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GAS. IN TIGHT FORMATIONS
INTRODUCTI.ON

Significantly large nonconventional resources of natural gas are
either known or inferred to occur in many regions of the United States:
these rescurces are characterized by very low permeability to gas flow
so that present production techniques are inadequate to develop such
resources as economically recoverable reserves. In general, the low
flow rate for gas-leads directly to high wellhead costs, at least
several fold greater than current wellhead prices for conventionally
produced natural gas. Thus, these resources, whether identified or
undiscovered, fall in the category of subeconomic or noncommercial.

Nonconventional resources are usually described as occurring in
tight formations, also loosely and somewhat synonomously termed tight
rocks, tight sands, dirty sands, "tight gas" deposits, tight (gas)
reservoirs, low permesbility reservoirs, shale-gas reservoirs, and tight
pay zones. This variety of terminology, in itself, clearly indicates
the difficulty of precisely defining nonconventional resources by -
specific reservoir characteristics, by a single phy51cal property, or
by 2 minimum volume of contained gas.

Discussion of gas resources in tight formations will be restricted
primarily to the resource aspects, i.e., the types and properties of
gas—bearing rocks, the locations of such rocks, and possible volumes
of gas in such rocks. The National Gas Survey by the Federal Power
Commission~-in particular, Volume II: Task Yorce Report of the Supply-
Technical Advisory Task Force—-Natural Gas Technology, 1973~—dealt
comprehensively with various emerging technologies which might be
further developed to recover natural gas from tight formations; tech-
niques included nuclear explosive fracturing, massive hydraulic fractur-
ing. (hereafter termed MHF), and chemical explosives fracturing, together
with extensive estimates of production costs and volumes for selectied
tight formations in the Rocky Mountain area. It is not necessary to
reevaluate the work of the Natural Gas Technology Task Force, but only
as a secondary objective to describe any sigunificant progress in the
foregoing techniques, and to provide supplemental data which might
suggest minor modifications to the Task Force report. '



TYPES AND PROPERTIES OF TIGHT FORMATIONS

The so-called tight formations occur at one extreme as single,
rclatively thin (10-100 ft) gas-bearing zdnes of generally uniforu
thickness over a large area. At the other extreme would be relatively
thick (possibly 1,000 or more ft) sections, either somevhat uniformly
gas bearing as in organic-rich marine shales, or containing rultiple,
lenticular gas-sand zones scatterad throughout the section as in
nonmarine formations of the Rocky Mountain basius (1).

Arbitrarily, tight formations are herein defined by an in situ gas
permeability of less than 50 pd (microdarcy). Where-the in situ gas
rermeability is greater than 30 pd, the formations-—-or better stated,
the gas-bearing zones--can probably be exploited economically by
relatively conventional production techniques, and would not require
advanced and presently developing production stimulation techniques
such as massive fracturing by large-scale hydraulic injection, chenmical
explosives, or nuclear explosives. ' '

For simplicity, beca:se of rather sharply contrasting physical
properties, the mostly nonmarine tight sandstone formations in the
..western United States can be considered separately from the thick
marine shales of Devonian age in the eastern United States; available
data show: ' ' ' '

Characteristics of tight formations

. Westefﬁ szndstones . ' " Eastern shales
Depth (ft) . © Moderate to deep . Shallow to moderate
. - 4,000-20,000 ) 2,000-6,000
Permeability (ud) Low - .~ Very low
' 0.5-50 ‘ - . 0.001-1.0
Porosity (%) ’ Low ' : - Very low
o 8-12 S 0.5-5.0
Water saturation (%) - Moderate to high- | Low
: 30-70 - - 1-10 A
Gas—filled porosiﬁy (%) Medium to low L Low
3-6 _ ' 1-3
Pressure , Normal to high o Low to normal

Because the eastern shales occur on the average at shallower depths
than the tight sandstone formations, the lower gas pressurcs. lead to
lesser gas in place; additionally, the shales have much lower porosity
than the sandstones, by about a factor of five, which leads to lesser.
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gas in place. In general, the shales contain one to two orders of
magnitude less gas in place per unit volume of rock than the sandstones.

Permeability

Other factors being constant, an increase in confining pressure
leads to a marked decrease in gas permeability, particularly for those
rock types where the initial unconfined permeability is relatively low—-—
at about 1 md (millidarcy) or less. This reduction.is at least an oxder
of magnitude greater than would be predicted from the reduction in pore
volume due to Tock compressibility (2). The strong influence of confin-
ing pressure on permeability suggests that, under compression, the inter-
connecting pathways, microfractures or pore throats, between pores are
contracted to isolate pore space which would otherwise sustain gas flow,
and that the reduction in pore volume is not a controlling factor.

Summarized in figure 1 are data for permeability versus nek confin-—
ing pressure for sandstone core samples (3, 4) from: (L) Project
Gasbuggy; in the San Juan Basin, New Mexico; samples from the Picturxe
Cliffs sandstone at a depth of 4,000 feet; (2) Project Rio Blanco; in
the Piceance Basin, £olorado; samples from the Fort Union sandstones, at
a depth of 6,000 feet; and (3) Project Wagon Wheel; Green River Basin,
Wyoming; samples from the Fort Union sandstones (8,000 ft) aund the
Mesaverde sandstones (10,000 ft). The reduction from unconfined or
initial permeability, to the permeability at net confining pressure,
equivalent to the overburden pressure less the internal pore pressure,
is: (1) factor of three for Gasbuggy samples at 2,700 1b/in? confining’
pressure; (2) factor of 10 for Rio Blanco samples at 3,200 1b/in2? con-~
" fining pressure; and (3) factor of five for Wagon Wheel samples at 5,000
1b/in? confining pressure. It is obvious that, given essentially the
same porosities and water saturations: - (1) the reduction in permeabil-
ity is not a simple linear function of present overburden pressure or
net confining pressure; i.e., the samples from the Piceance Basin at
intermediate depth of 6,000 feet, between 4,000 feet for the San Juan
Basin and 8,000-10,000 feet for the Green River Basin, show a much larger
reduction in permeability; and (2) the reduction in permeability reflects
the pressure loading-~unloading history of the rock, including herein the
variability introduced by tectonic stresses--folding, faulting, and
thrusting——as opposed to simple gravitational loading in relatively.
undeformed basins. '

Illustrated in figures 2, 3, 4, and 5, and table 1, for sandstone
core samples from the Tort Union Formation in the Piceance Basin-~the
Rio Blanco site-—are measured values of gas (nitrogen) permeability at
initial unconfined conditions and also at various net confining pressures
(3). For the samples studied, absolute permeability is greatly reduced
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Teble 1. Permeability, porosity, and percentage water saturation of Fort Unloa
forzaation sandstone samplea.
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f ot
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) {a situ v
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gurface, ft rd © opd b 13
5741 31 2.2 8.78 N 114
5741 25 0.6 8.76 : £5.0
5860 580 44 8.50 - 5.8
(alr cored) : . _
5860 o 550 ) 58 . a8 4.1
5860 - 830 21 £.7Q 18.8
8650 250 20 B.74 26.0
© 5860 370 23 ~ B.63 35.4
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by increased confining pressure, with the reduction at least aan order of
magnitude greater than would be predicted from reduction of pore voluwa
due to rock compressibility.

Data on the permeability of shales and closely related rocks such
as silty shale, and shaly siltstone, are sparse, and are usually based on
neasuremants made with water as the working fluid rather than air or
other gases (5, 6). Such permeability measurements, although not pre-—
cisely applicable to gas—bearing shaly rocks, do indicate the range in
in situ permeability to be expected-~from 1.0 to 10~% pd or possibly
less, with a few reservoir pressure drawdowvm and buildup measurements
suggesting as high as 0.7 pd for a silty shale. Arbitrarily, in later
calculations of flow capacity of shales, a lower limit of 0.1 ud (0.0001L
md) for in situ matrix permeability has been used, even though it is
obvious that most true shaly rocks would be below thig limit.

