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Earthquake Hazard Associated
With Deep Well Injection—

A Report to the U.S. Environmental
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Under certain circumstances, the increased pore pressure
resulting from fluid injection, whether for waste disposal,
secondary recovery, geothermal energy, or solution mining,
can trigger earthquakes. This report discusses known cases
of injection-induced seismicity and how and why earthquakes
may be triggered, as well as conditions under which the
triggering is most likely to occur. Criteria are established

to assist in regulating well operations so as to minimize

the seismic hazard associated with deep well fluid injection
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Earthquake Hazard Associated With Deep Well Injection—
A Report to the U.S. Environmental Protection Agency

By Craig Nicholson' and Robert L. Wesson?

SUMMARY

Within the United States, injection of fluid into deep
wells has triggered documented earthquakes in Colorado,
Texas, New York, New Mexico, Nebraska, and Ohio and
possibly in Oklahoma, Louisiana, and Mississippi. Inves-
tigations of these cases have led to some understanding of
the probable physical mechanism of the triggering and of
the criteria for predicting whether future earthquakes will
be triggered, based on the local state of stress in the Earth’s
crust, the injection pressure, and the physical and the
hydrological properties of the rocks into which the fluid is
being injected.

Of the well-documented cases of earthquakes related
to fluid injection, most are associated with water-flooding
operations for the purpose of secondary recovery of hydro-
carbons. This is because secondary recovery operations
often entail large arrays of wells injecting fluids at high
pressures into small confined reservoirs that have low
permeabilities. In contrast, waste-disposal wells typically
inject at lower pressures into large porous aquifers that have
high permeabilities. This explains, in large part, why, of the
many hazardous and nonhazardous waste-disposal wells in
the United States, only two have ever been conclusively
shown to be associated with triggering significant adjacent
seismicity. These are wells located near Ashtabula, Ohio,
and near Denver, Colo. In the case near Ashtabula, a series
of small, shallow earthquakes was triggered close to the
bottom of a 1.8-kilometer (km)-deep well; the largest of
these was of magnitude (M) 3.6 and occurred in 1987. In
the Denver case, the injection well responsible was located
at the Rocky Mountain Arsenal, where fluid was being
injected into relatively impermeable crystalline basement
rock. This caused the largest known injection-induced
earthquakes to date (three M 5-5.5 earthquakes), the largest
of which caused an estimated $0.5 million in damages in
1967. Although these induced earthquakes were by no
means devastating, they did occasion extensive attention

Manuscript approved for publication on June 28, 1990.

"Institute for Crustal Studies, University of California, Santa Bar-
bara, CA 93106.

2U.S. Geological Survey, Reston, VA 22092.

and concern and led, at least in the Denver case, to the
cessation of all related injection well operations.

In each of the well-documented examples, convinc-
ing arguments that the earthquakes were induced relied
upon three principal characteristics of the earthquake activ-
ity. First, there was a very close geographic association
between the zone of fluid injection and the locations of the
earthquakes in the resulting sequence. Second, calculations
based on the measured or the inferred state of stress in the
Earth’s crust and the measured injection pressure indicated
that the theoretical threshold for frictional sliding along
favorably oriented preexisting fractures likely was
exceeded. And, third, a clear disparity was established
between any previous natural seismicity and the subsequent
earthquakes, with the induced seismicity often being char-
acterized by large numbers of small earthquakes that per-
sisted for as long as elevated pore pressures in the hypo-
central region continued to exist.

Earthquakes are generated by slip on faults or frac-
tures. A fault or fracture in close proximity to a high-
pressure injection well thus becomes a potential location for
induced earthquakes. The conditions for sliding on a fault
are characterized by the Mohr-Coulomb failure criterion,
which relates the shear stress required for fault slip to the
inherent cohesion or shear strength and the coefficient of
friction on the fault, the normal stress resolved across the
fault, and the pore fluid pressure. This relation, which
depends on the orientation of the faults or the fractures
relative to that of the existing state of stress, as well as on
the effect of any changes in pore pressure resulting from
fluid injection, is normally characterized by using the Mohr
circle description. In this simple model, as fluid pressure
increases, the apparent strength of the fault decreases, thus
shifting the Mohr effective stress circle closer towards the
failure condition; as a result, the potential for induced
earthquakes also increases.

Because the conditions for failure strongly depend on
the state of stress in the Earth’s crust, measuring the in situ
stress conditions is important to assess accurately the
potential for inducing earthquakes. Several approaches are
possible, but the most reliable method is the hydraulic
fracture technique in which the pressure required to create
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small fractures in the wellbore is measured precisely. This
method is a variation of the standard hydrofracture tech-
nique that is used to increase the transmissivity of a
reservoir. Although pressures are monitored during com-
mercial hydrofracture operations, few, if any, of these
pressure records would constitute an adequate or precise
stress measurement. However, because sufficient measure-
ments of stress are now available across much of the United
States, a number of regional stress patterns have begun to
emerge, and, thus, it is now possible to predict the general
orientation and, to some extent, the magnitude of the
principal stresses at a given site. Supplemental measure-
ments would be required, however, to provide accurate
information relevant to the determination of maximum
allowable levels of injection pressure at each specific site of
well operations.

The hydrologic properties of the reservoir also have a
strong effect on the potential for inducing earthquakes by
deep well injection. Transmissivity and storativity control
the rate at which pore pressure will increase in the reservoir
formation as a result of fluid injection. For a given volume
of fluid flow, higher values of transmissivity and storativity
allow lower injection pressures required to attain a desired
injection rate and, consequently, a lower potential for
triggering earthquake activity. Transmissivity and storativity
can be estimated from tests made during well completion
and can be verified later by actual pressure-time records
acquired during well operation. Estimates of the changes in
pore pressure as a result of fluid injection into a particular
reservoir formation can be predicted by analysis of the
pressure history at the wellbore and by using variations of
the standard techniques from reservoir engineering or
ground-water hydrology.

