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PREFACE

This report is presented in two volumes. The first volume is a general discus-
sion of shale gas in New York State, and of the methods by which it may be

obtained; this volume is intended to be a "how-to manual" for organizations con-
sidering drilling for shale gas. The second volume relates specific experience

in locating and drilling four shale-gas wells in New York State.

vi



EXECUTIVE SUMMARY - VOLUME I

Natural gas is formed in source rocks which originally contained the remains of
plant or animal life, and which have since become deeply buried. Most commercial

gas production Is obtained from open-grained reservoir rocks, into which the gas

has migrated from the source rocks. Conventional exploration for gas is the

search for these reservoirs.

Shale gas is gas which is still trapped in the source rock; the grains of rock
are too close together to allow the gas to move. Only if the rock is fractured
can the gas flow to the well., Therefore shale-gas exploration (as distinct
from conventional exploration) is a search for zones in the shale which are

naturally fractured, or which are conducive to artificial fracturing.

The Appalachian Basin contains vast volumes of shale gas, and a significant por-
tion of this is contained in three shales in south-—central New York — the Rhine-
street, the Geneseo and the Marcellus.

The economics of shale-gas exploration in New York are not very attractive to

the large oil and gas companies, which seek a rapid return on thelr investments.
The situation may be quite different for organizations which are more concerned
with security of supply and stability of cost; these may include manufacturing
companies, colleges, hospitals, state institutions and industrial or agricultural
cooperatives. For these, production of even a modest 50 Mcf/day/well, declining

slowly over many years, would be appealing 1f it could be guaranteed.

To date three wells have been artifically fractured in the Marcellus shale of
New York, and all three appear to be producers. This is only a small sample,
and one of the wells is known to have encountered natural fractures. However,
it does raise the possibility that (while nothing in exploration can be truly
guaranteed) the chances of extracting at least some gas from the Marcellus —

using modern fracturing techniques — are good.



The chances are improved if geological techniques can identify zones of a suit-
able degree of natural fracturing in the shale. These techniques are aided by
detailed structure maps of the shale units; such a map has been prepared for the

Geneseo shale, as part of this project.

The present conclusion is that the most likely source of shale gas in South-

Central New York is the Marcellus formation.

Shale-gas wells should be drilled with air. The dry open hole should be logged
with gamma-ray, demsity, temperature and noise logs. The shale should be
artificially fractured using a nitrogen stimulation technique. Recommendations

are glven for each of these steps in the text.



1.1 INTRODUCTION

Natural gas is believed to be generated by the decay of organic material.
Typically, this material is brought down the rivers and deposited om the sea bed
with the river mud. Subsequent deposits bury both mud and organic material;

the mud may become consolidated into shale, and the organic material — after

the compressive and heating effects of prolonged burial — may yleld gas.

The amount of organic material present in the shale depends primarily on the
type and luxuriance of the vegetation on land. Where the amount is large the
shale is said to be organic-rich; such shales are usually characterized by black
or brown coloration, significant natural radioactivity, and low density. These
shales become excellent source-rocks for gas., Other shales may be organic-lean;
these may become useful source-rocks only if they are present in very large

thicknesses.

Generally, much of the gas generated in a shale rises {or migrates) through the
overlying sediments to the surface, and 1s lost. This loss may be accentuated
if there are particularly permeable paths (open~grained rocks, or fault planes,
or fracture zones) up to the surface. However, occasionally some of the migrat-
ing gas reaches an open-grained rock layer, and is trapped there by an imper-—
meable rock above. This situation is the basis of conventional gas production;
the gas is trapped in an open-grained reservoir rock and may be produced by
driliing a borehole into that rock. The amount of gas recoverable depends on
the volume of the gas-saturated reservolr and on the porosity of the rock; the
rate at which this volume can be produced depends on the permeability of the

rock.

Conventional exploration for gas is therefore the search for such reservoir
bodies, in a position suggesting the likelihood of gas. Since these are few and
fubumm9wmmnmﬂemhmumisumdmvuywuﬁmowuﬁws—
often no more than a few hundred acres in extent and no more than 10 or 15 ft

in thickness.

Shale-gas exploration is quite different. First, it is directed at gas which
has not migrated out of the source rock — for example, gas which 1s still con-

tained within the tiny pores of an organie-rich shale. Second, the gas can be
expected to be as widespread as the shale, and this can mean vast volumes; sult-
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able shales extend, at thicknesses of hundreds or thousands of feet, over much
of the Appalachian Basin. Third, although the porosity of the shale can be sig-
nificant (so that vast volumes of rock imply enormous reserves of gas), the
permeability may be very small; the gas is there only because it could not get

out, and by the same token it cannot flow to a borehole.

Conventional exploration, therefore, is concerned to "hit the reservoir™”, and

to find whether the reservoir contains gas. Shale-gas exploration has no diffi-
culty at all in "hitting" the shale, and not much doubt whether the shale con-
tains gas; the problem is to find shale in such a condition that it will allow
gas to flow to the borehole.

Consequently, one can drill a well almost anywhere in the Appalachian Basin, and
encounter shale gas; however, the flow may be miniscule, and quite uneconomic.
The trick is to find — or artificially produce — local zones where the shale

is permeable,

It has been known for many years that there are areas where the shale will pro-
duce. The Big Sandy field in Kentucky is a classic example; there is also

significant shale-gas production in western New York, along the shores of Lake
Erie. The distinctive feature which aliows this production is now accepted to

be the presence of natural fractures in the shale; after the consolidation of

the rock, and the generation of gas in its pores, the shale has been fractured

by natural processes, and the gas can now flow along the open fractures. The
mechanism is that the gas bleeds into the fractures from the shale itself, and
the fractures thus serve to collect the gas from a large volume of rock. Although
the bleeding process from the matrix of the rock into a single fracture is very
slow, significani production can be obtained if there is an extensive system of

interconnecting fractures.

The other requirement for shale-gas production is that there must be some sort
of impermeable seal above the fractured shale; if the system of fractures con-
nects into a fracture or a permeable bed extending to the surface, all the gas

will have been lost long ago.



The old shale-gas fields, therefore, represent zones in which a widespread shale
has become locally fractured by natural processes. One approach to shale—gas

exploration is to search for other such zones.

Another approach is based on the creation of a fractured zone within the shale
by artificial means. This may be done by detonating explosives in the shale, or
by pumping water or other fluld down a borehole (at very high pressure) until
the rock cracks; such artificial fracturing processes are known generally as

stimulation.

Obviously, the stimulation is more likely to succeed if the rock is already
weakened by natural processes. Accordingly there are three approaches to shale-

gas exploration:

o look for zones of natural fracture in the shale, and drill there,
o drill at any place where the shale is known to be present, and

rely on stimulation processes to open up a fracture system,

o look for zones of matural fracture, and extend or infill the
natural fractures by stimulation.
0f these, the second is the easiest, but the third is likely to yleld more

gas.

This, then, is the basic technical situation against which the economic consider-
ations must be balanced. Historically, shale gas has offered no hope of the sort
of bonanza occasionally obtained from exploration for conventlonal reservoirs;
even from the best wells production was relatively modest, and the best that
could be said for a shale-gas well was that the production tended to be main-
tained longer (to have a smaller decline rate) than that from a conventional well
Commercial exploration companies (and particularly the major ones) have therefore
had little interest in shale gas; their natural concern is to drill wells which
pay out early in their life. Even recent increases in the allowed and market
price of gas have not provoked major exploration efforts for shale gas. The
problem of finding zones of natural fracture in the shale is not one for which
there are established solutions; the approach which relies entirely on artifi-
cial fraturing has clearly been shown to be unsuccessful in some areas, and the

general attitude in the exploration industry ig either negative or wait—and-see.
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In a sense this is disappointing, for there can be no doubt that very large
quantities of gas are at present locked up in the shale. Some years ago the
feeling was that the exploration companies should be exhorted and goaded into
shale-gas exploration for the national good. More recently, there has been an
acceptance of the fact that such companies still have many opportunities avail-
able to them in conventional gas, and that shale gas (at present prices) may not
be matched to their proper concerns and objectives., These considerations have
provoked the realization that the exploitation of shale gas may properly and ad-
vantageously fall to manufacturing companies, hospitals, colleges and other
organizations with major energy needs. If it were true, for example, that every
such organization could drill a well, stimulate the shale, and obtain sufficient
gas at a sufficient rate to satisfy its energy requirements for many years, then
the economic considerations are quite different from those of an exploration
company; the organization has no exploration overhead, and no pipeline costs,
but it does have a compelling interest ia security of gas supply and predicta-
bility of energy expenditure.

Accordingly it is the object of Part 1 of this report to set out, with a minimum
of technical complications, the areas and circumstances in which industrial and
institutional organizations can hope to find their own supplies of shale gas, to
describe the techniques for drilling and producing gas, and to discuss the eco-

nomics which can be expected.

It 1is only proper to point out that systematic exploration specifically for
shale gas is relatively new; there is much yet to be learned, and presumably
some disappointments yet to be suffered. However, the interest and the numbers

of potential beneficiaries warrant this report at this stage.

1.2 THE SHALES OF SOUTH-CENTRAL NEW YORK

If a well is drilled to 4000 ft in Steuben County (as an example), the rocks
penetrated are mostly shales, Some of these are organic-rich, and of great in-
terest in the present context; others have negligible organic content, and hold
no interest as source rocks. There are also two important limestones, and at
least one important sandstone. All these formations have names, often derived
from the place where the rocks outcrop at the surface. Figure 1.2-1b illus-

trates the rock sequence in such a well,



(a) )

0 Surface Surface
—

~
\\
\\ ———
. —— ~ —_———
—-— o - . .
=== ~ el
'\ \ ~ T ems—
~N NS \\ - ———
_ — e \\\ \\ \\ - Rhinestreet Shale
— - —— ~ ~ ~ -
- — SN ~ ~. ..
- == ~ \\ \\ -
- - o— \\ ~ — T Geneseo Shale

~
- — 5 Rt
N - Hg:aifaon ‘E Tully Limestone

—_— e - —
--"'-"_::= "~ -~ - e——
—_— . — em -
\ L B Y
~ ~ -

- \ S ——
\ \ "\ s e Se— -

et et N, ~
) \'\.".\ \\ - ———
~. SO ~ ~ —_—— -
~ Y “~ \\ - E——

"“'\ ~ b -
-~ ~ ~ -~ . —
~ \_\ . N ——
SNING S S===—_ Marcellus Shal
\\ -~ \\ F arce us aite
\\:\\ Sae—e—=
SO Onondaga Limestone
~ Ty . - s
— 4000 ft S .‘;'“.'.i""':";' Oriskany Sandstone

Figure 1.2-1 Typical geological columns in (a) Livingston County
and (b) Steuben County.