Vater saturation

As shown in figures 5 and 6, and in table 1, the in situ pefmeabilit&
for the flowing gas phase decreases rather sharply with increasing water °
saturation, with perheability decreasing to essentially zero at 60 to 80
percent water saturation. Agaian, these data are for sandstone core
samples from the three major industry-government, gas-stimulation proJects'
(1) Rio Blanco site, Piceance Basin, in figure 5 and table 1; (2) Gasbuggy
site, San Juan Basin, in figure 6; and (3) Wagon Wheel site, Green River
Basin, in figure 6. Similar data are lacking for the Uinta Basin.

In table 1, for the Rio Blanco site data for sample 5860 (number is
samplc depth in ft) show a reduction in gas permeability: (1) at 35.4 -
percent water saturation, from 370 ud at unconfined pressure to 23 ud at
simulated reservoir confining pressure; and (2) at 46.4 percent water
‘saturaticn, from 220 ud to 7.5 ud. Other data for this sample interval
at 5,680 feet show: (1) by conventional core analyses—-910 ud at dry and
unconfined conditions, 9.8 percent porosity, and 36 percent water satura-—
tion; and (2) by log evaluation-—-10.5 percent porosity, and from 33 to
50 percent water saturation. Although the foregoing data derived by
three dissimilar methods of evaluation are reasonably compatible, it
should be noted that misjudgment of in situ water saturation could lead
to much larger misjudgment of in situ permeability——i.e., at 35.4 percent
vater saturation the permeability is 23 ud, and at 50 percent water satur-—
ation the permeability is about 5 ud, or an increase in water saturation
from 35.4 to 50 percent, a ratio of 1:1.4 leads to a decrease in permea-

bility from 23 ud to 5 ud, a ratio of 4.6:1.

The combined effect of increasing net confining pressure and increas-—
ing water saturation sharply decreases the initial dry permeability. For




example, the Wagon Wheel cores show an average initial permeability of
68 pd when dried and unconfined; they show an average water saturation
of 50 percent. From figure 1, at a net confining pressure of 3, OOO
1b/in? s the reduction from initial permeability is a factor of 0.28

and from figure 6, the reduction at 50 percent water saturation is a
factor of 0.18 (5). The combined effect, or total reduction in perne-
ability, is then a factor of 0.03, or an in situ value of 3.4 pd. This
value of 3.4 ud has been used to predict gas well production rates in
the Green River Basin using nuclear stimulation and massive hydraullc
fracturlng 7, App. E). '

~ The combinéd effect of net confining pressure and water saturation
for core samples from the Rio Blanco site, as shown in figures 1, 5, and
6, is larger than the effect on cores from Gasbuggy and Wagon Wheel,
although Rio Blanco is intermediate in depth at 6,000 feet, compared to
Gasbuggy at 4,000 feet and to Wagon Wheel at 8,000-10,000 feet. The Rio
Blanco cores show an initial unconfined permeability of 530 pd at 4.1
percent water saturation (table 1). At 55 percent water saturation,
the reduction from the initial permeability is a factor of 0.05; and at-
3,600 1b/in? confining pressure the reduction is a factor of 0.08; or a - -
combined reduction by a factor of 0.004; leading to an in situ permea-—
bility of 2.1 ud. This compares with: (1) 14 ud based on logging data
for the interval adjusted by pressure-buildup measurements in an adjacent
well, Fawn Creek No. 1; (2) 7 and.15 ud used to predict gas well produc—
tion in the Piceance Basin (7, App. E); and (3) about 2 pd derived fronm
production tests both in the original well RE-E-01 from which the core
samples were obtained, and in an adjacent formation evaluation well
RB-U-4, 600 feet to the northwest (8). It should be noted that, if the
930 pd permeability (air) measured on dried core at atmospheric pressure
by conventional core analysis methods is accepted, then the reduction
from initial to in situ permeability at simulated reservoir pressure is .
931 ud to 2 k3, a reduction facter of 0.0021, or rcc;procall" 4‘5.*.

For the organic-rich shales in the eastern United States, data on
water saturation are extrem=ly sparse. In general, based on well produc—
tion histories, water saturation is low, somewhere about 10 percent,
with porosity also relatively low, in the range of a few pexcent.

Size distribution of sands

The gas-bearing sandstone zones in the Cretaceous and Tertiary non-
marine tight formations in the Rocky Mountains are predominantly £luvial
channel-fill deposits with some point-bar sandstones.  Well logs and
core samples from the Mesaverde and the Fort Union Formations obtained
in the Piceance, Uinta, and Green River Basins show sand lenses varying
from less than a foot up to 50 feet thick, interbedded with shales,



siltstones, and sandstones having no effective gas permeability. The
percentage of gas-bearing sand lenses (wigh less than 65-7C percent
water saturation) varies from about 15 percent to about 30 percent of
the gross section thickness. For example, in the massive hydraulic
fracture experimental well RB-MHF-3, using limits of 65 percent or less
water saturation and of 5 percent or more porosity, 45 sand lenses
averaging 13 feet thickness, or 589 feet total sand, were selected in a
gross section interval of 2,200 feet; lenticular sand are 26 percent of
the.gross section interval (10).

The expected sizes of channel-fill sandstone in the northern Piceance
Basin would be: thicknesses from 20 to 30 feet; widths from 280 to 420
feet; and lengths from 2,800 to more than 4,200 feet. Point-bar sand-
stones, occurring mostly in the Tertiary Fort Union Formation and its
equivalents in other basins, tend to be somewhat larger than channel-fill
sandstones. Recent data (11) show average lenath~L/U1dth V/thlckness—H
ratios as follows:

Formation h _ Sandstone type . L/W/H
Fort Union - Point~bar | 190/ 90/ 1 -
(Typical case) . (7,600/3,200/40 fr)
Mesaverde - SR Chamnel-fill ' 140/ 14/ 1 |
(Typical case) ' ' : : . (3,500/350/25 fr)

Rather obviously, any reservoir evaluation, using a homogeneous flow
model with constant gas-bearing sand thickness, would overestimate the
resources, production rates, and ultimate recovery. :

Based on recent studies (11), in a sequence of channel-fill sand-
stones in the Piceance Crcek Basin, an average conventional well will be
connected to about 18 percent of the in-place reservoir volume in a
320~acre area, Including herein allowance for erosional contact or intexr-—
flow connection between sand lenses. TFor a well treated by massive
hydraulic fracturing, with fracture wing dimensions of 2,000 feet, the
well will be connected with 70 percent of the reservoir volume in a
320-acre area, assuming the fracture remains within the designed limits,

In 1973, as part of the National Gas Survey, the National Gas
Technology Task Force carefully evaluated the effect of sand lensing on
estimated productivity of stimulated wells; this evaluation is still - .
valid and is a valuable refereuce.  However, it should be noted that this
evaluation was completed during the early developmental stage of massive -
hydraulic fracturing and used a 500-foot fracture—wing length for flow
calculations, whereas today a fracture-wing length of 2, OOO feet oY more
is used both experlmcntally and in application.
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Spatial variation of physical properties

To illustrate the spatial variations 6f physical properties within
tlght formations, data are taken from two major projects in the Piceance
Basin, Colorado, and-one in the Green River Basin, Wyoming.