Unresolved issues relating to the hazard associated
with earthquakes induced by deep well injection include a
relatively poor understanding of the causes of natural
earthquakes in the Central and the Eastern United States and
difficulties in quantifying either the spatial or the temporal
variations in tectonic stress or in assessing the potential for
fault reactivation in general. There is also considerable
uncertainty in estimating the maximum size of expected
induced earthquakes or in quantifying the significance of
small induced earthquakes (should they begin to occur near
the bottom of an injection well) relative to the specific level
of risk. An additional environmental concern, about which
little is understood, is the potential for induced earthquakes
to breach the confining layer of a waste-disposal reservoir,
which would then permit the possible upward migration of
contaminated fluids. This possibility emphasizes the need to
monitor an area once adjacent seismicity is detected, to
determine accurately the relative position of the earthquakes
to the zone of fluid injection, and to assess the type and the
extent of the faulting involved.

On the basis of the present understanding of the
phenomena of injection-induced earthquakes, several fac-

tors are recommended for consideration in the development
of regulations and procedures for controlling deep well
injection operations. These recommendations are made
from a seismological point of view alone and are not
intended to supersede or replace alternative considerations
made for other purposes. The recommended considerations
include the following:

Site Selection

® Reservoirs that are characterized by high transmissivity
and storativity and, therefore, are capable of receiving
fluid at low injection pressures are less likely to be the
site of induced earthquakes.

® An estimate of the tectonic stress based on regional or
surface measurements made before drilling could serve
as an early warning of potential earthquake problems
and unanticipated low formation fracture or break-
down pressures.

® Because faults within the range of influence of an
injection well are the potential loci for induced earth-
quakes, the absence of significant faults reduces the
possibility of triggered seismicity. Geologic and geo-
physical surveys conducted to detect faults that may
intersect the reservoir also would help in evaluating the
integrity of the confining layer.

® The existence of regional seismicity in the vicinity of a
proposed site should be taken as evidence of sufficient
levels of tectonic stress and of the presence of potential
slip surfaces (faults) necessary for natural and induced
earthquakes.

Well Drilling and Completion

@ Estimates of the storativity and the transmissivity of the
reservoir based on standard measurements of perme-
ability, porosity, and reservoir thickness made at the
time of well completion would provide an important
means of predicting the buildup of injection pressure
required to maintain a given injection rate.

® If it can be accomplished without threatening the confin-
ing zone, then a stress measurement that uses the
hydraulic fracture technique in or below the reservoir
rock is the key environmental parameter for predicting
the potential for induced earthquakes and the possibil-
ity of low-formation fracture pressures.

® Careful measurement of the initial formation pore pres-
sure at the time of well completion and before injection
provides important information on the proximity to
failure conditions in the unaltered natural state.

® If anticipated injection pressures approach the levels
expected to trigger earthquakes according to the Mohr-
Coulomb failure criterion, assuming regional or
generic values for the coefficient of friction and the
cohesion of faults, then more precise local measure-
ments of these values would reduce, if possible, the
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uncertainty in the specific level of injection pressure at
which earthquakes would be expected.

Well Operation and Monitoring

® If reliable measurements of the local stress field are
available, then it is possible to estimate the maximum
injection pressure that can be used without fear of
fracturing the formation or inducing earthquakes by
allowing slip on a preexisting fault. These estimates
can be made by using the Mohr-Coulomb failure
criterion.

® Actual pressure-time curves measured at the wellhead
can be compared with predicted curves to assure that
the reservoir is behaving as assumed. Any increase in
apparent transmissivity should be scrutinized as possi-
ble evidence for the opening of fractures or the
occurrence of faulting.

¢ If the maximum injection pressure at a site approaches
the critical level anticipated to trigger the occurrence
of earthquakes, then it would be prudent to monitor the
injection operation by using at least one high-
sensitivity seismograph. Monitoring should continue
as long as significant levels of elevated fluid pressure
are maintained in the reservoir.

® The occurrence of any earthquakes near the bottom of an
injection well should be reviewed carefully to assess
the possibility that potentially damaging earthquakes
might be induced and the potential for fracturing or
faulting through the containment zone. Installation of
additional seismic monitoring stations would then be
recommended to locate and analyze any subsequent
earthquake activity.

INTRODUCTION

The injection of waste into deep isolated aquifers is
being increasingly utilized for the disposal of certain types
of hazardous fluid materials (Environmental Protection
Agency, 1974, 1985). Other deep well injection operations
are carried out routinely for the disposal of nonhazardous
waste (for example, excess oil field brine), solution mining,
purposes of geothermal energy extraction, the secondary
recovery of hydrocarbons, and the underground storage of
natural gas intended for later redistribution during peak
winter months. Of these different types of well operations,
secondary recovery is by far the most common use of deep
well fluid injection (Mankin and Moffet, 1987). Although
most deep well injection operations have no impact on
earthquake activity, it has been shown conclusively that,
under some conditions, the increase of fluid pressure in the
reservoir associated with deep well injection can trigger or
induce earthquakes. The first and best known instance, as
well as the largest, of these induced earthquakes occurred

during the mid-1960’s in association with the waste injec-
tion well at the Rocky Mountain Arsenal near Denver,
Colo. Since this discovery, additional examples of earth-
quakes induced by deep well injection have been docu-
mented (pl. 1; table 1). It is conceivable, if not likely, that
other examples of such induced earthquakes may have gone
unnoticed because they were small and no seismograph
stations were nearby to record them.

Investigations of several of the earthquakes associ-
ated with deep well injection have led to some understand-
ing of the probable physical mechanism for the triggering
and of the criteria for predicting whether earthquakes will
be triggered that depend on the local state of stress in the
Earth’s crust, the injection pressure, and the physical and
the hydrologic properties of the rocks into which the fluid is
being injected. The purpose of this report is to summarize
the current state of understanding of this phenomenon, to
describe the criteria for predicting whether earthquakes will
be triggered by fluid injection, and to indicate from a
seismological point of view factors to be considered in
developing regulations and operating procedures to mini-
mize the seismic hazard associated with deep well injection.