The important markers in this sequence, easily recognizable to the driller, are
the Tully limestone and the Onondaga limestone. Below the Onondaga limestone is
the Oriskany sandstone, which is the traditional gas reservoir in Steuben County;
this is irrelevant to the present discussion, except in that the drilling to
this target has defined the thicknesses and distribution of the overlying shales,
and often encountered shows of gas in them. Between the Tully and Onondaga is

a very thick shale (the Hamilton shale) at the base of which is an organic-

rich black shale called the Marcellus. Just above the Tully is another organ-



ic~rich black shale called the Geneseo. Higher in the sequence is a less rich
but still prospective shale called the Rhinestreet. These three shales — in
descending order the Rhinestreet, the Geneseo and the Marcellus — are the three

primary concerns of shale-gas exploration in south~central New York.

A well drilled futher north, for example in Livingston County, would penetrate
the same formations at less depth; this is illustrated in Figure 1.2-la. Be-
tween the two locations, the rocks dip generally in a southerly direction, into

the Appalachian Basin.

Thus to reach the Marcellus shale in Steuben County requires more drilling (and
hence more expense) than in Livingston County. The depth of the shale is there-
for an important factor in the economics. Figure 1.2-2 gives the approximate
drilling depth through the Marcellus shale. Subsea depths to the base of the

Geneseo shale are given in map series number 115 (see footnote 1).

Alsc because of the dip into the Appalachian Basin, the shallower shale forma-
tions in the Steuben well may not be present in the Livingston well. Further,
the thicknesses of the important shales change from place to place, as may their
organic content. The next step in assessing the potential and the economics of
shale gas at a proposed site is therefore the study of the maps in Figures 1.2-3
through 5, which show the presence and the total thicknesses of the organic-
rich components of the important shales.1 Econemically, the first objective

is to find a good thickness of organic-rich shale at shallow depth; there is
also some advantage in having two or three shales present, to increase the

optlons and chances of success.

1.3 LOCATION STRATEGIES

In shale-gas exploration, as in conventional gas exploration, an exploration
company can range widely in search of the best locations to drill; it there-
fore uses all available techniques to identify the best prospects. A manu-

facturing company may have several plants, and need to know which location to

" These figures are based on maps prepared by A. Van Tyne (then of the New York
State Geological Survey), and his colleagues, as part of the Eastern Gas Shales
Project of the ¥.S. Department of Energy. The master maps, and other relevant
studies, are available from the Morgantown Energy Technology Center, DOE, under
the series numbers 100 through 131.
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drill first. A college may have an extensive campus, and need to know how the
chances of success vary over this spread. A ccoperative may have a similar
choice. An iInstitution such as a hospital probably has little option in the lo-
cation of its well; however, it is still worth assessing the suitabillity of
this location, as an indicator of its potential. All interested parties are
therefore concerned to know the techniques for successful location of shale-gas

wells.

1.3.1 The Drill-Anywhere Approach

According to this approach, one checks only that a good thickness of organic-
rich shale is available at reasonable depth, and proceeds to drill. In general,
there is little chance of obtaining a significant natural flow of gas; success

must depend on the stimulation.

Since the stimulation methods appropriate to shale gas are relatively new, and
only recently established, there is little history on which to base the

chances of success of this approach. In many wells in the southern part of the
Appalachian Basin it is clear that there the chances are poor. In New York
State only three wells have been stimulated in the Marcellus at the time of
writing, and all three appear to be producers; there is therefore a possibility
that the special characteristics of the Marcellus in New York will allow this
approach. It 1is only a possibility; at least one of the wells is known to be

unrepresentative of the Marcellus in general,

Of course, if this approach proved to work in New York, it would be a wonderful
result; industries, institutions and cooperatives — wherever situated — could
assure themselves of secnre supplies of gas at known cost. But this cammot be

promised at present.

1.3.2 The 01d Shale-Gas Fields

Several shale-gas flelds were discovered, produced and depleted in the 1920's,
at a time when gas prices were very low. It is natural to ask if these fields
could be revitalized at today's prices — either by modern stimulation, or by in-
fill drilling, or by extension, or even by recharge after 50 years of abandon-

ment.
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The problem with this approach is the paucity of the records. Such records as
exist are derived from the oral recollections of old-timers; they are incom-
plete, sometimes contradictory and often unlikely. However, as an exploration
rationale it is better to start with something than with nothing, and the re-
vitalization of old fields remains a valid approach. Attempts to do this in the
old Rathbone and Dansville fields are described in Part 2 of this report; one
or two other fields remain as possibilities.

1.3.3 Gas Shows

As noted above, a great number of wells targeted at the Oriskany sandstone have
passed through the shales., Sometimes shows of gas are encountered in one or
other of the shales, and some drillers (but unfortunately not all) record these

shows and their depths on the drilling log.

When the recorded shows are plotted on a map, the appearance is of some cluster-
ing of the shows. It is natural to expect that a zome of such clustering would
be a good place to drill a shale-gas well. However, there is a caution: the
distribution of wells is very uneven, and the clustering of the shows must be
distinguished from the clustering of the wells over the Oriskany gas-fields.

In many areas, between the major Oriskany structures, there are few wells or no

wells; the absence of shows does not necessarily degrade these areas.

A map displaying the reported shows is available from DOE (series number 101 in

the reference on page 1-8).

1.3.4 The Search For Natural Fractures

The approaches listed above do not ask what is the mechanism of shale-gas pro-
duction. The question is now: What additional approaches are indicated by the

conclusion that gas production ~— both natural and stimulated — is likely to be
larger if the shale is naturally fractured?

One approach attempts to observe or measure the effects of fracturing. Another

attempts to identify geological happenings which are likely to have caused frac-
turing.
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In the first category comes the study of satellite and aerial lineaments, and

the measurement of seismic velocity.

Satellite lineaments are alignments of topographic features (river valleys,

scarps, ridges, etc.) observed on images of the earth's surface obtained from
orbiting satellites; these images may loosely be considered as photographs of
the earth from very high altitrude. Large-scale geological features become
evident on these images — features which cannot be seen on conventional aerial
photographs, or in the field. Thousands of images of New York State, at dif-
ferent seasomns and with varylng degrees of cloud cover, are available from the

FROS Data Center, Department of the Imterior. Aerial lineaments are alignments

of topographic features seen on aerial photographs (which may be from high
altitude or low altitude); aerial photographs of New York State are available

from commercial survey companies.

Study of both satellite and aerial lineaments reveals a profusion of alignments
cutting across the glacially-eroded topography of New York State. According

to one theory of shale-well location, a drilling site should be selected in a
zone of intense lineaments, or at the intersection of two or more lineaments.
The hypothesis is that the lineaments are surface expressions of deep-seated
geological movement, and that such movement is almost certain to have caused

some fracturing of the deep rocks.

This approach to shale-well location has lost some favor recently. For one
thing, lineament analysis is highly subjective, and mo two analysts are likely
to come to the same conclusion. For another, a surface expression of deep-
seated geclogical movement is likely to mean that gas-transmitting fractures
extend all the way to the surface, so that all or most of the gas is lost; this
has led to the conclusion that one should not drill on a lineament, but at a
distance from it such that the induced fracturing is not likely to commect to
the surface vent. This distance cannot be predicted for a particular situation,
and in any case the approach has to make the undemonstrated assumption that the
fracture path is vertical. To the extent that lineament analysis is still prac-
tised, low-altitude aerial lineaments are regarded as of more value than high-

altitude and satellite lineaments.
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The detection of fractured zones in the shale by the measurement of seismic
velocity is based on the fact that the speed of sound ih rocks is reduced if the
rocks are fractured (particularly if the fractures contain gas}. The standard
method of sedismic exploration (which makes some sort of bang at the surface,

and times the echoes) can be adapted to give a measurement of the speed of sound
in the shale, provided that the shale is at least some hundreds of feet in /
thickness. This method is therefore a rather direct indication of the desired
situation — extensive pas-filled fractures in the shale. The method has so far
been tested by only one well, in Ohioz; present indications suggest success.
However, the method is subject to major inaccuracies where the surface and the
near-surface are geologically complicated. This militates against its use in
New York, where the surface material can change abruptly from exposed bedrock

to thick glacial fill. Consequently, no attempts to use the method have yet been
made in Wew York; in any case, the method is very expensive, and, therefore,

most suited to larger exploration companies.

The second category of methods of identifying natural fracture systems is that

of recognizing geological happenings which are likely to have caused fracturing.

One geological prerequisite to fracturing is that the rocks be brittle. Young
shales tend to be plastic, and only after prolonged burial do shales become
brittle; this is why the old shales of New York (approximately 350 million
years old) are candidates for shale-~gas production, whereas young shales else-

where are not.

Another relevant property of the rocks is obviously their strength; for the

same applied force, weak rocks fracture and strong rocks do not. This strength,
clearly, is a function of the constitution of the rock, of its porosity, and of
the cement binding its grains. In part these depend on the conditions existing
when the rock was originally laid down, and in part on what has happened since;
although there must be local variation of the strength of the shale (and hence

its susceptibility to fracture), it is scarcely possible to determine now, from

2 See Final Report on A Project to Test Shale Gas in Ohio, prepared by Donohue
Anstey & Morrill for the U.S5. Department of Energy and the Ohio Department of
Energy.
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the surface, where these variations are located. Perhaps the only clear con-
clusion from these thoughts is that the very organic-rich shales, by reason of
their large content of organic material, are likely to be less dense, less

strong and less brittle than organic-lean shales in comparable positions.