Piceance Basin

The two projects in the Piceance Basin are: £irst, Project Rio
Blanco, a joint Government-industry ewxperiment in stimularing flow of
tightly held gas from deep forwmations (cireca 6,000 ft) using nuclear—

- explosive fracturing; and second, the Rio Blanco Massive Hydraulic
Fracturing (T) E\perlmenu, a joint Government—industry e: p=r1ment in
stimulating gas flow from the same formations using hydraulic fracturinz .-
(8, 9). These two projects are spaced less than 1 mile apart, are not
yet completed, and may provide an index to the relative efficiency of
nuclear—-explosive and massive-hydraulic fracturing. Indepéndent analyses
of the reservoir properties in the Project Rio Blanco emplzecement well,
in terms of net pay (sand) thickrness and of permeability--thickness,
based on core sample measurements and geophysical log interpretation,
wvere made by VP (H. K. Van Poolen and Associates), CER {CER-Geonuclear
and CONOCQ), and LLL (Lawrence Livermore Laboratory); these analyses are
shown in figure 7, together with the reservoir intervals expected to be
in communication with each of the three nuclear explosive cavity/chimney
regions (9). Although pressure drawdown/buildup tests were not run in
the emplacement well prior to the major fracture stimulation, a mnearby
well at about 1,300 feet to the south had been flow tested over a limited
interval; these data were extrapolated to the nuclear—emplacement well.

As shovn in figure 7, 421 feet of net-pay sand, with individual

- sands ranging from 6 to 110 feet, in a total interval of 1,350 feet, were
estimated using a cutoff of 30 percent for gas saturation and S5 percont
for porosity.l/ ‘For the reservoir interval stinulated by the upper ex—
plosion cavity, the reservoir capacity or parmeability-height, kgh,

ranged from the lov VP estimate of 4.13 wd-ft in four separate sands to
the high CER estimate of 7,62 nd-ft in three separate sands. These
values should be compared to 9.45 md-ft, derived fxom postdetonation
drawdown and buildup tests of the top explosion cavity/chimney region,
and to 0.73 md-ft from a best-fit chimney/reservoir simulation model. 2/
As the quantity of gas which might be produced by the top ch1mney/reser~
voir interval is directly proportional to k,h, the observed gas produc-—
tion from the top chimney in the Fort Union?gas sands is a factor of
about 10 less than preducted from estimated resexrvoir properties. This
lack of fit between prediction and actual drawdown/buildup tests indicates

. -

1/ Log analyses indicate an average gas saturatiom of 57 perceat, an-
average porosity of 9.4 percent, and a net pay of 421 feet (10).

2/ Vhere comparisons are made, in situ permeability for given water
gaturation and confining pressure is used in all cases (8 9 10).
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the substantial uncertainty regarding the actual physical properties of
the reservoir, and the difficulty of determining physical properties
such as watcer saturation, permeability, and individual sand thickness
from exploratory well core and logging data.

Primarily to permit additional evaluation of the predetonation or
undisturbed reservoir properties, a formation evaluation well was drilled
624 feet from the Project Rio Blanco emplacement well .(9). After well
completion, the casing was perforated from 5,836 to 5,892 feet, a 56-foot
'sand zone in the Fort Union; this sand zone is the equivalent of a 51~ to
58~-foot sand in the emplacement well (fig. 7). Gas production could not
be obtained, and a limited hydraulic fracture treatment (approximately
16,000 gal, and 4,250 1b of sand) was performed. After the well returned
approximately all of the injected fracture fluid, natural flow ceased
and a pumping unit was installed. ‘

An initial gas production rate of 53 MSCF per day was then obtained,
but this decreased to 7 MSCF per day in about 3 weeks. The calculated .
gas permeability for the 56—foot interval was 0.0005 md; this value should
be compared to: (1) the wvalue estimated for the equivalent sand zome in
the emplacement well, from a high estimate of 0.025 md for 57 feet, to a
low estimate of 0.015 md for 58 feet (fig. 7); and (2Z) the value for the
upper chimney/reservoir zome measured by drawdown/buildup production '
tests, at about 0.002 md for the "56-foot" sand. Of course, these values
.are not directly comparable, as the first value is based on drawdown/
buildup measurements following a limited fracture treatment in the forma-—
tion evaluation well, the second value is calculated from core and log
data for the emplacement well, and the third valus is based on drawdown/ .
buildup measuremants following a massive fracture treatment (the upper
nuclear explosion) in the emplacement well. - Nevertheless, the marked
discrepancy among these values-—an order of magnitude or more——indicates
the difficalty of oblaining adequate data on reservolr properties..

Bearing on the lateral extent of lenticular sands, in the Project Rio
Blanco bottom explosion region in well RB-E-01l (fig. 7) and as measured
in the reentry well RB—-AR-2, the pressure history suggests a reservoir

of limited extent; i.e., the effective mean radlus of drainage must be
reduced to about 400 feet in order to model the obsexrved pressure history
(8). Based on geophysical log interpretation, alb least three. sands at
12, 19, and 25 feet thick (fig. 7, LLL) are interconnecteéd to the bottom
explosion region; these sands do not correlate siwply with sands at an
equivalent depth in the adjacent formation evaluation well RB-U-4.at a
distance of 600 feet, thus confirming the probability that the effective
drainage radius is less than 600 feet. It should be noted that the .
estimated average channel-fill sandstone, in the Piceance Basin has



dimensions of 3,500 feet length, 350 feet width, and 25 feet thick, and
that with adjustments for interconnection betwcen sand lenses should
have an effective drdLnage radius of about 900 feet (11).

The Rio Blanco Massive Hydraulic Fracturing (MAF) Experiment, a
Jjoint CGovernment-industry undertaking started in 1974, is-planned to
test the relative effectiveness of MHF and nucleaxr explosion fracturing
in the same gas-producing formations; this is-in accordarce with the
identification by the Natural Gas Technology Task Force of two emerging
technologies, nuclear stimulation and massive hydraulic fracturing, that
should be eéxplored to determine their potential for developing gas
raesources in tighflformations. The experimental well, RB-MHF-3, is
located about 5,000 feet northeast of the nuclear stimulated well
RB-E-01; the formation evaluation well RB-U-4 is located between these
two wells, at a distance of 600 feet from well RB-E-01. Four separate
fracture treatments have been exccuted in well RB-MHF-3, the last.of
which occurred in November 1976 and has yet to be evaluated (24).

Fracturing treatment No. 1.--Took place in Octobexr 23, 1974, in a
single Mesaverde sand at a depth of 8,048- 8 073 feet (25 fL thJck),
static bottom~-hole pressure at 3,450 lb/Ln ; bottom-hole temperature at
242° F; gas-filled por051ty at about 4 percent; gas £low after breakdown
at 60 MCF/D. \ : -

Fracture treatment was 117,500 gal of polyemulsion f£fluid (2/3 naptha-—
diesel oil mixture and 1/3 a 2 percent KCl brine), with 400,000 1b of
sand. Postfracture data show: flow rate at about 60 MCT/D, with the
fracture treatment not increasing the productive capacity; very poor
lateral propagation of the fracture compared to design length of 2,500
feet; productive capacity at about 0.15 nd-ft, with an in situ permeabil-
ity of 6 pd; postfracture flow rates were below predicted values by a
faector of 5 to 8. Additional downholc surveys suggest that the frzcturce
probably propagated upward to 8,000 feet and downward below the sand zone,
rather than outward from the wellbore. )

" Fracturing treatment Wo. 2.——Conducted on May 2, 1975, in three
separate Mesaverde sands over the depth interval of 7,760-7,864 feet
. (Eig. 7A); fracture treatment was 285,000 gal of polyemulsion fluid
(single-phase refined naptha and a KCl brine); postfracture gas flow
averaged 137 MCF/D, a 2.5 fold dincrease over the pretreatment rate of
57 MCF/D, but declined steadily without reaching a stabilized flow during
a 30-day test; agnin, the postfracture flow was well belovw predicted flow
of 500-1,000 MCF¥/D for a fracture of 500-2,500 feet in length.

Fracturing treatment No. 3.—-Conducted on May 4, 1976, in three
separate sands in the middle Fort Uanion Formation (flo. 7B), corresponding
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to the Fort Union II sand in the nuclear stimulation well RB-E-01 and
in the formation evaluation well RB-U-4, although these sands are nod
known to bhe the same in a depositional sense. Fracture treatment was
344,000 gal of gelled water—-base fluid with 809,000 1b of sand; post-
fracture flow stabilized at 160 MCF/D or an indicated factor of four

over the pretreatment rate. '

Green River Basin

- Data for the Green River Basin are drawvn from Project Wagon Wheel,
a proposed nuclear-explosion gas-stimulation experiment (12), and from
three massive hydraulic fracturing experiments recently conducted by El
Paso Natural Gas Company with partlal support by the Lnergy Rcsearch and
Development Admlnlqtratloﬂ (13).