Although several research issues remain unresolved,
considerable information is currently available that may be
of use in the development of operating procedures for deep
injection wells that will minimize the possibility of prob-
lems associated with induced earthquakes. Fortunately,
favorable conditions for the siting of a deep injection well,
namely the desirability of high permeability and porosity in
the injection zone and a site situated away from known fault
structures also tend to be conditions for which the occur-
rence of induced earthquakes is less likely. Thus, imple-
mentation of these recommendations probably would have
minimal adverse impact on site selection or operational
procedures for injection wells located at otherwise favorable
sites.

This report also includes four appendixes. Appendix
A contains case histories of earthquakes associated with
well operations. Appendix B is a brief summary of
reservoir-induced seismicity. Appendix C describes the
components of the Modified Mercalli Intensity Scale.
Appendix D is a glossary.
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Table 1. Acknowledged cases of seismicity associated with well operations

Injection Maximum Year

. . . Depth L Year of

Well site or oil field location Type ressure earthquake  injection

" (m) p(bars) magnciltude bega{n-ended earthquakes
Ashtabula, Ohio ................ Waste disposal..................... 1,845 100 3.6 1986— 1987
Cogdell Canyon Reef, Tex....... Secondary recovery ................ 2,071 199 4.6 1956- 1974-79
Dale, NY.........oovviiiiinn Solution mining.................... 426 55 1.0 1971 1971
Rocky Mountain Arsenal,

Denver, Colo. Waste disposal..................... 3,671 76 5.5 1962-66 1962-67
Fenton Hill, N. Mex. ........... Geothermal/stimulation............. 2,700 200 <I1.0 1979 1979
Flashing Field, Tex. ............ Gas withdrawal .................... 3,400 ? 3.4 1958- 19737-83
The Geysers, Calif. ............. Geothermal........................ 3,000 ? 4.0 1966— 1975-
Gobles Field, Ontario, Canada... Secondary recovery ................ 884 ? 2.8 1969~ 1979-84
Imogene Field, Tex. ............ Gas withdrawal .................... 2,400 ? 3.9 1944— 19737-83
Love County, Okla.............. Secondary recovery/stimulation ... .. 3,622 277 2.8? 1965-,1979-  1977-79
Matsushiro, Japan............... Research.......................... 1,800 50 2.8 1970 1970
Northern Panhandle, Tex. ....... Secondary recovery ................ 2,022 21 34 1979- 1983-84
Calhio, Perry, Ohio............. Waste disposal..................... 1,810 114 2.7? 1975- 1983-87
Rangely, Colo. ................. Secondary recovery/research ........ 1,900 83 3.1 1958- 1962-75
Rocky Mountain House,

Alberta, Canada. Gas withdrawal .................... 4,000 ? 4.0 1970- 1974-
Sleepy Hollow, Neb............. Secondary recovery ................ 1,150 56 2.9 1966— 1977-84
Snipe Lake, Alberta, Canada .... ..... do. oo ? ? 5.1 1963- 1970
Cold Lake, Alberta, Canada ... .. Secondary recovery/waste disposal . . ? ? ~2.0 ? 1984~
Permian basin fields: 4.4 1964—

Dollarhide, Tex.-N. Mex. ..... Secondary recovery ................ 2,590 138 ~3.5 1959— 1964—

Dora Roberts, Tex. ........... cedo. 3,661 431 ~3.0 1961~ 1964—

Kermit Field, Tex............. coedol Lo 1,829 221 ~4.0 1964~ 1964—

Keystone I Field, Tex. ........ coedo 975 103 ~3.5 1957- 1964—

Keystone II Field, Tex. ....... ceeddol 2,987 176 ~3.5 1962- 1964—

Monahans, TeX............... ceedo. e 2,530 207 ~3.0 1965— 1964—

Ward-Estes Field, Tex. ....... ceeddol 914 117 ~3.5 1961- 1964—

Ward-South Field, Tex........ ceedoe 741 138 ~3.0 1960~ 1964

War-Wink South, Tex......... Gas withdrawal .................... 1,853 ? ~3.0 1969— 1964-
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OVERVIEW OF EARTHQUAKES INDUCED BY
DEEP WELL INJECTION

Well-documented examples of seismic activity
induced by fluid injection include earthquakes triggered by
waste injection near Denver (Healy and others, 1968; Hsieh
and Bredehoeft, 1981); secondary recovery of oil in Colo-
rado (Raleigh and others, 1972), southern Nebraska (Rothe
and Lui, 1983), West Texas (Davis, 1985), and western
Alberta (Milne, 1970) and southwestern Ontario, Canada
(Mereu and others, 1986); solution mining for salt in
western New York (Fletcher and Sykes, 1977); and fluid
stimulation to enhance geothermal energy extraction in New
Mexico (Pearson, 1981). In two specific cases—near
Rangely, Colo. (Raleigh and others, 1976), and in Mat-
sushiro, Japan (Ohtake, 1974)—experiments to control
directly the behavior of large numbers of small earthquakes
by manipulation of fluid injection pressure were conducted
successfully. Table 1 gives a brief listing of each of the
cases in which seismicity was clearly associated with fluid
injection or other types of adjacent well activities. A more
complete summary is provided in Appendix A.
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Other cases of induced seismicity, which were the
result of either fluid injection or reservoir impoundment,
were reviewed and discussed by Simpson (1986a). Unlike
fluid injection, however, induced seismicity associated with
dams and reservoirs also is affected by the actual physical
weight of the water impounded. By contributing to the local
stress regime, this effect of the water load can change the
local hydrologic properties of the reservoir rock and thus
magnify the resulting changes in pore fluid pressure asso-
ciated with elevating the local water table (Roeloffs, 1988).
A brief discussion of the phenomenon of reservoir-induced
seismicity is presented in Appendix B.

