thick and is a fairly
uniform marine shale interfering in the lower Mesaverde section. In MWX-1, the top of
the Cozzette was penetrated at 7830 ft and the Corcoran at 8110 ft KB. Both wells
penetrated the massive Mancos Shale underlying the marine Mesaverde formations at

approximately 8230 ft KB. Table 2.1 gives the formation tops for all three wells.

During the drilling of the three MWX wells, it was noted that a gradual increase of
formation pressure was encountered starting at approximately 5600 ft. Mud weight had to
be continually increased with depth from 9.0 1b/gal at 5600 ft to over 15.0 1b/gal at
8350 ft, as shown in PRigure 2.6. The Cozzette required a pressure gradient of 0.71 psi/ft
and the Corcoran 0.75 psi/ft to control the formation pressure during drilling. From these
data and subsequent test data, it is apparent that the lower Mesaverde formations are

substantially overpressured.

Complete logging suites were run on all three wells and the logs and detailed analyses
of the Corcoran/Cozzette interval are presented in Section 4.0.

Detailed direction surveys were also run in the wells to determine the relative well
spacing at various depths, as well as at the surface. The wells were drilled with very
little directional deviation so the relative spacing with depth does not change signifi-
cantly. Pigure 2.7 shows the relative locations of the three wells at the surface and at
7300 ft.
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2.2 OPERATIONS

After MWX-2 was drilled and cemented in early 1982, the test separator, flow lines,
stress test equipment, wireline trailers and pressure test equipment were moved on to

location, set up and tested.

In early July 1982, Los Alamos National Laboratory (LANL) ran cross-hole seismic
surveys on both MWX wells. A temperature log run in conjunction with this operation is
given in FPigure 2.8. The survey was completed in mid-July and MWX-1 was shut in and
remained shut in until mid-August. One interval in MWX-2 was perforated and stress
tested in late July and four other intervals were perforated and stress tested in early
August. MWX-2 was then shut'in until late October. Detalled analyses of the stress test

)
data are presented in Section 6.0 and elsewhere.4'

After analysis of both core and log data, it was decided that the Upper Cozzette zone
was the best candidate for testing and evaluation as the "blanket base case" reservoir.
The zdne ‘'was more uniform and similar in both wells and appeared to be continuous from
well to well. The Lower Cozzette and Corcoran Formations showed large variations
between the two wells. Por thoroughness, however, it was decided to run brief production
tests on both of the zones before conducting more extensive tests in the Upper Cozzette.
The results of all well testing are given in Section 7.0.

The Corcoran zone in MWX-1 was perforated from 8100-8230 ft on August 15, 1982.
The well was swabbed and flowed from August 15 to August 27. Because the zone was not
producing, it was broken down on August 28. The zone was cleaned up and tested until

September 11, at which time a bridge plug was run and set above the Corcoran.

The well was perforated in the Lower Cozzette zone from 7949-7954 ft on September
16, 1982. The zone was flowed and tested until October 19. A bridge plug was set above
the Lower Cozzette at 7920 ft on October 21. This completed the brief production test of

the two lowest zones.

The Upper Cozzette zone in MWX-1 was perforated from 7855-7892 ft on October
22, 1982. The perforations were broken down and then cleaned up and shut in in MWX-1
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on October 25. The MWX-2 was then perforated in Upper Cozzette for interference
testing from 7830-7840 ft , 7850-7860 ft and 7874-7884 ft.

MWX-1 was shut in for build-up while MWX-2 was worked on from October 25 to
November 30. The interference tests were delayed due to a stuck packer in MWX-2 and
instrumentation problems. The interference test was started November 30.

MWX-1 was flowed and shut in periodically from November 30 to December 13, at
which time MWX-1 was killed with a CaClz/CaCO3 solution to retrieve wireline tools and
prepare the wells for winter shutdown. Both wells were flowed for cleanup and then shut

in for winter. The site was closed from December 17, 1982, until March 1983.

On March 9, 1983, the MWX-1 well was turned over to Superior Oil Company and
connected to the Western Slope Gas line for sales. It was produced for sales from the
Upper Cozzette from March 9 through June 17, 1983, except for a 2-week period from
May 1 to May 15 when CER took control of the well to run pulse tests on MWX-1 and
MWX-2. During the period of March 9 to June 17, 30.6 MCPF of gas was produced for sales
from the Upper Cozzette.

At the completion of the pulse tests, stress tests were run in MWX-2 over the Upper
Cozzette, the Mancos Tongue, the Rollins and the lower paludal section. Results of those
tests are reported in Section 6.0. All work in MWX-2 in the blanket marine Mesaverde
section was completed with the final stress test run on June 2, 1983.

During this same period, the drilling pad was being prepared for the third well.
MWX-3 was spudded on June 7, 1983, and reached TD of 7,474 ft on August 3. After
logging and running 7-in. casing, the well was deepened to a total depth of 7,564 ft where
open-hole stress tests were performed on the open-hole section of the Rollins. After
completion of these tests on September 10, a wireline bridge plug was set at 7350 ft and
MWX-3 was no longer in communication with the blanket marine Mesaverde section.

CER took possession of MWX-1 on June 20, 1983, and pulled tubing and set a Model D

packer at 7810 ft, above the Upper Cozzette. A new string of 2-7/8-in tubing was run
and the final testing of Upper Cozzette was initiated. The well was flowed for cleanup
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and then shut in for final build-up tests until July 7, when a bridge plug was set a 7,777 £t
above the Upper Cozzette Formation. With the setting of the bridge plug, MWX-1 was no
longer in communication with the blanket marine Mesaverde formations.

Thus, all work was completed in the marine Mesaverde formations in MWX-1,
MWX-2, and MWX-3 on July 7, June 2, and September 10, 1983, respectively.
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46 ft

4,130

8,350

WD

R 77777777777777 77 27 7 A

>

MW X-1

16 in. Conductor

13% in. Hole

10% in. 51.51b
Casing Set @ 4,130
Cemented to Surface

8% in. Hole

7in.291b N-80
Casing Set @ 8,350

Cemented to 3,450 ft

‘ZZﬂﬂdﬁﬂﬁﬁﬁﬁﬁﬂﬁﬂ9606ﬁ66ﬁ66ﬁﬁﬁﬁﬁﬁﬁ&ﬁﬁﬁaﬁﬂﬂdﬁﬁﬁﬂﬁﬂﬂﬂIIIII

Spud Date: Sept. 13, 1981
Rig Released: Dec. 21, 1981

CORES
4,170- 6,827 ft 2,657 ft
7,870 - 7,960 90 ft
Total 2,747 1t
Oriented 470 ft
LOGS
4,130 - Surface
4 Logs - comb.

6,827 - 4,130 ft
11 logs - comb.

8,350 - 4,130 ft
18 logs - comb.

DSTs
5,885 - 5,830 ft

RFTs

8,135 -4,5635 ft
12 tests

Fig. 2.2 MWX-1 Well Information
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40 ft

8,300

RO777277 77777777277 7777 227777 27772777722/ 721 )

MWX-2

16 in. Conductor

14% in. Hole

10% in. 51.51b
Casing Set @ 4,102 ft
Cemented to Surface

-a— 8% in. Hole

7 in. 29 |Ib N-80
Casing Set @ 8,300 ft
Cemented back

STISS SIS IS SIS TISII IS s VSIS SIS SIS/ SIS /7. W

to 3,500 ft
Spud Date: Dec. 31, 1981
Rig Released: Mar. 30, 1982

CORES

4,870 - 4,956 ft
5,485 - 5,581 Pressure Core

5,700 - 5,880 -
6,390 - 6,568
7,030 - 7,385
7, 817 - 7,907
8,100 - 8,141

915 ft of Core
395 ft Oriented

LOGS

5,438 - 4,094 ft
3 logs - comb.

6,050 - 4,094 ft
3 logs

6,688 - 4,094 ft

9 logs - comb.

- 8,300 - 4,094 ft

15 logs - comb.

DST

4,895 - 4,955 ft

91 days

Fig. 2.3 MWX-2 Well Information
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MW X-3

120 ft } 13-3/8 in. Conductor

12% in. Hole

Ll LLL L LLLLLL L L L
VS LSS LSLSSSSS SIS SIS S S S

SITIILSIY CINIS SIS IS SIS SIS S SIS 4

ASTSSS LSS SIS S IS S S S S s

9-5/8 in. 36 Ib Casing
Cemented to Surface

SIS SIS SS S

YIS S S S Y s VIS SIS S IT 5

-a— 8% in. Hole

7in.321b
P-110 & N-80 Casing
Set @ 7,474 ft

WSS S LTI SIS SIS S LSS SIS S SIS I3

7,474
5-7/8 in. Hole
7.564
Spud Date: June 7, 1983
Rig Released: Aug. 17, 1983

CORES

4,887 - 4,928 ft
5,690 - 5,870
6,431-- 6,528
6,875 - 6,910
7,071 - 7,160
7,536 - 7,564

435 ft of Core
All Oriented

LOGS

4,134 - Surface
4 logs - comb.

5,875 -4,129 ft

5 logs - comb.

6,875 - 4,130 ft
7 logs - comb.

7,463 - 4,129 ft

28 logs - comb.

72 days

Fig. 2.4 MWX-3 Well Information
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Depth, ft
{from KB)

19

7,488

7,672
7,830

8,110
8,230
8,350 TD

Marine
Section

Formation
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Ft. Union

e O1i0 Creek )
Paralic

Fluvial

Mesaverde

Coastal

Paludal

Rollins
Mancos Tongue |
Cozzette

Corcoran

Mancos Shale

Thickness, ft

3,210

614

39
300

1%

~ 1,750

Q

625

926

&

184
158

280
120
120

Fig. 2.5 Geologic Cross-section of MWX-1
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2,000
® MWX-1 Water Base Mud (Surface to 4,150 ft)
4+ MWX-1 Oil Base Mud
3,000 ® MWX-2 Water Base Mud (Surface to 4,150 ft)
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Fig. 2.6 Mud Weight Versus Depth
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Pigure 2.7 Relative Well Spacings at Surface and at 7300 ft (the deepest survey in all
three wells).
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Figure 2.8 Temperature Log of MWX-1l.
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3.0 GEOLOGY

John C, Lorenz
Sandia National Laboratories

3.1 INTRODUCTION

The general structure of the Mesaverde Formation in the Piceance Creek basin
(Pigure 3.1) is that of gentle northeasterly dip toward the Grand Hogback. There the dip
abruptly reverses to a steep southwesterly trend due to uplift of the adjacent White River
Plateau. The blanket marine sandstones, which are the subject of this report, lie at the
bottom of the Mesaverde Formation. There is no significant structural alteration of the
gentle northeasterly dip at the top of the marine section in the vicinity of the MWX site
(Figure 3.2, Johnson 1983). ‘

The sandstone reservoirs between the depths of 7455 and 8350 feet subsurface at the
Multiwell Experiment (MWX) site were deposited in environments which oscillated
between shallow marine, shoreline and lower delta blains. The main sand bodies of the
Corcoran, Cozzette and Rollins members of the Mesaverde Formation are shallow marine
to wave-dominated shoreline deposits. The interbedded shales are predominantly deep
marine shales, while the associated carbonaceous mudstones, coals, and lenticular
sandstones are nonmarine, lower delta plain deposits. All of these environments are
represented in both the MWX wells (Rigure 3.3) and in the outcrops at Rifle Gap (Lorenz,
1982, 1983, Lorenz and Rutledge, 1985). This interval was penetrated by MWX-1 and
MWX-2, while MWX-3 bottomed in the Rollins.

3.2 LITHOLOGY

3.2.1 Corcoran Member in MWX wells

The upper sandstone of the Corcoran Member was cored in MWX-2. It consists of a
fine- to very-fine-grained sandstone with occasional carbonaceous laminae, over- and

underlain by carbonaceous mudstones and shales (Figure 3.4).

Comparison of the MWX-1 and MWX-2 gamma ray and density logs of the Corcoran
interval (separated by only 120 feet at this depth) shows an abrupt thinning from 30 to



15 feet of this upper sandstone, which combined with the carbonaceous nonmarine
associated lithologies, suggests that it is a distributary channel. It is abruptly overlain by
what appears to be a uniform tongue of the Mancos Shale.

The lower sandstone bed of the Corcoran interval (uncored) has a blocky gamma ray
profile and seems to be underlain by the Mancos Shale. This suggests that it is an
extensive shallow marine to shoreline sandstone, transitional between marine shale below

and carbonaceous delta plain mudstones and distributary sandstones above.
3.2.2 Cozzette Member in MWX Wells

MWX-1 to MWX-2 correlations of the Cozzette Member show sandstones that are
very continuous (Figure 3.5) with little variation between the wells. This, plus the virtual
absence of coals, suggests that the depositional environments did not prograde sufficiently
for nonmarine deposits to form in the MWX area (except for a ten-foot, coal-bearing
zone at the top of the lower Cozzette sandstone) and that both sandstones are shallow

marine to shoreline deposits.

This marine interpretation is supported by the core availabl; for these intervals (the
upper sandstone in MWX-2; the lower half of the upper sandstone, the upper few feet of
the lower sandstone, and the intervening silistones and shales in MWX-1). Fine-grained,
well-sorted sandstones with well-defined, low-angle (and possibly hummocky)
crossbedding and common marine-type trace fossils (Ophiomorpha) comprise these
sandstones. The associated shales and siltstones are well laminated but abundantly

burrowed, again suggestive of shallow marine conditions.

The upper 20 feet of the upper Cozzette sandstone is primarily a mixed zone of
burrowed siltstone and sandstone with much of the pore space occupied by pyrobitumen.
Sedimentologically, this may be a zone of reworked material produced by the subsequent
major transgression, during which the 250-foot thick overlying tongue of the Mancos Shale
was deposited. The pyrobitumen results from thermally altered oil (Pitman and Spencer,
1984).
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3.2.3 Rollins Member in MWX Wells

The Rollins (or Trout Creek) Member in the MWX wells has little or no well-to-well -
variation. It displays a textbook coarsening-upward sequence (Pigure 3.6) indicative of a
prograding, wave-dominated shoreline. It grades up from the deep marine Mancos Shale
into silt-shale laminations, thence into shale-silt-sand laminations, and finally into
thick-bedded sandstone with marine burrows and sedimentary structures. An abrupt
gamma ray kick4 near the top of the sandstone may record a placer deposit of radicactive
minerals (zircon or monazite?) or a bentonite. Core from MWX-3 is fine-grained,
well-sorted sandstone with well-defined sedimentary structures and good marine trace
fossils.

¥

3.2.4 Outcrops of the Corcoran, Cozzette, and Rollins Members at Rifle Gap

Outcrops at Rifle Gap have been correlated with the Rollins, Cozzette, Corcoran,
and possibly underlying Sego Members (Warner, 1964; Lorenz and Rutledge, 1986).
Figure 3.7 indicates the inferred correlation between Rifle Gap and the MWX wells. The
major variation occurs in the Corcoran member, where the coal-bearing interval is
associated with the lower sandstone at MWX, but is located over the upper sandstone at
Rifle Gap. This suggests that these reservoirs are homogeneous and laterally continuous
on a reservoir scale. However, there is considerable variation regionally, probably due to

erratically advancing, and perhaps slightly embayed shoreline depositional environments.

Again the reservoir sandstones are fine grained and well sorted. The marine trace
fossils and sedimentary structures are much better exposed in outcrop than in the limited
four inch diameter MWX core, and fossils are common. This list includes Inoceramus
fragments in the shoreline sandstones, ammonites in the marine shales, and oysters and

other brackish water fossils (e.g., Cerbula undifera meek) in the associated nonmarine

mudstones. Also found in the nonmarine interval of the Corcoran is at least one

distributary channel and associated splay deposit.
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3.2.5 Owutcrops of the Corcoran, Cozzette, and Rollins Members along the Book
Cliffs, and Regional Trends

Outcrops of these rocks in the Book Cliffs north of Grand Junction (50 miles distant
from Rifle Gap, on the western edge of the basin) are lithologically similar, but the
entire section is compressed. Although all of the members are present, the lower rate of
subsidence on this edge of the basin allowed only thinner units to accumulate. This
locality is approximately on depositional strike with Rifle Gap: the line between the two
localities is parallel with the Corcoran and Cozzette shoreline trends as mapped by
Warner (1964). Thus the thinner Book Cliffs deposits were deposited contemporaneously
with the thicker units in the eastern part of the basin.

The excellent exposures of these rocks along the Book Cliffs indicate that,
perpendicular to depositional strike, these rocks are traceable for miles with little or no
variation. A similar character is inferred for the poorer exposures along the Grand
Hogback on either side of Rifle Gap.

Balsley (1982) has mapped similar rocks in Uté.h and detailed their small-scale
changes over distances on the order of miles. The major breaks in Balsley's rocks are
subtle planes which cut diagonally through the sandstones, dipping seaward, and which
record breaks in deposition. Such planes, sometimes associated with shale partings,
probably provide the major permeability discontinuities within these blanket sandstones in
the dip direction. In the strike direction, discrete large-scale (miles) depositional units
have been documented by Flores et al (1984) in similar rocks of the Wasatch Plateau.
These units probably correspond to different distributary discharge sites, and may be
isolated from adjacent units by shale breaks and subtle, vertical, en echelon deposition.
However, these units would appear to be continuous blanket-like deposits on the scale of

most well control.

Regionally, the shorelines of the Sego, Corcoran, Cozzette and Rollins trended
northeast-southwest and prograded to the southeast (Warner, 1964). First recognizable as
marine units distinct within nonmarine sediments in the northwestern part of the basin,
the blanket-like deposits extend southeastward as sandstone tongues into the marine
Mancos Shale. The trend of the last associated coal-bearing sediments marks the
southeastern limit of nonmarine deposits and delineates the shoreline trend, though the

blanket sandstones extend farther southeastward as purely marine deposits.
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Within the underlying marine shales, several sandstone turbidity current deposits
occur. As studied on Mt. Garfield on the Book Cliffs, there are two kinds of these
deposits, both of which may have reservoir potential. The first consists of shale and
sandstone ripup clasts within a silty matrix in lenticular beds. The second is a silty to
sandy deposit which occurs in thinner, more widely spread units. Where numerous, these
deposits may coalesce into a wide target horizon such as the Mancos B in the
northwestern part of the basin.

3.2.6 Reservoir Sandstone Petrology

Sandstone petrology (grain size, grain composition, and diagenetic history) is the
primary control on reservoir porosity and permeability. Petrographic analyses of
numerous samples were performed by Bendix Field Engineering (1982-84); the results are
summarized in Table 3.1 and 3.2 and the individual analyses are given in Appendix 9.1.

Most of the sandstones for which core is available for this interval are well sorted.
The Rollins is an exception to this, being predominantly moderately sorted but showing a
range of sorting from well to poor. This parallels the generally larger grain size of the
Rollins and may be a function of a more rapid rate of sediment influx and burial during
Rollins time, related to the beginning of the Laramide orogeny.

In general, there is little compositional variation between the cored Cozgette of
MWX-1 and MWX-2. Pitman and Spencer (1984) have classified the sandstones from the
Corcoran and Cozzette as subarkoses (Figure 3.8). The variations shown in Table 3.1 can
be attributed to small lateral changes in depositional environment and the fact that part
of the uppér and lower sandstones were cored in MWX-1, while only the upper sandstone
was cored in MWX-2. The high percentages of quartz and low percentage of feldspars and
lithic fragments are caused by a high energy depositional environment in which the softer

feldspars and lithics are destroyed, leaving a higher percentage of resistant quartz.