The other imput to the fracturing mechanism, in addition to the strength and
brittleness of the rocks, is the applied force. Fracturing forces may be
occasioned by gravity, or by deep rock movement associated with adjustment of
the earth's crust. Figures 1.3.4-1 and -2 illustrate two fracturing situations
associated with gravity. Figures 1.3.4-3, -4 and -5 illustrate fracturing
gituations assoclated with folding and flexing of the deep rocks. Figure
1.3.4~6a illustrates a fault, where vertical movement has occurred at a frac-
ture plane. Figure 1.3.4-6b illustrates a double fault or graben, as a
limiting case of Figure 1.3-4-5b.
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Figure 1.3.4-1 A fracturing situation developed at
an increase of dip into the basin,
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Figure 1.3.4-4 Supplementary fracturing associated with
reccoynl of comnression due to overburden.
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Figure 1.3.4-5 Two additional sltuations likely to yield fracturing.
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For a period after the formation of a fault, until the fault plane becomes
mineralized and cemented, it offers an excellent conduit for gas. It can be
expected, therefore, that if the fault extends to the surface (or to upper per-
meable layers), the gas released from a shale into the fracture system near the
fault has been lost. Thus, although major faults extending to the surface can
be detected on satellite images and aerial photographs, there is little induce-
ment to drill on the fault — and great uncertainty whether it is worth drilling
a few hundred feet from the fault. If the fault does not come to the surface,
however (or to wherever the surface was at the time of faulting), then the zone

of faulting through the shale may be a good target.

The difficulty of locating fracture zones in the shale is now clear. If the
fracture system has an expression at the surface, the gas has probably gone.

If it does not, how is it to be found? The only surface measurement which is
likely to detect the fracture system directly is that of selsmic velocity, which
(as discussed earlier) may not be feasible in the glaciated topography of New
York. Therefore the search has to be by inference from the known geology;
wherever features of the types illustrated in the preceding figures are known

to exist, fracture zones can be postulated in the dotted areas3.

The first method of establishing the whereabouts of such features is by compila-
tion of the driller's logs from all the wells drilled in south-central New York.
As noted earlier, the drillers usually record the tops of the two formationms
which show as clear markers — the Tully and the Onondaga. They are not able to
detect with assurance the tops of the important shales, and so it is necessary
to work—by inference from the Tully or the Onondaga. The depths to the Tully,
for example, can be corrected to a datum (usually sea-level), posted on a map,
and contoured to give a representation of the top~Tully surface over the State.
This contour map has been constructed as part of the present project; it may

be consulted in the office of DA&M in Boston.4 Although the organie-rich

3Of course the illustrated features do not constitute a complete list; many
other features and combinations of features may be surmised. One important
possibility is the "depositional structure" discussed by Hennington in another
Final Report to the U.S. DOE.

4This map is more detailed than the base-Geneseo map referred to on page 1-8.
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Geneseo shale lies unconformably on the Tully below it, the structural features
evident in the top~Tully contours may be taken as a first measure of those in
the Geneseo. This is also reasonably safe, as an approximation, for the

Rhinestreet.

For the Marcellus, overlying the Onondaga, it is necessary to prepare a separate
map, for the top-Onondaga. This is because, in several areas, there are marked
differences between the top-Onondaga and the top-Tully surface; in general the
flexing and folding in the Onondaga is more marked than that in the Tully, and
many faults and grabens in the Onondaga do not exist at Tully level. These
faults and grabens may be very important for shale gas in the Marcellus (and
possibly in the rest of the Hamilton) since they satisfy the requirement that
the faults do not extend to the surface. It is expected that the Onondaga map

will be made in a later stage of the present project.

The manner of use of these maps is as follows. Suppoge that a college is con-
gidering drilling a well to test for shale gas. For economic reasons, of
course, it would prefer to drill only through the Rhinestreet, or perhaps
through the Geneseo. What are its chances of encountering natural fractures in
these shales? These chances are increased if the top-Tully map, at the college
location, shows a hinge line, where the spacing of the contour lines suddenly
decreases (Figure 1.3.4-7a). The chances are increased on the upper flanks of
anticlines, where the contour signature resembles Figure 1.3.4~7b. The

chances are increased on the downthrown side of faults (Figure 1.3.4-6a); the
faults are shown as heavy dashed lines on the maps, with the downthrown side in-
dicated by D. The chances are increased within and above grabens if the sides
are vertical or sloping outwards; the contour signature of grabens is typically
two near—-parallel faults, both marked D in the space between them. BSuch a

situation might have a contour signature like Figure 1.3.4-7c.
If none of these features is present at the college location, the interest
switches to the Marcellus, and to the search for similar contour signatures

in the Onondaga map.

In the reading of contour maps, it must be remembered that in some places the

contours are well defined, whereas in others there i1s virtuwally no control.
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Figure 1.3.4-7 Contour signatures of a hinge line, an anticline, and
an anticline cut by a graben.
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Thus the contours are generally established beyond major doubt where many
wells have been drilled; this means over the anticlines containing the known
Oriskany flelds. Between these anticlines there may be few wells or no
wells; in this case the contours are drawn to suggest the simplest allowable
situation, and there is the possibility that interesting features exist
unknown. So the absence of any encouragement to expect fracturing, in an

area of gparse well control, should not be taken as preclﬁding'success.

Where there is doubt of the presence or degree of a feature suggesting
fracturing, the seismic method may be used to resolve it. This 1s not the
selsmic method in the sense used previously — for the measurement of the
speed of sound in the shale — but in the traditional sense of an echo-
sounding technique. Thus used, it can determine the ups and downs and

faults and grabens in the subsurface formations (particularly, in this context,
the Tully and the Onondaga).

For a specified investigation, a seismic crew can be hired (usually during
the summer) for about $4000 a mile. The technique is to lay out a line
along a convenient road passing the proposed well location, preferably at
right angles to contours. For technical reasons, the line can scarcely be
less than 3 or 4 miles long. Then the hope is that the final results of
the seismic work show a geologic feature, at Tully or Onondaga depth, which
encourages the expectation of fractures in the shale. The fear is that

the seismic results are not conclusive, and require another line, and another...

Some exploration companies, seeking gas in the Oriskany or deeper formations,
have conducted extensive seismic surveys in New York State. Then, becoming
disillusioned by failure, they have left the area, and offered their seismic
results for sale through brokers. The cost 1s typically $400-600 a mile.
Thus it would be folly to commission a new selsmic survey without checking
what is already available; Figure 1.3.4-8, as an example, shows seismic

lines available from one source.
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Some fracture situations, as discussed earlier, owe their existence to deep-
seated movements in the basement. These are often detectable (though with
less resolution than that given by seismics) by the study of magnetic maps.
Local maps made from ground measurements are available in some areas; full
aeromagnetic coverage is available in the extreme southern part of the State,

extending down into Pennsylvania.

This long section may be summarized as follows:

o
The chances of useful shale-gas production are increased if the
shale 1s naturally fractured, provided that the fractures do not
extend to the surface.

The density of sateilite and aerial lineaments may suggest areas
of natural fracture, though with the risk that at least some of
the fractures extend to the surface.

The only method which approaches a direct indication of the exist-
ence of fractures at depth is that of measuring the speed of sound
in the shale, using seismic velocity analysis. This is an expen-
sive and rather technical method; further, it may not work in the
glacial conditions of New York.

Otherwise, the probable existence of natural fractures can be in-
ferred from the presence of geologic features likely to generate
them. Prime candidates are hinge lines, flexes, uplifts, faults
and grabens. In areas of dense drilling, the existence and
location of these features can be established by contouring the
depths to marker formations broadly conformable with the shale.

The seismic method can be used to confirm the existence and
location of such features.

1.3.5 The Search For Conduits

Figure 1.3.5-1 illustrates what would be a very attractive situation. In very
diagrammatic form, it suggests that three separate fracture systems in the shale

intersect a "conduit" (which may or may not be horizontal). Then a well in the
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Figure 1.3.5-1 An idealized conduit system,

pesition shown can obtain gas from a considerable volume of the shale, provided
the gas can flow from the three fracture systems along the conduit to the bore-

hole. And the well location is not critical — the well itself need not pene-

trate a fracture system.

The first candidate for such a conduit would be a permeable bed such as an open-
grained sandstone. In this case the situation may appear to be totally conven-
tional; the discoverers may naturally conclude that they have a conventional
sandstone reservolr full of gas, and produce it accordingly. Only as additional
information becomes available may it be evident that the amount of gas being
produced is larger than could be expected from the known thickness of the sand-
stone, and that the well is actvally a shale-gas well. It is likely that many
of the old shallow gas-fields of New York and Pennsylvania are of this type, and

that their nature as shale-gas fields has never been fully recognized.

The second candidate for such a conduilt might itself be a fractured zone. For
example, it is possible that a layer within the shale, deposited very rapidly or
at a time of rapid subsidence, became overpressured on burial; although in an
o0ld rock it is likely that the overpressure has been relieved, yet after relief
the shale particles are not likely to have settled Into the same degree of com~
paction as the shale above and below. Such a layer, then, may still have anoma-

lous permeability.
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A conduit of this type is believed to have been demonstrated in the Corning area
of Steuwben County. Two wells have been drilled to test it; one was a clear
failure, and the other produced a gas flow which declined very quickly. The
present assessment of this conduit is therefore negative, but the concept of a
conduit remains very attractive if ome can be found elsewhere. The exploration
strategy is to search the records of neighboring wells for shows of gas (at
substantially the same level) which do not come from bodies of comventional

reservoir type.