Although it is true that earthquakes can be triggered
without fluid injection (for example, see the sections on the
Wilmington and the Flashing oil fields in Appendix A),
most of the earthquakes induced by well activities are
associated with water-flooding operations to enhance the
secondary recovery of hydrocarbons (table 1). This is not
surprising because the conditions for failure are much more
favorable in injection operations of this type. Fluid injection
for the purpose of secondary recovery typically involves
injection at high fluid pressures into confined reservoirs of
limited extent and low permeability. Often, the producing
field is a structural trap, perhaps defined by fault-controlled
boundaries. However, in waste-disposal operations, it is
preferable to inject into large porous aquifers having high
permeabilities that are away from known fault structures.
Furthermore, waste-disposal operations typically involve
only one to a few wells at any one location, whereas
secondary recovery techniques often involve large arrays
that comprise tens of wells over the entire extent of the
producing field. These differences between the two types of
injection operations make well activities for the purpose of
secondary recovery much more conducive to triggering
adjacent seismicity.

In each of the well-documented examples of earth-
quakes triggered by deep well injection, convincing argu-
ments that the earthquakes were induced relied upon three
principal characteristics of the earthquake activity. First,
there was a very close geographic association between the
zone of fluid injection and the locations of the earthquakes
in the resulting sequence. Second, calculations based on the
measured or the inferred state of stress in the Earth’s crust
and the measured injection pressure indicated that the
theoretical threshold for frictional sliding along favorably
oriented preexisting fractures, as indicated by the Mohr-
Coulomb failure criterion, was likely exceeded. And, third,
a clear disparity was established between any previous
natural seismicity and the subsequent earthquakes, the
induced seismicity often being characterized by large num-
bers of small earthquakes occurring within a relatively short
time interval.

Many of the sites where earthquakes have occurred
operate at injection pressures well above 100 bars ambient
(table 1). The exceptions tend to be sites characterized by a

close proximity to recognized surface or subsurface faults.
In the Rangely and the Sleepy Hollow, Nebr., oil field
cases, faults are located within the pressurized reservoir and
were identified on the basis of subsurface structure con-
tours. The Attica-Dale, N.Y., and the Matsushiro cases
occurred close to prominent fault zones exposed at the
surface (the Clarendon-Linden and the Matsushiro fault
systems, respectively). In the most prominent case of
induced seismicity as the result of waste-disposal opera-
tions, the Rocky Mountain Arsenal well near Denver, fluid
was inadvertently injected directly into a major subsurface
fault structure, which was identified later on the basis of the
subsequent induced seismicity (Healy and others, 1968) and
the properties of the reservoir into which fluid was being
injected, as reflected in the pressure-time record (Hsieh and
Bredehoeft, 1981).

The Rocky Mountain Arsenal case is considered to be
the classic example of earthquakes induced by deep well
injection. Before this episode, the seismic hazard associated
with deep well injection had not been appreciated fully. At
the Rocky Mountain Arsenal, injection into the 3,700-meter
(m)-deep disposal well began in 1962 and was quickly
followed by a series of small earthquakes, many of which
were felt in the greater Denver area (fig. 14). It was not
until 1966, however, that a correlation was noticed between
the frequency of earthquakes and the volume of fluid
injected (fig. 2). Pumping ceased in late 1966 specifically
because of the possible hazard associated with the induced
earthquakes; afterward, earthquakes near the bottom of the
well stopped. Over the next 2 years (yr), however, earth-
quakes continued to occur up to 6 km away from the well as
the anomalous pressure front, which had been established
around the well during injection, continued to migrate
outward from the injection point. The largest earthquakes in
the sequence (M 5.0-5.5) occurred in 1967 (fig. 1B), long
after injection had stopped and well away from the point of
fluid injection itself.

These results imply that the fluid pressure effects
from injection operations can extend well beyond the
expected range of actual fluid migration. Indications have
shown, however, that the risk posed by triggered earth-
quakes can be mitigated by careful control of the activity
responsible for the induced seismicity. As shown by a
number of the cases detailed in Appendix A, seismicity
eventually can be stopped either by ceasing the injection or
by lowering pumping pressures. The occurrence of the
largest earthquakes involved in the Rocky Mountain Arse-
nal case a year after pumping had ceased, however,
indicates that the process, once started, may not be con-
trolled completely or easily.

CONDITIONS FOR EARTHQUAKE
GENERATION

The case histories of injection-induced seismicity
documented in Appendix A demonstrate that, in sufficiently
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Figure 2. Correlation between earthquake frequency (top)
and volume of contaminated waste injected (bottom) at
the Rocky Mountain Arsenal well, Colorado. Reprinted
from Healy and others (1968) and published with
permission.

prestressed regions, elevating formation fluid pressure by
several tens of bars can cause a previously quiescent area to
become seismically active. However, not all high-pressure
injection wells trigger earthquakes. The reasons why
depend on the characteristics of the earthquake faulting
process, the local hydrologic and geologic properties of the
zone of injection, the in situ stress field, and the specific
conditions for earthquake triggering, many of which have
not been understood or appreciated until recently. A funda-
mental distinction must be recognized, however, between
factors that cause earthquakes versus mechanisms that may
trigger earthquakes. Earthquakes result from the sudden
release of stored elastic strain energy by frictional sliding
along preexisting faults. The underlying causes of earth-
quakes are, therefore, the forces that are responsible for the
accumulation of elastic strain energy in the rock and that
raise the existing state of stress to near critical levels.
Consequently, the hazard associated with fluid injection is
not that it can generate sufficient strain energy for release in
earthquakes, but that it may act locally to reduce the
effective frictional strength of faults and, thereby, to trigger
earthquakes in areas where the state of stress and the
accumulated elastic strain energy are already near critical
levels as a result of natural geologic and tectonic processes.