The Corcoran core in MWX-2, as noted above, is probably from a distributary

environment, rather than a shoreline deposit (although a shoreline deposit underlies it).
This difference is reflected in the relatively lower percentage of resistant guartz and

dolomite and the generally larger grain size. The higher percentage of void-space clays
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may also reflect the higher chance of preservation of lithic fragments in this lower energy
environment and their subsequent alteration to clay during diagenesis.

The limited Rollins core in MWX-3 seems to reflect a change from the general
pattern established by the Corcoran and Cozzette. Its overall larger grain size, higher
percentage of lithics, and poorer sorting (probably caused by the initiation of the
Laramide orogeny as noted above) combine to significantly decrease porosity. The higher
percentage of lithics is also reflected in the higher percentage of clays outside voids,
while the lower void-space clay and silica overgrowth content are a function of the lower
initial porosity.

As interpreted by Bendix, the paragenetic sequence in all three intervals started with
early calcite cementation (Table 3.3), but the Rollins was the only one to subsequently
undergo significant compaction. Feldspars then underwent solution and alteration, while
authigenic clay formed in all zones except the Corcoran. Quartz overgrowths were
subsequently formed and a second episode of calcite cementation occurred in the
Corcoran and upper Cozgette. Secondary porosity was then formed in the Rollins and
upper Cozzette. Final episodes of authigenic clay formation and dolomitization of calcite

completed the diagenetic sequence in most of the intervals.

Spencer and Pitman (1983) and Pitman and Spencer (1984), in overviewing the Bendix
petrology reports of the marine blanket zones, noted the presence of an iron-rich chlorite
which had previously been interpreted as kaolinite, and that some of the illite reported by
Bendix may be sericite. They also noted that the thin section/point count value for

porosity is higher than the values obtained by other porosity measurements for these rocks.

Spencer and Pitman (1984) also did SEM work and characterized the intergranular
pores, especially the microporosity, as to types of associated clays and the sources of the
porosity. According to them, dissolution of feldspars and rock fragments has provided the
main source of permeability, the chemical dissolution products going to form authigenic
illite and illite-smectite which significantly reduced the primary porosity and
permeability, These clays also provide the large surface areas which allow the high water
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saturations in the reservoirs. Other authigenic mineral phases in the Corcoran and
Cozzette include minor amounts of quartz, dolomite (iron-bearing?), and iron-rich
chlorite.

3.3 ORGANIC CONTENT AND LEVEL OF MATURATION
3.3.1 Source of Organic Material

Organic material of two types is associated with the marine blanket sandstones. The
associated deep-water marine Mancos Shale and its various tongues contain marine
organic material that is capable of producing both oil and gas. The interbedded nonmarine
coals and carbonaceous mudstones contain terrestrial organic material that produces
primarily gas. Levels of maturation in this interval are sufficient that both types of
organic material produced gas.

Rice (1983) has analyzed the composition of gases from this interval in MWX-1 and
MWZX-2 (Table 3.4) and concluded that the gas samples from the marine blanket interval
originated primarily from marine source rocks. This agrees with Spencer and Pitman's
(1983) observation of pyrobitumen ("cooked-out o0il") in core from the upper 20 feet of the
upper Cozzette sandstone, which also indicates a marine source rock. Higher CO2
content and shorter hydrocarbon chains suggest to Rice that a few of the samples had coal
or nonmarine organics for a primary source. This is compatible with the presence of coaly

rocks within the Corcoran sequence.
3.3.2 Levels of Organic Maturation

The pyrobitumen in the Cozzette sandstone suggests a level of organic maturations
equivalent to vitrinite reflectance levels (Ro) of greater than 1.35 (Spencer and Pitman,
1983). Data in Figure 3.9 show an average Ro of 2.11 for samples at 7950 ft in MWX-1
and an average Ro of 2.17 for MWX-2 at 8126 ft. Coal ranks below 7800 ft reach the
semianthracite grade at MWX (Nuccio and Johnson, 1984), with Ro values between about
1.3 and 2.07 (Bostick and Freeman, 1984). Coals of this rank have a methane content on
the order of 15-25 cm3/g (Kim, 1977).
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3.3.3 Organic Content

In this interval in MWX wells, there are four coals of significance (7, 5, 3 and 3 feet
thick) all within the Corcoran interval. Core of a thin coal at 7949-7950 ft in MWX-1
(the only coal cored) was a semianthracite with a heating value of 15,602 Btu/lb (Table
3.5).

The coals are not the only source of organic material. The Total Organic Carbon
content of the associated carbonaceous shales that have been analyzed is in the range of
0.12% to 1.42%, and the gas potential is low (Table 3.6). This contrasts with the high gas
content present in the Corcoran and Cozzette reservoirs, but as noted above, the gas
composition data in Table 3.4 indicate that much of the gas has a marine origin and

probably was derived from the associated marine shales.
3.4 FRACTURES

Five vertical natural extension fractures are present in MWX core from the marine
zone (Table 3.7). Three of these are oriented W-NW, but two others, in nonreservoir
siltstones, are oriented N-NW, and may imply that a subsidiary orthogonal "connecting"
set of fractures exists in the marine reservoirs. This would help to account for the high
production capacity of these reservoirs. The extension fractures are mineralized with a

combination of quartz (early phase) and calcite (later phase).

Numerous natural shear fractures also occur in this zone (Table 3.8). Their
orientations appear to be more random than those of the extension fractures. This may be
due in part to the low-angle dips and irregularity of the shear planes. Those shear
fractures with dips of greater than 10° seem to cluster around an E-W orlentation,
although a secondary NW mode may also be present (Figure 3.10), possibly suppdrting the

N-NW orientation of the two extension fractures.

Only three of these shear fractures show mineralization. These three contain
isolated small pockets of quartz crystals. In other MWX fractures where both calcite and
quartz occur, quartz is always the earlier phase. This, plus apparent syndepositional

deformation along these shear planes, suggests that these shear fractures were formed
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early. The absence of later calcite suggests that they were not active or important during
later phases of fracturing that affected the reservoir rock.
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Table 3.1

Petrologic Summary of Core from the
Corcoran, Cozzette and Rollins Sandstones*
(Summarized by Heinze (1984) from Bendix Reports 1982-84)

PROPERTY WELL ROLLINS COZZETTE CORCORAN

Mean Grain Size (mm) 1 0.08 (0.06-0.13)
2 0.08 (0.06-0.13) 0.11 (0.09-0.12)
3 0.13 (0.10-0.16)

Pore Space (%) 1 10.6 (6-18)
2 10.7 (2-18) 14.5 (9-18)
3 4.7 (tr-12)

Calcite (%) 1 0.2 (0-tr)
2 1.7 (0-21) ~0.2 (tr-1)
3 3.1 (tr-10)

Dolomite (%) 1 7.8 (0-15)
2 7.6 (3-23) 5.2 (1-7)
3 7.9 (tr-16)

Quartz (%) 1 59.2 (50-69)
2 59.7 (43-69) 49.5 (27-62)
3 43 (17-53)

K-feldspar (%) 1 1.1 (tr-3)
2 0.7 (tr-2) ~0.2 (0-tr)
3 2.5 (1-5)

Plagioclase (%) 1 4.7 (2-8)
2 7.6 (4-11) 5.4 (3-8)
3 7.1 (4-10)

Lithics (%) 1 2.8 (1-6)
2 4.0 (1-8) 5.4 (4-7)
3 9.9 (7-17)

Chert (%) 1 1.7 (tr-3)
2 1.2 (tr-5) 1.7 (tr-3)
3 4.1 (3-6)

Silica Overgrowths (%) 1 5.2 (3-10)
2 3.5 (1-5) 4.0 (2-7)
3 0.7 (tr-2)

Clay in Voids (%) 1 10.0 (5-18)
2 10.2 (2-17) 14.2 (9-18)
3 4.7 (tr-12)

Clay Outside

Voids (%) 1 4.1 (tr-10)
2 1.9 (tr-8) 3.0 (tr-18)
3 6.4 (tr-17)

* Average and range of values measured in thin sections
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Table 3.2

Further Petrologic Description of Core from the
Rollins, Corcoran and Cozzette Sandstones
(summarized by Heinze (1984) from Bendix Reports 1982-1984)

CHARACTER ROLLINS COZZETTE CORCORAN
Clay Mineralogy Dominant: illite-smectite, Dominant: alternating Dominant: illite-
by X-ray regularly interstratified zones of dominant montmorillonite,
Diffraction illite-montmorillonite except near bottom

and chlorite where chlorite is
Moderate to minor: illite- dominant
smectite, randomly inter-
stratified
Minor to trace: chlorite
and kaolinite
Porosity Reduced intergranular from Microporosity in intergranular pore space

compaction, cementation,
and authigenic clays

Intergranular from partial
dissolution of detrital
grains

Trace Minerals
(inconsistent)

Biotite, muscovite,
siderite, zircon, tourma-
line, anatase, pyrite,
glaucophane-celadonite,
rutile, garnet, and
carbonaceous material

Muscovite, biotite, zircon, tourmaline,
garnet, epidote, detrital chalcedony, and
carbonaceous material
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Table 3.3

General Paragenic Sequences Within the Corcoran,
Cozzette and Rollins Sandstones in the MWX Wells
(Compiled from the Bendix Reports 1982-1984)

TIMING EVENT ROLLINS COZZETTE CORCORAN

Late Dolomitization of calcite X x
Formation of authigenic clay X x X
Formation of secondary porosity X X
Precipitation of calcite cement X X
Precipitation of quartz cement X X X
Formation of authigenic clay X X
Alteration of feldspar x X bs
Compaction X

Early Precipitation of calcite cement x X X
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Table 3.4
Chemical and Isotopic Composition of Gases from

Core and Well Test Samples (Rice, 1984)

13
Sample 1 €y Gy 36, m6, G €O, Ny-air . .r mil)

Core Gas Samples (Desorption)

MWX-1: 5885' 84.25 5.08 1.19 0.32 0.21 - 0.01 8.93 -36.9
6662' 72.19 3.77 0.22 0.08 0.06 0.10 4.6 18.97 -35.77
6779 51.99 2.27 0.35 0.08 0.03 0.01 2.3 62.98 -37.14
MWX-2: 4920 90.74 1.58 0.11 0.05 tr - 7.42 0.08 -36.74
5788 10.07 0.45 0.07 0.01 tr - 0.02 89.38 -35.91
(coal) 7204' 50.93 0.64 - - - - 2.01 46.41 -29.07
7371 24.2 0.4 0.01 - - - 1.96 73.44 -33.83
(coal) 7381’ 67.93 0.66 - - - - 2.77 28.63 -31.27
7895 41.73 0.14 -~ - - - 1.02 57.11 -34.10%
8132 6.84 0.01 - - - - 0.08 93.07 -35.81%
Well Test Gas Samples
MWX-1:
8110-8220 9/08/82 95.85 0.38 - - - - 3.77 tr -33.35%
7830-7890 9/09/82 96.87 0.25 0.30 0.04 tr - 2.50 0.04  -33.34%
7830-7890 9/28/82 96.76 0.36 0.05 0.01 tr - 2.77 0.04  -33,62%
7830-7890 10/12/82 96.02 0.27 0.02 0.02 tr - 2.46 1.19 -33.29%

*0f interest to this report
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Coal Analysis Report for Cozzette

Coal Sample: 7949-7950 ft in MWX-1

Table 3.5

(Memorandum: C. G. Tremain, Colorado Geologic Survey
to A. R. Sattler, Sandia, November 18, 1982)

Coal Coal Coal
(as _recd) (moist. free) (moist./ash free)
Proximate Analysis (%)
Moisture 3.72 n/a n/a
Volatile Mater 11.76 11.84 14.39
Fixed Carbon 66 .97 70.48 85.61
Ash 17.55 17.68 n/a
Ultimate Analysis (%)
Hydrogen 3.51 3.45 4.19
Carbon 72.67 73.20 88.92
Nitrogen 1.24 1.24 1.51
Sulfur 3.98 4.01 4.87
Oxygen 1.05 0.41 0.50
Ash 17.55 17.69 n/a
Heating Value 12,502 12,593 15,298

(btu/1lb)
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Table 3.6

Rock Eval. Pyrolysis Data from the Marine Interval
(Core Laboratories Reports: 3/6/84, 6/12/84 and 8/10/84)

Gas Evolved*

Total Organic (mg/gm rock)

Depth Description Carbon s S S
(ft) (%) 1 2 3
MWX-1
7898, Laminated black siltstone and
claystone (sealed) .93 .09 .21
7899, Black burrowed siltstone (sealed) .12 .05 .20
7923, Bioturbated sandstone-shale mixture .17 .29 .20
7938. Laminated mudstone with pyrite .42 .15 .19
inclusions
7948, Grey-black laminated siltstone .98 .17 .28
and mudstone
MWX-2
7825. Black carbonaceous mudstone .81 .13 .31
7830. Black carbonaceous mudstone (sealed) .73 .02 .22
7898, Grey-black laminated siltstone and .97 .12 .29
mudstone
7900. Grey-black laminated siltstone and .58 .20 .38
mudstone
7905, Laminated siltstone and mudstone .62 .40 .20

*S1 free hydrocarbons present
S hydrocarbons produced by thermal conversion of kerogen
S3 organic carbon dioxide produced by pyrolysis of kerogen

-3.16-



3198330

wmr ¢ sAerdstp
d8aJ STIY3}

Jo j3aed aomo

uoT3}ed0T TEISULSI
STY3} Ul 83302
399SJ93UT SOBJJ
POTTTII-231b AT3soN

soeajrejed
paonpur-3urTTTap
9q 03 Jeedde
jeym £q 910> ayj
uy pojovaUU0d aae
soel3 oM} aseyl

SJUaUIOD

‘qITT uoTaydd ua JO
utylitm 8102 jo 13no
"383T1S "3IS3TTS
utyltm uTy3ltm

(3no uoTj}BUTWE]
a1dues) *qJded Jesau Jo

‘TTBAE 30U 3B *SS UTY3ITM
39B3U0D 3JOBJUOD " ISpNu
‘3spnu je woxy ,1°0
3983U02
‘aspnu je 9309 JO 3NO
wojjod doy
SUOTJBUTWID]

‘A3eaqIT Ul

‘3spnu Yota
-+uedago
+ °"3531TS
‘WeTJI93uUT ,06-08

3S37TS
Appnut ,06-0L
ss 206

Ss
autjy 206

Ss
auty 206
2dX d1d

yooy

jou AT3juaaano ardwes

‘Y3IpTM J03J pasn eIEp (£86T) USSPERx

931078

+ 23b

MLIN Gv¥0 Tetjaed  -payne

9jeTdwod 9j1o1Ed

MZEN 012 Arasow  + 2z3b

Ay8N T¢T 9o2397dwod 93197BO

93197®

MY9N 950 Terjaed + asyzo

9310180

MOSN Ov0 9o3eTdwod + J9y3lo0
anlj ‘Isd/m 3junouwy 9dAL

T3S UTTTTd

Seanjoead UOTSU9IXF PIZITEJAUTH SUIIBR

L°€ 9Tqel

x0°8 §°0 L['yZ-T"%C18
0°7 2°0-1°0 G €Z-¢£°¢€Z18
0°¢ S'C €°61-9°C118
Z-XMR

§¢°0 6°0 9°%0-L°€06L
$'0 6°0 9°¥0-L"E06L
T-XMR

(umr) 13 dead 3o

YIptM 3JY3I8H Yy3zdaq aao)

Xel

Jead

-3.17~



Core Depth
of Frac

MwX-1

7913.0
7920.8

7921.9
7922.5
7942.1
7945.2
7948.3
7949.7

MWK-2
7817.0-17.1
7818.6-18.8
7836.2

7838.6
7838.9
7840.0
7841.2

7841.8
7842.8
7843.9-44.0

7845.1
7850.7
7852.4
7896.2
7896 .4
7897.9
7898.1-98.2
7903.2
8118.6-18.7
8121.6-21.7

Table 3.8 Marine Shear Fractures

Strike Dip Rock
w/PSL  True (degrees) Type Comments

350 S53w 5 mudst. Euhedral qtz in
spots; plane is irreg.

230 E-W 5 carb. mudst.

lam. in ss

245 N75W 10 "

227 S87wW 15 "

325 N48W 10 "

090 S77W 15 "

155 N37W 5 "

070 S58wW 5 on contact

between
mudst.
and coal

005 S59W 40 siltst. ) From Madsen (1983);

170 S44W 30 siltst. ) sample not in library

303 S15W 5 carb. mudst. now

lam. in ss

308 S20W 5 "

320 S32w 5 "

290 S3W 5 "

- - 0-5 " Euhedral qtz in
patches, generally
rough plane,
polished in spots

240 N52W 10 "

- - 0 "

110 S2w 10-30 " Slicks occur in
patches, euhedral qtz
occurs in spots

280 N7W 10 "

245 N42W 5 "

233 N54W 10-15 "

090 N7W 10 "

020 N77W 10 .

170 - 5 "

303 - 15 "

020 S22W 10 "

340 N79W 20 "

345 N74W 15 "
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Core Depth
of Frac

MWX-2 (cont'd)
8122.3

8122.4-22.5
8122.8-22.9
8122.9
8123.1-23.2
8123.3
8123.9-24.2

8124.9

8126.7

Table 3.8 Marine Shear Fractures (cont'd)

Strike
w/PSL True
013 N46W
015 N4TW
335 N87W
305 S63W
315 S73W
383 S41UW
220 N22W
343 S81w
345 S83w

Dip
(degrees)

10

20
30

15

10
50

12

15

-3.19-

Rock
Type

Comments

carb. mudst.
lam. in ss

"

1

interlam.
siltst. &
mudst.

cardb. mudst.
lam. in ss
carb. mudst.

Very planar and
polished cross-cut
laminations. There
are irreg. very
small-scale faults
associated with this
shear plane
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in the MWX Wells: Gamma Ray Log
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Fig. 3.10 MwX-1 and MWX-2 Shear Fractures
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4.0 LOG ANALYSIS

G. C. Kukal
CER Corporation

4.1 LOG DATA

Extensive logging programs were conducted during the drilling of the Multiwell
Experiment wells.l'2 The Corcoran/Cozzette marine sand intervals in MWX-1 and
MWX-2 were logged only once, as they were at the bottom of each well. The

logging programs for these two wells were:
(1) MWZX-1 (Reference 1)

Dual Induction/Gamma Ray/Spontaneous Potential
Lithodensity/Compensated Neutron/Gamma Ray/Caliper
Long Spaced Sonic _
Epithermal Sidewall Neutron/Gamma Ray/Caliper
Electromagnetic Propagation/Gamma Ray/Caliper
Multiple Spaced Sonic

Dipmeter

Fracture Identification

Repeat Formation Test

Nuclear Magnetic

Natural Gamma Spectroscopy

(2) MWX-2 (Reference 2)

Dual Induction/Gamma Ray/Spontaneous Potential
Circumferential Microsonic/Gamma Ray
Lithodensity/Compensated Neutron/Gamma Ray/Caliper
Long Spaced Sonic

Multiple Spaced Sonic

Sidewall Neutron/Gamma Ray/Caliper

Dipmeter

Fracture Identification



The basic logs are given in Figures 4.1-4.10 according to the following format:

MWX-1 MWX-2
Resistivity Figure 4.1 Rigure 4.6
Density-Neutron 4.2 4.7
Bulk Density 4.3 4.8
Spectral Gamma 4.4 4.9
Long-Spaced Sonic 4.5 4.10

4.2 LOG ANALYSIS

The analysis of the MWX-1 marine section incorporates data from the dual
induction/gamma ray log (DIL/GR), the lithodensity/compensated neutron/gamma
ray/caliper log (LDT-CNL), the long spaced sonic log (LSS), the cement bond log
(CBL), and core measurements. The latter include core porosity (¢ core), core
permeability (k), grain density (pgr), and water saturation (SW core). Comparable
data were used in MWX-2 analysis; an FDC bulk density was used, as no LDT was

available.