The sand lenses in the Fort Union and Mesaverde Formations seem to
be somewhat smaller and fewer than in the Piceance Basin; i.e., 4,000
feet gross section containing more than 100 potentially productive sands
with an average thickness of 7 feet, or 17.5 percent sands in the total
- section, for the CGreen River Basin; compared to 2,200 feet gross section
containing 45 sands averaging 13 feet thick, or 26 percent saud in the
total section, for the Piceance Basin. . Although the sand lenses in the
Green River Basin exhibit the same range in porosity, water satufation,
and permeability as do sands in the Piceance and Uinta Basins, the Green
River sands are geopressured; i.e., gas pressure varies from 3,900 1b/in?
(1..13 times hydrestatic pressure) at 8,000 feet, to about 8,100 1b/1n
(1.56 times hydrostatlc pressure) at a depth of 12,000 feet.

The three MHF experiments, in the El Paso Na;ural Gas Pinedale.UniE
near Pinedale, Wyo., are summarized below, with tne number and depth of
lenticular sands shown in table Z. o

Pinedale Unit No. 7 Well.-—-Took place on September 12, 1974, in
three sands at 12, 19, and 20 feet thick at a depth of 8,930-9,190 feet
containing an estimated 19.7 X 10°% SCF/MI?; fracture treatment was
257,000 gal of polyemulsion fluid with 775,000 1b of sand; no prefracture
flow measurements were made; postfracture flow decreased to 100,000 MSCFD
in 1 year without reaching stabilized flow; modeling suggests an effective
in situ permeability of less than 1.0 ud, and a flowv capacity-—-permeability
times thlckness——of rouehl) 0.5 md-ft. ‘

Pinedale Unit No. 5, First Stage."—Took place on July 2, 1975, in
two sands at 51 and 70 feet thick at a depth of 10,950-11, 180 feet '
containing an estimated 40.5 X 109 SCF/MI?; prefracture with 46,000 gal
permitted gas production in the range of 100 to 200 MSCFD at a pressure

“insufficient to 1lift liquid to maintain a bottom-hole pressure below
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2,500 1b/in? or to obtain sufficient stability for accurate measurements:
fracture treatment was 191,000 gal of polyemulsion £luid with 518,000

1b of sand; from 485 MSCFD on the 15th day to 340 MSCFD on the 37th day,
presumably without reaching stabilized flow; modeling suggests an
effective in situ permeabilify of less than 1.0 pd and a flow capac1ty of
roughly 0.1 md-ft. .

Pinedale Vnit No. 5 Well, Second Stage.--Took place on Octaber 20,
1975, in six sands at 235 feet thick in a total interval of 670 feet, at
a depth of 10,120 to 10,790 feet, estimated to contaim 54.3 X 109 SCF/MIZ;
prefracture breakdown flow was time limited and showed 1,100 MSCT of gas
produced in a 21l-hour period as wellhead pressure decreased from 2,200

1b/in? to 500 1b/in%; fracture treatment was 458,000 gal of gelled water

with 1,422,000 1b of sand; postfracture flow showed a peak on the 6th
day at 850 MSGFD, decreasing on the 15th day to 250 MSCFD, -and on the
43rd day to 150 MSCFD; calculations suggest an effective in situ per-~

" meability of about 0.2 pd, with a flow capacity of 0.04 md-fr.

Penver Basin

The Watteuberg gas field of about 980 miles? is 1ocated in the
western portion of the Denver Basin, and typifies a tight gas reservoir
considered noncommercial prior to stimulation by massive hydraulic frac-—
turing. The major gas-producing zone in this field is the Muddy J sand-

.stone of Cretaceous age, which is marine, blanket-type sand with relatively

uniform thickness over a wide area (14). The ¥ iunddy J sandstone i1s found

"at a depth of 7,600-8,400 feet; gross sand thickness is 30-100 feet; net~—

pay sand thickaess is 10-30 feat] porosity is 8-12 percent; in situ per—

‘meability is 5~50 md; bottom—hole temperature is 260° F; bottom~hole

pressure is 2,900 lb/ln ; water saturation at 30-50 percent.
Flow rates, from conventional wells, stimulated by hydraulic fractur<

ing treéatrent of limited size (30,000-50,000 gal), were in the range of

30 to 50 MSCFD. TFollowing massive hydraulic treatments in the range of

133,000 to 180,000 gal of polyemulsion fracturing fluid, flow rates

increased three to fourfold ~s compared to conventional wells (15).

This field can now be considered commercial, and serves as an example
of a tight formation (i.e., less than 50 ud in situ permeability) which
could be stimulated successfully. The recoverable reserves are estimated
at 1.3 trillion ftS3.

" In general, gas-bearing blanket~type sands, even when characterized
by very low in situ permeability, can probably be exploited by MHAF as
currently developed; gas in such sands would then be an undiscovered -
recoverable reserve, rather than a nonconventional xresource.




" ventional explosive equivalent). With respect to stimulation effects,

STIMULATION TECHNOLOGIES

One of the objectives of the Natural Gas Technology Task Force.in

1973 (7) was: ", . . to assess the current status and future potential
of nev or advancing technologies which might be used to produce economi-
cally 2 marketable natural gas from gas deposits which are considered

noncommercial and which are not presently (1972) in the nation's potential
gas resources.' Two different approaches were considered potentially capal
of creating the extensive and large-scale fracture systems needed to produd
gas from very thick (2,000-4,000 £t) and very low permeability gas-bearing
sections; these are:

- . -

1. DNuclear explosion fracturing.
2. Massive hydraulic fracturing.

Nuclear—explosion fracturing

To date, three nuclear-stimulation experiments have been performed
and evaluated. An explosive-development program has produced a system,
less than 8 inches in diameter, which can bBe detonated in the multiple
sinmultanesaus mode with yields in the range of 20~100 KT (kilotons of con-

the lateral permeability enhancement from explosion fracturing appears to
fall within the range of prediction. Although this is a very difficult
parameter to measure directly, simulation-inferred values appear to be
reasonably consistent.

The economic wviability of explosion fracturing has been studied para-
metrically, appears to be within the range of projected costs for supple-
mental gas supplies, and does not stand out as markedly more or less
expensive than alternate techniques such as MHF (8). -

There are no active plans for additional research and development:
experiments on nuclear—explosion stimulation applicatiocn in the United )
States; this application must remain in the category of appareat technical .

. feasibility, with additional development requ1red for reduction to

economlc commercial practice.

Massive hydraulic fracturing

Massive hydraulic fracturing, in contrast to the long-established
hydraulic fracturing, is designed to create a vertical fracture extending
at least 500 feet away from the wellbore in two directions (a total length
of 1,000 ft or more); i.e., MHF is a newly developing, large-scale applica-
tion of fracturing techniques, where the length of a fracture (one wing }

T Wr—
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may be in thousands of feet and the helght of the fracture may be in
hundreds of feet. The 1973 Natural Gas Technology Task Force report has
summarized adequately: (1) the development and status of hydraulic frac—
turing; (2) the fracture geometry created by hydravlic fracturing under
specified conditions appropriate for tight formations; and (3) predictions
of flow rates for salected MHF treatments (7, App. C, D). More recent
advances in the MHF teachnology have been described in various meetings
(16, 17).