Mohr-Coulomb Failure Criterion

Because the shear strength of intact rock is consider-
ably greater than the frictional strength between rock
surfaces, slip during an earthquake typically occurs along

preexisting faults and will occur when the shear stress (7)
resolved across the fault exceeds the inherent shear strength
(7o) and the frictional stress on the plane of slip. Quantita-
tively, this condition is termed the Mohr-Coulomb failure
criterion and is expressed by the following linear relation:

Terie = To + KO,

where T, is the critical shear stress required to cause slip
on a fault, p is the coefficient of friction, and o, is the
normal stress acting across the fault (Jaeger and Cook,
1979). For weak fault zones that have little cohesion, 7, is
nearly zero, and slip will occur when 7 is greater than or
equal to an amount that is simply the product of p and the
stress normal to the plane of slip; that is, the frictional
strength of the fault:

Terir = RO,

Figure 3 shows values of maximum shear stress (7) as a
function of effective normal stress (o,,) for a variety of rock
types (Byerlee, 1978). For most rock types, the data
indicate that . ranges between 0.6 and 1.0.

When fluid is present in the rocks, the effective o, is
reduced by an amount equal to the pore pressure, and the
shear stress () required to cause sliding is reduced to the
following:

Terie = W (Un - p)'

~ This reduction in the effective strength of crustal faults is

the essential mechanism of induced seismicity; that is, for a
constant state of tectonic stress, the effective strength of
crustal faults can be reduced below the critical threshold by
increasing the fluid pressure contained within the rocks,
which leads to a sudden slip and the occurrence of an
earthquake.

Description of the State of Stress By Using the
Mohr Circle

A simple graphical method for describing the state of
stress and how it is altered by the introduction of fluids
under pressure is given by the Mohr circle diagram (fig. 4,
right; Jaeger and Cook, 1979; Simpson, 1986a). The
stresses acting on a given fault plane can be specified with
respect to an orthogonal coordinate system and are referred
to as the principal stress axes along which stresses are
purely compressional. The stress components relative to
these principal axes are called the principal stresses and are
usually designated o, (maximum), o, (intermediate), and
05 (minimum). Shear () and normal (o) stresses along and
across fractures of various orientations are linear combina-
tions of the maximum and the minimum compressive
stresses (o, and a5, respectively) and are defined by the

Conditions for Earthquake Generation 7



MAXIMUM FRIGTION

1000— EXPLANATION S
| SYMBOL REFERENGE ROCK TYPE . Q«'.
+ 3 Limestone , Gabbro ‘;S
900+ 0 6F Weber Sandstone , faulted
¢ 65 Weber Sandstone , saw cut .
= o 7 Greywacke , Sandstone , Quartzite , Granite 9360
. 4 Granite , Gabbro * Q‘_b
— . 16 Plaster in joint of Quartz Monzonite “
800 oot <
. 20 Quartz Monzonite joints
n a 26 Granite .
° 9 Granodiorite .

00— . 13 Gneiss and Mylonite YL 0 .
—_— B ¢ [ L
2 UO N . . x

| (P .
3 ° ¢ e W
- + .f "0

B \J
- ; SR W

- 500}— ©9 <
w . o*
m e L]
[C_;:J x
0 3
s 400— ) ! .'\o
a x
< p—
T °
<9 300 . 0
200_ ) ° x
|00r—
L //.
0 o | 1 ] L | ] | i ] ] | ] | i ] 1 I T
0 100 200 300 400 500 600 700 800 900 1000

NORMAL STRESS , o, (BARS)

Figure 3. Maximum shear stress as a function of effective normal stress for a variety of rock types. The data suggest that
the coefficient of friction ranges between 0.6 and 1.0. 7, shear stress; o,, normal stress; and ., coefficient of friction.
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locus of points around the Mohr circle, whose center is the
average between o, and o (fig. 4B, right). Thus, for a
specific fault plane oriented at angle o with respect to the o
direction (fig. 4B, left), T and o, acting along and across
that plane will be determined by a specific point on the
Mohr circle (identified by angle 2o drawn from the middle,
fig. 4B, right). Larger stress differences between the max-

imum and the minimum principal stresses (that is, the
deviatoric stress) result in larger Mohr circles and, thus,
larger available shear stresses for causing slip along favor-
ably oriented fractures.

The Coulomb failure criterion is represented by a line
that has a slope equal to . and an intercept equal to 7, (fig.
4A). Relative effective values of o, and o necessary for
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Figure 4. Relations between effective stresses and condi-
tions for failure (slip) on a preexisting fault. A, Coulomb’s
law for failure in dry rock showing the relation between
the shear stress (1) required for failure and the normal
stress (ag,,) acting across the plane of slip. Here 7, is the
cohesion, p is the coefficient of friction, and ¢ is the angle
of internal friction. B, The Mohr circle diagram (right),
which provides a graphical method by which the maxi-
mum (o4) and the minimum (o) principal (compressive)
stresses can be resolved into shear (1) and normal (o)
components on a plane at angle a to the o5 direction (left).
The resolved shear (1) and the normal stress (o,,) define
a point (P) given by the radius (R) and center (C) of the
Mohr circle. C, The Mohr-Coulomb failure criterion.
Given any particular state of stress, failure will occur on a
plane containing the intermediate stress (o,) and oriented
at an angle a to o3 if the Mohr circle containing points o,
and o5 intersects the Columb failure curve defined in A.
Reprinted from Simpson (1986a) and published with
permission.

failure thus define circles tangent to this failure envelope
(fig. 4C). In other words, fault planes whose orientations
with respect to a given stress field (o, and a3) define values
along the Mohr circle that intersect the failure envelope for

a given 7, and p will be most likely (most favorably
oriented) to slip (fig. 4C).