The well logs have been analyzed with the tight gas sand log interpretation
computer model TITEGAS, which was developed by CER to provide better
determination of the physical and mechanical properties of tight gas sand
formation:’..3 The clay, volume, porosity, and water saturation (both of the flushed
zone and the virgin formation) are computed in a model primarily based on the
LDT/CNL and DIL/GR logs. The model also computes volume carbonate from the
photoelectric effect recorded on the lithodensity log. The photoelectric response
is corrected for clay content and is normalized for borehole effects. A volume

carbonate is derived from the adjusted data.

The model corrects density porosity for variable grain density and, in
conjunction with neutron porosity and a clay indicator such as the gamma ray,
calculates the average flushed-zone saturation, Sxo' Neutron porosity is first
corrected for volume carbonate and for mud, temperature, and pressure effects.
Using the computed Sxo’ porosity is obtained. Rw is computed in uninvaded
sandstones by combining sxo’ porosity, and resistivity log data. Finally, the virgin
formation water saturation is calculated by the total shale relationship. The
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two saturations, when compared, indicate the presence of invasion and allow the
identification of permeable zones. In addition, calculated permeability based on
porosity, clay content, and irreducible water saturation allows a quantitative
estimation of in situ intrinsic permeability.

A useful byproduct of the analysis is the calculation of Rw' A value of Rw
was determined in each tight, uninvaded zone through the well and these are
plotted as an Rw profile in Figure 4.11. RW does not maintain a constant rate of
change with depth as is usually assumed, but is highly variable. The variability of
the upper portion of the MWX-1 well is attributed to the influx of fresh meteoric
waters; the zone at 4700 to 4900 ft appears to be in communication with the
surface. Water in the central fluvial zone becomes less resistive with increasing
depth and temperature. At 6500 ft in the paludal section, the water becomes
unexpectedly fresh, probably due to dewatering of coals. At the top of the marine
section, approximately 7500 ft, RW drops to a value consistent with an
extrapolation from the fluvial section and remains relatively constant.

The calculated water resistivity of the marine interval is approximately
0.11 ohm-m. A water sample from this interval in a nearby well, the Clough 21,
located in Section 20, T6S, R94W, was obtained and analyzed. This well is
approximately 2-1/2 miles to the northwest of the MWX site and the resistivity
should remain relatively unchanged over the distance. The results of the analysis
of the Clough 21 sample are shown in Table 4.1. The measured resistivity value of
the water sample was 0.141 ohm-m, in agreement with the calculated MWX-1
value.

Additional details of the analysis, separated into discussions of saturation,
porosity, lithology and permeability, can be found in Appendix 9.2 and Reference 3.

A separate analysis was performed on the long-spaced sonic log data to

provide an estimate of formation mechanical properties. Calculated shear moduli,

Young's moduli, and Poisson's Ratios are shown in Figure 4.12,
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4.3 FORMATION EVALUATION

There are four major sands in the Corcoran/Cozzette interval that are
candidates for stimulation and testing. The following description was derived using
logs from MWX-1, the primary well. The upper two sandstones, separated by 44 ft
of siltstone and shale, are called the Upper and Lower Cozzette sandstones. The
two lower sand bodies, separated by 54 ft of siltstones, shales and coals are called
the Upper and Lower Corcoran sandstones. The Cozzette is separated from the
Corcoran by 115 ft of shale and siltstone. The sandstones are identified by the
lithodensity/compensated neutron/gamma ray logs shown in Figure 4.13 for the
Cozzette and in Pigure 4.14 for the Corcoran interval.

The figures present two different density and neutron curves. The ¢d and ¢n
curves are identical to the original logs. The "¢n in situ" and "¢d in situ" curves
have been calculated by the TITEGAS model and represent the density and neutron
response that would occur if the sands were totally uninvaded, i.e. if virgin

conditions had been preserved.

Reservoir data for the marine sandstones in both wells are summarized in
Table 4.2. Clay volume, porosity, water saturation, and core data are averaged for
each sandstone. FPigure 4.15 and 4.16 present the model results in log form for
MWZX-1. PFigures 4.17 and 4.18 are the model results for MWX-2. The left-hand
side is a bulk volume analysis of the rock. Amounts of clay, sand, and carbonate
are calculated and plotted. Porosity is broken down into water-filled and
hydrocarbon-filled pore space. The center track presents shallow and deep water
saturation of the formation, with the difference accumulated on the left edge.
This difference, ASw X h, is a2 measure of invasion and inferred permeability. The
right track contains porosity and permeability analysis. Calculated values are
plotted with core data for comparison. Permeability is accumulated for each

continuous section of sandstone.

Referring to Figures 4.15-4.18, the Cozzette sandstone appears to be more
jnvaded than the Corcoran sandstone. This may indicate the true respective
permeabilities of the units, or may indicate only that the upper sands were exposed
longer to overbalanced drilling conditions at the time of the logging.
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4.3.1 Cozzette Sandstone

The Cozzette sandstone is discussed using MWX-1 results. The unit appears
nearly identical in MWX-2.

The Upper Cozzette sand extends from 7830 to 7895 ft, with a 3-ft shale
break at 7875 to 7878 ft, and is a massive, uniform, fairly clean sand. This sand is
invaded and has the highest core-measured permeability in the Corcoran/Cozzette
cored interval. The lower two-thirds of the sand is relatively consistent in
character, having moderate water saturation (51.0 percent) and low porosity
(7.3 percent). The upper third of the unit has a high calculated water saturation
and low core porosity (MWX-2 core data). The indicated occurrence of this wet
zone over the lower gas zone is puzzling and a better interpretation has been
sought.

C. W. Spencer of the USGS has noted the possible occurrence of pyrobitumen
(i.e., solid hydrocarbon) in this same interval in MWX-2 core. This observation
supports a different interpretation of the upper zone: that the pore space is filled
with immobile water, pyrobitumen and probably gas. Log-derived porosity would
represent the total porosity, regardless of pore fluids, and this would necessarily be
larger than core-measured porosity, assuming the pyrobitumen would not be
completely extracted from the core before measurement. Effective porosity is
reduced because of the pyrobitumen, and since the pore throats are occupied by
this solid material, effective permeability for all fluids is minimal. Accordingly,
stimulation of this upper zone will result in little gas production but will not
watercut gas being produced from the lower two-thirds of the sand.

The MWX-1 mud log (Pigure 4.19) of the Cozzette recorded a gas show at 7854
to 7864 ft, directly below the possible pyrobitumen zone. Fractures were
identified at 7862 ft and possibly at 7869 £t using the cement bond log.

The Lower Cozzette sandstone, extending from 7939 to 7995 ft, is a massive,

relatively clean sand with a shale and coal break at 7944 ft, separating a thin upper
sand from the lower main body. The upper sand exhibits low porosity and
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low water saturation, an unusual occurrence. A fracture was observed in the core
at 7939 ft and was identifiable on the cement bond log. This sand is probably in
natural fracture communication with the underlying potential gas-producing zone.

A major mud log gas show occurred at 7946 to 7957 ft, as shown in
Figure 4.19. Fractures were noted in core at 7945 ft and 7946 ft and a fracture
signature is present on the cement bond log at the same depth. The gas show on
the mud log was not a sudden occurrence; there was a long buildup starting at
7897 ft immediately below the base of the Upper Cozzette sand. Gas shows
increase through the siltstone and shale interval between the two sands and several
fractures were noted on core from the same interval. Very probably, this fracture
system was communicating gas upwards from the 7946 to 7957 ft zone and the gas
was first detected while drilling at 7897 ft.

The zone at 7946 to 7957 ft appears to be one of the better reservoirs in the
Corcoran/Cozzette interval; although the porosity is low, the likely presence of
natural fracture permeability greatly enhances the production potential. Some
matrix permeability is developed. Sw is about 50 percent.

The remainder of the Lower Cozzette sandstone is less attractive. No mud log
gas shows or fractures were detected in this interval. Water saturation is generally
on the high side; permeability is low except for a favorable section at 7976 to

7983 ft. Here water saturation is lower and a better porosity is developed.

Based on the foregoing, the Upper Cozzette sand is considered a good
candidate for gas production. The sand is naturally fractured, is thick, has uniform
reservoir properties, and contains gas. While the upper pyrobitumen zone is a poor
reservoir, it should not adversely affect production from the lower zone should a
hydraulic fracture extend upward. The best reservoir rock in this sand occurs
between 7870 and 7893 ft.

The Lower Cozzette has two good permeable zones at 7948 to 7955 ft

and 7976 to 7982 ft which should be tested separately. Because of the prolonged
gas show obtained prior to penetrating this unit, it is inferred that the overlying
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shales have a conductive fracture network and will probably not act as an effective
barrier to upward fracture propagation. However, the cementing is good in the
Cozzette and adjacent rocks and effective fracture treatments of the overall unit
should be possible.

4.3.2 Corcoran Sandstone

" The Upper Corcoran sandstone in MWX-1 extends from 8110 to 8140 ft and
consists of an upper 10 ft of clean sandstone overlying 7 ft of calcareous sandstone,
with 12 ft of clean sandstone lying below. The uppermost zone has lower porosity
and higher water saturation than the lowermost. Neither zone appears invaded, but
this may be because of insufficient drilling time for flushing. The middle zone
appears very clean, but has extremely low porosity. The photoelectric effect log in
this interval detected a large amount of a heavy mineral not recorded by the
gamma log; this mineral is postulated to be calcite, dolomite or a mixture of the
two.

The mud log through this interval (Figure 4.20) recorded no gas shows. No
fractures were identifiable on the cement bond log and the rock appears to be very
tight. The net sand development in this interval correlates poorly between MWX-1
and MWX-2. In MWX-2, the Upper Corcoran sandstone is about half as thick
(14 ft). It does not appear attractive.

Below the Upper Corcoran sand, in MWX-1, there is a 45-ft sequence of
shales, siltstones, coals, and thin sands. The Lower Corcoran sand appears at
8194 ft and extends to 8232 ft. Generally, this sand exhibits low porosity except at
8202 to 8208 ft. A fracture was identified at 8209 ft. The unit appears invaded
from 8194 to 8208 ft. The interval from 8217 to 8226 ft also appears to be
somewhat invaded and a probable fracture was identified in the interval. In
MWZX-2, the unit appears tight throughout, except for a thin permeability
development at 8221 to 8225 ft.

The MWX-1 mud log of the Lower Corcoran sand recorded two gas shows. The
first, from 8193 to 8211 ft, includes the upper invaded zone and the high porosity
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zone. The second, from 8217 to 8237 ft, includes the lower invaded and fractured
zone. Gas flow is obviously natural fracture related throughout the marine interval.

Although the Lower Corcoran was successfully cemented, there is no shale
barrier above it and the cementing also deteriorates above the sand. Accordingly,
it will be difficult to contain a fracture within this interval.

4.3.3 Bvaluation Summary

The marine sandstones in MWX-1 are massive, relatively clean blanket units
that have generally low porosity and permeability. Natural fractures are common
and these control gas flow; each major gas show has been correlated to a natural
fracture system. The lithology of these units is not as complex as the more arkosic
fluvial intervals; however, clay, coal and carbonate material complicate porosity

and saturation determinations.

The two Cozzette sands are candidates for testing and stimulation. The sands
are thick, uniform in character, and are potential reservoirs. Individual fracture
treatments of the two sands are possible, although it is likely that a fracture in the
Lower Cozzette would extend into the Upper Cozzette.

The two Corcoran sands are less viable candidates for testing and stimulation,
particularly the upper unit. The lower sand contains the best permeability and has
a greater thickness, and this sand is a third candidate for testing.

4.4 REFERENCES
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Sandia National Laboratories Contractor Report, SAND82-7201, July 1982.
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pp 209-220.
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Table 4.1

Chemical Analysis of Corcoran Cozzette Formation
Water Taken from the Clough 21 Well, 2% Miles
Northwest of the Multi-Well Site

PARAMETER RESULTS
Iron, mg/1: 8.2
Calcium, mg/1: 106.0
Magnesium, mg/1: 19.8
Potassium, mg/1: 351.0
Sodium, mg/1: 5,850.0
pH 7.1
Boron, mg/1: 0.29
Alkalinity:
Carbonate, mg/1: : 0
Bicarbonate, mg/1: 774.0
Hydroxide, mg/1: 0
Total Alkalinity, mg/1: 774.0
Chlorides, mg/1: 11,546.0
Sulfates, mg/1: 4.0
Total Solids, mg/1: 17,915.0
Electrical conductivity, umhos/cm: 26,000.0

Electrical resistivity at 220°,
ohm-m: 0.141

~4.9-



¢ PUB T-XMW

¢Saun3spues 9339ZZ0)/UR402.40)

- - - L1 Geo: 80§° 960°
Se0° g9°¢ £90° 90° LT’ L¥9° £90°
- - - rAA 174N £L9° L0’
L10° §9°¢ 290° 8¢’ 18¢° 961" 690°
910" G9°¢ 4§490° £b- 1A 174 L90°
- - - og’ 0ot” 6vv" 660°
- - - 0¢° AN §.9° (90"
810° 59°¢ 9490° 62" 91’ Ly9° TAN
174N L9°¢ 1L0° Le” 662" 116° £L0°
20’ £9°¢ 1.0° AN G1¢° 886" 0L0°
xeury pbd ¢ uy MSY MS ¢
Viva 3802

40 SOL]SLUIIORARYD JLOAUISDY

auoz uawnitqouakd bBurpn|oxa 931319zz07) Jaddp

¢ % 378avl

4

9u0z uawn}LqouAd Bulpn|dout 93392z0) 4addn d4LIUY 1

S0¢°

L

OeT”

560°
o1t

£81°

v60°

ot

6.0°
€60°

LOA

G°6¢

0°11

0°1g

G°6¢
019

G G¢

0°6¢

0°¢S

G°6¢
§°¢9

SSINADIHL

aNYS

0°9¢¢28 - 0°5818
URA0IU07) UBMOT

SbI18 - 670018
ue40d409 Jaddn

0°/[86L - 0°EL6L
911922073 J43MOT

2 (074881 - 5°5¥8L)

1 0°/88. - 0°€28L
911922z09 J3ddn

¢~ XMW

07228 - 0°G9618
UBA0I40) UBMOT

0°0b18 - S°ITI8
ue40d40) J4addpn

0°666/ - G°6¢£6L
91192207 J43MO7

. (G°¥68L - 0°¥58L)

1 §°v68L - 0°1€8.
931392207 J43ddp

H1d3a

T-XMW

-4.10-



2000
2000

2L |1 S ...

ILM

0.2
0.2

A
m. A AN 5
. 3 1 d "’ Sy, ry .- s
f.kﬂ.q\..\(. DN N =, .vk/'\.l R &ﬁﬁ.’.\f

T
Nt S L s .s\ e S
v S

“!‘ »; .
IsksF.F.-.L-\ sf.t“\vv

~J
=

50 7500 7550 7600 7650

10
200

GR

—S—P— ——— e e = ow we -

MWX-1 RESISTIVITY LOG

FIGURE 4.1

-90

- P
)SI.((.(I\)::&./ Panta T AN Mmoo~

A (;\.)(:\\ul.(().\-\. b~

s\,\}.\,\/\/\,k/\,l\?\}\((\/}

~
[d ghadals L faihad
FIVRERRSRNSE W ¢ [

-4.11-




MW X-1

T
o o!
= ol
o ol
~ &,
)
1
|
1
]
1
1
i . N
! 7 - ~ F
“ P A I AV
— perasshereied, »\-v.. - M L) N N o
i S i i © S &z
1 . J
i :Ftkéi\ifﬁﬁ.xf UL ARV : . . !
] " Mo Rk DTN b L R .f‘n.bp.bu..f.bn.‘.vn.&
|
1
|
1
|
1
I
o~ 2“
(=] o-_
1
7700 7750 7800 7850 7900
I
o) o
&
“ ~ - - \)J\(T mANAIAN A
] IAVASVan Vol ¢ ° Navgag s = v AT TN
[}
|
! ))\(()5}(\(9/\(
S_ [4a)
I
ol
ol
LT o
1

-4.12-



MWX-1

T
of o!
o ol
i o1}
&f Q)
1
]
1
1
_ AN
| A
_ _:,
I =
“ A /Y
£\ & o
m . ! /\f..am uiu.m b ki SR
33! /(t\‘lrfifkkfé / Y i 1% Y
! v
|
I
I
|
I
I
I
[}
o~ 2"
o 0—
1
7950 8000 8050 8100 8150
m N, S -
o] o PV Vi IN “
.l“ m l(\\r\ /\a\(l.\:\«\a)n\u)(‘l./f\\ .\(./)‘
By ~eY
“ \JAJ\7>I<)\)1>.\)><Il)k)/\((lt./l\)(?s.)\.(« \)//57&5\/]&\ hiia it
1
{
a; « Q(Z/(Q(fL)\&))\z
s_ (4]
1
ol
ol
) 1 (=]
1

-4.13-



MWX-1

8350

T
o o!
o ol
1= -7
') ~y
1
1
1
1
1
1
I
1
1 .mm _—
1 e
] n\.. o / S e,
| W - .l.\./a \h/!\ -, ~.w.v.a./ ™
i 0O - TN
3 L" /& /ﬂ o
Dy Gy
|
I
I
|
|
1
1
1
|
1
o~ 2“
o o_
1
8200 8250 8300
0_ o .\;\
1 ;e /
l“ m A l\.\/((!(\..xli);A\.rf)f().\/t(r.\/\.)lz\(/7\\.!)((«(/
]
1
1
|
al « \ e/
s_ (& ]
i
o!
ol
L] o
]

-4.14~



FIGURE 4.2

MWX-1 DENSITY-NEUTRON LOG
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FIGURE 4.4

MWX-1 SPECTRAL GAMMA LOG
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FIGURE 4.5
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MWX-2 RESISTIVTY LOG

FIGURE 4.6
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FIGURE 4.7

MWX-2 DENSITY-NEUTRON LOG
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FIGURE 4.8

MWX-2 BULK DENSITY LOG
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FIGURE 4.9

MWX-2 SPECTRAL GAMMA LOG
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FIGURE 4.12

MWX—2 SCHLUMBERGER LONG—SPACED SONIC LOG CALCULATIONS
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5.0 CORE ANALYSIS

Allan R. Sattler
Sandia National Laboratories

5.1 CORE PROGRAM

Limited core was taken from the Corcoran, Cozzette and Rollins blanket sandstones
during the drilling of the Multiwell Experiment (MWX) wells. The Rollins, Cozzette and
Corcoran sandstones occur at depths of about 7450-7600, 7800-8000 and 8100-8250 ft,
respectively, as shown in Pigure 5.1. The core data help describe the formations and the
reservoir and provide input data for all MWX activities. In this section, these core data
are presented and discussion is given to put the data into perspective. Specifically, these
remarks indicate:

- what core was taken and what analyses were made;

- typical values of reservoir pdrameters, rock properties, and other measurements;

and

- implications of the core data.

As described in section 3.0, the Corcoran, Cozzette and Rollins members of the
Mesaverde Group are shoreline/marine blanket sandstones. They are abutted both by
tongues of the marine Mancos shale and by associated carbonaceous mudstones, coals, and
siltstones characteristic of a lower delta plain environment. In general, the Corcoran and
Cozzette are productive (although tight) in the Piceance basin in the vicinity of the MWX
site.

Four intervals were cored (Figure 5.1) as follows:

(1) MWX-1, 7870-7960 ft, 4 in. core: includes parts of the upper and lower
Cozzette sands and the intervening material, including a thin coal stringer.