Shown in figure 8 is a plan view of a MHF treatment with a fracture
length (one wing) of 2,000 feet, or a total length ¢f 4,000 feet; arbi—-
trarily, the drainage area is a 160-acre unit, 1,320 by 5,280 feet, which
is the basic reservoir unit for later calculations. 3/ It should be noted’
that early gas flow inte a fractured well, as indicated by arrows in
figure 8, may be largely linear, and graduzlly changes from linear-ellip-—
tical to a rather radial flow conflouratlon a complex flow system
difficult to calculate and to model. To obtaim an approximation of flow
to be anticipated from a MNHF treatment, an effective well radius——about .
one~half of the designed iracture length——may be substituted in radial

. flow equatiomns (18). It follows that a well stimulated by a MHF treatment

designed to produce a 2,000-foot fracture length should show about a 20«
fold increase in flow rate compared to the unstlmulated well. : .

A variety of cases have been studied to determine the reservoir
parameters that would permit application of MHF in stiwulating gas produc—
tion from tight formations (1l). These studies, backed by a moderata
number of case histories, suggest that, if MHF is to be economically viable,
certain minimal physical properties in a pay zone are needed as shown in
table 3. Additionally, a2 major requirement for evaluating tight formations,
particularly individual pzy zones, is a reliable determination of the in
situ permeability (kg) and the thickness (h), which provides the "perme-
ability-timaes—~thickness factor, the kgh, usually expressed as permeal.ility-
height, permeability-feert, or reservolr capacity. Unfortunately, given the
present state of the art, neither the in situ permeability nor the effective
thickness of a pay zone is easy to obtain by geophysical log evaluatlon or
by core analysis; in fact, as described above for carefully controlle
stimulation experiments in the Piceance and Green River Basins, the flow
capacity, kgh, tends to bz overestimated by a factor of 10 ox thereabouts.

3/ Data on product101 rates and relative costs for variocus combinations
of fracture length, depth to pay zones, thchness of pay zones,
porosity, permeability, and pressure prov1ded by L. E. Elklns and
C. R. Fast, Amoco Production Conpany




Table 3.--Minimal physical properties in pay zones

Thickness (h)
Gas pérmeability (kg)

Gas—-filled porosity

Thickness (h)
" Gas permeability (kg)

Gas-filled porosity

Thickness (h)

Cas permeability (kg)

Gas~filled porosity

. Thickness (h)
Gas permeability (kg)

Gas—~filled porosity

. 0.003 md or greater

400 fr of greater _
0.0001 md or greater : '

1.0 percent or greater

50 ft or greater : : ,
,kgh?0.15+md—ft

3.0 percent or greater

25 ft B
- kgh=0.25+md~ft
0.010 md or greater R

4.0 percent or greater

20 ft o '
kgh=0.50+md-£t
0.025 md .

5.0 percent or greater




One possible option for obtaining adequate flow-capacity data is to
conduct an actual production rate test for isolated pay zones, hoptfully
without the necessity of running full strings of casing in the e/plordtory
well. :

MHF gas~well simulator

The MHF gas-well simulator is a computer program which simulates
the Darcy flow performance of a well completed in a low-permeability
reservoir and stimulated with a massive hydraulic fracture treatment.
Specifically, two-dimensional unsteady-state flow of gas in the horizontal
plane is computed -for the system consisting of a rectangular region bounded
by no-flow boundaries, having a fracture and well located symmetrically
within the flow region and parallel to one of the sides (fig. 9). The
fracture is portrayed simply as a very narrow strip of the reservoir
having an extremely high permeability. Ian addition, the following effects
can be accounted for: (1) turbulent flow in the fracture, (2) variation
of reservoir permeability as a function of confining pressure, (3) varia—
tion of fracture permeability as a function of confining prassure, and
(4) specification of as many as three permeability zones within the
fracture. A standard finite-difference solution technique is employad. 4f

In the following figures bearing on flow pérformance;.the terminology

b al)
0]

1. Normal (N) pressure is a hydrauichPfesSure gradient of 0.5
1b/in2/ft; 1.25 ¥ is then 0.625 1b/in?/fr, and 0.75 N is
0.375 1b/inZ/fr. : i

2. Reservoir drainage area is 160 acres (fig. 8), with uniform
properties. -

3. Porosity in all cases means gés—filled porosity.

4. 7Pay zones are centefed at the stated reservoir depth; i.e., a
2,000-foot pay zoune (eastern shales) at a depth of 5,000 feet
extends 1,000 feat above and below the 5,000-foot reservoir
depth.

4/ Provided by Amoco Production Company
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The effect of fracture leugth on production, for a pay zowe 100
feet thick at a depth of 12,000 fect, with 5 percent gas-filled porosity
and at 1.0 N pressure, is shown for two in situ permeabilities: (1) 0.001
md in figure 10--daily production, and in figure 1ll--cumulative production:
and (2) 0.05 md in figure 12--daily production, and in figure 13--cumula-—
tive production. These data show that in situ gas permeability controls
the shape of the production curve, and that doubling the fracture lenzth
almost doubles the production rate. In general, these data pertain to
the tight sandstone formations, and should permit appraisal of potential
production wherever the physical properties of pay zone are adequately
known. ‘

The effects of varying pressure, permeability,-porosity,'pay zone
thickness, and pay zone depth on cumulative production, for a constant
fracture length of 2,000 feet, are shown in figuxes 14, 15, 16, and 17.

In figure 14, the production varies almost linearly with gas-filled
porosity, but nonlinearly with permeability. 1In figure 15, production
varies almost linearly with pay zone thickness. In figure 16, the produc—
tion varies exponentially with depth, roughly by the square-root function.
In figure 17, production varies exponentially with pressure.

The effect of fracture length of 1,000 and 2,000 feet, for pay zones
‘of 1,000 and 2,000 feet thick at a depth of 5,000 feet, for reservoir
conditions at 3 percent gas~filled porosity, 0.75 N pressure, and 0.0002
md in situ permeability, is shown in figures 18 and 19. The physical
propertiecs were selected to model a hypothetical pay in the eastern black
shales, probably near the upper limits of the reservoir parameters as
presently known; also, the calculatiorns assume a uniform pay zone without
any natural fractures which might increase or otherwise modify gas produc—
tion rates. The production rates (figs. 18, 19) are, at 10 years, about
100 MSCFD for a 1,000-foot fracture length, and about 200 MSCFD for a
2,000-fuot fracture. Production rares, after the initial sharp decline
_din the first few years, decline rather slowly, as would be anticipated for-
such a very low permeability reservoir with less than normal pressure.

Effect of reservoir parameters on economics

The econonic evaluations were made through a computer system named
PLANS, which includes a standard discounted cash flow analysis with the
additional capabilities to save selected operational data such as gas
production, well drilling, fracturing, and workover activity by years.
The system is modified to incorporate economic criteria and to offer ease
of data input and analysis. ' o ' S

The basic unit of economic evaluationm is the individual reservoir
and includes consideration of projected production, operating expenses,
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and investment. Each reservoir is evaluated by computing the present
worth of the net cash produced at stipulated gas prices of $0.83, $1.66,
$2.50, $3.33, and $4.15 per MCF; these pricez are equivalent on a BTU !
energy basis to oil at $5.00, $10.00, $15.00, $20.00 and $25.00 per barrel.

In the following figures, the economic evaluations are expressed in
terms of the profitability index, P.L., where profitability index, or
present worth rate of return, is that interest rate which will equate the
present worth of cash income to the present worth of cash outflow; alter—
natively, it is that interest rate which will discount the net cash—~flow
series to a present worth of zero.

The effect on economics, for a constant fracture 1ength of 2,000 feet,
is shown in figure 20 for various in situ permeability and pay Cthnn&SS
in figure 21 for various pressure and -pay thicknass, -in figure 22 for
various gas-filled porosity and pay thickness, and in figure 23 for various
pay depth and pay thickness. It is difficult to summarize in simple terms
the complex information here presented; it is best used by interpolation
based on specific reservoir conditions as are either known or reasonably
indicated at any given time. Rather arbitrarily in the following discus—
sion, a P.I. of 20 {20 percent) is used as a cutoff limit, below which an
attempt to produce gas would be uneconomical; obviously, other cutoff
limits, either higher or lower, could be used dependent on specific condi-
tions such as the total awmount of gas in place within a given area, the
proximity of a major market, and the availability of gas pipelines.