Figure 5 shows how an initial stress state (right Mohr
circle) determined at the bottom of a well near Perry, Ohio,
is modified by changes in pore pressure (Appendix A). As
discussed in the previous section, in the presence of a fluid,
compressive stresses are opposed by the hydrostatic fluid
pressure. This reduces the effective stress levels by an
amount equal to the formation pore pressure and moves the
Mohr circle to the left (fig. 5, middle circle). In this
example, the state of stress under hydrostatic conditions is
close to but does not exceed the failure criterion for a
fracture that has no cohesion. Increasing the pore pressure
by an amount equal to a nominal injection pressure of 110
bars moves the Mohr circle even farther towards the failure
envelope (fig. 5, left circle) and, in fact, for the example
shown, indicates that a critical stress level is reached for
fractures having 7, of as much as 40 bars and p of 0.6.
Fractures that have less cohesion or lower coefficients of
friction also would be susceptible to failure.

Conditions for Induced Seismicity

By using the Mohr-Coulomb failure criterion, it is
now possible to specify the conditions under which seis-
micity is most likely to be triggered by fluid injection. First,
the existing regional stress field needs to be characterized
by high deviatoric stress; that is, the difference between o,
and o5 is large, which results in large Mohr circles (compare
circles in fig. 4C). This does not require that the state of
stress itself be large, only that large stress differences exist
for different fault orientations. In fact, many area identi-
fied as close to incipient failure are characterized by
relatively low states of stress (o, and o, in fig. 4C). This

17=40+0.60n

1= 0606n
200 o
/Hydrostaﬁc
5(')0 )
G (bars)

Injection pressure of 110 bars

No fluid pressure

T (bars)

Figure 5. Estimates of shear stress and principal stresses in
relation to possible Coulomb failure curves at a nominal
depth of 1.8 km near the bottom of an injection well near
Perry, Ohio (table 1). 7, shear stress; o, principal stress;
and o,,, normal stress.
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is because low stress states may correspond with low
normal stresses acting across potential slip surfaces. Low
normal stress implies low frictional strength; thus, faults are
weak and easily induced to slip. In the Rocky Mountain
Arsenal case, the induced earthquakes occurred in a region
of normal faulting that is characterized by a relatively low
state of stress and, as a consequence, by a relatively low
effective normal stress (but a high shear stress) acting across
the fault that slipped (Zoback and Healy, 1984).

Second, preexisting favorably oriented faults or frac-
tures must be available for slip. In general, the shallow part
of the Earth’s crust is characterized by numerous fractures
of different sizes and orientations. However, many of these
fractures are small and are capable of generating only small
earthquakes of little consequence, and many may not have
the proper orientation relative to the existing regional
tectonic stress field such that the conditions for failure are
met. Thus, for fluid injection to trigger substantial numbers
of significant earthquakes, a fault or faults of substantial
size must be present that are properly oriented relative to the
existing state of stress, characterized by relatively low
effective shear strength, and sufficiently close in proximity
to well operations to experience a net pore pressure
increase. As discussed in in the section “Hydraulic Factors
in Earthquake Triggering,” the effects of fluid injection
dissipate rather quickly as distance from the well increases.
This implies that, for typical values of hydrologic properties
commonly associated with aquifers of large spatial extent
targeted as reservoirs for waste disposal by fluid injection,
the pore pressure effect beyond about 10 km is minimal.

Third, injection pressures at which well operations
are conducted are relatively high; for example, the Cogdell
Canyon Reef oil field in West Texas (table 1), where the
largest earthquake known to be associated with secondary
recovery operations in the United States was triggered
(Davis, 1985), operates at fluid injection pressures of nearly
200 bars above ambient. Other extensive well operations
that are in the same tectonic province and, in fact, operate
within the same pay zone (the Canyon Reef Formation) are
not inducing adjacent seismicity, but these wells typically
operate at injection pressures of 100 bars or less. Similarly,
the Calhio waste-disposal wells in northeastern Ohio (table
1) may have triggered several small earthquakes in close
proximity (<5 km) to the injection site (Nicholson and
others, 1988), yet a number of other injection wells that
utilize the same basal sandstone layer (the Mount Simon
Formation) for the disposal of hazardous and nonhazardous
wastes have not done the same. These other wells, how-
ever, typically operate at about half the pressure utilized by
Calhio. Interestingly, a waste-disposal well located near
Ashtabula, Ohio, that became operational in July 1986 and
that utilized the same reservoir formation and similar
injection pressures to those used by the Calhio wells
(Appendix A) triggered a M 3.6 earthquake and a large

number of aftershocks in July 1987 (Armbruster and others,
1987).

The hydrologic properties of a reservoir are respon-
sible for how rapidly fluid is accepted and, thus, control the
injection pressure required to maintain a constant fluid
injection rate (volume of fluid flow into the well). These
properties also control how rapidly the pore pressure
increase in the reservoir dissipates with distance from the
point of fluid injection. Aquifers of large spatial extent,
which require low injection pressures for high injection
rates, also dissipate the pressure effect most rapidly. This
insures that, unless fluid is injected directly into a fault zone
(as in the Rocky Mountain Arsenal case), the net pore
pressure change from fluid injection will not extend for any
appreciable distance from the well. Thus, the distance
between a favorably oriented fault or fracture capable of slip
and an operating injection well also will become a critical
factor in determining the potential for induced seismicity.

Assessing the proximity of favorably oriented preex-
isting fractures to a potential waste-disposal site in the
Central and the Eastern United States is difficult because
many of the fault structures responsible for earthquakes in
the past and, presumably, the most likely ones responsible
for earthquakes in the future are not easily identified.
Unlike large historical earthquakes in the Western United
States, those that have occurred in the East have yet to
produce any primary surface manifestation. This makes
identification of active faults or potentially active faults
difficult. Reducing the risk of siting an injection well near
a major fault may require extensive subsurface geologic
mapping to assess the proximity of potential fault struc-
tures. Substantial progress has been made, however, in the
ability to assess the local state of stress and, thus, to
ascertain the degree to which any potential faults or frac-
tures in the vicinity of the well may be close to failure
(Evans, 1988).