(2) MWX-2, 7817-7907 ft, 4 in. core: includes a few feet of the tongue of the

Mancos shale, the upper Cozzette sand, and rock between the Cozzette sands.



(3) MWZX-2, 8100-8141 ft, 4 in. core: includes the entire upper Corcoran sand and
portions of the over- and underlying formations.

(4) MWX-3, 7536-7564 ft, 2 1/2-in core: entirely within the Rollins sandstone.

The MWX core analysis program is described in detail elsewhere.1 The results of
analyses presented in this section have been taken from various reports submitted by the
various participants. These reports are specifically referenced where used in this section,
and more comprehensive listings are found in Section 8.0 and Appendix 9.7. This section
presents reservoir and mechanical properties obtained from core. Other core-derived
properties are reported in other sections: lithology (3.2), minerology/petrology (3.2.6),
organic content and maturation (3.3), natural fractures (3.4), and estimates of in situ

stresses from core data (6.2.2).
5.2 RESULTS AND DISCUSSION

Reservoir parameter measurements were made at frequent intervals in the sands.
Routine core analyses were made on plugs taken every foot. Restored pressure state
permeabilities and cation exchange capacities (CEC) were performed every two or three
feet. Other specialized measurements were made on selected samples; these include
capillary pressure measurements and porosity versus confining pressure.

The water saturations were made with the Dean Stark distillation method.z_4
Porosities were determined by Boyles law method with heliu,m.z_4 Core Laboratories
used the: nonsteady state, pulsed method to determine their Klinkenberg (gas slippage
corrected) permeabilit:ies.s’6 The Institute of Gas Technology (IGT) used the steady state
method to determine their Klinkenberg permeabilities.7-9 Core Laboratories subjected
each of the core plugs to toluene extraction to remove any residue from the oil-based
drilling fluid and they leached any salts out of the pores using hot methyl alcohol. IGT
made their permeability measurements without cleaning procedures. In some cases, the
IGT data may appear a little lower than the Core Laboratories data, when both are
corrected to the same confining pressures. Generally, the IGT data and Core Laboratories

permeability data are in reasonable agreement.
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In many core studies, analyses are confined to the reservoir rock only. In this case,
however, the material abutting the sands was studied to determine the extent of the
stratigraphic reservoir (through caprock analysis) and to obtain properties useful for
hydraulic fracture design and analysis of stress test data. Mechanical property

10-12
measurements were made on both sandstone and confining rock samples.

Analyses from Core Laboratories, IGT, and ReSpec are given in Appendices 9.3-9.5,
respectively. Summaries or portions of these data are presented in the following figures

and tables:

(1) Reservolir Properties:

MWZX-1 Cozzette Reservoir Properties Table 5.1., Figure 5.2
MWX-2 Cozzette Reservoir Properties Table 5.2., Pigure 5.3
MWX-2 Corcoran Reservoir Properties Table 5.3., Figure 5.4
MWZX-3 Rollins Reservoir Properties Table 5.4,

(2) Special Reservoir Properties:

Capillary Pressures Figure 5.5.
Permeabilities Versus Net Stress and Water Saturation Figure 5.6.
Marine Core Analyses Table 5.5.
Vertical Permeabilities Table 5.6.
Porosity Versus Pressure (Compressibility) Table 5.7.

Caprock Analyses Table 5.8.

(3) Rock Properties:

MWX-1 Mechanical Properties Table 5.9.
MWX-2 Mechanical Properties Table 5.10.
MWX-3 Mechanical Properties Table 5.11.

The overall uniformity in reservoir properties extends vertically through the

sandstones and also laterally for corresponding upper Cozzette core between MWX-1 and

-5.3-



MWX-2. In the upper Cozzette sandstone, water saturations are about 35%, porosities are
6%-7%, dry Klinkenberg permeabilities (at 1000 psi confining pressures) are 4-6 ud, CRC's
are about 0.4 meq/100 g, and Young's modulus and Poisson's ratio are about 35 GPa and
0.22, respectively. As seen in Figure 5.3, the top third of the upper Cozzette sand has low
porosity and permeability and high water saturation. This zone is characterized by pores
filled with pyrobitumin ("cooked-out 0il") and is clearly poor reservoir rock. 13

The porosities, permeabilities and mechanical properties of the lower Cozzette and
Corcoran sandstones are similar to the upper Cozzette. However, the water saturations
in the Corcoran are somewhat higher (~50%) and the CEC values average about twice
those of the Cozzette. The limited Rollins data (Table 5.4) show high water saturations;
the Rollins is not gas productive at the MWX site.

The permeabilities of these tight sandstones are a strong function of the effective
stress and water saturation.“’ls On the other hand, the porosity appears almost
independent of confining pressure, at least over the range of interest.16 Well tests
indicate that pore pressures in the Cozzette and Corcoran are 6500 and 6800 psi,
respectively. Thus, the net confining stresses in situ are quite low (1000-1500 psi) as a
consequence of these high pore pressures, but stresses can become greater during
drawdown and production. Restored state permeability measurements were made
routinely at 1000, 3000, and 4000 psi. In addition, two Cozzette samples were measured
over a range of net stresses and at different water saturations (Figure 5.6). Significant
decreases are seen for increasing stress and water saturation. At their expected values in
the Corcoran and Cozzette sandstones, water saturation effects appear to reduce the
effective permeability to gas by about an order of magnitude. Thus, the dry Klinkenberg
permeabilities given in Tables 5.1-5.3 and Figures 5.2-5.4 should be reduced by at least a
factor of 10 to obtain realistic estimates of reservoir matrix permeabilities.

Limited data were obtained on the vertical permeabilities (Table 5.6)6 and
compressibilities (Table 5.7)16 of the Cozzette and Corcoran sandstones. The vertical
permeabilities are about the same as the horizontal permeabilities (the direction for the
other permeability data). The compressibilities are small and relatively constant over the

limited range of pressures tested.
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Some of the first capillary pressures of brine in tight sandstones were made in the
Cozzette core (Rigure 5.5).17 Pressures above 500 psi were found at the prevailing water
saturations of each sample. These high pressures clearly affect fluid imbibition and gas
mobility in these rocks. Thus, stimulation treatments involving a minimum amount of
water should be considered in treating these formations.

Formation permeabilities measured during well testing are much larger than the
matrix permeabilities measured in core.18 The formation permeabilities are in the range
of hundreds and tens of microdarcies in the Cozzette and Corcoran, respectively. On the
other hand, the realistic matrix permeabilities are in the range of tenths of microdarcies
when net stress and water saturation effects are included. The formation-matrix
difference is ascribed to the presence of natural fractures. Several such fractures were
observed in core (Section 3.4). Three Corcoran permeability measurements were
abnormally high; very thin, horizontal, carbonaceous stringers were observed in these core
plugs and these, or possibly very small fractures, could be responsible for the higher
permeability. (The presence of natural fractures is quite marked in MWX core, especially
in other regions of the Mesaverde.)

CEC analyses were performed on a trimnmed core plug end using the adsorbed water
method.s’6 CEC values are used as corrections to the formation factor determination in
the Waxman Smits Thomas/Archies Law formalisms. These formalisms were used in log
analysis along with other electrical propertiés of the formation for the determination of
resistivity and water saturation. The CEC values can be used to obtain a relative
estimate of clay concentration across a zone.

Caprock analyses (Table 5.8)19’20

were made on selected samples from rock bounding
the sandstones. These measurements included permeability to brine and the minimum gas
threshold pressure necessary to displace water. A combination of very low permeability
plus a large threshold displacement pressure would indicate good caprock. Permeability
measurements were generally in the nanodarcy to subnanodarcy range, and displacement
thresholds were in the hundreds of psi range. In MWX-1, these measurements were used
to determine the limits of the pay zone. In MWX-2, measurements were made over the
abutting material that had the highest core gamma ray signature, which was taken as an
indication of the best caprock. The results indicated in both cases that there was good

caprock, although this novel measurement is viewed as only a qualitative indicator.
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Mechanical property data (Tables 5.9—5.11)10-12 were obtained by ReSpec from core

samples taken throughout each of the coring intervals. Bstimates of tensile strength and
fracture toughness were obtained from a limited number of samples. Triaxial tests were
made at various confining pressures to obtain moduli and Poisson's ratios for the different
lithologies. Results in Figure 5.7 show that low moduli typical of shales were found for
the samples immediately overlying the Cozzette and Corcoran. However, the moduli of
the sandstones and intervening and/or underlying lithologies are far less distinct. This
lack of distinction may imply that stress contrasts between these strata are low. A
definite correlation between these mechanical rock properties and the in situ stress state
has not been established, but often contrasting rock properties and gamma ray signatures
imply the presence of a stress barrier. These mechanical rock properties are used as
inputs for stimulation design: moduli are used in frac height and width predictions, and
fracture toughness is used in fracture height calculations.
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Table 5.4
Rollins Reservoir Properties - MWX-3
(Core Laboratories)

Core and Log Water Klinkenberg Permeability (ud)
Depth Porosity Saturation at Effective Confining Stress (psi)
(ft) (%) (%) 1000 3000 4000

7536.5-36.8 S.4 78.3

7538.4-38.7 5.7 75.0 \

71540.4-40.7 5.6 73.7

7542 .3-42.6 3.9 65.3

7544 .3-44.7 4.1 75.6

7546 .2--46.5 3.9 74.0

7548.4-48.7 5.8 72.5 > NOT DETERMINED

7550.3-50.6 6.6 76.1

7552.4-52.7 7.3 64.7

7554 .4-54.,7 7.5 76.6

7556 .5-56.8 8.0 77.2

7558.5-58.7 7.7 71.6

7559.6-59.9 7.1 73.4 )

7563.2-63.4 13.3 59.1
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Table 5.6 Vertical Permeabilities in Cozzette and Corcoran Sandstones
(Core Laboratories)

Klinkenberg Permeability (ud)

Log Core Water at Effective
Depth Depth Porosity Saturation Confining Stress (psi)
(ft) (ft) (%) (%) 1000 3000 4000

MWX-1

7885.3-86.7 7887.1-88.5 8.4 32 6.1 3.2 2.0

7953.4-54.2 7956 .4-57.2 6.1 35 4.3 2.8 1.7

MWX-2

7852.0-52.6 7859.1-59.7 7.1 32 4.3 1.5 1.1

8108.0-08.7 8116.0-16.7 10.0 41 3.8 1.1 0.7
Table 5.7

Porosity as a Function of Pressure, MWX-2 Core
(Core Laboratories)

Log Core

Depth Depth Porosity (%) at Pressure (psi)
(ft) (ft) 200 1000 2000 3000
7856.6 7863.8 7.2 7.0 7.0 6.8
7877.7 7884.8 8.2 8.0 8.0 7.9
8108.9 8116.9 9.8 9.6 9.5 9.4
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Sample
Log Depth Core Depth

(ft) (ft)

Upper Cozzette Sandstone

7879.7-80.5 7881.7-82.5%

7883.8-84.8 7885.8-86.8%

Intervening Siltstone
and Mudstone

7898.3-98.9 7900.3-00.9

Intervening Mudstone
7932.4-33.1 7935.4-36.1%

7933.1-33.9 7936.1-36.9*

Lower Cozzette Sandstone

7952.9-53.4 7955.9-56.4%

7954.2-55.0 7957.2-58.0

* Sealed at well

*%x Ultimate axial stress difference

Table 5.9

10
20

30

10
20
30

10
20
30

10
20
30

Confining Compressive
Pressure

(MPa) (MPa)

Rock Property Data for MWX-1 Core
(RE/SPEC)
Triaxial Tests
Brazilian
Strengthkxx  EXX%x yX** Tensile Strength
(GPa) (MPa)
152.9 31.6 0.24 -
226.9 34.9 0.22
275.1 34.8 0.23
342.8 40.5 0.21 -15.54+0.25
93.8 32.6 0.23 -
113.5 31.5 0.11
143.4 31.7 0.22
153.5 29.8 0.23
83.6 31.4 0.21 -8.46%1.58
143.8 29.3 0.21
146.1 27.6 0.18
165.7 28.9 0.20
198.5 35.2 0.23
247.1 35.4 0.22
281.5 36.7 0.25
-8.934+0.72%

Fracture
Toughness

gupa.m—I/ZZ

1.52+0.09+

1.80+0.36

1.5340.04

*x%% Calculated for stresses between 20% and 60% of ultimate axial stress difference

+ Data from both samples
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Table 5.10 Rock Property Data for MWX-2 Core

(RE/SPEC)
Triaxial Tests
Sample confining Compressive Brazilian Fracture
Log Depth Core Depth  Pressure Strength¥* E¥kk  ykkk Tensile Strength Toughness
(ft) (ft) (MPa) (MPa) (GPa) (MPa) (MPasm—1/2)
Mudstone above Upper
Cozzette
7810.3-7811.2 7817.3-18.2% - - - - - 1.45
7813.0-14.6 7820.1-21.7% 0 71.2 19.5 0.28 -6.86%1.44 -
10 96.5 19.4 0.19
20 98.1 18.9 0.23
30 122.9 18.1 0.28
50 162.5 19.8 0.31
Upper Cozzette Sandstone
(Pyrobitumen)
7830.0-31.0 7837.0-38.0% - - - - 1.77+0.38
: -8.05%1.96%
7842.0-43.1 7849.,0-50.1% 0 79.7 22.6 0.28 -
10 178.2 35.1 0.16
20 231.7 38.8 0.15
30 253.5 38.0 0.20
50 308.2 37.3 0.19
Upper Cozzette Sandstone
7846.1-46.9 7853.1-53.9% - - - - -10.38%3.35 1.48+0.12
7875.0-75.8 7882.2-83,0% 0 182.6 36.0 0.24 - -
10 263.3 39.8 0.22
30 362.0 40.2 0.20
50 486 .4 46 .0 0.26
Intervening Silty Mudstone
7893.5-94.3 7900.6-01.4% 0 114.0 45.8 0.18 -9.,27%2.63 -
10 153.7 35.3 0.09
20 172.5 35.7 0.15
30 180.5 33.3 0.18
50 327.9 45.8 0.22
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Table 5.10 (Cont'd)

Triaxial Tests

Sample Confining Compressive Brazilian Fracture
Log Depth Core Depth Pressure  Strength**x  EXkx ykokx Tensile Strength Toughness
(ft) (ft) (MPa) (MPa) (GPa) (MPa) (MPasm-1/2)

Silty, Carbonaceous Mudstone
from above Corcoran
8092.0-93.1 8100.0-01.1x% 0 88.6 21.1  0.24 -

10 109.5 20.1 0.24

30 137.0 18.3 0.22

50 124.2 21.0 0.26

-7.46%0.65+%

8094.0-94.7 8102.0-02.7% 20 120.5 17.1 0.21 -
Upper Corcoran Sandstone
8102.0-03.0 8110.0-11.0% o] 83.9 23.3 0.11 -8.66%3.22 0.69
8107.0-07.7 8115.3-16.0% 0 104.3 29.9 0.18 - -

10 150.1 27.7 0.17

20 219.5 32.5 0.18

30 254.6 33.2 0.18

50 287.6 32.8 0.19
Intervening Mudstone and
Siltstone
8128.0-28.7 8136.0-36.7% 20 184.6 26.2 0.18 - -
8132.0-33.0 8140.0-41.0% 10 129.8 30.2 0.12 -15.65%2.62 -

30 305.3 41.8 0.20

50 243.0 39.9 0.19

* Sealed at well

*% Ultimate axial stress difference

*%% Calculated for stress between 20% and 60% of ultimate axial stress difference

+ Data from both samples
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Figure 5.1 Intervals Cored in the Marine Section of the Mesaverde Group in New
Mexico.
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Figure 5.2 Reservoir Properties from Cozzette Core from MWX-1l (Core
Laboratories).
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Figure 5.5 Capillary Pressure Data from Cozzette Core from MWX-1 (Core
Laboratories).
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Figure 5.7 Young's Modulus as a Function of Lithology. (Data are at 10 MPa

and are taken from Tables 5.9 and 5.10.
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6.0 IN SITU STRESS

Norman R. Warpinski
Sandia National Laboratories

6.1 INTRODUCTION

The in situ stress field at depth is now recognized to have an important effect on
most in situ activities and processes, including those associated with drilling, completion
and production of oil and gas wells. We are particularly interested in the in situ stress
field because of its influence and control over hydraulic fractures and for the role it plays
in the genesis and subsequent behavior of natural fractures--or joints--which are

responsible for the productive capacity of many of these Mesaverde rocks.

The vertical distribution of the minimum principal horizontal in situ stress

(hereafter referred to as the minimum in situ stress, ) has a significant influence on

o4

hydraulic fracture geometry. Perkins and Ketn1 not}e{;n i1111:3 importance with respect to
fracture height and Simonson et a,l2 demonstrated hbw to calculate fracture height in a
nonuniform, but symmetric, stress field. Laboratory3’4’5 and mineback6 experiments
have proven the effect of minimum in situ stress differences on fracture height, but, as
vet, field experiments have not yielded conclusive results. This is primarily due to the

lack of detailed in situ stress data and viable fracture height measurement techniques.

The joint systems, which are the dominant flow paths through these tight rocks, are
obviously the result of stress fields (and pore pressure) which existed in the geologic past.
We would like to qualitatively recreate the stress history in the Piceance basin, but to do
so in any meaningful sense requires some actual data points to compare with the analysis.
These stress measurements provide important information on present day stresses in many
different lithologies and at many different depths. Any realistic stress history must result
in similar stresses at the present time.

In this section, we present the results of the initial series of in situ stress tests
conducted for MWX7; these have been made at the base of the Mesaverde in marine
sandstones and shales. Most of these tests have been conducted in cased holes through
perforations; however, two open-hole stress tests were also performed and these provide

additional valuable data. In addition, indirect data on the stresses and stress orientations



using Anelastic Strain Recovery (ASR) and Differential Strain Curve Analysis (DSCA) are

also given.
6.2 IN SITU STRESS MEASUREMENTS
6.2.1 Hydraulic Fracturing Measurements

At present the only reliable method of obtaining the minimum principal horizontal
in situ stress distribution is by measurement with small volume hydraulic fractures. Two
techniques are currently in use. One is the step-rate/flowback procedure pioneered by
Nol1:e8’9 and Smithm; this yields a reliable, reproducible estimate of the minimum in situ
stress and is typically conducted in an interval soon to be stimulated. These have been
called minifracs because they typically use small volumes of fluid, 500-10,000 gal,
compared to conventional fracture treatments. The other technique, which we used in
this study, is also called a minifrac, but very small volumes are pumped, typically 1-250
gal. These are usually conducted by injecting a small volume into the formation,
shutting-in, and measuring the instantaneous shut-in pressure (ISIP). For open-hole tests,
several am:horsll_14 have discussed the details of the technique. It is clear that when the
test is adequately conducted it ylelds an accurate, reproducible estimate of the minimum
principal in situ stress and a somewhat less reliable estimate of the maximum horizontal

in situ stress. Two open-hole stress tests were performed in these marine rocks.

For most oil and gas applications, however, it is usually impossible or impractical to
conduct these tests in an open-hole environment. Problems with hole stability, gas
pressure, cementing and cost factors usually require that the tests be conducted in cased
holes through perforations. This causes additional complications because of the effects of
the casing, cement annulus, explosive perforation damage, and random perforation
orientation. However, Warpinski15 has shown that with a carefully designed perforation
schedule, accurate in situ stress measurements can be made through perforations. In
general, a reasonable number (8) of medium size perforations (5-15 gm) with 90° or 120°
phasing is sufficient. Also, it was found that the pressure record provides a good
diagnostic on the quality of the data obtained from the minifrac. When the injection
pressure is much greater (500 psi) than the apparent ISIP, these stress test results may not

be accurate. Small pressure drops at shut-in indicate good tests.
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Some data have previously been obtained in cased holes through perforations. Results
by Kry and Gronseth16 and Greenfield et a,l17 provide examples of the stress distributions
found in sand/ shale sequences at depth. In addition, the step-rate/flowback tests of
Noltee’9 and Smithm are often conducted through perforations.