In figure 20, by diuspection and using a P.I. cutoff of 20, pay =zones
in the range of a few microdarcy in situ permeability could not be stimu~—
lated by MHF treatments, unless the value of gas was in excess of $0.83/
MCF. A rather crude generalization, in terms of reservoir properties
rather than economics, is that the flow capacity, kgh (md-£ft), must be
above C.X to (.2 ﬂd—‘t to warrant consideration for MHF treatment.

In figure 21, assuming a low .permeability of 0.001 md, it is obvious
that low reservoir pressures, which tend to occur in the eastern black

shales, lead to higher wellhead costs.

In figure 22, again based on a low permeability of 0.001 md, as the

“gas—filled porosity decrease {or conversely as the water saturation in~
‘creases), the value or cost of gas production would'inc;gase to about

$2.50/MCF.

In figure 23, again for a lovw permeability of 0.001 md, shown is the
effect of reservoir or pay depth on economics, suggesting that wellhead
prices in excess of $0.83/MCF would be needed to warrant MHF stimulation
of gas production.
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The foregoing data on the anticipated effects of MHF treatments,’
although somewhat circumscribed by boundary conditions such as the 160-
acre uniform reservoir drainage area and by assumptions on the lateral
and vertical reach of a fracture, do provide limits within which tight
formations or gas-bearing zones should fall to warrant consideration as
potential resources. ' . .

The data provided in figures 24 and 25 are applicable to the eastern
black shales, with reserveir parameters hopefully representative of a
significant portion of the shale, namely in situ permeability at 0.000L
md (0.1 microdarcy); pay zone thickness at 400 and 1,000 feet; pay zone
depth at 2,000 and 4,000 feet; gas—-filled porosity at l.5-5 percent; and
0.75 N pressure. The following limitations should be noted: (1) uniform
drainage area of 160 acres with no natural fracturing; (2) gas production
from the gas-filled porosity with no contribution from oceluded gas which
might be slowly released under absolute open—flow conditions; and (3) gas-~
filled porosity at 3-5 percent in figure 25 is probably in the uppermost
range of shale porosity; the more probable range of porosity seems to be -
1-2 percent. By inspection, it is abvious that a 400-foot uniform pay
zone with a 2,000-foot MiF treatment will produce gas at a slow rate (fig.
18) and at a hlgh cost.

As shovn in table 4, a number of demonstration projects, supported
by ERDA (Energy Research and Development Administration) in cooperation
with industry, are in progress and should provide significant data on
" experimental MHF treatments in a variety of reservoir settings. The E1
Paso Natural Cas and the CER Geonuclear MHF experlments were described
above.
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RESOURCES

In the 1973 Natural Gas Technology Task Force report (7), potential
gas resources were established only for the thick sequences of Upper
Cretaceous and Lower Tertiary fluvial sandstones ian the Piceance Basin
of northwestern Colorado, in the Green River Basin in southwestern Wyoaing,
and in the Uinta Basin in eastern Utah. The criteria used to establish
reservoirs acccptable 1n the resource base were:

1. Low permeability reservéir rock contaiuning gas, not commercially
recoverable with existing technology. '

2. At least 100 feet of net pay, which is defined as sand having
65 percent or less water saturation and porosity from 5 to 15
percent.

3. At least 15 percent of the gross productive interval is pay'sandn

4. The objective interval is between about 5,000 and 15 OOO feet
’ below the surface. . S

. 5. The prospective reservoir underlies at least 12 miles?. -
6. The reservoirs are in remote areas. .
7. Pay sands are not interbedded with high-permeability aQuifers,

Some of the foregoing criteria, in particular 6 and 7, were included
because of the possible use of nuclear—explosive fracturing; thus, other

areas known to contain nonconventional gas resources, but not sufficiently . -

remote from population centers for large explosion stimulation experiments,
were briefly reviewed and then ezcluded such as: Atoka-Morrow (Peumsyl-
vanian) sands of the Arkoma Basin, Oklahoma, and the nearby Stanley-Jack
Fork (Mississippian) sands of the Cuachita Mountain province; douwndip
Wilcox (Eocene) and Houston (Cretaceous) sands of the Western Gulf Basin,
Texas; and the Oriskany (Devonian) sands of the Appalachian. province.

These other areas were not then considered to contain significant large
resources in comparison to the three major basins; because of lack of
pertinent reservoir data, these areas cannot be evaluated at thls time

f01 inclusion In the resource base. :

The foregoing criteria have been modified slightly, as indicated on
table 3, to include pay zones where: (1) thickness is as little as 20
feet; (2) gas-filled porosity is as low as 1 percent; (3) depth of pay
zone is as shallow as 1,500 feet; and (4) renmoteness from population
centers and proximity to aquifers are not limiting factors. VWith these




nodifications, resources such as in the eastera Devonian black shales,
in the Upper Cretaceous siltstones and sandstones in the Northern Creat
Plains provinces, and in the San Juan Basin, can be included.

It should be clearly noted that the criteria used herein for

estimating nounconventional gas resources are based fundamentally on two
eservolir parameters, the gas-filled porosity and the reservoir pore-
pressure; which define the amount of gas contained within a given
. Teservolr volume. Thus, these estimated resources do not imply or iafer
in any way whatsoever a recoverabillity at a small or large fraction of

the total; they state the amounts of gas in place uander the stipulated
reservoir conditions. To avoid ambiguity in resource terms, using defini-
tions established by the Department of Interior and the U.S. Geological
Survey (19), the following terms may be applied to the nonconventional

gas resources: (1) subeconomic~-identified and undiscovered resources
not presently recoverable because of technological and economic factors,
but which may be recoverable in the future; (2) identified--specific
accumulations whose location, quality, and quantity are estimated from
geologic evidence supported by engineering measurements; (3) undiscovered--
unspecified accumulations surmised to exist on the basi. of broad geologic
knowledge and theory. The term, reserves, is defined as that portion of
the identified resource which is economically recoverable at the time of
'determination (using existing technology); reserves cannot be applied
literally to any part of the gas resources in tlght formations, which
are subeconomic.

In a somewhat negative sense. as shown on table 3, the flow capacity,
k.h, which is the cross product of the in situ permeability times the
thickness of the interval at that permeability, has been used to set a
minimal or lower limit below which gas in place would mot be included in
a resource estimate. Although this, in part, violates the concept of a:
resource as an accumulation of a commedity i such form that economic
extraction is currently or potentially feasible, this lower boundary, . .
together with the upper limit of 50 ud in situ permeability, was used to
bracket the subeconomic resources inm tight formations. This bracketed
range was selected to fit the assumed limitations of present and currently
developing technologies such as massive hydraulic fracturing, chemical
explosive fracturing, and deviated wellbores; presumably, if these tech-
nologies advance as rapidly as hoped, some presently unknown portion of
-the subeconomic resources would be developed and converted to economic
reserves. ' s

It is generally agreed that the occasional and naturally high rate
of gas production from the tight formations reflects an unusual reservoir
condition, vhere a joint—fracture system, intensively developed within a
limited area and with high flow capacity for gas, has been intercepted by




wellbores. Because such areas of fracturing are relatively small compared
to the thousands of square miles underlain by tight formations, and bacause
adequate data are lacking to define such fractuving at reservoir depth,

no attmept has been made to adjust the following resource estimates for
such an effect.

Tight sandstone formations .