STATE OF STRESS IN THE EARTH’S CRUST IN
THE UNITED STATES

Estimating the state of stress throughout the continen-
tal United States has become a very active area of research
over the past several years. Its determination is extremely
important to a further understanding of regional patterns of
crustal deformation and to any accurate assessment of the
local seismic hazard. The amount of energy available to be
released in an earthquake is determined by the amount of
elastic strain energy stored in the rocks of the Earth’s crust.
The amount of strain energy available for release depends,
in turn, on the state of stress. It is the state of stress that
determines how close to failure a preexisting fault may be
and, as shown in the section “Hydraulic Factors in Earth-
quake Triggering,” how much fluid pressure is required to
trigger fault slip or to hydrofracture intact rock. Because of
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its importance, the variation in time and space of the
magnitude and the direction of the stress field has become
the subject of recent intense study. In many cases, the
techniques developed to determine the state of stress actu-
ally measure secondary effects, such as strain. The greatest
difficulty, however, is measuring the necessary parameters
at depths where earthquakes actually occur; otherwise,
questionable extrapolations must be used from measure-
ments made at shallow depths. In the case of earthquakes
induced by fluid injection, the seismicity is likely to be
shallow and in close proximity to the well itself. Thus, the
advantage in assessing the potential for an existing well to
trigger earthquakes is that its presence provides reasonable
access to the hypocentral regions where any potential
induced events are most likely to occur.

Determining Magnitudes and Orientations of the
Local State of Stress

Measurements of the state of stress can be accom-
plished through a variety of techniques. In general, it is
somewhat easier to determine the orientation of the princi-
pal stresses than it is to determine their magnitude. Never-
theless, orientations alone are important because the current
stress regime may be substantially different from that which
existed when major faults in the area were originally
produced. This is especially true in the Eastern United
States, where most faults are old, seismicity is relatively
low, and the identification of active fault structures is more
difficult. The orientation of the principal stresses deter-
mined from actual in situ measurements (fig. 6) can thus aid
in identifying those faults that have orientations conducive
to slip in the existing tectonic stress field. Orientations and,
to some extent, relative magnitudes of the principal stresses
can be determined from earthquake focal mechanisms
(Michael, 1987), borehole elongations (Gough and Bell,
1981; Plumb and Hickman, 1985), core-induced drilling
fractures (Evans, 1979; Plumb and Cox, 1987), and, in
some cases, the orientation of young geologic features, such
as dikes, volcanic vent alignments, or recent fault offsets
(Zoback and Zoback, 1989). Reliable determination of the
absolute magnitude of the principal stresses typically
requires measurements made by using the hydraulic fracture
technique.

Stress Orientation Indicators

Earthquake Focal Mechanism Solutions

Earthquake focal mechanisms are some of the most
commonly utilized indicators of principal stress directions
(Michael, 1987). Focal mechanism solutions define two
alternative planes of slip, as well as two stress axes—one of
compression and one of tension (see fig. Al). A discussion
of the possible orientations that these particular stress axes

may have relative to the principal stress directions is given
by McKenzie (1969).

The principal contribution of focal mechanism solu-
tions is that they readily identify the specific type of faulting
and the orientation of actual planes of slip (faults) in the
local area. By inference, the relative magnitude of the state
of stress can then be derived, if one of the three principal
stresses (0, 05, Or 03) is assumed to correspond with the
vertical stress (S,) induced by the weight of the overburden.
Thus, in areas dominated by normal faulting, S, corre-
sponds with ¢, implying that the magnitude of the other
two orthogonal stresses (S;; and S,,, which correspond to the
maximum and the minimum horizontal compressive streses,
respectively) are less than the overburden pressure. In
regions of strike-slip faulting, S, is intermediate, and, in
regions of thrust faulting, S, is less than either S, or §,
(Anderson, 1951). If the orientation of the principal stresses
is known from other data in the same stress province, then
focal mechanisms can be used to predict the orientation of
available planes of slip and the degree to which such planes
are close to the plane of maximum shear.

Wellbore Breakouts

Wellbore breakouts, also known as borehole elonga-
tions, are a phenomenon of wellbore deformation induced
by inhomogeneous stresses in the crust (fig. 6C). When a
well is drilled into a medium, the presence of the cavity
creates stress concentrations around the borehole wall
(Hubbert and Willis, 1957). These stress concentrations are
greatest in the section of the wall parallel to the direction of
the minimum horizontal compressive stress, S,. Bell and
Gough (1979) interpreted the elongation of the borehole to
be the result of spalling of weak material off the wellbore
wall caused by localized compressive shear failure in the
region where the compressive stress concentration is larg-
est. Subsequent data (Plumb and Hickman, 1985; Plumb
and Cox, 1987) has confirmed that wellbore breakouts are
indeed the result of stress-induced shear failure under
compression and that the orientations of the borehole
elongations consistently reflect the orientation of S,
(Zoback and others, 1985). Measurement of the shape of
the borehole wall with depth by using standard logging
techniques (dipmeter or televiewer) can assess the consis-
tency of the orientations of S, and S, as a function of depth,
as well as their spatial variation between wells (fig. 6A).