1.3.6 Shallow Gas And Geochemistry

It 1s often observed, in drilling for oil and gas, that shallow gas pockets are
encountered above significant accumulations of petroleum. These are of no
commercial importance, in general; indeed they are a nuisance. They occur be-
cause the seals (or cap—rocks) on the deep accumulations are not perfect, so
that tiny amounts of gas continually seep upwards; if these encounter a silty
or sandy reservoir body on the way up, with a trap above, then a small gas
pocket is formed. Of course, small gas pockets of indigenous gas occur in many
rock sequences; the present concern is with additional gas pockets derived from

petroleum at greater depth.

Where fractures exist in the sequence, but these fractures do not extend to the
surface, there is even more reason to expect gas pockets in any sandy or silty
layer above or near the top of the shale. These gas pockets may have large —
even dramatic — flows of gas when they are penetrated by the drill, but the gas

flow is short-lived and uneconomic for commercial exploitationm.

The reason for mentioning these shallow gas pockets is that they could conceiv-
ably form the basis of an exploration technique. Small gas pockets may exist
everywhere, but an area where they exist in profusion is likely to be a target

for important deeper gas.

The first assessment technique would be the drillers' records of gas shows at

shallow depth (for example, up to several hundred or a thousand feet). Unfor-
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tunately the drillers, knowing that these shows have no intrinsic commercial

i{nterest, do not usually record them.

A second technique would be to use the fact that these gas pockets (or at least
the larger omes) are likely to show as locally strong reflections — bright

spots — on seismic results. Although this approach is very effective in seis-
mic work at sea, the surface conditions and the usual recording geometry in New

York (coupled with the cost) probably exclude it in the present context.

A third technique would be geochemical — the testing of soil and/or water sam-
ples for chemicals or bacteria indicative of a supply of hydrocarboms. This is
not detecting shallow gas pockets so much as gas which has actually escaped to
the surface: consequently there is a risk that it is merely indicating gas
which has long since been lost from the deep accumulation. The method 1s sub-
ject to "noise" from woodlands, marshes and the drips of crank-case oil from
Joe Blow's tractor. However, it does remain a possibility; at the time of

writing it is to be tested under another DOE contract.

Finally, the significance of surface seeps cannot be dismissed entirely. This
is said with some hesitation, because nearly every landowner loves to talk about
the smell of gas in his well water, or the rainbow rings on his pond. Much of
this 1s of little consequence., However, it does appear to be well authenticated
that, during the life of the old Dansville shale-gas field, it was possible to
set light to small seeps of gas through the mud in a creek bottom. 5o listen...

but be cautious.

1.3.7 Combinations

In practice, of course, no one would adopt one of the above location strategles
in isolation from the others. However sophisticated the technique for finding
natural fracture systems, it still makes good sense to prefer the areas of old
shale-gas production, to search the records for shows, and to listem to the

stories of old timers.
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1.4 DRILLING THE WELL

Two matters must receive attention before a well is drilled — the lease, and

the permit.

It is essential to have the mineral rights before drilling. An exploration com—
pany obtains these by taking a lease from the landowner; typically, such a
lease in New York might have the following characteristics:

° The lease grants an exclusive right to develop the land for petro-
eum purposes.

o The lease may be for all petroleum production, or it may be re-
stricted to particular depths or formations.

° During the primary term of the lease (1-10 years) the lessee may
elect to commence drilling operations, or to defer such operations;
in the latter case he must pay "delay rentals," typically $1/acre/
year in New York.

° If the land is not developed for petroleum within the primary term,
the lease terminates.

° 1f petroleum is discovered within the primary term, the lease is
automatically extended as long as production continues (the secon-
dary term}.

o

The landowner receives 1/8 of the value of the petroleum produced.

In addition, there is usually an entitlement to free gas, up to

some reasonable domestic consumption.

An organization planning to drill a well on its own land obviously does not need
a lease; however, it should check that the mineral rights to its land have not
been leased to others. If they have, and the lease is not abeout to terminate,
it may be able to negotiate a recovery of the rights; this may be eased 1f the
recovered rights are restricted to drilling the shale.

The permit to drill a well is issued by the New York State Bureau of Mineral
Resources, Department of Environmental Conservation (in Albany). The Bureau
publishes a booklet, "Rules and Regulations for Mineral Resources''y, which sum-
marizes the law. Among the requirements likely to be imposed by the permit
are:

° The well cannot be less than 660 ft from a lease boundary, 1320 ft
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from a well producing from the target formation, 100 ft from an
inhabited dwelling, 150 £t from a public building, 75 ft from a
road and 50 ft from a public river, stream or other body of water.

Surface casing must be set to ensure that the well does not con-
taminate potable water.

If the well is an interesting ome, geologically, samples of the
drilling cuttings must be taken —— typically every 10 ft — and
submitted tc the State.

If and when the well is abandoned, stipulations are made as to how
this should be done.

If a field is discovered and developed, restrictions are imposed on
the spacing of the wells; in New York these are typically 40 acres.

A permit application must include a properly surveyed plat of the proposed well

location.

The next step, after issuance of the permit, iz to make an access road and to
clear the site. The road must be capable of taking the drilling rig, and the
site must be large enough for the several-or-many trucks needed for the stimu-

lation: both of these depend on the depth of the target.

A drilling rig appropriate to a target of 3000 ft or less is likely to be truck-
mounted, and to represent 4-5 tractor-trailer loads. Beyond this depth the rig
is likely to be trailer-mounted and to represent perhaps 13 loads. It may be
necessary to go out-of-state to find a drilling contractor who can offer the
appropriate rig. Mobilization costs can be minimized by waiting until the rig

is in the area.

The drilling is invariably comnissioned from a drilling contractor. It normally
takes one day to move in and rig up. Then the well 1s "spudded". The first
stage is to drill the hole for the surface casing; this must extend below the
deepest potable-water level, and it is usual to drill to 500 ft with an 1ll-iunch
bit. Because of the likelihood of water, this part of the drilling may be dome
using mud as a circulating medium; alternatively, the drilling may be started
with air and then changed to mud when and if water is encountered. The steel

casing (normally 8 5/8-inch) is then lowered, and set in the hole by pumping



cement down the inside and up the annulus. This may take ome day, after which

the cement must be left (for perhaps 8 hours) to cure.

The cement inside the surface casing fs drilled out with a 7 7/8-inch bit, and
drilling then continues to total depth (TD). For a 1500-ft hole this may take

1 1/2 days; for a 3000-ft hole 3 1/2 days; and for a 4500-ft hole 5 1/2 or

6 days. The drilling is relatively easy in the shale, and drilling difficulties

are unusual or absent.

As soon as the drill is in the shale, it is desirable (perhaps even mandatory)
that the drilling should be done with air as the circulating medium. This is
because of the risk that the shales contain smectite, a clay mineral which
swells on contact with untreated water; such swelling can permanently reduce
or eliminate gas-permeable paths through the shale. Tf no formation water is
encountered during the drilling, therefore, it is best to drill with air alone.
If small quantities of water are encountered,a specially-formulated soap is
added to foam the water, so that the flow of air can carry the foam back up the
hole. If the quantities of water encountered are too great for this, the
drilling medium is changed from air to mnd, and potassium chloride (typically
at 2% concentration) is added to inhibit the swelling of the shale. 1In partic-
ularly difficult cases, it may be necessary to "case off" the formation pro-
ducing the water, in a manner analogous to that used for the surface casing;
this adds significantly to the expense, but has not (so far) been found necess-
ary in New York.

As the drilling proceeds, the Tully limestone is evident as a marked decrease
of drilling rate. The Geneseo may be evident, just before the Tully, by the
blackness of the cuttings. Similarly the black Marcellus may be evident just
before the hard Onondaga. ’

In the southern tier of counties the Marcelius is divided into two by a thin
limestone called the Cherry Valley. Sometimes drillers mistake the Cherry
Valley for the Onondaga; in the context of shale gas from the Marcellus, it is
very important to be sure that the well passes through the Cherry Valley and
through the lower Marcellus to the Onondaga.
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But it may be important not to penetrate through the Onondaga (which in some
parts of the area, southwest of Bath, is only 10-12 ft thick) into the Oriskany.
0f course, one may be lucky, and hit an Oriskany gas field. More likely, the

Oriskany will produce only water, and this water may imperil the shales above.

It may be practical to terminate the drilling in the Onondaga, and to test the
shale, while keeping open the option of deepening the well to the Oriskany (as
a gamble) if the shales prove unproductive. If this is desired it should be

planned, since it affects bit sizes and casing diameters.

As discussed earlier, the well may encounter significant natural flows of gas
from shallow gas pockets. Up to some reasonable flow (in the driller's judg-
ment, perhaps 1000 Mcf/day) the gas can be flared while the drilling continues.
For greater flows it may be necessary to shut down the rig while the gas blows
down. In some cases it may be necessary to change from air to mud (treated with

potassium chloride, of course) in order to contain the gas.

At this stage the drilling is complete, but the drilling rig is still required
to run the casing. Before that, geophysical logs must be run in the open hole
to measure appropriate properties of the rocks, The operation consists of low-
ering one or more measuring tools down the hole, on a wire line, and recording

the measurements, as a function of depth, on a strip-chart log.

Although a large range of logging tools is avallable, only a few of these have
been found useful in shale-gas exploration in New York. Specifically, it is

wise to run:

° caliper, measuring variations in the diameter of the hole,

° gamma-ray, measuring the natural radioactivity of the rocks,

o compensated density, measuring the electron density of the rocks
using a gamma-ray source,

° neutron porosity, measuring the hydrogen content of the rocks using
a neutron source,

4]

temperature, in which the normal increase of temperature with depth
may be interrupted by cooling consequent on the escape and expan—
sion of gas into the hole,
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noise, in which a nicrophone detects the hissing of gas escaping
into the hole.