The gas—in-place resources for the tight sandstone formations in the
three major basins were estimated by the 1973 Task Force (7), and are
shown in detail in table 5 and summarized as follows: '

Trilllon Ffeet? Billion feet3/miles?
Green River Basin, Wyoming _ 240 . 120-145
Piceance Basin, Colorado . 210 : '/N/ 145-240
Uinta Basin, Utah ' 150 . 240-340
600

There are no compelling reasons, based on additional but still
scanty data from controlled experiments over the last few years——the three
nuclear and the numerous MHF expariments, to change these estimates by any
significant amount. The volume of gas in place is determined by the gas-—
filled porosity and the reservoir gas pressure, and basic reservoir prop-
erties have not becen changed except in minor degree by recent data.

Changes of some importance have cccurred in the earlier "Prodicted
Gas Well Production Rates for the Rocky Mountain Basin'" (7, App. E),
because the reservoir flow capacity, k,h, has been demonstrated to ba
significantly less than originally estimated by a factor of 5 to 10, as
discussed above for experiments in the Piceance and Green River Basins.
These changes in flow capacity lead to a decrease in gas production, both
daily and cumulative, and to an increase in costs (7, section VIII, Gas
Production Economics). Thus, although the resources of gas in place have
not changed significantly, the resources are much less attractive as
targets for currently developing techniques of gas production stimulation.

Two additional areas containing tight sandstone formations have been
added to the resource base: (1) the San Juan Basin, northern New Mexico,
containing an estimated gas—in-place of 63 trillion feets' .and (2) the
Forthern Great Plains province, Montana and Vorth Dakota, containing an
estlnated 130 trillion feet3.
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The Northern Creat Plains was not previously included in natural
gas resource estimates because of inadequate data, but it is now known
that the arca contains significantly large resources entrapped at shal-
low depths (less than 4,000 feet) in thin, discontinuous, low permeabil—
ity Upper Cretaceous offshore siltstones and sandstones. These fine-
egrained clastics, enclosed in a thick sequence of marine shale, were
deposited on the vestern side of a north-south trending Interior Creta-
. Ceous seawvay. Current investigations by D.D.Rice of the U. S. Geologi-
cal Survey using carbon isotope ratios indicate that the contained gas
was generated by anaerobic bacteria at shallow depths in the accumulat-
ing sedirents. These shallow accumulations have generally been overlook—
ed in the past; however, recent exploration and evaluation in western
Canada along the trend of accumulations extended_.from._eastexrn Montana
indicate that major resources are present in this type of accumulation.
The Suffield Evaluation Committee in 1974(25) assigned an in-place gas
reserve of 3.7 trillion cubic feet to an area of 1,000 square miles in
southeastern Alberta (Canada) where the area was evaluated by a 77 well
program, of which 76 wells were completed as economically producible
wells. This gas-bearing facies extends into Montana aid is present
over approximately 35,000 square miles in the United States portion of
the northern Great Rlains. Using the Suffield Block reserve data, the
United States portion of this province should contain 130 trillion cubic
feet of gas in place and a potentially recoverable gas resource of ap-
proximately 95 trillion cubic feet. General characteristics of the
area are: (1) depth of gas—bearing zones, 1,200 to 4,000 feet; (2) mul-
tiple pay zones from 20 to 100 feet individual thickness; (3) porosity
froem 8 to 15 percent: (4) water saturation at 50 to 60 percent; and (5)
gas in place at 3to 4 billion cubic feet per square mile.

Data for the San Juan Basin, for which the type locality was the
Preject Casbuggy site, has beon previnusly degceribed: inm general, the
characteristics are very similar to the Piceance, Greenm River, and Uinta
Basins, with experimental data again suggesting a flow capacity less than

originally estimated.




- Tight shale formations

The very extensive and thick shale formations of Devonian age, in
the eastern United States, contain a large resource of gas in place (17).
In contrast to the tight sandstone formations, the shales in general are
characterized by: (1) a lower gas—filled porosity, ranging from less than
1 percent to possibly 5 percent; (2) a lower reservoir pressure, both
because of a shallower depth of burial of the gas~bearing zones, and
because of 2 less-~than-normal hydraulic pressure gradient; and (3) very
low in situ gas permeability; probably in the range of 4 X 10 ud to
about 1 ud.

The shale formations have then much less gas in place per unit voluma
or individual reservoir voluma than do the tight sandstgne formations:
from less than ome to pgssibly four SCF of gas per feet™ of shale, com-
pared to 9 to 1& SCEF/ft” for sandstome. On the other hand,,the shales
have an extremely large areal extent--roughly 150,000 miles —and; more
importantly, have a low water saturation, possibly about 10 percent.

Such low saturation is favorable in that, although the in situ permeabil-
ity for gas is very low, it should be reasonably uniform and not subject
to large changes with minor variation in water saturatlon.

The available resource estimates for the Devonian black shales vary
over an implausibly 1ar0e range, from eas hlgh as 460,000 trillion feet3
in the Appalachian Pasin alone, to as low as 60 trillion feet3 in the
sane general. area; this wide range in estimates—--roughly four orders of
magnitude—-indicates a critical lack of informaticn on the general
stratigraphic and structural setting and for reservoir properties. It
is not difficult to determine how some of those estimates were made} for
exanple, from infermaticn provided by Battelle Columbus Labs (fig. 26)
based on 20 samples, the calculated maximum gas—-in-place per unit volume
of 1,000 feet thick by 1 mile? is 2,900 billion feet> for Washington ,

: Counhy, Ohio, which when multiplied by 160,000 miles2 underlain by shale
leads to 464,000 trillion feet3 of ges; or for the low estirate, by a
major company, the Big Sandy gas field in eastern Kentucky has ressrves’
(past production plus remaining reserves) of about 4 trillion feet> in
an area of 2,000 milcsz; the probability of similar ges fields occurring
is one in each 10,000 miles®, yhere the total areas is 150,000 milesZ, .
leading to potentially recoverabhle resouxrces of 60 trillion feet” of which
4 trillion feet” have been discovered and developed as reserves.

Both the foregoing examples are based on what is essentially peint

source information extrapolated to a very large area—-—or volume——of shale;

this approach neither requires nor provides: (1) structural and strati-
graphic information, particularly stratigraphic infoxrmation on facies
distribution which night cortrol the zmount of gas in place and other
parameters; and (2) reservoir parzmeters such as flow capacity, gas—filled
porosity, in situ permeability, and reservoir pore pressure, which would
permit calculation not only of gas in place but also of production rates,'
percentage recovery of the resources, and production costs.

i
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Also indicated by the data in figure 26 is a behavior of gas in
the organic-rich shales, previously noted and difficult to evaluate;
namaly, the gas evolved at essentially standard conditions of tempera-—
ture and pressure —~ 'free gas" —— is much less than the gas evolved ac
100 - 125°C and at low (near vacuum) pressure, by a factor of 1:7 to
1:18. How much of this bound or adsorbed gas might be released by a
pore pressure reduction during production from a given reservoir volume
is not known; neither is it clearly known how such gas is related to
particular shale facies, such as those containing a high organic frac-
tion. Decause well production methods do not raise temperature during
flow——in fact, the rock temperature would decrease, and because the
back pressure in the production well is normally considerably higher
than atmospheric pressure, it is difficult to evaluate what fraction of
such gas might be released and then to add such gas to resource esti-

mates. bviously, some resource estimates of gas in place include all
such gas, which is not dncorrect in the broad sense of a resource, but
- which is here considered unrealistic. , A