For both open-hole and cased-hole tests, the horizontal principal in situ stresses are
determined by analysis of the pressure-time records obtained from the minifracs. It is
generally accepted that the minimum in situ stress is approximately given by

SHmin = ISIP , Y
and it is obvious that a good test is dependent upon a clear ISIP. For minifracs, this is
usually obtained by pumping small volumes of low viscosity fluids at low flow rates;
obviously, good perforations are also required. Often, several repeat pumps are necessary
to obtain a clear indication of the ISIP. This is probably due to size effects or to damage
around the perforations (for cased-hole tests) which cleans up with each additional pump

and repeated exercising of the fracture,

For open-hole tests, the maximum horizontal in situ stress is usually calculated two
-13
ways. The first uses the breakdown pre:r,sure11 1 (if one is obtained) of the first pump
according to

3 -P +T-P,, (2)
c i

GHmax = chin

where

Pc is the breakdown pressure,

T is the rock tensile strength, and

Pi is the pore pressure.
This assumes that the breakdown pressure is the pressure required to overcome the stress
concentrations around the borehole induced by drilling of the hole plus any tensile
strength of the rock. In general, this technique is inherently inaccurate because the
tensile strength is seldom known very accurately at downhole conditions and the

breakdown pressure might be much lower than anticipated due to flaws, washouts or other
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wellbore problems. This would lead one to believe that the maximum stress will often be
overestimated using Equation 2.

The second calculation uses the reopening pressure (Pop) of the second pump, which is
assumed to reflect only the stress concentration around the borehole since the crack is
already there (T = 0). This works best when the breakdown pump is very short. It is given
by

3 -P _-P (3

“Hmax = °“Hmin op i

Both of the calculations assume that poroelastic effects are negligible; that is, the rock is
tight and the fluid is nonpenetrating. Haimson and Fa,irhurst:18 and Rice and Cleary19
discuss how to include poroelasticity into the analysis.

Por tests in cased holes through perforations, it is usually impossible to obtain
reliable estimates of the maximum horizontal principal in situ stress from these stress
tests because of problems induced by the casing, cement annulus, stress concentrations
around the perforation hole, and damage due to the perforation hole. In addition, only a
small portion of the borehole is pressurized by the fluid, namely the perforation area,
unless an annular fracture develops around the rock/cement interface. At best, a gross

estimate of o X is possible.

Hma

The vertical or overburden stress is assumed to be due only to the weight of the

overburden rocks. It is given by
o, = Jogdz (4)

and the accuracy of this assumption is not known, although it is generally believed to be

adequate.
6.2.2 Strain Recovery Measurements
Two types of indirect stress measurements using strain recovery techniques have

been made on MWZX cores. These include Anelastic Strain Recovery (ASR) and
Differential Strain Curve Analysis (DSCA).
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The determination of the in situ stress state in deep formations from ASR
meas*u,remem:szc’21 of oﬁented core is, in part, an extension of the stress relief method
used to determine in situ stresses near underground openings. The stress relief method is
generally accomplished by an overcoring process which allows the physical detachment of
a body of rock from the rock mass, thus permitting the body to undergo differential
relaxation in relief of in situ stored strain energy. The recovered strain is measured with
strain or displacement gauges and generally involves both an instantaneous, elastic
component and an anelastic component. Usually gauges are installed at the bottom of a
borehole prior to overcoring and stress relief, and the measured strain recovery can be
related to the total stress components which acted prior to relief.22 A measure of the
total strain relief (both elastic and anelastic) and the calculated stress state is restricted
to shallow depths. However, if gauges are installed subsequent to stress relief, a partial
component of the anelastic strain recovery can still be determined. Voight23 first
suggested that if the assumption is made that the partial recoverable strain is
proportional to the total recoverable strain, then an approximate estimate of the in situ
stress state at depth can be made by instrumenting oriented cores immediately upon
removal from the borehole. Voight noted that there is empirical justification to consider
that the recovered anelastic strains will be proportional to the total recoverable strain,
and hence, will be related to the in situ stress state. If the rock is isotropic and
homogeneous at depth and the recovery behavior is linearly viscoelastic, then the strain
relief along principal strain directions will be uniform with time, and the directions of
principal strain relief determined over a given time interval will correspond to the initial
in situ strain conditions. Thus, principal strain directions determined from ASR
measurements will be homothetic with the principal in situ stress directions. Teufe124
found good agreement between stress directions inferred from elastic and ASR
measurements and hydraulic fractures exposed by a mineback operation in volcanic tuff at
the Nevada Test Site.

In situ principal stress magnitudes can also be calculated from ASR measurements of
oriented core. Using modern viscoelastic theory, Blan'con25 considered two cases of
practical interest: (1) recovery of isotropic core and (2) recovery of transversely isotropic
core. In the first case the following assumptions are made: (1) the rock is homogeneous
and linearly viscoelastic, (2) the viscoelasticity of the rock can be characterized by one
viscoelastic parameter (either creep compliance D(t), or relaxation modulus, E(t)), (3)

Poisson's ratio is not time-dependent, and (4) the in situ stresses are removed
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instantaneously. If these assumptions are valid, the principal stress magnitudes can be
calculated if (1) all three principal recovery strains are known, (2) Poisson's ratio is
known, and (3) one of the principal stresses is equal to the overburden. The transversely
isotropic case is intended to represent a rock whose mechanical properties perpendicular
to bedding are different from those parallel to bedding. In this case at least one
viscoelastic parameter, in addition to the requirements of the first case, is needed for
calculation of the stress magnitudes. Blanton and Teufe126 included the effect of pore

pressure in the viscoelastic recovery model.

Warpinski and Teufel27 developed a more complete viscoelastic model for ASR which
does not require the severe assumptions of the Blanton model. In particular, the model
allows for a variable Poisson's ratio, accommodates different material behavior in
dilatation compared to distortion, and, while also assuming instantaneous relief of the
effective stresses, accommodates time-dependent relief of the pore pressure. Four
material constants are necessary and these are obtained through a least-squares curve fit
of the strain recovery data. The major problem with this approach is that all of the
desired stress and material property data cannot be obtained without some additional
information. The analysis also needs an input overburden stress (as does the Blanton
model) and either a minimum stress value from minifrac data or a distortional creep
compliance from either lab or previous data from the same rock type.

Differential Strain Curve Analysis (DSCA)28’29’30

in that core samples are brought back to the lab, instrumented, subjected to various levels

is somewhat different from ASR

of hydrostatic confining stress, and monitored for strain behavior. A clear transition from
closure of microcracks (due to stress relief) to hydrostatic compression of the rock matrix
is usually seen on most rocks and the level of pressure at which this transition occurs for
each direction is indicative of the original in situ stress in that direction. Assuming an

overburden stress, the values of the horizontal stresses can then be estimated.

6.3 INTERVAL TESTED

The interval tested in this study was 600 ft of Marine rocks in the lower Mesaverde
group, including the Cozzette sandstone member, Mancos tongue shales, and Rollins
sandstone member of the Iles Formation. This section is shown in Figure 6.1 and occurs at
a depth of 7450-8060 ft at the MWX site.
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6.4 STRESS TEST EQUIPMENT AND PROCEDURE

The stress test equipment, particularly the pump system and electronics, was
specifically designed for conducting these low volume, low flow rate stress tests. The
pump system consists of a high pressure, low flow rate triplex pump powered by a
hydraulic drive system. As seen in Figure 6.2, a 100 hp electric motor drives a hydraulic
pump which feeds the hydraulic motor that powers the pump. This elaborate design,
which had been used before in pump systems at DOE's Nevada Test Site for hydraulic

fracture mineback experiments, provides for tight control of the flow rate.

Bottomhole pressure, which is the critical measurement in these tests, is obtained
from a quartz crystal oscillator gauge and data acquisition system which was modified to
sample at a rate of 10 per second. This is necessary in order to have sufficient data in the
shut-in portion of the curve to determine the ISIP accurately. These data are then sent to
a minicomputer for storage and initial processing. Bottomhole pressure, surface tubing
pressure, surface casing pressure, and flow rate are the primary measured and stored

parameters.

Accurate bottomhole pressures at shut-in are obtained by using a downhole closure
tool. It consists of a beveled seating nipple sub and a matching seating mandrel with
o-ring. The seating mandrel has a single conductor wireline feed-through so that the
pressure transducer can be positioned in the isolated zone beneath the seating location.
As shown in PFigure 6.3, this assembly is located above the packer that isolates the frac
interval from the annulus. The bottom of the hole is isolated by a retrievable bridge plug

or a straddle packer configuration.
6.4.1 Cased Hole Tests

The procedure is typically as follows. Several intended minifrac intervals are first
perforated with a casing gun. Zones are perforated 1000-3000 psi underbalanced to
optimize the perforating and no washing or other cleaning of the perforations is
attempted. Starting with the lowest interval, the perforations are then isolated with a
bridge plug and a packer or the straddle packers. The pressure transducer and seating
mandrel are lowered downhole and situated a few feet above the seating nipple. The first
minifrac is conducted and the wireline is lowered to shut-in downhole; simultaneously the

pump is left running at a reduced flow rate to keep a positive pressure differential on the
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closure tool. After sufficlient pressure decay in the frac interval, the tubing pressure is
equalized, the wireline is raised a few feet, and the second minifrac is conducted. After
several of these injections, the packers are moved to the next higher interval and the
process is repeated. Flow rates in these tests are usually 10-15 gpm using KC1 water as
the frac fluid. Total volume injected is generally on the order of 5-100 gal. These rates

and volumes were chosen based on previous work.15

All of the cased-hole stress tests were conducted in MWX-2. With the exception of
the upper Cozzette sand, all intervals were perforated with eight 14 gm shots over a
two-foot interval. The upper Cozzette sand had an interference test conducted in it
before stress testing and three ten-foot intervals were perforated for maximum
communication. Although it was originally planned to stress test each 10 ft (3 m) interval
separately, hardware stuck in the hole made it necessary for all three zones to be tested

together.
6.4.2 Open-Hole Tests

The open-hole tests were conducted in an open-hole section at the bottom of
MWX-3. To minimize the risks, the approach chosen for conducting these tests was to
drill and case MWX-3 as originally planned and then drill out another 90 ft with a 5 7/8"
bit and leave this section open hole. This 90 ft section is in the Rollins member which is a
marine sandstone at the top of the marine section. This blanket sandstone was a desirable
location because it should be at least fairly well-behaved both vertically and laterally
with respect to stress variations (unlike the lenticular zones above). This gives us the
assurance that the two tests conducted in this sand should have the same stresses and that
the stress tests conduéted through perforations in MWX-2 (180 ft away) should also exhibit
the same stress magnitudes (within reason).

The first zone, shown in Pigure 6.4, was at a depth of 7535-7551 ft and was isolated
with a backfill of sand on the bottom and an inflatable packer above. Oriented core was
obtained throughout this section (75635-7564 ft) and from the logs and core it was clear
that this was a fine-grained sandstone with no observable natural fractures and no obvious
shale breaks. In addition, a pre-frac impression packer showed no observable natural
fractures. Strain relaxation tests were conducted on the core, some samples were sent to
Core Labs for reservoir property testing (Table 6.1) and others to RE/SPEC for rock

property measurements.
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The stress tests were conducted using a Dowell pump truck with 2% KCl water at
about 1 bpm. As usual we had our bottomhole shut-off tool and HP pressure gauge
downhole to obtain pressure measurements. A post-frac impression packer was run to
attempt to obtain fracture orientation but the results were equivocal. Many linear
features, which were not present on the pre-test packer, were observed but they were
extremely narrow, an echelon, unconnected and only on one side of the wellbore. Their
orientation varied from N50°W to N70°W, but this could have been due to a twisting of the
impression packer as it inflated. Although these features appeared to be fractures, no
unrefutable conclusion as such could be made.

The second zone was at 7502-7519 ft, as shown in Pigure 6.5, and the zone was
isolated by backfilling with sand to 7519 ft and positioning an inflatable packer at 7502 ft.
In this interval, no core was obtained (it couldn't be oriented) and the logs indicate the
probable existence of shale stringers in the frac interval (the pre-frac impression packers
had some blowouts which may have been washouts). It is also fairly close to the large
gamma anomaly six feet above. The stress tests in this zone were conducted at 0.5-1 bpm
with 2% KCl water.

6.4.3 Strain Recovery Procedures

ASR measurements were made on Cozzette sandstone core in MWX-2 and Rollins
sandstone core in MWX-3. An attempt to obtain data in MWX-1 in the Cozzette failed

because the time for core retrieval was excessively long due to pressure problems.

Immediately upon retrieval from the wellbore the core was sealed with polyurethane
wrapping to avoid the effects of moisture evaporation. Measurements were made in a
temperature controlled environment (£1°C) to minimize thermal effects. Following
Teufel,zo the displacements associated with anelastic strain recovery were determined
with spring-loaded, clip-on gauges, which incorporate precision gauge heads. Since the
cores used in this study were from a vertical wellbore, only three independent
displacement measurements were required to determine the directions and magnitudes of
the two principal horizontal strains. Three gauges were mounted at 45° to each other in
the horizontal plane of each core. The vertical strain was determined by mounting a
gauge parallel to the center axis of the core. Displacement data for each gauge, the room

temperature, and the temperature of the core was recorded manually every hour. All
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displacements were normalized to strain from the initial gauge length settings. For
MWX-2 data the accuracy of the straln measurements were +5-20 ue whereas the MWX-3

data were £5 ue.

In order to correct the recovery data for any temperature variations, the superposed
thermal strains were subtracted from the recovery strains by determining the coefficient
of thermal expansion in the four different strain directions. A series of tests were run in
the laboratory on the totally relaxed cores in order to characterize the strain/
temperature response of each core. The magnitudes and orientations of the principal
horizontal strains and the vertical strain magnitude were calculated from the temperature

corrected strain data following Frocht:.31
A description of the DSCA procedure is given in references 29 and 30.
6.5 STRESS TEST RESULTS

Figure 6.6 shows the results of all of the initial stress tests conducted in MWX-2.
The most striking feature of Figure 6.6 is the much higher stresses in the shales compared
to the surrounding sandstones and siltstones. Frac gradients in the marine Mancos tongue
shales vary from 1.02 psi/ft to 1.10 psi/ft. On the other hand, the sandstones and
siltstones of the Cozzette member have a significantly lower stress at a frac gradient of
about 0.86 psi/ft. There are also somewhat lower stresses in the Rollins member, but they
vary considerably with lithology. The maximum horizontal stress is also found to be only
400 psi greater than the minimum horizontal stress; this can have significant effects on

hydraulic fracturing.

All of the cased hole stress results comprising the data in Figure 6.6 are given in
more detail in Figures 6.7-6.9. Each of these pressure records is the best result for the
respective zone and indicates the degree of accuracy to which the ISIP can be determined
and also the variation in pressure response with lithology and depth. In most cases it is
possible to determine the ISIP to an accuracy of +30 psi by visual inspection; only a few
tests, such as the shale at 7665 ft in Pigure 6.7c have ambiguous pressure declines at
shut-in. This good definition of the ISIP is due to a combination of a well-designed
perforation schedule, small volumes of low viscosity frac fluid, a downhole closure system

and the ability to monitor pressure downhole with high sample rate instrumentation. The
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open-hole stress data are given in Figures 6.10 and 6.11. The entire pressure record for
all pumps is shown in these figures. The analysis of these data will be discussed in a later

subsection.
6.5.1 Shale Behavior

The minifracs conducted in the marine shales all had very similar pressure responses.
In general, on the first pump they exhibit a breakdown pressure which is not much greater
than the injection pressure (20-100 psi). An example of a breakdown pump is shown in
Pigure 6.7a. Successive pumps then result in a constant injection pressure during
repumping, as seen in Figure 6.7b and 6.7d. With the exception of the zones at 7665 ft the
ISIP's of the shale tests are well defined. The zone at 7766 ft is anomalous because the
pump time was not long enough to allow the pressure to stabilize; its behavior will be

discussed later.
6.5.2 Sandstone Behavior

The sandstones generally show larger breakdown and reopening pressures, 50-300 psi
over the injection pressure, than the shales. This is shown in Figure 6.8. The ISIP is also
usually fairly clear. If the reopening pressure of the second pump is used to determine a

maximum horizontal principal stress, o is typically 500-3000 psi greater than

Hmax
The accuracy of this estimate is probably not good. The test of the upper

(o] .

Hmin
Cozzette sand in Figure 6.8b is different from the other tests. Three sets of 10 ft
perforated intervals were fractured together because of downhole problems. Flow rates
of about 70 gpm were required to fracture the zone. In addition this interval was

produced for several months and the drawdown may have lowered the stress.
6.5.3 Siltstone Behavior and Dual-Closure Stresses

Siltstones exhibit behavior that may be similar to either sands or shales or may be a
combination of both. For example, the test at 7895 ft in Figure 6.9b has the pressure
characteristics of a shale, but the stress is low like the sands. The test at 7924 ft in
Figure 6.9a shows a dual closure stress of 0.98 psi/ft and 0.86 psi/ft. Six repeat injections
were conducted in this zone and all showed this dual closure behavior except for the

initial injection. The first pump showed a low fracturing pressure and a low frac gradient
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of 0.86 psi/ft. These data suggest that there may be a thin (1-2 ft) siltstone or sand
surrounded by shale/carbonaceous material with much higher stress. Such severe bounding
of the fracture above and below would result in extreme fracturing pressures which would
propagate the frac into the bounding materials. At shut-in, the higher stress shales would
close first, followed by closure in the sand. Because of the "routine" first pump, where
the fracture appeared to propagate normally, it does not seem likely that alternate
explanations such as natural fractures or cement bond problems can explain this behavior.

Such a dual-closure stress mechanism would probably be observable only for small
volume, low viscosity treatments where conditions in the crack can reach equilibrium
rapidly. In larger treatments with thicker intervals, the effect would be both attenuated
due to crack size and masked due to other competing effects, e.g., leakoff and continued

crack extension and fluid movement.

6.5.4 Multiple Injection Behavior

As seen in Pigure 6.7a, the breakdown pump will sometimes result in a very clear
ISIP. More often than not however, several pumps are required to obtain an accurate
measurement of the stress. Figure 6.12 shows an example of three pumps conducted in a
sandstone at 7531 ft. The breakdown pump is not very useful for determining the stress
because of the gradual decay after shut-in. Sometimes, even the second pump does not
provide an accurate estimate of the ISIP. Generally, after the 3rd or 4th run the ISIP is
quite clear. The fifth run, shown in Figure 6.12, illustrates how well-defined the ISIP
becomes with additional pumping. This behavior is probably because of perforation-
induced damage around the wellbore. This damage cleans up with additional pumping as

the fracture is repeatedly opened and closed and fluid is forced through the perforations.

6.5.5 Damage Examples

In some cases the damage apparently never cleans up. The shale in Pigure 6.7d may
illustrate this. When open-hole tests in low permeability rocks are conducted correctly,
there is usually a clear, easily defined shut-in. The fact that this is not always the case
through perforations indicates that the perforations themselves can have a significant

effect on the tests. Shales and coals seem to be the rocks that are most vulnerable to

damage.
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In addition, the test shown in Pigure 6.7c is probably affected by the perforations--
the manifestation in this case is the large pressure drop at shut-in. Warpinski15 has
shown that such large pressure drops at shut-in are indicative of perforation problems and
the ISIP value may not be very accurate--in this case probably +100 psi. This interval
also required a much larger volume of fluid to be injected in order for the injection
pressure to stabilize. No other tests showed this type of behavior and the reason for it is
not known.