Of these, the first four can be run on a single trip into the hole, using multi-
ple tools. Since the gamma-ray response {s the most clearly diagnostic of the
shale, the gamma—Tray tool should be the lowermostj if, for example, a well is
drilled only a few feet into the Tully, or into the Onondaga, this ensures that
at least the gamma-ray log is obtained right through the shale above.

for the same reason, the temperature and noise logs are usually run separately

if the well is to test the Marcellus in an area where the Onondaga is thin.

The results of the logging are available immediately, and it 1is wise to have an
expert on site to make a First analysis. He can, for example, give an immediate
confirmation that the target formations have been reached, he can assess

their degree of organic content, and he can identify the points at which gas
may be entering the hole.

Figure 1.4-1 illustrates typical relationships between the rocks and their
ganma-Tay response. Figure 1.4-2 shows typical gamma-ray and density responses
of the lowermost Geneseo shale (and the Tully below it). The high radiocactivity
and low density characteristic of an organic-rich shale are clearly seen in the
Geneseo. Figure 1.4-3 gives the corresponding responses for the Marcellus

shale (and the Onondaga below it). The interruption of the Marcellus shale by
the Cherry Valley limestone is also evident.

All the logs discussed above can be run, without liquid filling, in the uncased
hole. Other logs (including particularly the sonic, long sonic and fracture
jdentification logs) can be of some benefit for research purposes, but they
require filling the hole with water; in the present context the risk of swell-

ing in the shales does not warrant this,
The logging process is done by a logging contractor; it typically takes 4-8

hours. The laws of Murphy prevail, and this is usually in the middle of the
night.
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If the message of the logs is favorable (or at least not unfavorable) the de-
cision is usually made to case the entire hole — to run pipe. A string of
steel casing, typically 4 1/2 inches in diameter, is lowered almost to the bot—
tom of the hole. Cement (made with potassium-chloride solution, of course) is
pumped down the casing and up the annulus until it extends safely above the
zone of interest., The operation of running and setting pipe may take 12-16

hours, after which the drilling rig is released and moved off hole.

The cement typically takes at least 3 days to cure. Toward the end of this
period a service rig (which is smaller and cheaper than a drilling rig) is

brought in and made ready.

The next operation is to perforate the casing in the zone where, on the basis
of the logs, gas is expected. The points where perforations are desired are
decided on the basis of the suite of logs run before the casing, usually on

the criterion of including levels of extreme radioactivity, anomalously low
density, and known gas entry. The first step is to run a casing-collar-locator
log, to establish where the casing collars are and to guard against differences
in the depth measurement between the original logs and the perforating gun.

The desired perforation depths are transferred to this new log, hydrochloric
acid (15%Z) is dumped into the hole to cover all of them, and the perforating
gun is lowered to the first of these depths. By remote control, a perforating
bullet is fired through the casing and the cement, penetrating a few inches

into the shale. Each perforation is typically 3/8 or 1/2 inch in diameter.

Figure 1.4-4 gives a schematic representation of the well at this stage; the
diagram assumes that the target is the Marcellus, and foreshortens the vertical
scale for clarity.

.
It is usually wise to break down the perforationms. Typically this is done by
pumping clean treated water into the hole (using a pump truck provided by the
well-service contractor) at a pressure in the range 1500-3000 psi. When a flow
is established, perf balls are dropped; the number of perf balls is typically
1 1/2 times the number of perforations. The balls are configured to block the

perforations progressively, with the perforations taking the greatest flow
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surface

surface casing 8 5/8 inch

cement

surface hole 11 inch

Geneseo shale

Tully limestone

casing 4 1/2 inch

cement

Cherry Valley Marcellus

onondaga limestone

Figure 1.4-4 Diagrammatic view of casing string and perforations for a
well designed to test the Marcellus.
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being blocked first. The sign of a good balling-off is a rapid increase of
pressure (and decrease of flow) after the dropping of the perf balls.

The entire perforating operation is likely to take ! day. Thereafter the well
is allowed to flow-back the breakdown fluid and perf balls into the mud-pit.
(Visitors beware — the perf balls may come out like bullets.,) The liquid re-
maining in the hole must then be swabbed out. The flow-back and swabbing may
take a further 1-2 days. '

The well is now in condition to produce gas naturally, and it may be tested for
production at this stage. Experience in New York suggests that the natural flow
to be expected from the Geneseo and Marcellus is small or negligible, and that
if it 1is not so initially it is likely to become so fairly quickly. Natural
production from the Rhinestreet is even less likely to be significant, unless
the well happens to intersect a major fracture. The next stage, then, is the

stimulation.

1.5 STIMULATING THE WELL

Two methods of inducing artificial fractures in the producing formation are
common in the industry — explosive fracturing and hydraulic fracturing. The
U.S. Department of Energy has determined that explosive fracturing, while
cheaper, yields less total gas; accordingly hydraulic fracturing is preferred.
However, in order to minimize the risk of shale-swelling, the conventional pro-
cess using water is modified to use a large proportion of the inert gas nitrogen

in the hydraulic fluid. This report therefore adopts the nitrogen frac as the

recommeénded stimulation technique.

Although the stimulation takes only an hour or two, it is a massive operation
which must be planned earefully. For example, several days may be necessary to

procure and transport the enormous quantities of liquid nitrogen.
A typical stimulation recommended for a deep Marcellus well (for example in the

southern half of Steuben County) would be described as a 50,000 gallon treatment
with 80,000 1b of sand. The operation is as follows.
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The nitrogen is continuously heated, vaporized and compressed as it is used.
First the nitrogen is injected into the well to form a nitrogen pad as the spear-
head of the frac. Then the nitrogen flow is combined, at the wellhead, with a
blend of sand, foaming agent and treated water; the proportions are such as to

give a 75—quality foam. The combination fluid is at a pressure capable of frac-

turing the shale formation: this, of course, is a function of depth and of the
constitution and condition of the rock — for a deep Marcellus well it might be
4000-5000 psi. The sand (typically a proportioned combination of 20/40 mesh and
80/100 mesh) is swept into the fractures created; on relaxation of the fractur-
ing pressure much of it remains as a proppant, holding the fractures open. The
stimulation contractor continuously monitors and adjusts the fluid pressures and
the flow rates for optimum indications. After the intended volume of sand

has been "put away", the process is stopped abruptly and the instantaneous shut-

in pressure is measured; this is a useful diagnostic. Thereafter the shut-in
pressure is measured at 5, 10, 15, 20...minutes; this also is useful in under-

standing what has been the effect of the stimulation on the rock.

At this stage the stimulation contractor moves off the site, and the well is
opened to flow back the frac fluid. This process (clean-up) may take several

or many days, even weeks. The flow is constrained through a small hole (a EEEEE)’
and the choke size is increased in small changes as the downhole pressure de-
creases., It is important to be patient, and not to use a choke size so large
that the flow can blow the sand back out of the formation. Some indication of
the quality of the well is obtained at this stage, in that the better wells clean
up quickly. As the frac fluids begin to be spent, gas is likely to appear.

Finally, the frac fluid remaining in the hole must be swabbed out {possibly sev-
eral times) before gas can flow freely, and before the well can he tested. Then

comes the moment of truth — or rather the first of several moments of truth.

An initial measure of the performance of the well is an open—-flow test. First
the well is shut-in until the pressure stabilizes; it is then fully opened (for
example, from the 4—inch casing, or through a 2-inch reducer). A Pitot tube is
then inserted into the center of the gas stream, and the manometer reading taken;

this is convertible into Mcf/day, from standard tables.
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At first, of course, the well produces the gas in the borehole, which can flow
very freely. Then it produces the gas in the artificial propped—-open fractures,
which also flows freely. This immediate flow is of little significance; the
important flow, as discussed in previous sections, is that which bleeds from the
shale itself into the fracture system. Thus there must always be a major de~
cline in flow after the well is turned on; there should be no popping of cham-

pagne corks at the moment of opening the valve.

The open-flow test gives little indication of what the well will produce in prac-—
tice, because in practice it always operates against a back-pressure (a pipeline
pressure, or some sort of appliance). Further, the test wastes gas. Therefore

it is usual to conduct a further test — normally an isochronal test. 1In this

test, in its modified isochronal form, the well #s first shut—-in for a stabiliza-

tion period, and then opened for an hour and closed for an hour, four times,

though progressively increasing chokes. The four chokes (which may be, for ex—
ample, 1/16, 3/32, 1/8 and 1/4 inch) allow a measurement of the flow rate as a
function of time. The data may be manipulated to yield a production figure

against any specified back pressure. Also calculable is an absolute open flow,
which is a theoretical figure of flow against zero pressure; as a course rule
of thumb, the actual production is likely to be no more than a quarter of this,

but the figure is useful for comparative purposes,

After these tests, there remains the problem of knowing whether the figures
truly represent gas bleeding from the ghale into the fractures, or whether the
gas is still coming from the fractures themselves. In the latter case a rapid
decline of production is to be expected in the future, followed by a stabiliza-
tion to the true shale production — but at an unknown time. And if the gas is
already bleeding from the shale, there still remains the unknown of the decline

rate. The only answer to these questions is to produce the well.

If it is convenient to connect the well to a pipeline, or to use the gas direct-
ly, then this is clearly the best course — use the gas, or sell the gas, and
see what happens. However, if the well is far from a pipeline, or from a point
of use, one may hesitate before committing to the expense of this connection.

A defensible course may be to open the well to free flow for a period (being

&
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careful to observe the regulations of the Bureau of Mineral Resources of the
New York State Department of Environmental Conservation), and to see if the
production is sustained. This is wasteful of gas; 1t also gives no definite
assurance that the well would not decline the day after the test is ended.
However, every day of sustained production increases the hope that the produc-

tion is indeed bleeding from the shale.

When the clean-up process is complete (but not before), a sample of the gas is
taken for analysis. The important results are the constitution of the gas and
its heat content. Shale gas from New York State is (like most natural gas) pre-
dominatly methane; however, it has an unusually high proportion of ethang, and

this serves to increase its heat content. Typical values range from 1050 to
1200 BTU/cf.