A recent MIF ekporlnent by Columblé Gas in conjunctlon with ERDA

(23) was conducted in western Lincoln County, West Virginia, well No.
20403, as follows: Toolz place on June 21, 1976, in two shale zones
from 3,858 to 3,918 feet and from 3,971 to 4,031 feet with 24 perfora-
tions; bottom-hole pressure about 0.5 N; plefracture breakdown with
1,500 gal gave no measurable gas flow; fracture design was for 200- foot
fracture height; fracture treatment at 220,000 gal of 80 quality foam in
two stages, with 282,000 1b of sand; zone fracturéd had gas—filled
porosity at about 1 percent, or 0.6 SCF/ft3 (23, fig. 4); postfracture
flow after initial flush production (mostly return flow of injected
‘nitrogen gas) was about 80 MCFD. "Based on the foregoing-déta,_the gas
in place would be 3.36 billion feet® per mile?, or 840 million feetd
for a 160-acre drainage area. Assuming arstabilized production rate of
30 MCFD for 25 years, or 275 million feet3, the percentage recovery
would be 32 percent of the gas in place per 160-acre drainage area
appropriate for MIF treatmenzs of this size. It should be noted that,
if the 3.36 billion feet3/mile? is accepted~-—and it is based on some-
vhat adequate reservoir properties, then for the 150,000 niles? of shale
the total resource in place would be 500 trillion feet3 Of more
interest is theflow capacity, 1} h at 0.6 wmd-ft after the MIF; -making
approximate correction based on llnear—ellllecal flowv equations appro-
priate for MHF (18), the pre-MHF in situ permeability would be 0.2 ud,
vithin the range of physical properties shown in table 3. - e

This particular MHUF experiment is of importance for several
reasons: (1) the in situ permeability calculated from the observed
flow rate (80 MCFD open flow) is about 0.2 ud, reasonable for a shale;
(2) as*umlng the MIT treatment created fracture (one w1ng) at 200 feet




high and 2,000 feet long, the observed flow rate can be supported by a
kgh of 0.6 md-fr (0.2 ud times 200 ft time 5 16 for fracture linear flow
coxrectlon), (3) it is not necessary to appeal to unknown natural frac-
tures being intercepted by the MHF and thereby contributing an unknowm
portion of the flcw; and (4) it is not necessary to include a contri-
bution from release of bound gas; the "free gas" in the porosity is
adequate to support the observed flow rate. Alternatively, if the
effective fracture dimensicns of the MHF treatment are 200 feet height
and 1,000 feet length, the in situ knh would be 0.1 md-ft, the in situ
pexmeability would be 0.5 pd, and follow1no the MHT the k h would be
1.6 md-ft with an effective 8.2 pd permeability. The flow from the well
prior to MIF stimulation should have been less than 5 000 cubic feet per
day, a rather small flew to measure. :

On the basis of accordange with the rather sparse geologic and
physical property data, including that from variocus gas stimulation
experiments In the last few years, the resources estimated by ERDA (17,

20, 21, 22) at 285 trillion cubic feet for the Appalachian Basin (table

6). are, accepted as the best fit with ocur present knowledce. Shown in

table 6 is a summary of reservoir characteristics and resources clearly

indicating the rather fragmentary nature of the available data. Of
interest, the data derived from the MHIF stimulation experiment in Well
20403 are in good agreement with ERDA resource estimate, and provide
support for that estlmate. :




Table 6.—-Reservoir characteristics and resourcesz-Devonian Shales - -

Appalachian Well 20403 Ohio, W. Va.,  Appalachian

Basinl W. Va.?  Xy., and Ind.3 | Pasin®

Area (mi2) ' 55,000~ 1 1 " 160,000
| 110, 000 :

Volume (mi) ' ' - e 12,600
Depth below surface(ft) 3,000~6,000 3,945 . f-; ——;
Gross intervai(ft) . 600-3,000 | T e 25-1,500
Net pay;hcfc) 200-400 200 © 1,000 . _549;
Porosity (%) o -2 - . —— ' a —_ :' : —_—
Gas-fFilled porosity (%) 1.8 11 - 14 7 Ly
.Water séturation(%). S 1 ¢ — — : —-;.
BHP (1b/in%a) . 400 800 - L e
BHT (°F) | - 7 12 s— —
Permeabiliﬁy, gas—kg(ﬁd) —— : 60.2f0;5 ‘ — .: .  "'7——-
Flow capacity—kgh(md—ft) o 60.4—1.0' . | ;——¥ S —
Cas in place, SCF/ft> - 047 ‘0.6 . i.4~5.o  - 50.35
Gas iy place, SCFX10°/mi® 2.6-5.2  3.38  40-180° . 0.9
Gas in place, trillion £t . 285.: - —— 149

1 Estimates by ERDA (Referemce: 17, 20, 21, 22).

2 pata from MIF treatment, Well 20403, Linc;in'Co., W. Va. (23). -.
3 Data from-figure 26. | |

" Data from Department of Interior Naw; Release, Geological Survey; March 31,'1976.;
S Based on gas éroduction and other data froh Big Sandy gaé field, Kentucky. |

& values post~MHF are: for 1,000-ft fracture—k_ h at 1.64 md-ft,ukg ét 8.2 ud; :

for 2,000-ft fracture—~kgh at 0.6 md-ft, kg at 3.0 ud.




Estinates of nenconventional gas resources

Estimates of nonconventional gas rescurces, for these areas con- -
'sidered to contain the predominance of such resources, are summarized
as follows:

Billion cuhbic
feet per
square mile

Trillion
cubic feet

Green River Basin 240 120-145
Piceance Basin; Colorado 210 ) 1&5—240»
Uinta Basin, Utah 150 240—340
San 3uan Basin; New ﬂexico 63 ] 30—40/{,.
Noxrthern Great Plains, Montana 130 3~5
Aépalachian,Basin _285 * 3-5

1,078 . -

By inspection, the energy density of the foregoing resources,

‘here as the amount of gas in pla

expreassed

ce per square mile, is significantly

higher
. stones
to the
Plains

by omne
of the
energy
and in

or two orders of magnitude for resources im tight sand-
four major basims in the western United States, in contrast
density in tha siltstone/sandstone of the Northern Great

the shales of the Appalachian Bzsin..

It follows that the

_development of reserves within the resource base, and the future gas

production frem such resources,

will reflect in major part the initial

energy distribution; i.e., for a given producticn level,

the high

energy density resources in sandstones will recuire proportionately
fewer developmental wealls, interconnecting pipelines, and access roads
in a small land area, than would the low energy density resources in the
Northern Great Plains and the Appalachian Basin.

Yt should be clearly noted and emphasized that these resources can—
not be directly compared to present—day conventional reserves of natural
gas, where the production rate per well is relatively high and where the
percentage recovery of gas in place, frequently quoted and demonstrated by
production records, is about 80 percent of the gas in place. These non-
conventional resources, characterized by -a low in situ gas permeability
and a related low flow capacity,
rate, over a longer production interval, w1th a much lower percentage
recovery of the gas in place.

vill provide a relatively low production

R ]




It is not the purpose of this report to evaluate wellhead pro-

duction costs of gas from tizht formations;. such cost estimates were -

made in the 1973 Task Force Report (7) and can be modified to fit the

changing reservoir conditions. Some data have been provided on the

effect of reservoir parameters on econonics (figures 20 through 25),°

which should pernit &n approximation of wellhead costs given the

necessary reservoir properties. It should be noted that the Pinedale

Unit MHMF Experiments (12, 13) provide data which show that the pro-—

duction capacity in the type locality used to characterize th= Green

River Pasin is about one-fifth of that projected by the 1973 Task Force

Report (7), and that cembination of larger fracture treatments and

higher than estimated inflation leads to twice the cost in 1972 dollars

used in the 1973 report; combining the lower production with higher cests .
leads to a wellhead development cost of about ten times the 47 cents '
per HCTF reflected in the 1973 Task Force Report. Data from the Rio

Blanco site in the Piceance Basin, again the type locality used to
characterize the besin, suggest an even higher increase in projected

wellhead costs, because the flow capacity is about a factor of 10 lower

than forecast. » : ' ' ) co

Clearly, the ma}or problens in estimating resources in tight
formatjons are: (1) in situ perneability, (2) the thickness of pay"
zones, and (3) water saturation. Establishing reserves of gas within
the large resource basa, producible under various stimulation '
technologies and under varicus wellhead prices, will require similar
data on particular reservoir volumes; such data can become availablz
only through extensive developmental effort. Current research, both
by industry and as spoascred by govermnent, may provide answers to
these problenms. ' ' : ] : '
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