6.5.6 Open-hole Stress Test Results

The pressure record from the first open-hole minifrac (at 7535-7551 ft) is shown in
Figure 6.10. On the breakdown pump, the glitch in the pressure-up side is due to changing
gears on the pumper. The breakdown occurs at 8295 psi and the well is shut in
immediately. This is probably the reason why there is no definable instantaneous shut-in
pressure (ISIP)--the fracture may be too small. On the second pump a clear reopening
pressure (7115 psi) is observed and the ISIP is about 6800 psi. On the final two pumps the
reopening pressure decreases (as expected) and the ISIP is very clear at about 6750 psi. A
fifth pump was also conducted with about three times the volume and is not shown; its
ISIP was about 6725 psi.

The pressure records from the second open-hole stress test (7502-7519 ft) are shown
in Figure 6.11. Obviously, the fracturing is much more complex than it was in the
previous zone. The first two tests were conducted at about 0.5 bpm while the last two
were at 1 bpm. The breakdown pump shows an increase of pressure up to breakdown at
about 7575 psi. The pressure then dropped rapidly to about 7200 psi and started back up.
The zone was shut in and no ISIP was evident. The second pump started with a clear
reopening pressure at 7225 psi and then started back up again. The ISIP was again
difficult to obtain. Finally, the third pump showed a better ISIP at about 6835 psi. The
reopening pressure was 7230 psi--consistent with pump #2. Soon after the 4th pump was
started, we began to fracture around the packer and the casing pressure increased. The
well was shut in with an ISIP of 6785 psi. Because of the high pressure, the amount of gas
and the high temperature, no post-frac impression packer was run.

The results of these data are given in Table 6.2. The tensile strength is an average of
Cozzette and lower-paludal tensile strengths for sands (both about the same) since rock
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property tests on the Rollins core have not yet been conducted. The minimum stress is
about 6800 psi with an accuracy of about +30 psi. For the lower zone, the maximum
stress is calculated to be 7600 psi using both techniques. This gives us good confidence in
these data. On the other hand, the upper zone is inconsistent. The breakdown pressure
approach yields too high a stress, as should be apparent from looking at the data in

which
Hmax
is consistent with the lower zone. This increases our confidence that the initial maximum

Figure 6.12. The reopening pressure calculation, on the other hand, gives a o

in pressure for pump #2 actually is the reopening pressure and not just an anomaly. There

are many reasons why the pressure could begin to rise again afterwards.

Thus the maximum stress at this location is about 7600 psi, while the minimum stress
is about 6800 psi. With such a contrast in stresses, large frac treatments where the
pressure becomes large (> 1000 psi over the minimum in situ stress) can produce unusual
results such as secondary fractures, opening of natural fractures, etc. This should be

carefully considered in any frac design.

6.5.7 ASR Results

Example ASR data from the Rollins sandstone in MWX-3 are shown in Fig. 6.13. The
top curves show the measured strain recoveries in the horizontal directions and the middle
curve shows the calculated principal strains in the horizontal directions along with the
vertical strain (assumed to be a principal strain). The lower curve shows the calculated
stress orientation for each time that data were obtained. The best estimate of the
maximum stress direction (hydraulic fracture direction) is thus N55°W with a standard

deviation of 4°.

A summary of the data from MWZX-2 is shown in Table 6.3. Measurements were
attempted in eleven zones, but tests in three shales were not successful. The upper four
tests were in the Cozzette sandstone for which the average azimuth is 117° or N63°W.
The lower four tests were in the Corcoran sandstone for which the average azimuth is 96°
or N84°W. Based on the accuracy and the limited number of data, it is not clear whether
there is a true stress rotation from the Corcoran to the Cozzette or whether instrument

error is responsible for the apparent change.
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A summary of the data from MWX-3 in the Rollins sandstone is shown in Table 6.4.
The Rollins data are more accurate than the previous MWX-2 results because of a new
design for the clip-on displacement gauges. In this zone the average azimuth is 117° or
N63°W, the same as the Cozzette.

Calculations of stresses were also attempted for these data. Tables 6.5 and 6.6 show
the elastic properties used for the calculations. Blanton's model gives the results shown
in Table 6.7 and 6.8 for MWX-2 and MWX-3, respectively. Compared to the minifracs,
the minimum stresses are much too large, but the maximum stresses may not be too far

from the true value, particularly for the Rollins sandstone.

The new method of Warpinski and ’l‘eufel27 was used on the data at 7564 ft in the
Rollins. No attempt was made to measure the distortional creep compliance in the lab, so
the minimum stress from the minifracs in the Rollins (6800 psi) was input and a maximum
stress of 7625 psi was calculated along with a distortional creep compliance of 0.067x
10_6 psiml. The results also showed that Blanton's model would not fit well because
Poisson's ratio was not constant throughout the process (12% change) and the distortional

creep compliance was about 15% different from the dilatational creep compliance.

6.5.8 DSCA Results

Only two DSCA samples were tested in the marine rocks. The results are shown in
Table 6.9 and they agree well with the ASR data. The orientation of the stresses is
N76°W. Minimum stresses, assuming a 1.05 psi/ft overburden would be 6400-6%930 psi,

which is somewhat higher than the measured value of 6300 psi.
6.6 DISCUSSION

6.6.1 In Situ Stresses

The results of the stress tests show that the minimum in situ stress at depth is
dependent on lithology and large stress differences are observed between sandstones and
the surrounding shales. Also indicative of the effect of lithology is the stress behavior

above the Cozzette member. From 7800 ft up to 7500 ft the measured in situ stress

decreases with decreasing shaliness as measured with the gamma log.
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Table 6.10 shows the stress data, the estimated accuracy of each measurement, the
measured or estimated (from mud weight) reservoir pressure, Poisson's ratio as
determined from the long-space sonic log (Figure 4.10), Young's modulus determined from
laboratory measurements, the estimated overburden stress (1.05 psi/ft), a calculated
minimum stress, and the frac gradient. The calculated minimum in situ stress is based on

elastic behavior in uniaxial strain as given by

Vv
dein=l—v(°v-Pi)+Pi .

(5)

Poisson's ratio, v, is obtained from the long-space sonic log averaged over a 10 ft (3 m)
interval about the perforated zone, but these values were also consistent with available
laboratory measurements. It should also be noted that if the rock state deviates from
uniaxial strain, then Young's modulus will also have an effect on the stress magnitudes.
Equation 5 is, of course, a gross approximation because it neglects tectonic and thermal
components and ignores viscoelastic effects.

In Equation §, the pore pressure, Pi’ has a significant influence on the calculated in
situ stress value, but the pore pressure is often not accurately known. Pore pressures in
the sandstones are often estimated from the mud weights during drilling or short build-up
tests which are not always accurate indicators of that pressure. Pore pressures in marine
shales are extremely difficult to measure and must be assumed. Thus, calculated stress

values, particularly in shales, may be in serious error.

The comparison of the calculated and measured values, which is shown in Figure 6.14,
indicates that stresses cannot reliably be determined from the uniaxial strain assumption.
Shale measurements, in particular, deviate widely from the model. Only the Cozzette
member seems to show a good correlation, but this may be because of the high pore
pressure which dominates the elastic component. A correlation would also require that
either (1) the tectonic and thermal stress components of the minimum in situ stress are
small or (2) they roughly balance each other (this requires an extensional tectonic
environment). Regardless, the high minimum horizontal stress value in the Cozzette
(0.86 psi/ft) is probably due to the high pore pressure. The high pore pressure also results
in Equation 5§ yielding an acceptably accurate calculation for any value of Poisson's ratio

between 0.15 and 0.3, so the good correlation is incidental and is not a validation of Eq. 5.
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The shales surrounding the Cozzette member are all near the lithostatic stress
(Figure 6.6 or Table 6.10), but comparisons with the calculated stress value are
questionable here because of a lack of useful data on pore pressures in shales and whether
the usual effective stress concept is even applicable for the pore structure of shale rocks.
Assuming the pore pressure in the surrounding shales is similar to the sand pore pressure
as in Table 6.2, one would deduce that the shales do not behave elastically. This is quite
acceptabie since shales are known to creep readily. However, the pore pressure in the
shale may be much greater, even as high as lithostatic, in which case the calculation of
Hmin = %v' Again, this is not a validation of
Eq. 5, because any Poisson's ratio would provide correct results. Additional work on pore

Eq. 5 would provide the obvious result that o

pressure and in situ stresses in shales is certainly needed.

Since the measured minimum stresses in the marine shales are near the lithostatic
pressure, the possibility exists that horizontal fractures are created in the minifracs in
the shales and the ISIP is a reflection of the overburden stress. In this case, the minimum

horizontal in situ stress might even be greater than measured here. These shale

" measurements should be considered minimum values for o

Hmin’

6.6.2 Stress Orientations

The orientation of the stress field has been determined using ASR, DSCA and an
impression packer after an open-hole minifrac. For the Corcoran sandstone, four ASR
tests gave an average orientation of the maximum horizontal in situ stress (hydraulic
fracture direction) of N83°W with a standard division of 4° (using a method of weighted
variances). In the Cozzette sandstone, four ASR tests vielded an azimuth of N63°W with
a standard deviation of 5° while two DSCA tests gave N76°W. Four ASR tests in the
Rollins yielded an azimuth of N61°W with a standard deviation of 2°. An impression
packer gave a possible fracture orientation of N50°-70°W in the Rollins. These results
show that the hydraulic fracture orientation is closely aligned with the natural fracture
orientation.

6.6.3 Comparison of Open-Hole and Cased-Hole Results

Figure 6.15 shows a comparison of the open-hole stress tests with the data through
perforations in MWX-2. The difference in the tests is well within the experimental error,
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particularly when one takes into account the lateral variability in stress which should be
expected over the distance that the two wells are separated (180 ft). Our stress tests

through perforations clearly give good estimates of the minimum in situ stress.
6.6.4 Containment of Hydraulic Fractures

The stress distribution found around the Cozzette sandstone is ideal for hydraulic
fracture containment. The stress difference between the upper sand and the overlying
Mancos tongue is on the order of 2000 psi while the stress difference between the lower
sand and the underlying Mancos tongue is about 1300 psi. Calculations of the expected
fracture height as a function of treatment pressure were performed using the measured
stress state. The calculations are similar to those of Simonson et alz except they can be
used for multiple, nonsymmetric (with respect to thickness and stress) layers. Material
property varlations are not considered. The only problem is how to incorporate the varied
stress state in the siltstone between the Cozzette sands (the dual closure stress). Por the
purposes of these calculations, it is modeled as a single layer of high stress even though it
is probably several thin layers of high stress. The calculations, however, will only depend
on the thickness of this single high stress region.

Figure 6.16 shows the predicted fracture height as a function of treatment pressure
for the given stress distribution with a 20 ft thick high stress layer between the two
sands. The layer labeled "frac interval" is the upper Cozzette sandstone which is the most
favorable zone. Treatment pressures of less than 600 psi over the minimum in situ stress
would be required to keep the fracture in only the upper sand. This is unrealistic for a
large treatment and the fracture is expected to propagate through both sands to some
degree. Treatment pressures should be kept below 1000 psi over the minimum in situ
stress to avoid extensive fracturing through the marine shales. For pressures above
1200 psi over the minimum in situ stress, the fracture can be expected to break down into

the Corcoran sand.
A more efficient treatment procedure would be to fracture the entire Cozzette since

it will be impossible to avoid breaking into the lower sand with any reasonable size

treatment. This should keep the pressures lower and enhance containment.
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6.6.5 Perforations

The most important design consideration for in situ stress measurements using
minifracs through perforations is the perforation schedule. In low permeability
formations such as shales, tight sands and siltstones, open-hole minifracs generally result
in small pressure drops at shut-in (100-400 psi) and well-defined ISIP values. If the
perforations are good and have little or no damage, then the ISIP values obtained in
minifracs through perforations should be the same since the rock mass is no different.
Any deviations from this, such as large pressure drops at shut-in or poorly defined ISIP
values, are often indications of perforation problems. These problems are due to the
response of the rock and/or cement to the perforation size (charge) or design.
Unfortunately, the problems may be different from one formation to another as rock
properties vary and also from one location to another within a formation as hole
conditions vary. The ultimate result is that it becomes almost impossible to always obtain
good results. For example, of the eleven stress tests shown in Figures 6.7-6.9, eight were
good, one was abnormal (dual closure) because of what is believed to be formation

variability, and two tests showed obvious perforation effects.

6.6.6 Comparison with Other Data

Bredehoeft et aa,l32 have previously conducted open-hole minifracs in the Piceance
basin, mostly at shallow depths. These tests were conducted farther to the northwest in
the Green River Pormation but they also show high frac gradients. At depths from
500-1100 ft, where fractures were definitely vertical, fracture gradients of 0.5-1.1 psi/ft
were measured with an average of about 0.73 psi/ft. However, no correlation with
lithology was attempted.

6.6.7 BEstimate of Tectonic Strain

For our stress history/natural fracture modeling, these data provide valuable insight
into the tectonic conditions. Por example, if we assume that the difference measured in
the open-hole stress tests is due entirely to tectonic strain in the maximum direction and
also assume no strain in the minimum direction (X), we can obtain a simple estimate of the

tectonic stresses as
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Ag_ = ——15 (6)
1-
v
and
vEBe
Adx = 2 bl (7)
1-v
where

E is Young's modulus,

v is Poisson's ratio,

sy is the tectonic strain in the maximum stress direction,

Ao is the tectonic stress above the base stress (the base stress is assumed to be
equal in the x and y directions since it depends on material properties,
temperature and other factors which should not show large changes with
horizontal directions.

Clearly,

Ac = Ao+ 800 psi, (8)
y X

s0 we can solve the three equations for Aay, on and cy. Assuming E = .‘».5}{106 psiand v =
0.2, we obtain:

Aoy = 1000 psi,
Acx = 200 psi,
€ =175 ue.

y

The fact that on is low is good because our Cozzette minimum stress data indicates that
it cannot be large. We hope to check ey from calcite twinning and see if it matches our
understanding of the structural history of this area of the basin. (Note that this analysis
can be reversed to give the same magnitude of extensional strain in the x-direction and no

strain in the y-direction.)

6.7 CONCLUSIONS

Accurate, reproducible measurements of the minimum principal in situ stress can be
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made by using small volume hydraulic fractures (minifracs). For minifracs in cased holes,
a good test requires a considerable amount of care and preparation. Important factors
include: 1) perforation schedule, particularly the charge, 2) small volumes (5-100 gal) of
a low viscosity fluid, 3) a downhole closure tool, and 4) bottomhole pressure measurements
at rapid sampling rates.

Good estimates of stress orientations can be made using ASR and DSCA techniques;
these range between N61°W and N83°W. Less reliable estimates of stress magnitudes can
also be calculated.

Marine shales at the base of the Mesaverde group were found to have stresses near
the lithostatic value. Creep may be an important process whereby the horizontal stresses

become so large.

The stress in the Cozzette sandstone approaches the value calculated from elastic

behavior in uniaxial strain. The stress in the Rollins sandstone is somewhat higher than
predicted.

The stress distribution around the Cozzette sandstone shows a 1300-2000 psi stress
difference between the sand and the shale. This is ideal for fracture containment if the
treatment is properly designed.

The difference between the two horizontal in situ stresses is only about 800 psi. This
can have important implications for hydraulic fracturing.

The open—holé stress tests confirmed the accuracy of the minifracs conducted

through perforations.
The orientation of the hydraulic fracture in the Rollins sandstone open-hole section
appeared to be N50-70°E, but this measurement is questionable and should not be relied

upon. However, it is consistent with the strain recovery data.
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Table 6.1 Rollins Core Data for Open Hole Tests

Sample Core = Log

Number Depth
(ft)

1 7536.5-36.8

2 7538.4-38.7

3 7540.4-40.7

4 7542.3-43.6

5 7544.3-44.7

6 7546.2-46.5

7 7548.4-48.7

8 7550.3-50.6

9 7552.4-52.7

10 7554.4-54.7

11 7556.5-56.8

12 7558.5-58.7

13 7559.6-59.9

14 7563.2-63.4

Permeability

{md, max.)

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.02
0.01
0.02
0.02
0.02
0.07

Helium
Porosity

(96)

W~~~ UDMWbhWULMOION
» & 4 e & & ® e ® e o » .
F-3

W O LN OO O O~

-
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_Saturations Grain
0il Water Densit
%96) (%) (g/cm ")
0.0 78.3 2.68
0.0 75.0 2.67
0.0 73.7 2.68
0.0 65.3 2.70
0.0 75.6 2.74
0.0 74.0 2.73
0.0 72.5 2.67
0.0 76.1 2.69
0.0 64.7 2.68
0.0 76.6 2.69
0.0 77.2 2.68
0.0 71.6 2.69
0.0 73.4 2.69
0.0 59.1 2.87



Depth
(ft)

7535-51

7502-19

Table 6.2 Open Hole Stress Data in Rollins Sandstone

(psi)
8295

7575

(psi)
7115

7225

(psi)
5600

5600

*Calculated from oSmax = 3 Smin - Pc +T- Pi

**Calculated from omax = 3 omin - Pop - Py

Orientation: Possibly N50°-N70°W
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(psi)
6765

6810

T = 1200 psi

“max
(psi)

7600%

7580%*

8455%
7605%*



Table 6.3 Summary of Anelastic Strain Recovery Measurements
of MWX-2 Oriented Core (Cozzette and Corcoran Sandstones)

Depth Lithology
(ft)
7884 sandstone
7888 sandstone
7894 sandstone
7895 sandstone
7903 shale
7904 shale
7905 shale
8118 sandstone
8119 sandstone
8120 sandstone
8121 sandstone

*N means not measured on this core

Final Principal

Strain Magnitudes¥*

v ‘Hmax ‘Hmin
N 178 110
152 166 105
N 238 144
238 251 155
N 283 162
180 228 148
N 198 135
194 366 165
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Average Ratio of
Principal Strains*

/€

€
Hmax v

N
1.06%0.25
N

1.14+0.18

N
1.2040.20
N

1.2810.16

/

€ Hmin' v

N
0.63+0.21
N

0.74+0.24

N
0.77+0.18
N

0.85%0.14

Average

Azimuth of

€
Hmax

N49°Wt10
N60°W+8
N74°W+9

N69°W+11

N92°W+9
N82°W+11
NB83°W+7
N78°W+8



Table 6.4 Table of Anelastic Strain Recovery Measurements

of MWX-3 Oriented Core (Rollins Sandstone)

Pinal Principal
Depth Lithology . Stra:n Magnitudes
(ft) v Hmax °Hmin
7560 sandstone 146 110 72
7561 sandstone 168 124 80
7562 sandstone 182 146 102
7564 sandstone 204 172 88

-6.29-

Average Ratio of
Principal Strains

/€

€
Hmax v

0.76+0.04
0.73+0.05
0.80+0.05

0.84+0.05

chin/ev
0.5410.05
0.48+0.04
0.56+0.04

0.3910.06

Average
Azimuth of

‘Hmax
N66°W+4
N59°W+3
N72°Wté

N55°W+4



Table 6.5 Elastic Properties of Oriented Core Used in Stress Calculations

Depth Lithology Ela stig Modulus* Poisson's Ratio*
_(ft) (10" psi)

7888 sandstone 5.7 0.23

7895 sandstone 5.9 0.22

8119 sandstone 5.2 0.18

8121 sandstone 4.9 0.17

*Rlastic properties were measured in triaxial compression tests at 60 MPa
(8700 psi) confining pressure. Specimens were perpendicular to bedding.