1f all indications are favorable, the well is connected to its permanent use by
a gas line. This may require the negotiation of a right-of-way, if the best
route passes across another's property. The line must accord with state regula-
tions. For a single well producing 100 Mcf/day, a 2-inch pipe is suitable.

The comnection of the line to the well is through a well-head incorporating
appropriate valves and test ports; a flow meter is also required at a suitable
location. 1If the well produces some formation water with the gas, it becomes
necessary to install a strimg of tubing (which may be used to siphon the water)
and a simple separator, and to dispose of the water.

Thus, although the drilling and stimulation of a well involve a great deal of
action, upheaval and noise — for a period of a month or so — the final suc-

cessful result is inconspicuous , undemanding of attention, and silent.
"Free" energy. Clean, cbedient and independent. Very enticing.

1.6 THE ECONOMICS OF SHALE GAS

In section 1.3.1 the possibility was raised, very tenmtatively, that in New York
it may be possible to guarantee useful shale-gas production by drilling and
stimulating the Marcellus. If this were true there would be substantially no

risk, and it becomes easy to compute the economics. This situation is con-
sidered first, as a base.
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The assumptions made here are as follows:

© No risk; every well produces after stimulation.

° The capital costs of the well are 80% "intangible,”" which means
that this proportion can be written off for tax purpeoses in the
year in which the costs are incurred.

° The capital costs of the completed well (which are largely
drilling costs and stimulation costs, both dependent on depth)
are $130,000 for a well to 1500 ft, $175,000 for a well to
3,000 ft and $210,000 for a well to 4500 ft. These costs are
representative for 1980. The depth appropriate to any particular
location can be read from the map of drilling depth to the base
Marcellus (Figure 1.2-2),

° The gas price is taken at $5.00/Mcf on 1 January 1982, and
escalated at 10%Z/year thereafter.

© The decline rate of the well is taken as 10%/year.

° The net revenue interest in the well is 75%, which is appropriate
to commercial exploration. For an organization drilling a well
on its own property, this figure is likely to be 100%.

° The working interest is 100%.

o The operating cost of the well is $500/month, escalated at
10%Z/year.

o

Federal income tax is 46%.

Except for the hypothetical elimination of risk, most of these assumptions are
fairly safe; the two which merit discussion are rhe gas price and the decline

rate.

At the time of writing, the price of shale gas 1s deregulated; one gets what
one can. In areas where gas from other sources is plentiful, this may be only
$2.50/Mcf. 1In others it is already $4.73/Mcf. The price of Canadian gas, at
the NY border, is $4.60/Mcf. On balance, and without projecting recent price-

rises unreasomably, $5.00/Mcf seems a fair figure for January, 1982.

The decline rate for Marcellus gas in New York is quite unknown. Many or most
conventional reservoirs decline at more than 10%/year; the use of 10% is based
solely on the observation that production from shale-gas fields (in other areas,

and from different formations) has in many cases been maintained for 20 or 30
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years (or even more}. However, as noted eariier, it is not known whether
modern stimulation techniques merely accelerate the same total productiom, or
whether they genuinely increase the total production. Further, the Marcellus
i{s not a thick unit, and it seems clear that a very extensive system of
artificial fractures would be necessary to yield sustained production for
decades. The 10% assumption for decline rate may therefore be optimistic;

nobody knows.

With the above assumptions, the commercial payout period for a well can be
calculated for a range of depths and initilal productionms. These calculations
are graphed in Figure 1.6-1, and corresponding calculations for the rate of
return after tax are graphed in Figure 1.6-2. From the first graph, for
example, it is evident that a 4500 ft well with initial production of 100 Mcf/
day (all used, against whatever back-pressure is applicable) would pay out in
less than 2 years. From 1500 ft, production of only 50 Mcf/day would pay out
in 2 1/2 years. The payout for production of less than 25 Mcf/day is very
long.

These figures, and the corresponding rates of return, are not very attractive
to a commercial exploration company with a high exploration overhead — partic-
ularly when coupled with the fact that risk cannot be discounted in practice.
This explains why these companies are not dominating the scene in the search
for gas, and why the opportunity exists for other organizations with different
criteria of viability. Thus a hospital or a college may be more concerned with
stability of price than with rapid payout after tax; a manufacturing company
may be more concerned with security of supply and immunity from curtailment.
These concerns do not have to be very strong to make the curves of Figure

1.6-1 palatable — even attractive.

There remains the matter of the risk. As mnoted earlier, the present score for
stimulated Marcellus wells in south-central New York appears to be 3 out of 3.
However, this sample is very small, and in any case it may not be entirely

representative.

An exploration compaﬁ&, drilling many wells, spreads its risk. Thus, from
Figure 1.4-1, it knows that a 100 Mcf/day well to 3000 ft will pay out in 1.6
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years. 1If it has to drill two wells to get this same production, because one
is dry, the payout is 3.3 years. If it has to drill four wells, because three
are dry, the payout is 7.8 years. It therefore balances the payout of success
againgt the chance of success. A college, however, would probably have neither
the land nor the funds to drill three dry holes in hopes that the fourth would
be a producer. It is therefore important that the minimum likely production
from any Marcellus well (which would be a dry hole to an exploration company)
should represent acceptable economics to the college. At the time of writing

this is a reasonable hope, but no promise.

(A computer tabulation of the details of the economic calculations, together
with additional measures of commercial appeal, is given in Appendix I to Part
1 of this report. A breakdown of the cost of a 3000-ft Marcellus well is
given in Figure 1.6-3,)

Survey ) $ 350
Permit . 20
Site Preparation 10,000
Drill 40,000
Log 5,000
Casing 20,000
Cement 7,000
Perforate 2,000
Breakdown 3,500
Stimulation 25,000
Service Rig 7,000
Tubing 7,130
Wellhead 3,000
Flow Line 1,200
Surface Equipment 10,000
Gas Sales Line 3,800
Master Meter & Connection 3,250
Field Supervision 9,000
Administrative Overhead 9,750
Contingency (5%) 8,000

TOTAL $175,000

Figure 1.6-3 Example of capital costs of a 3000 ft Marcellus Shale well;
lease consideration and title search are not included.
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APPENDIX 1

Agsumptions:
0) No Risk
1) Capital Costs: 1500 foot well $130,000

(80% Intangible) 3000 foot well $175,000

4500 foot well $210,000

2) Gas Price: $5.00 (as of 1/1/82) escalated at 10%/year
3) Decline: 10%/year
4) Net Revenue Interest: 75%
5) Working Interest: 100%
6) Operating Cost: $500/well/month escalated at 10%/year

7) After-Tax Calculations: Federal Tax Rate .46

DATA
PAYOUT RORY RESERVES
(YEARS) %) (Mcf)
1500 feet
25 Mcf/d 5.6 13.3 53.57
50 Mcf/d 2.4 42.3 118.51
75 Mcf/d 1.6 70.3 183.47
100 Mcf/d 1.2 100.5 248.81
3000 feet
25 Mef/d 7.8 7.2 53,57
50 Mcf/d 3.3 10.1 118.51
75 Mcf/d 2.1 50.2 183.47
100 Mc£/d 1.6 71.1 248.81
4500 feet
25 Mc£/d 9.7 4.1 53.57
50 Mcf/d 3.9 24.3 118.51
75 Mcf/d 2.5 40.9 183.47
100 Mcf/d 1.9 57.8 248.81
1

Rate of Return
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DATA FILE

IHALERF 203 2EMET 03-04,51

10 MARCELLUS AT 2000 FEET WITH 75 MCFD INiTIRL PRODUCTI

o oH (B

20 OSDATA ., ..,,...... {Format Convention) " (Foxmat convention)
4 LIt =

ég igé?g=:§§é:::::::{Evaluation Reference Date, 1/1/82)

40 MALIFE=30..-".... (Maximum Project Life 30 years)

70 HWELLS=S04] - cnnn (Number of wells ~ 1 well for 30 years)

20 PRDTIM=IRY «ovvv-- (Production Time Unit - gas production per day)

# DECG=gxp.l
100 @5A%I=,0¥S5....,. (Initial gas production rate in 1,000,000's of cubic feet)

110 DECPCG=.1,..... -« (Annual production decline - 10%/yr.)

120 QEASF=0-ve.. ++..(Final gas production rate in the year 2012)

130 PRESC=PFCT....... . (Gas price escalation to be a pPercentage increase per year)
140 PRRES=S5.0..-... .(Inital gas price is $5 per 1000 cubic feet)

130 PRRESS=.1........{Gas price escalation is, 10%/yr.)

140 ROY=30+,.125.....(Landowners royalty is 1/8 of the gross value of production)
170 DREMG=30+.185... (Overriding royalties equal 1/8 of the gross value of production
130 DPESC=PCT.....,..(Operating costs escalation to be a percentage increase per year
190 DEDUM=500.......{Initial operating cost is $500 per well per month)

200 DERWMS=.1..... .+ (Operating cost escalation is 10%/yx.)

210 IHTHN=1+140:2?+0(Capita1 costs: Intangible cost $140,000 incurred in 1982)

-

220 THMSA=1+25s29+0,{Tangible costs $35,000 incurred in 1982)

220 DFRA=U0OR..... ++.{Depreciation is based on unit of production method)
240 IVCPCR=[1#
250 BEND ce s e . (Format Convention)

1

Decline calculated using exponential method.