Table 6.6 Elastic Properties of Rollins Sandstone*

> Parallel to €y Parallel to €Hmax Parallel to €min
c 6E v 6E v 6E v

(psi) (10" psi) (10" psi) (10" psi)

0 3.8 0.25 4.1 0.23 4.6 0.22

10 4.5 0.22 4.6 0.21 4.8 0.20

20 4.7 0.21 4.8 0.19 4.9 0.20

490 4.9 0.21 4.9 0.20 5.0 0.20

60 5.1 0.20 5.1 0.20 5.1 0.19

*determined at room temperature in triaxial compression tests at
10-5 sec-! strain rate.
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Table 6.7 Summary of In Situ Stress Magnitudes from ASR in Cozzette and
Corcoran Using Blanton's Model

Db oyed® 59y, CHmex  cHmin o SOH  “Hmax/®  “Hm'Y
7888 8280 6300 8365 8000 365 1.01 0.97
7895 8290 6300 8340 7955 385 1.01 0.96
8119 8525 6600 8800 8340 460 1.03 0.98
8121 8525 6600 8915 8370 545 1.05 0.98

Table 6.8 Summary of In Situ Stress Magnitudes from ASR in the Rollins
Using Blanton's Model

e e on) Gmc CGw g Emel™  CHm'?
7560 7940 5600 7610 7360 350 0.96 0.91
7561 7940 5600 7590 7235 355 0.96 0.91
7562 7940 5600 7680 7365 315 0.97 0.93
7564 7940 5600 7731 7183 548 0.97 0.90
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Table 6.9 Summary of DSCA Results for Cozzette Sandstone, MWX-2
by Dowell Schlumberger

Depth Lithology
(ft)

7914 Sandstone

7942 Sandstone

% vertical, +10°

Three-Dimensional Analysis

max

N76°W

N76°W

Orientation Magnitude
dint dmin c"max:d int:omin
vk N10°E  1.4(%0.2):1.2(%0.2):1.0
v¥ N20°E  1.4(#0.2):1.3(+0.1):1.0
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Table 6.10 In Situ Stress Data

Bstimated SHmin
Depth Lithology oHmin Brror Py v B oy Calculated
(ft) (psi) (+ psi) Apsi)_ {psi) (psi) (psi)

Cased Hole Stress Data
8061 Shale 8230 20 66060*  0.229 2.9x106 8465 7160
8015 Shale 8150 30 6375%  0.245 2.9x106 8415 7040
7971 Sandstone 6885 30 6300 0.194  5.0x106 8370 6800
7924  Siltstone/ 6850 50 6300 0.226  4.2x106 8320 6890
Shale+ 7800 50
7895 Siltstone 6830 30 6300 0.220 5.0x106 8290 6860
7850 Sandstone 6645 50 6150%¢ 0.162 5.4x106 8245 6555
7766 Shale 8590 160 6065%  0.260 2.8x106 8155 6800
7665 Shale 8150 100 5890*  0.265 NA 8050 6670
7601 Siltstone 7610 20 5775%  0.224 NA 7890 6410
7531 Sandstone 6590 20 5600 0.225 NA 7910 6270
7467 Sandstone 6800 30 5600 0.195 NA 7840 6140
Open Hole Stress Data

7535-51 Sandstone 6765 30 5600 0.2 4.8x106 7920 6180
7502-19 Sandstone 6810 30 5600 0.2 4.8x106 7885 6170

* Bstimated from linear interpolation of pressures measured in adjacent zones.
** Measured after three months of production.

4 Dual closure stress.

-6.33-

Brac
Grad
(psi/ft)

1.02
1.02

0.86

0.86
0.85
1.11
1.06
1.00
0.875

0.91

0.%90

0.91
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7.0 WELL TESTING, ANALYSIS AND RESERVOIR EVALUATION

Paul T. Branagan
CER Corporation

7.1 INTRODUCTION

This section presents details from well testing and analysis of the Corcoran and
Cozzette sandstones. These are the more continuous, “blanket" sandstones which are at
the base of the Mesaverde Group at the MWX site. The geology of this interval and the
reservoir properties derived from log and core analyses can be found in other sections of

this final report and in References 1 through 9.

Several well tests were performed in the Corcoran and Cozzette sandstones. A short
production test of the Corcoran was conducted in order to establish baseline production
capacity. Some of the experiments conducted within the Cozzette included several short
drawdown and buildup tests, as well as a more sustained interference and pulse test that
utilized two of the MWX wells. The surface and subsurface location of wells MWX-1 and
MWX-2 are shown in Figure 7.1 along with their separation at the depth of the Cozzette.
Since the tests performed in the Corcoran were minimal, the emphasis of this section is

placed on the Cozzette data and their analysis.

During test periods, bottomhole pressure, bottomhole temperature, surface tubing
and casing pressures, fluid flow rates, and other pertinent information were acquired,
manipulated and stored using a PDP-11/34 computer system. This field computer,
interfacing hardware, accompanying calibration instrumentation, and repair facility are
all housed within the DOE Western Gas Sands Program's Well Testing Trailer located at
the MWX site. Most of the subsequent analytic and numerical analysis was performed on
the DOE Nevada Operation's Cyber 76 computer and CER Corporation's VAX 730.

These marine blanket sandstones characteristically exhibit gas permeabilities on the
order of 10 microdarcies (ud) or less in core. However, the production and test data from
the MWX site along with subsequent analytic methods require an average reservoir
permeability on the order of 100's of microdarcies. Data obtained from the observation

well during the interference test of the Cozzette suggest that the pressure distribution



from the production well was not radially symmetric, and thus, the reservoir was modeled
as an anisotropic, naturally fractured reservoir. Numerical modeling technigques including
a dual porosity reservoir model were used to stimulate this naturally fractured tight
reservoir. Included in our analysis was a parametric sensitivity study for a number of
salient well and reservoir parameters such as wellbore skin and/or damage, the potential
effects of nearby boundaries, and exact placement of the observation well in a fractured
tight matrix block. Several months of sustained winter pipeline production from the
Upper Cozzette attests to the fact that the natural fracture system within the Cozzette

extended over a large area.

Tests described in this report were to establish the productivity level and behavior of
the reservoirs known to be of a continuous, more "blanket" nature than the lenticular
sands found at shallower depth. It was thought that comparisons of the behavior of the
two types of reservoirs would enable better evaluation of the degree of improvement in
production rates obtained from hydraulic fracturing treatments in the lenticular types.
Tests of the Corcoran and Cozzette sands indicated their production rates to be higher
than their matrix permeabilities would support; thus, they are influenced by natural

fracture systems. This condition reduces the validity of the desired comparisons.

7.2 CORCORAN WELL TESTS

7.2.1 Well Test Procedures

Preparation for production testing of the Corcoran marine blanket sandstone began
August 13, 1982, in MWX-1. Prior to perforating the 7-in. diameter casing, the fresh
water in the hole was displaced with water containing 3 percent KCl. The 7-in. casing
was then perforated with 17-gram charges at one shot per foot over the interval 8110
to 8230 ft. Two-and-three-eighths-in. external upset end tubing equipped with a Baker
model R-3 packer and seating nipple was run to 8069 ft. The well's configuration is shown
in Pigure 7.2.

Initially, the surface tubing shut-in pressure was 1160 psi and increased to 2580 psi
after 45.5 hours. Assuming a full column of liquid within the tubing, the corresponding
bottomhole pressures would be 6100 psi.
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On August 17, 1982, attempts to flow the well were unsuccessful because of
insufficient gas production to unload the liquid column in the tubing. However, a number
of attempts to swab the well for two days revealed that the well was incapable of any
continuous gas production. The initial gas production rate was 1 MCFD. On August 19,
1982, a wireline bottomhole gauge was run for a short pressure buildup survey. However,
the well was flowed periodically for short periods, 5 to 15 minutes, to clean up. During
these flow periods, the well surface tubing pressure was around 5600 psi which declined to
100 psi, while the bottomhole shut-in pressure was 6685 psi at a pressure gradient of
0.82 psi/ft.

On August 28, 1982, the well was filled with water containing 3 percent KC1 for
perforation breakdown. A 221 bbl mixture of 3 percent KCl water, surfactants, and
benzoic acid flakes was pumped at an average injection rate of 6 barrels per minute at a
surface treating pressure of 5000 psi. The benzoic acid flakes were utilized as a fluid

diverting agent to assure even distribution of breakdown fluid in each set of perforations.

The perforations were flushed with 46 bbl of KCl1 water. The measured instantaneous
shut-in pressure at the surface was 3500 psi. With a full liquid column, the shut-in
bottomhole pressure would be 7025 psi or a pressure gradient of 0.87 psi/ft.

On August 29, 1982, the MWX-1 well was placed on production. Initially, it produced
breakdown fluid and then produced gas at a rate of 200 MCPED. Surface tubing pressure
during the early flowing period was 154 psi. Two days later, the flowing tubing pressure
declined to about 100 psi with sporadic flow rates of 260 MCFD.

The well was then shut in for bottomhole pressure testing. After 12 hours of shut-in,
the tubing pressure had risen to 5600 psi, while the measured bottomhole pressure was
6300 psi. Gas production resumed September 1, with the initial flow during wellbore
storage depletion of 500 to 900 MCED.

At 0700 hours on September 3, the well was flowing through a 0.5-in. choke at rates
of 500 MCEFED, with a corresponding flowing tubing pressure of 250 psi. The well continued
to flow at 492 MCFD with an initial surface tubing pressure of 225 % psi for the next four
days. On September 7, the casing or annulus was then pressurized to 1000 psi, and the

well was shut in at 1700 hours. Flow was resumed at 1930 hours at rates estimated
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at greater than 400 MCFD. At 0600 hours September 8, the well was shut in and the
shut-in tubing pressure was 65 psi.

A modified isochronal test began at 1010 hours September 8. The first flow rate was
selected to be between 125 and 135 MCFD. The surface flowing pressure was 5250 psi,
which stabilized at 5230 psi after two hours. The second flow rate was 210 MCFD with a
stable pressure of 5190 psi after two hours. The rate for the last period started at
310 MCFD, increasing to 420 MCFD after 1.5 hours. Figure 7.3 shows the average daily
flow rate obtained from the Corcoran well test.

7.2.2 Corcoran Analysis

Interpretation of test results was difficult because the productivity of the well was
found to be increasing with time. Figure 7.4 is a deliverability curve showing the
estimated absolute open hole flow (AOF) for this zone to be 620 MCFD. Only two
transient points were used to determine the type or mode of flow, laminar or turbulent.
The slope of 1.0 between these two points indicated that the formation was producing in a
laminar flow regime. However, as the productivity was continually increasing, the

production mode was clearly subject to change.

During the early production period, September 2-8, the maximum flow rate achieved
was 500 MCFD. Thus, the absolute open flow potential at that time would have been
estimated at approximately 510 MCFD, and is below the value of 620 MCFD derived
during the latter portion of the test. If the lower limit for deliverability is then assumed
to be 620 MCFD, and if the entire 120 ft of perforations produced gas, an estimate of
permeability for a homogeneous reservoir would be 30-60 ud. These results clearly
indicate that production from this interval is not solely dependent on matrix
permeability. It is most probably dominated by an extensive natural fracture system that
greatly enhances the surface area of source rock that freely communicates with the

wellbore and substantially increases production.

7.3 TRANSIENT PRESSURE TESTING AND ANALYSIS OF THE LOWER COZZETTE

One of the MWX program objectives was the experimental stimulation of the Upper

Cozzette. In situ stress testing of the Upper and Lower Cozzette, as well as the
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intervening siltstone, indicated that a hydraulic fracture/stimulation initiated in the
Upper Cozzette would probably extend downward and interconnect both the Upper and
Lower C<'.>zze’cte.9 Thus, unless the production capacities of the Upper and Lower
Cozzette were independently known prior to stimulation, the enhancing effects of the
stimulation might never be fully understood due to the commingling of the two separate
zones that would occur somewhere along the induced fracture. As a consequence, the

Upper and Lower Cozzette were tested separately.

Well testing of the Lower Cozzette sandstone occurred in the MWX-1 perforated
zone between 7940 and 7954 ft, which includes an 8-in. coal layer. The interval was
perforated September 12 with 4 jet shots per foot. Figure 7.5 is a gamma-ray/neutron log
showing the perforated Lower Cozzette interval. Note that only the apparent net pay of
the lower sand interval was perforated.

A perforation breakdown was performed September 18. Fifty-eight rubber diverting
balls were dropped and 65 bbl of 3 percent KCl water were injected before ball-out
occurred. The measured surface ISIP was 3750 psi, ‘but declined to 3400 psi after five
minutes and remained unchanged for an additional 15 minutes. On September 19, the well

was flowed at 100 MCFD with a surface pressure of 50 psi.

Figure 7.6 is a plot of the flow rate during the cleanup period. The bottomhole
pressure during the last 100 hours was essentially constant at 600 psi, and it is evident
from the increase in flow rate that the relative gas permeability was increasing during
that period. Several swabbing runs were made over a 12-hour period on September 27
which produced approximately 20 barrels of gas-cut liquids. Then the well was shut-in for
a bottomhole pressure buildup test on October 3. PFigure 7.7 is a Horner plot of the
pressure buildup data.m Several Horner slopes indicating various possible average
reservoir permeabilities are superimposed on the data. These are primarily to aid in
assessing the magnitude of the permeability as compared to the core data. Note that the
value of 0.006 md fits the data during the latter part of the buildup.

On October 6, an additional flow test of the Lower Cozzette began. Figure 7.8 is a
plot of the flow rates and bottomhole pressure vs time for this well test. A constant flow
rate of approximately 95 MCFD was maintained between the second and sixth day, at
which time the rate was increased to 150 MCFD for the remaining three days of
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drawdown. The upper portion of Figure 7.8 is a plot of bottomhole pressures obtained
from a quartz pressure gauge during this drawdown period. Note that although the
bottomhole pressure decreased from 45600 to 2200 psi during the rate change (95 to
150 MCED), it then proceeded to increase for the last two days of constant gas
production, thus indicating further enhancement in relative gas permeability.

The quartz pressure gauge was pulled for service on October 14, and a replacement
was run in the hole in preparation for a buildup test. The well was shut in at 0800 hours
on October 15. Figure 7.9 is a Horner plot of that bottomhole pressure buildup data. The
Horner slope during the last usable 10 hours of bottomhole buildup pressure data yields an
average gas permeability of 0.4 md, which is substantially in excess of the previously
measured 0.006 md. The latter portion of the buildup is essentially unusable due to a
small surface leak. The effects of the leak are observed on the Horner plot as a small

pressure offset.

The CER/DOE tight gas reservoir model was utilized to history match both the
drawdown and buildup periods where the average relative gas permeability was taken to
be 0.4 md. A constant beta factor was used to account for the effects of nondarcy flow
during the 95 MCFD flow period. A decrease in the nondarcy beta factor was then
introduced during the transition to the 1560 MCFD flow period to account for the apparent
change in reservoir permeability that occurred during these two flow periods. The
permeability or production capacity of the reservoir appeared to be flow-dependent, and
therefore, using a variation in beta factor during the flow transition appeared warranted.
Although additional stimulation and modeling could have been performed using the dual
porosity or naturally fractured reservoir model, the continued increase in production
capacity would have made such an effort no more reliable than assuming a homogeneous
reservoir with an increased average permeability that would account for the existence of
natural fractures. Neither the Horner plot nor linear flow analysis showed any sign that
production into the well was occurring linearly, i.e., along one singular high permeability
conduit such as a fault or fracture. Figure 7.10 is a composite graph showing the
drawdown and buildup bottomhole pressure data along with the finalized version of the
reservoir model. The basic values of reservoir parameters are given in Table 7.1. Note
that the model data fit the measured values extremely well during both the drawdown and
buildup periods.
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Additional model runs confirmed a higher average reservoir permeability from
buildup data than could be accounted for during the drawdown, and thus the permeability
from drawdown data established the minimum average permeability. PFor instance,
attempts were made to model the early production using a homogeneous reservoir with a
gas permeability of 0.04 to 0.045 md. However, this value was inconsistent with the final
buildup data and made a total history match impossible. Thus, it appears from these well
tests and the analysis that the average reservoir gas permeability of the Lower Cozzette
is about 0.4 md. If the gas permeability of the reservoir matrix is on the order of
microdarcies, or less, as indicated by the core analysis, then these well testing results
clearly indicate that the reservoir contains a significant number of natural fractures. The
pressure signatures during well testing, however, do not indicate the presence of long
singular fractures. This would imply that although the fractures need to be contiguous,
they may be homogeneous in a macroscopic sense, thus giving the behavior of a system
with a relatively high average permeability.

In conclusion, it can be seen that the very tight Lower Cozzette sandstone matrix
acts as the source of gas and that the existence of a rather extensive interconnected
system of natural fractures provides a high permeability conduit to transport gas from
remote portions of the reservoir to the wellbore. The average relative gas permeability
that best fits this scenario and the field data is 0.4 md. PFurthermore, if the initial well
test data, as shown in Figure 7.6 and 7.7, were all that was available for use in the
analysis, then it would have been difficult to come close in estimating the real productive
potential of this reservoir. The early test data showed a relative permeability of only
0.006 md and a maximum flow of about 75 MCED. However, after further testing and
clean up, the well was able to naturally produce significantly more gas, >150 MCFD, and
indicated the much more permeable system of 0.4 md. This latter finding is clearly of
significance to industry, particularly if the effects of a stimulation are derived from a
ratio of production capacity before and after stimulation.

7.4 INTERFERENCE TESTING OF THE UPPER COZZETTE
7.4.1 Well and Reservoir History

Analysis of the Upper Cozzette cores revealed that the relative gas permeability of
the sandstone matrix at in situ reservoir conditions was very tight, about 0.1 ud.
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Substantial gas kicks during drilling and coring operations, however, indicated that the
Cozzette might be capable of significant production rates. No indications of natural
fracturing were noted during the field inspection of the core nor in subsequent laboratory
analysis.

The mud weight during the initial penetration of the Cozzette was increased to about
14 1bs/gal which translates to a pressure gradient of 0.73 psi/ft. This is well above the
normal gradient of 0.43 psi/ft and represents a substantially overpressured reservoir.
Although the core analysis indicated a very tight matrix sandstone with no indication of
fractures, the Cozzette at the MWX site was still considered a candidate for base case
testing.

The 7-in. diameter casing in MWX-1 was perforated using 14 gm charges at a shot
density of 2 shots per foot over the Cozzette interval 7855 to 7892 ft. The corresponding
Cozzette interval in MWX-2 (123 ft away) was perforated in a similar manner. Both wells
had 2-1/2-in. tubing set on a packer. Following several unsuccessful attempts to produce
MWX-1 (including wireline swabbing), it was decided to perform a breakdown or small
stimulation. The breakdown consisted of injecting 55 bbl of 2 percent KCl water at
3500 psi surface pumping pressure. As a result of the successful treatment, MWX-1
unloaded the tubing and began to produce.

Quartz bottomhole pressure gauges were run in MWX-1 and MWX-2, and to minimize
the detrimental effects caused by wellbore storage, the pressure gauge in the observation
well, MWX-2, was isolated from the bulk of the tubing (7800 ft) using the CER downhole
shut-in tool. The pressure gauge is held in the tool seat using the high-pressure stress
test pump that provides a positive pressure differential in the tubing and thus seals the
bottomhole tool in place.

7.4.2 Interference Testing: Production Well--MWX-1

At the beginning of the interference test, MWX-1 was produced at a relatively
constant flow rate of 320 MCED. Figure 7.11 shows bottomhole pressure and production
data from MWX-1 during this drawdown period. Following two days of drawdown, MWX-1
began to sporadically produce liquids, a portion of which was suspected to be oil base
drilling fluid. After five days of production from MWX-1, pressure interference was
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clearly discernible in the MWX-2 observation well, and it was then decided to perform a
series of pulse tests. The series of pulses in MWX-1 consisted of a 24-hour shut-in,
20 hours of production at 500 MCFD, 21 hours of shut-in, 18 hours of production at
600 MCFED, 39 hours of shut-in and a final production of 1100 MCFD for 24 hours. The
resulting interference data as measured in MWX-2 will be discussed in the next section.
The lower portion of Figure 7.11 shows the gas production history as measured from
MWX -1 during the pulse tests.

It is clear that these high production rates (500, 600 and 1100 MCFED) cannot be
attributed to production from the submicrodarcy sandstone matrix alone, but are most
probably the result of an extensive natural fracture system. Neither log analysis,
state-of-the-art core testing, nor the initial well testing revealed the enormous natural
production capacity of this naturally fractured tight sandstone. Although a drill stem test
(DST) was not performed at this particular interval during drilling, it probably would not

have revealed the true nature of the reservoir.

A number of possible scenarios could be introduced to account for the inability, at
least in early times, to readily distinguish this area of the Cozzette as a naturally
fractured reservoir. For instance, the fracture spacing might be large compared to the
diameter of the wellbore, and therefore the probability of penetrating a natural fracture
would be low. Production from the reservoir would by necessity be throttled through the
submicrodarcy matrix rock. Therefore, with no traces of fractures in the core nor a clear
indication from logging that fractures existed, it would only lead to the conclusion that
the system was as tight as the core analysis predicted, 0.0001 md. As a further example,
damage to the natural fractures, the matrix or the combination could occur during the

drilling or completion processes.

To explain the effects caused by damage to the fracture system, or reservoir, which
were observed even during the relatively good production periods, it is necessary to
compare data gathered early in the test with data obtained during the last period of
pulses. Figure 7.12 shows the bottomhole pressure data acquired from MWX-1 along with
the flow rate early in the test. Semilog analysis of this drawdown data yields an average
permeability, kg = 75 pd with a skin damage, s = 2.6. Similar data shown in Pigure 7.13
were gathered during one of the last pulses and occurred approximately 10 days later and

after over 3000 MCF of production. Semilog analysis of both the drawdown and
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buildup portions yields as average permeability, kg = 225 ud and a skin, s = 0.04. Although
the reservoir may be neither homogeneous nor producing in a radial model, the analysis

indicates that in a relative sense, the system permeability has substantially increased.

None of the pressure buildup data, including some of extended 10-day periods,
displayed slope changes that might indicate production from a dual porosity system. Thus,
the analytic techniques of Warren and Root11 and Ka,zemi12 were not considered
applicable in this case. Odeh13 suggests that such behavior is not rare and cites field data
to support a model where fractured reservoirs behave, on the average, as homogeneous

systems.
7.4.3 Interference Testing: Observation Well--MWX 2

On the surface, the MWX-2 observation well is located 139 £t to the southwest of the
MWX-1 production well. However, the subsurface depths of the top of the Cozzette sand
in both MWX-1 and MWX-2 are 123 ft apart, as shown in Figure 7.1. Special analysis of
the MWX-2 Cozzette cores showed good agreement with previous data from the MWX-1
core. That is, matrix relative gas permeabilities of about 0.1 uyd or less at in situ
reservoir conditions. Log and core derived water saturation and porosity values were also

consistent between wells, as expected.

Pigure 7.14 shows the downhole tool completion in MWX-2. Note that the pressure

gauge becomes isolated within a small volume when the nipple and mandrel are seated.

As previously described, several pressure transients were introduced into the
reservoir by altemately producing and shutting in MWZX-1. The lower section of
Figure 7.15 shows the flow rates as measured in the production well, MWX-1. The upper
portion of Pigure 7.15 displays the measured bottomhole pressure from MWX-2. Note
that the amplitude of the corresponding pressure pulses at MWX-2 are only several psi,
and that the corresponding time lag is about 2.5 hours.

To study the effects of selected relevant well, natural fracture, and reservoir

14
parameters on this data set, several different analytic solutions  and numeric reservoir

simulators were considered. One of the more appropriate methods for analyzing
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pressure interference data from anisotropic reservoirs was taken from Elkins and Skov.15

The Elkins and Skov method assumes anisotropic permeability and considers that the
pressure reduction caused by production of a well expands in elliptical form, with
length/width varying as the square root of the ratio permeability along and at right angles
to the fracture trend. The method allows calculation of fracture orientation by solving
the equation,

2 2
P.-P  =-70.6 B mi _oa8 tuc X, I )
y

+
i xv k
\/kxky P4
where:
=  initial pressure, psia

= pressure at x, v at time, t, psi
production rate, MCFD

X,y

=  viscosity of gas, cps

= formation volume factor

=  time, hrs

= compressibility of gas, 1/psi

o o r Q oo
1l

= porosity
= effective permeability in x direction, md
effective permeability in y direction, md

= distance from producing well to observation well in x direction, ft

« [r]
b <W NW‘ ©
]

= distance from producing well to observation well in y direction, ft

This equation is solved on a trial and error basis by assuming the permeabilities in the
X and y directions until a "good match" between calculated and measured pressure is
obtained. Note that the observation well effectively measures properties of the natural
fracture system; it is unlikely that transients would be observed for the very tight matrix
blocks.

The x and vy directions for the anisotropic natural fracture permeabilities were taken
to be parallel to the direction of maximum horizontal stress (N75°W) and the normal
(S15°W) to that stress direction, respectively, as shown in Figure 7.1. The pressure drop

measured in the observation well was 2.8 psi when the flow rate in the production well,
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MWX-1, was 600 MCPFD and approximately 10 psi when 1100 MCFD was produced, as seen
in Figure 7.15. A number of directional permeability values were tried in an attempt to
find the best match to these data points. Although a range of anisotropic fracture
permeabilities could be found that can provide acceptable pressure variations at the
observation well, the best match occurred around the values of 120 md/0.4 md. It was
therefore concluded that the ratio of kx to ky was large, about 100 to 400, and that the
average natural fracture system permeability was about 7 md.

The CER/DOE tight gas reservoir model was used to study the relative effects and
sensitivity of permeability, wellbore damage, boundaries, nondarcy flow and other
reservoir and well parameters on the history match. Since the reservoir was found to be
naturally fractured and producing anisotropically, this 3-D, single-phase model was run in
cartesian coordinates. Appropriate well data were utilized at the corresponding block
locations to simulate the wellbores of MWX-1 and MWX-2. At the areas of interest, the
block sizes were made small to obtain good resolution. Figure 7.16 is a three-dimensional
pictorial and Figure 7.17 is a plan view that describes the grid system and well locations

used in the model to simulate the MWX Cozzette configuration.

Initially detailed in the simulator was a homogeneous reservoir varying only in
permeability between computer runs. It is not surprising that a homogeneous reservoir
system could not entirely history match the observation well, MWX-2, while still grossly
satisfying the constraints imposed on préssure and flow rates at MWX-1. Nevertheless, it
did provide a clear set of boundaries for certain parameters. Figure 7.18 is a composite
graph of the simulated pressure response for the MWX-2 location with the variable being
permeability. Homogeneous reservoir permeabilities shown are 100 ud, 200 ud, 300 ud,
and 400 ud. In all casés, the amplitude of the pulse is about an order of magnitude larger
than the measured data, and the transient time lag is excessive. (Refer to Figures 7.15
and 7.18.) It is evident from Figure 7.18 that, although a decrease in permeability will
affect a decrease in the pressure pulse at MWX-2, that because the time lag is also
directly dependent on permeability, a decrease in permeability would make the time lag
further in error. Furthermore, in the case of the lowest permeability, 100 ud, the model
showed that the production well was just barely able to sustain the required flow rates and
thus using smaller permeabilities would obviously not meet the flow rate criteria imposed
on MWX-1.
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To decrease the amplitude of the pressure pulse at the observation well, MWX-2,
while maintaining sufficient permeability to affect a transient time response in 2.5 hours,
it was decided to try lowering the effective permeability around the observation well.
This reduction in near-wellbore permeability was done in an effort to simulate either the
effects of damage surrounding MWX-2 or the condition that the wellbore might not have a
high conductivity path connecting it to the natural fracture network.

A number of variations were attempted, including different spatially reduced areas of
permeability. In this set of scenarios, the entire reservoir permeability was maintained at
400 ud except for selected areas surrounding the MWX-2 wellbore where the permeability
was reduced to the matrix value of about 0.4 ud. Figure 7.19 shows the results for only
two of many cases of spatially reduced permeability simulations; the first has a radius of
reduced permeability of 3 ft, while the radius for the second case was set equal to 11 ft.
The nondamaged case is also shown as a reference. Reduction in pulse amplitude was
achieved, but substantial time lag was introduced with larger reduced permeability areas.
Thus, a reduced area of permeability may have existed around the observation well, but it

was not totally responsible for the reduction in pulse amplitude that was observed.

To determine the sensitivity of directional or anisotropic permeabdbility, the model
values were varied in the x and v directions in 2 manner previously described. The larger
value of reservoir permeability was taken to be in the direction of maximum horizontal
stress, and the smaller value in a direction normal to the maximum horizontal stress
(minimum horizontal stress). (Refer to Figure 7.1.) The results of several simulation runs
are shown in PFigure 7.20 and represent four different sets of anisotropic permeabilities,
80 md/400 ud, 20 md/400 ud, 4 md/400 yd and 1 md/400 ud. The homogeneous case
400 ud/400 yd is shown as a reference. The pulse amplitudes for the cases above
20 md/400 pd are in the range of the observed field data, and thus the ratio of the normal

values of permeabilities is again seen to be large.

Additional simulation runs were performed to study the effects of no-flow boundaries
or loss of natural fracture permeability within the reservoir. Only the largest of the
directional permeability cases, 80 md/400 ud and 40 md/400 ud, were considered. The

results showed that when boundaries of 1000 ft or larger were included, no
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perceptible changes in the transient pressure pulses at the observation well would occur,
and, therefore, the area of the Cozzette that contains natural fractures that
communicate with the MWX-1 wellbore probably extends at least a distance of 1000 ft.

The final investigation of fracture criteria and matrix values was performed using a
modified version of a dual porosity model developed for the DOE Morgantown Energy
Technology Center (METC). The model, "SUGARMD," is a 2-dimensional, 2-porosity,
single-phase cartesian coordinate reservoir simulattor.16 Flow into the well occurs
through the fracture network while the matrix or source rock acts as a uniformly
distributed gas source that feeds the fractures. In this study an unsteady state option was
involved in which a radial simulation is performed to sclve for the pressure distribution
within the matrix elements. The bulk of this effort was concentrated on matching the
pressure data taken during the pulse testing. Transients introduced by prior production
were replicated by the superposition of a general 1-psi-per-day reservoir rise. Although a
wide range of fracture spacing was evaluated, there is evidence from outcrop studies to
suggest a spacing of about 20 feet. Therefore, the emphasis was placed on 20-ft spacing
throughout most of this analysis.

A wide range of anisotropic natural fracture permeabilities was investigated.
However, the matrix permeability was confined to the values derived from the core
analyses (0.1 ud). A good match was found for anisotropic fracture permeabilities of
100 md/100 pd with a matrix permeability of 0.1 ud. PFigure 7.21 is a composite of this
simulated data and the observed field data.

7.4.4 Pipeline Production

Following the interference test, MWX-1 was connected to the local pipeline
gathering system. Sporadic production into the pipeline occurred between March and
June, 1983. During this period, the average gas production rate was about 550 MCFD, and
the cumulative volume of gas produced amounted to about 35 MMSCPF. Figure 7.22 details
the MWX-1 monthly production performance into the pipeline and flared testing periods.
Surface pressure measurements made during this production period did not indicate that
the reservoir had reached a boundary, and thus revealed that the areal extent of the

natural fractures was considerable.
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7.4.5 Post-Production Testing of the Upper Cozzette

Post-production reservoir testing of the Upper Cozzette included two relatively short
tests that were conducted during May and June, 1983. These tests were performed
following sustained winter production into the sales pipeline that included gas production
in excess of 30 MMCF. The test objective was to provide additional data that could be
compared with the information previously obtained during the Upper Cozzette
interference tests conducted in the fall of 1982 as a means of assessing the impact this

substantial gas production may have had on reservoir production capacity.

The first test in this series involved an attempt to observe the pressure transients in
MWX-2 from production and pulses initiated in MWX-1. A packer leak in the observation
well, however, obscured the pressure transients and thus analyzable interference data
were not obtained. Bottomhole pressure buildup data were recorded from the production

well, MWX-1, and subsequently analyzed.

The second test provided excellent bottomhole pressure data from MWX-1. The
analysis of these data, combined with the results of the fall 1982 buildup test, provided
clear evidence that a significant increase in relative gas permeability had occurred
between the test period of 1982 and this test in 1983. This permeability increase is most
probably the result of dewatering of the matrix, natural fractures, or both, and/or a
general reduction in skin.

The first test in this series, conducted in early May 1983, included an interference
test that was hampered by sporadic pressure fluctuations in the observation well. The
source of these spurious signals was found to be the result of fluid leaks within the
bottomhole packers. Following several unsuccessful attempts to stop fluid communication
between the bottomhole and the wellbore annulus of the observation well, MWX-2, further
efforts to observe interference were terminated and the production well was returned to

the sales pipeline.
A second test was initiated during mid-June, and once again, small pressure

perturbations in the observation well obscured the pressure transients occurring within the

reservoir. MWX-1 was shut-in on June 25 to acquire bottomhole pressure buildup data.

-7.15-



Figure 7.23 is a Horner plot of the resultant data. The calculated relative gas
permeability, kg, was 382 ud and represents an increase of about 70 percent over the
value of 225 ud derived during the fall/winter testing period of 1982; again, the trend of
continued cleanup with production is observed.

Data gathered during the buildup of the production well provided valuable
information concerning the relative changes that occurred during the course of winter
pipeline production. This information showed that the reservoir gas production capacity
had increased and that there was no indication of the presence of boundaries or a decrease
in the ability of the natural fracture system to provide gas from distant locations within
the reservoir to the wellbore. These data are significant in general and of great
importance to producers within this basin and other tight gas sand areas whose production
is dominated by the existence of natural fractures.

7.4.6 Summary of Upper Cozzette Interference Testing

Analysis of the blanket marine Cozzette sandstone at the DOE MWX site
incorporated test data from logging, core analyses, geologic and sedimentologic

assessments and well testing.

Although detailed laboratory core analysis indicated the matrix permeability at
in situ reservoir conditions to be very tight, about 0.1 ud, well testing and pipeline
production data from MWX-1 showed that the Cozzette was capable of sustained
productive rates that require a minimum system permeability of 200 to 400 pud. This
evidence implies an enhanced mode of production which, for this case, was taken to be the
result of production through a rather extensive natural fracture network. Wellbore
damage around the production well, MWX-1, was evident early in the test but diminished
considerably in about 10 days. Continual production increases suggest that well cleanup

continues for long periods, perhaps months, and significantly improves well production.

Analysis of pressure interference data from the observation well, MWX-2, revealed
that the reservoir's natural fracture permeability was considerably anisotropic. This
suggests that the distribution of natural fractures provides asymmetric conductivity paths
to the production well which would result in an elliptical pressure distribution surrounding

the production well.

~-7.16-



The composite effects on the pressure disturbances at MWX-2 that would result from
variations in fracture permeability, wellbore damage, nearby boundaries and other
phenomena were simulated wusing reservoir models. The results of this modeling

sensitivity analysis suggest the following scenario for the Cozzette at MWX:

. A natural fracture systemm with an average permeability of 7 md, a large
permeability ratio (>100:1), aligned in the maximum stress direction, within a
very tight sandstone matrix.

. Good pressure communication between the observation well and the naturally

fractured reservoir, i.e., not much damage surrounding the well.

. Large areal extent of the fracture system with no apparent boundaries closer
than 1000 ft.

These results also show that stimulation techniques, including a propped hydraulic
fracture, would have little, if any, effect on enhancing production and may be

counterproductive.

7.5 MARINE WELL TESTING AND ANALYSIS CONCLUSIONS

An extensive research-oriented field and laboratory investigation was conducted in
the marine blanket sandstones at the MWX site. The results of this investigation provide
a number of significant conclusions that can be applied both to this specific location and

to other fractured tight marine sandstones in general. The conclusions are:

. Unstimulated production rates from very tight matrix sandstones of
approximately 0.1 ud can be substantial, providing there exists an extensive,

interconnected natural fracture system that is connected to the well.
. Damage surrounding the wellbore, principally in the natural fractures, can mask

the productive capacity of highly overpressured reservoirs such as those found
at MWX.
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. Average values for reservoir permeability obtained from the MWX-1 production
well (200 to 400 ud) do not reveal the severe anisotropy of the natural fracture
system or its high flow capacity.

. Well test data from the production well may indicate conventional production

b

history and not exhibit, as some1 would suggest, a slope change on a

semilog plot that might result from a dual porosity system.

. Continued cleanup of these zomnes suggests prefrac testing be extended and

carefully monitored and analyzed before considering any stimulation techniques.
One of the most significant elements of this DOE-sponsored experiment is the

assemblage and distribution of a rather large and comprehensive set of geologic,

geophysical, and well test data that ultimately becomes public information.
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Table 7.1

Base Set of Reservoir and Well Parameters Derived from
Log, Core, Sedimentological and Other Data that were used
as Initial Values in History Matching the Cozzette

Formation Height, h 30 feet
Formation Porosity, ¢ 6.9%
Formation Water Saturation, Sy 40%
Reservoir Temperature, T 230°F
Gas Viscosity, u 0.018 cp
Initial Reservoir Pressure, Pj 6,300 psi
Dry Klinkenberg Permeability, k 1.0 ud
In Situ Klinkenberg Permeability, kg 0.08 ud
Wellbore Radius, ry 3.5 in.
Perforated Intervals MWX-1 7855-7892 ft
MWX-2 7830-7840 ft

7850-7860 ft
7874-7884 ft

Tubing Length MWX-1 7820 ft
MWX-2 7820 ft
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8.0 BIBLIOGRAPHY

S. J. Finley
Sandia National Laboratories

The technical output from the Multiwell Experiment resides in an MWX Data File
which is maintained in the project's office at Sandia National Laboratories in

Albuguerque, NM.

The MWX Data File is intended to be "results-oriented.” Thus, it includes such
entries as (1) data reports from contractors and others, (2) memoranda, informal reports
and compilations of results and analyses, (3) formal publications and reports, and (4) in
some cases, planning documents, review meeting summaries, etc. It is not intended to
include every sheet of paper ever written on MWX or every bit of data taken. In general,

these are entries which are referenceable and which convey data.

The MWX Data File has the following overall organization:

1.0 Well data by well

1.1 Well logs by well and logging program; analyses
1.2 Core and fluid analyses by type and performer
1.3 Core-log correlation

1.4 Geology by topic

1.5 Environmental

1.6 Geophysics by type

1.7 Stress testing by interval

1.8 Well testing by interval

1.9 Stimulation and fracture diagnostics by interval
3.1 General reviews and status reports

3.3 Quarterly reports

3.5 Topical meetings, displays and workshops

3.7 Technical Review Panel

3.8 Plans



A computer-based index to the MWX Data File is also maintained in which each entry
is indexed by accession number, data file number, author(s), title, company, date,
alternate report number, key word(s), and comments/notes. Thus, searches, retrieval, and
summaries of various types can be made readily. Two listings from this index are

presented:

(A) A listing is given in this section of publications and formal reports which include
information on the marine interval. (These are selected from the index through the

key words "formal" and "marine.")

(B) A listing of the complete MWX Data File index data is given in Appendix 9.7 for

those entries which contain results for the marine interval.
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