2Investment tax credit is 10% in 1982.
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PO R R R
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-

. pIL AMD GAS LEASE
« ECONDMIC EYALUATION
&
+

PR I T O R

WMARCELLIS AT 1500 FEET WITH o5 MCFD INITIAL PRODUCTION

sebttreesss ERIEF TUMMARY *+++est s te

MET LEASE DRTA +

IMITIAL WORKIMG INTEREST (PCTY (%) = 1900, 69
OIiL + COHD. REZERYES (HSTE? 1= ﬂ.Qﬂ
FESIDIE + TOLH GRS RESERVES MHMCF» = 32,57
IHVESTHMENT + Mk 3($1,000‘s) = 130,00
HET FROF k ™ = ] - . W
VT PROFIT INDICATORS ° PR T
o FLOW {Mif 3 137.1
£ FLDOW AT 15. 000 FCT  <MED 2.4
FRYOUT {YRS)(Years) 5.4
RATE OF RETUEN CRCTY (%) 15.5

lGas yreserves in 1,000,000 cubic feet

2Cash flow in $1,000

3Present value of the cash flow at 15% discount rate in $1,000



*
OIL AMD SR LERSE *
ECOMOMIZ EVALUATION
*>

-

LR 2B B K BN

L A R B I B

MARCELLLYZ AT 1503 FEET WITH S0 MCFD INITIAL FEODUCTION

*4etteteed+ ERIEF SUMMARY seeesteaee

HMET LEASE DATA +

INITIAL WORKIWG IMTEREST (PCTy (%) = 100, aq
OIL + COMD. REZERYES (MSTE) = G, 00
REXIDUE + ZOLM GAS RESERYER <MMCF)Y = 112,51
IMYEZTHMEMT < ME >{$1,000's) = 130,00
IET PROF CATOR : B e ne o - T
T FROSIT InnicaTORS » ZETHRROM TR APl TR
C FLODW ¢MEs 2 3 7aEm. 4 392, &
FYOCOFLOW AT 1S.000 PET CMED .oEna 105, 7
FARYOUT <YREI) (Years) 2.2 2.4
RATE OF RETURN (FCTY (%) S2.8 42. 3

1Gas reserves in 1,000,000 cubic feet
Zcash flow in $1,000

3Present value of the cash flow at 15% discount rate in $1,000
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+* -
* DIL AND &A% LERSE -
+ ECOMOMIC EYALUATION %
+*
»*

+
PP R R I

MERCELLUS AT 1900 FEET WITH 75 MCFD INITIAL PRODIGCT IOH

ssesbeeess ERIEF SLHMMARY CEEEEEEE LT

MET LEASE DRTA ¢

IMITIAL WORKING IMTEREST (FCT» (%) = 100, 00
qIL + COMD. RESERMES LﬁSTF 1= 0,00
CESIIUE + SOLM SAS RESERMES (MMTFY = 183.47
(HYESTMENT ¢ ME » ($1,000° s) = 130, 00
HET PEOFIT INDICRTORS * BEFORE INC TAX AFTER IHOC TRX
_______________________ —_{Income) ___._ e _iIncome) __.
o OFLOW iMEP 1452.0 T, 4
Py © FLOM AT 15.000 PCT CHER 421.7 2e0.4
FHKDHT fRIy (Yearxs) 1.4 1.5
FHTE OF RETURH <FCT? (3) 6.9 TH.3

1Gas yeserves in 1,000,000 cubic feet

2Cash flow in $1,000

3Present value of the cash flow at 15% discount rate in 51,000
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*
OIL AMD SA% LERSE *
ECDOHOMIC EYALUATION
+

*

LR R K B B 4

L R R AR S I N N N S

MARCELLUS AT 1500 FEET WITH 140 MCFD INITIAL PRODUCTION

*4eeedbes+ BREIEF ZUMMERY +4¢e44eoee

HET LEASE DATH +

INITIAL WORKING IMTEREST (FCT) (%)

= 100,00
OIL + CcOMD. REZERYES CMETED 1= n.00
RESIDUE + ZOLH GHS REZERVES CMMIOFY = g242.81
IHYESTHMEMT ¢ ME > ($1,000's) = 130,00
HMET FPEDFIT IMDICATORE + EEFORE IMT THX AFTER INC TRX
_______________________ ——.-{Incomel ___ mem—dIncome)- .
C FLOW <ME»2 2264, 5 1225.5
D FLOW AT 15. 000 PCT <MEM3 B3R, 2 2361
FRYOUT <¥YES)» (Years) 1.1 1.2
RATE OF RETURH CPCTY ($) 142,52 10,5
Gas reserves in 1,000,000 cubic feet
2
Cash flow in $1,000
Present value of the cash flow at 15% discount rate in $1,000

a
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+*
OIL AMD GAS LEASE *
ECOMNOMIC EVALUATION <
+*

’

* + 4+ 4+

L I S K R B B B &

MARCELLUS AT 2000 WITH 25 MCFD INITIAL FPRODUCTION

settreestedr LRIEF SUMMARY S+ttt tttsee

HET LEAZE DATA <+

INITIAL WORKING IMTEREST <¢PCTY (%) = 100, 00
OIL + COND. RESERVES C(MSTED = 0. 00
RESIDUE + SOLM GAS RESERVES CMMCF = 53,57
INVESTHENT ¢ ME » ($1,000's) = 175, 00

JET PROFIT INDICATORS » R TR
C FLOW HE»2 az.1 532
ey T FLOW AT 1S.000 FCT (MES ~42.6 -32.0
PARYOUT <rRS» (Years) 7.6 7.5
RATE OF RETURM (FPCTY (%) 2.1 7.2

lGas reserves in 1,000,000 cubic feet
2Cash flow in $1,000

3Present value of the cash flow at 15% discount rate in $1,000
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* OIL AMD GRS LERSE +
+ ECOMOMIC EVALUATION
+ *
* +*

L SR T R A

MARCELLUZ AT 2000 FEET WITH S0 MCFD INITIAL PRODUCTION

*ee449e4+ BERIEF SUMMARY ¢4t etssas

HET LEASE DATA +

INITIAL WORKING IMTEREST <PCT» (3) = 100,00
OIL + COND. RESERVES (MSTED 1= .00
REZIDUE + SOLH GAS RESERYES <MMIDF - = 112.51
INVESTHMENT ¢ ME > {$1,000's) = 175. 00
MET PROFIT INDIEATORS + _FERRRRohG TR
C FLOW (MER EaS, 4
P C FLOW AT 15.000 PCT <ME>3 154, 1
FAYDUT (YRE) (Years) .0
RATE OF RETURN C(FCTY (%) -

lGas reserves in 1,000,000 cubic feet

2cash flow in $1,000

3Present value of the cash flow at 15% discount rate in $1,000
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DIL AHD GAE LERSE *
ECOMOMIC EVALURTION <«
+

*

L 2R N BN R 4

PO T R A

MASCELLUS RT 000 FEET WITH 75 WMCFD INITIAL FRODUCTION

rebstseedsd BRIEF SUMPARY ++4eétsd e

IMITIAL WORKING INTEREST (PCTX (%) = 100. D0
OIL + COND. RESERWES (HSTED = G. 00
FESTDUE + SOLH GAS RESERVES cmmiFyl= 183. 47
INWESTMENT ¢ ME >($1,000's) = 175. a0
MET FROFIT IMDICATORS + REFPRE_INE, TAX AFTEE INE TAY
COFLOW cHE 3 1414. 0 767.0
By o FLOM AT 15,000 PCT CME> 376.7 192.5
FRYOUT <¥RI)(Years) 1.9 2.1
RATE OF FETUREN (RTTI{(®) 5.3 50,2

1Gas reserves in 1,000,000 cubic feet
20ash flow in $1,000

3present value of the cash flow at 15% discount rate in $1,000
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* OIL AMD GRS LEASE *
+ ECOMOMIC EVALURTION
+ *
* *

A L R P S S N S

MARCELLUS AT 3000 WCFD WITH 100 MCFD INMITIAL PRODUCTION

+4etee444+ BRIEF SUMHARY ++eesseeee

HET LEAZE DARTR

INITIAL WORKING IMTEREST PCT) (%) = 100, 00

OIL + COMD. RESERVES C¢MSTED = 0,00

RESIDUE + SOLN GAS RESERVES ¢MMCFL = 242,31

INYESTHMENT ¢ M 3 ($1,000's) = 175,00

MET FROFIT INDICATORS + BEFQRE NG, TAx AFTER LG, TRX

C FLOW ¢MEX2 2219.6 1202. 1

FY © FLOW AT 15.000 PCT <M 3 531.¢2 209.3
PAYOUT (YRS) (Years) 1.4 1.6
FATE OF RETURN CPCT) (2) 22,0 71.1

1

Gas reserves in 1,000,000 cubic feet
2cash flow in $1,000

3Present value of the cash flow at 15% discount rate in $1,000



I I S A S

+
DIL ANMD GAS LEASE *
ECOMOMIC EVMALUATION
. *

*

L R B B B

LA N 2 IR S A A

MARCELLUT AT 4500 FEET WITH 25 MCFD IMITIAL PRODUCTION

+¢++44444+ BRIEF ZLUMMARY *teetsssss

MET LERZE DRTH +

INITIAL WORKINWG INTEREST ¢FCTX8) = 100, 0g
OIL + COND. RESERVES (MITED = 0.0 -
FEZIDUE + S0OLN GAS RESERVES (MMCFY = 53.57
IMWESTHMENT ¢ M$ » {$1,000's) = 210.00
MET PROFIT INMDICATORS » BEQEEE IHS TAX RET INC TAY
R ¥ ncome) —__ 0 ____{l1 ncome)
T FLOW cMER s7.1 35,0
FY C FLDW AT 1S.000 PCT ¢MEX -77.5 -52.6
FRYDUT <YES» (Years) a,7 a7
FERTE DOF RETURMN (PCT> (%) 4.3 4.1

lGas reserves in 1,000,000 cubic feet
2cash flow in $1,000

3Present value of the cash flow at 15% discount rate in $1,000
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*
DIL AMD GAS LEASE *
ECOMOMIC EVALUATION «
*»

*

L B B B BN

L I R S O,

MARCELLUZ AT 4500 FEET WITH S0 MCFD INITIAL FRODUCTION

++eesesese BRIEF ZUMMARY *+4e4éteees

HET LEARSE TATH

INITIAL WORKING INTEREST <PCT) {%) = 100,00
DIL + CONMD. RESERVES (MSTE) = d. 00
RESIDUE + ZO0LN GAS RESERYES (MMOFS = 115,51
INYESTHENT ¢ MF » ($1,000's) = 210,00
: g ATORS EFQR COTA S > INC A%
1T PROFIT 1NDICATORS + RS T SRRy
COFLOW cHE> 2 3 53, 4 I57. 10
Fo C FLOW AT 1S. 000 PCT (ME> 129.1 52,1
PARYOUT ¢YRSy (Years) .7 2.9
RATE OF RETUSH CFCTY (8) 29,1 24,3

1Gas reserves in 1,000,000 cubic feet
2Cash flow in $1,000

3Present value of the cash flow at 15% discount rate in $1,000

I-12
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*

* +
- OIL AND GRS LERSE *
+ ECOHOMIC EVYALUATIOH »
* *
- .

R R A R R R

MARCELLUS AT 4300 FEET WITH 73 MCFD IWITIAL PREODUCTION

+e+seessse+ BRIEF SUMMARY 4444444444

HET LEAZE DRATA +

INITIAL WORKING INTEREST (PCTX®) = £00.00
OIL + COND. RESERMES (MSTED L= .00
FETIDUE + SOLN GAS RESERYES (MMCFY = 183,47
INYESTMENT ¢ ME 3($1,000's) = 210, 00
{ET FR {DICATORS + BEFORE. INC THS : %
T PROFIT bicaTIRS + ORGP ™ PR T
COFLOW (MEM ) 1379, 0 742.8
Py C FLOW AT 15.000 PCT <HED 241,7 172.7
FEYOUT (7RI (Years) 2.3 2.5
RATE OF RETURM <PTTH(%) $1.7 40.9

1Gas reserves in 1,000,000 cubic feet

2Cash flow in $1,000

3Present value of the cash flow at 15% discount rate in $1,000

I-13



+*
.’
+* OIL AMHD
+ ECOHOMIC
*
*

*
oHE LEAZE +
EVYALUATION
*
*

N I PR

MARCELLUE AT

+e+evreeéeses BERIEF

HMET LEASE DATA +
INITIAL WORKIHS INTEREST (PCTH(%)
OIL + COND. RESERYES <MSTEX 1
FEZIDUE + SDOLH GAS RESERYES (MMCF)
IMYESTHMENT ¢ ME »{$L,000's)

Wooun

MET FROFIT INDICATORS + BEF
COFLOW (MEr2 ,
Py C OFLOM AT 15,000 POT OME)

FRYOUT <YRS)>(Years)
FRATE OF RETURN PCT2(%)

Gas reserves in 1,000 cubic feet

2cash flow in $1,000

SUMHMARY

4500 WITH 1400 MCFD IMITIAL PRODUCTION

AL I S22 22 T2

100,00

0. 04

248,51

210,00
RE_INC TAX RFTER MG
Incomel _ ~ ~--{Income
2184.6 1183, 3
SSE.2 gad. 4
1.7 1.9
7.3 57.8

3Present value of the cash flow at 15% discount rate in $1,000

I-14
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*edsererss TUMMARY ¢4

IHTERESTS

INTL WORKIME IWT <PCT»

ettt

= 100. 0010 INTL ROYALTY INT {PCT) = £5.000
INTL CAPITAL INMT «<PCT> = 100,000 AYG. ROYALTY INT (PCTY = 25,080
{INTL = Initial; PCT = Percent; AVG. = Average)
REZERYWES + FROJECT LIFE
LIFE (¥RZ) = 26,93 Gas Reserves
FESEFRVES {in 1,000,000 cubic feet)
1% $OLN GAZ REZIDUE COHD. PROPHHE BUTAME SULPHUR
CHETEY {MMCF) CHMCF> CMETES (MSTE CMETE> MLT>
sROsE (Tot.Res.) 0.0 0.0 244. 6 a.0 a.0 5.0 n.Q
MDRS INT n. o 0.0 244.6 0.0 0.0 0.0 0.0
ET 0.0 0.0 123.9 0.0 0.0 0.0 0.0

Working Interest Share of Gross Reserves
HET FRESENT YALUE +

+++ EEFORE IHCOME TR ¢e+es

2Working Interest Share of Reserves

After Royalties

+++ AFTER IHCOME THX ++e

Dis. (Discount}) OP. INC INY. C FLOW OF. IHC INY. C FLOW
FATE{%) (MED ME> (MED. CMED CME> ME>
.00 1532, 0 175.0 1414.0Q a4z, 0 173.0 TET.U
S.00 1015, 4 175.0 240.4 E26.1 175,40 451.1

10,00 TeEn.9 173. 10 545,95 462.7 175. 1 287.7
15,09 S51.7 175.10 I7ve.7 362.5 175.0 192,95
Z0, 00 445, 0 175. 0 gvl. o 20201 175.0 134.1
2,00 24,3 173. 0 142,32 233,95 175. 0 64,5
15,00 551.7 CAFS.0 IFe.7 ZE2,35 175.0 1232.5
(Ogeratlng {Investment (Cash Flow (Same a _— 1 )
$II}888¢5) $1,000's) $1,000) e as previous columns
HET PRIOFIT IHDICATDRS & + BEFDRE INCOME TH¥ + + AFTER IHCOME TAX +
FRYDUT ¢YRE» (Years) 1.323 2,12
®ATE OF RETURN <(PLT» (%) 25,30 o0.17
UHDIE © FLDUXUHDIEZIHV1 .08 4,32
IE T FLOWSDIE IHY 2.19 1.11
DIS C FLOWAUHDIS Inv3 2.15 1.11

1

Undiscounted cash flow divided by undiscounted investment
2piscounted cash flow divided by discounted investment

Ipiscounted cash flow divided by undiscounted investment
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Parameters
of case

being analyzed

HARCELLUS AT 3000 FEET WITH 75 MCFD INITIAL PRODUCTION, Before and After Income Tax

*
-
+ DIL AND GAS LEARSE
+ ECONMDMIC EVALUATION
*
>

AR I I O O O,

NET HET
sross  erRossl  REv.? OP Exp3
OIL + RES. + AFTER LCL TX
COND. SL GAS ROYLTY  + CAP
YERR  STE  WMCF Ms M3
1382 a.n 26.0 97.4  181.0
1953 0.0 22,4 95.5 6.6
1954 0.0 21.0 95.5 7.3
1285 p. 0 18.9 94,5 2.0
1985 0.0 17.0 93.6 8.3
1987 D. 0 i5.3 92.7 9.7
1923 0.0 132.3 91.7 10.6
1352 0.0 12.4 30,8 11.7
1924 0.9 11.2 89,9 12.9
1931 0.9 10.1 29.0 14.1
1232 0.0 2.1 88. 1 15.6
1993 0.6 8.2 27.2 17.1
1954 0.0 7.3 26.4 12,8
1995 6.0 6.6  ES.5  20.7
199: 0.0 5.9  84.6 2.8
1997 6.0 5.3 83.8  25.1
1998 0.0 4.8 23.0  27.%
1994 0.0 4.2 szl 30.3
2000 0.0 2.9 81,3 33.4
&n01 0.0 3.5  20.5  2B.7
=002 0.0 2.2 79.7 40,4
2003 0. 2.8 7RG 44.4
2004 0.0 2.6 7Fo.1 43,8
2005 0.0 @3 77.2 53,7
006 B0 2.1 76.6 53,1
2007 B 1.2 75.8  6%.0
S0 B0 1.6 7.5 67.4
TO7. 0.0 244.6 2311.5  237.S
lgas Prod. in 1,000,000 cubic feet

¥eat Revenue after Royalties in $1,000's
Iet Operating Expense Local Taxes and Capital Costs in §$1,000's

ivet cash Flow Before Taxes in $1,000's
’Cumulative of Preceding Column in $1,000
Wet Cash Flow After Taxes $1,000
Cumulative of Preceding Column in $1,000

NET4
C FLOW
B. TAX

1414.0

I-16

cun. cun.
NETS  nNET6 NETY
C FLOW C FLOW € FLOW
E. TAX A. TAX A. T4X

ME " M$
-83.6 -55.0 -56.0
6.3 50.1 -£.0
94.5 43,0  43.1
191.1 43.0  91.1
265.%  46.9  138.0
342.9  45.8 183.8
430.0 44,7 228.5
S09.1 43.5 arz.1
S86.2 42,3  314.4
661.0 41,1  355.5
733.6 39,8 395.3
803.7  38.4 433.7
871.2  37.0  470.6
925.0  35.4  506.0
997.9  32.8  539.3
1056.6  ®2.1  571.9
1112.0  20.2  s02.1
1162.3  28.3 530.4
1211.7  26.1  856.5
1255.5  22.9 630.4
1294.9%  21.4  701.%
1329.4 18.8  720.7
1352, 6 16,0  736.6
1382, 12.9  742.5
1399,7 %6  757.1
1410.5 5.9  765.0
1414. 1) 2.0  7&7.0
1414.0  PE7.0  PET.O
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Figure 1.3.5~1 An idealized conduit system,

position shown can obtain gas from a considerable volume of the shale, provided
the gas can flow from the three fracture systems along the conduit to the bore-
hole. And the well location is not critical — the well itself need not pene-

trate a fracture system.

The first candidate for such a conduit would be a permeable bed such as an open~
grained sandstone. In this case the situation may appear to be totally conven-
tional; the discoverers may naturally conclude that they have a conventional
sandstone reservoir full of gas, and produce it accordingly. Only as additional
information becomes available may it be evident that the amount of gas being
produced is larger than could be expected from the kmown thickness of the sand-
stone, and that the well is actually a shale-gas well. It is likely that many
of the old shallow gas-fields of New York and Pennsylvania are of this type, and

that their nature as shale-gas fields has never been fully recognized.

The second candidate for such a conduit might itself be a fractured zome. For
example, it 1s possible that a layer within the shale, deposited very rapidly or
at a time of rapid subsidence, became overpressured on burial; although in an
old rock it is likely that the overpressure has been relieved, yet after relief
the shale particles are not likely to have settled into the same degree of com-

paction as the shale above and below. Such a layer, then, may still have anoma-
lous permeability.
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