Core-Induced Fractures

A recently identified stress orientation indicator,
similar in some respects to wellbore breakouts, is the
presence of core-induced drilling fractures observed in
retrieved bottom-hole cores. These phenomena, also called
petal centerline fractures, typically consist of near-vertical
or steeply dipping planar fractures observed in the oriented
rock cores (fig. 6C) and are believed to represent exten-
sional fractures formed in advance of a downcutting drill bit
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(Kulander and others, 1977; GangaRao and others, 1979).
However, unlike wellbore breakouts, which are compres-
sional features (and, therefore, form parallel to S,), the
orientation of these fractures is thought to parallel the
maximum horizontal compressive stress, S;. Evans (1979)
examined oriented cores from 13 natural gas wells in
Pennsylvania, Ohio, West Virginia, Kentucky, and Vir-
ginia and determined core-induced fracture orientations for
hundreds of meters of core in most of the wells. Plumb and
Cox (1987) also compiled regional data sets of core-induced
fracture orientations (fig. 6B). The inferred S, directions
derived from these measurements are generally consistent
within wells, between nearby wells, and with adjacent
hydraulic fracturing results, borehole elongations, and focal
mechanism solutions (fig. 6).

Fault Offsets and Other Young Geologic Features

In the presence of an inhomogeneous stress field,
young geologic features, such as dikes or volcanic vent
alignments, are most likely to propagate in a direction
parallel to Sy This assumes, however, the absence of any
preexisting fabric or other structural features, such as faults,
that may preferentially control dike or vent-alignment
formation. Fault offset data can be used like focal mecha-
nism solutions to help constrain the orientation and the
relative magnitudes of the existing stress field (Angelier,
1979; Michael, 1984), the added advantage being that the
actual fault plane is known. The stress orientations derived,
however, are valid only for the time period during which
fault slip occurred and so are not necessarily valid for the
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Figure 6. Maximum horizontal stress directions, strikes of core-induced fractures, and the orientation of various stress
indicators. A, Maximum horizontal stress directions based on borehole measurements—borehole elongation data (dots);
hydraulic fracture data (squares); and overcoring measurements (circled dots). B, The strikes of centerline fractures
observed in Eastern Gas Shales Project (EGSP) cores. East-northeast-trending centerline fractures found throughout the
Appalachian Basin correlate with contemporary stress directions shown in A. C, The relation between orientations of
various stress indicators and principal stress directions observed in wells from the Appalachian Basin. Reprinted from

Plumb and Cox (1987) and published with permission.
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Figure 6. Continued.

current tectonic stress field, particularly if the age of
faulting is old.

Hydraulic Fracture Stress Measurements in Wells
and Types of Pressure-Time Records

The most reliable measurements of the magnitude and
the orientation of in situ stresses are made by the hydraulic
fracture technique (Noorishad and Witherspoon, 1984). The
principle involved with this technique is similar to that for
core-induced fractures in that failure results from tension
rather than from compression. In the hydraulic fracture
technique, one principal stress is assumed to be parallel to
the borehole and equal in magnitude to the overburden
pressure; that is, S,,. If at any point the fluid pressure in the
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borehole exceeds the strength of the intact rock and the
stress concentration around the wellbore, then a hydraulic
fracture is produced (fig. 6C). Because the points at which
the borehole wall is weakest correspond to a vertical plane
perpendicular to S, the hydraulic fracture will most likely
propagate in that plane. The magnitude of S, therefore, can
be determined from the pressure acting on the hydraulic
fracture immediately after pumping into the well is stopped
and the well is shut in. This is called the instantaneous
shut-in pressure (ISIP). The magnitude of S, can then be
determined, providing that the assumption of elastic stress
concentration around a circular borehole is valid. In some
cases, however, the material around the wellbore clearly
cannot support the concentration of stresses and fails in
compression, resulting in borehole elongation (Bell and
Gough, 1983), as discussed above. When this happens, the
assumption of elastic behavior near the wellbore is clearly
not valid, and S cannot be determined in the intervals
exhibiting wellbore breakouts.

Basically, the method of hydraulic fracture stress
measurement is to pack off an unfractured section of the
wellbore and then to increase the fluid pressure in that
section until a fracture occurs in the borehole wall. Because
the section is isolated (that is, packed off), the pressure is
monitored carefully, and, because only a small volume of
fluid is used, a small controlled fracture is produced rather

LIMEKILN C

than a massive hydraulic fracture, as in the case of well
stimulation to enhance circulation (Pearson, 1981). The
fluid pressure required to cause the fracture is called the
fracture pressure or the breakdown pressure (P,). After a
fracture is produced, fluid pressure in the packed-off section
is then cycled repeatedly to determine the pressure required
to reopen the fracture (P,,) by pumping small volumes at a
constant flow rate and by permitting “flow-backs” to occur
following each injection cycle to allow for the drainage of
excess fluid pressure. In general, the pressure and flow
records produced under these controlled conditions will
reflect both of the procedures used during hydraulic frac-
turing and the in situ stress field. Thus, careful analysis of
the pressure-time histories recorded during hydrofracturing
can be used to estimate the magnitude of the principal stress
components. Stress orientation is then determined by using
a borehole televiewer or impression packer to ascertain the
orientation of the hydraulic fracture created. Figure 7 shows
an example of a typical hydraulic fracture pressure-time
record from a well drilled to a depth of 185 m in crystalline
rock near the San Andreas Fault in central California. In the
case of a waste-disposal well, this measurement ideally
would be made in the anticipated zone of injection or, if
possible, in the basement rock below the waste-disposal
aquifer, so as not to interfere with the integrity of the
confining layer.
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Figure 7. Surface pressure and flow versus time records during a hydraulic fracture stress measurement made at a depth
of 185 m in the Limekiln C well, which was drilled 4 km from the San Andreas Fault in central California. The breakdown,
fracture opening, and instantaneous shut-in surface pressures (ISIP) are indicated. S,,, minimum horizontal stress; S,,
vertical stress; and P,, initial pore pressure. Reprinted from Hickman and Zoback (1983) and published with permission.
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It should be noted that when the term “fracture
pressure” is used in commercial stimulation operations, it
rarely corresponds with the value of the “breakdown pres-
sure” referred to in hydraulic fracturing stress measure-
ments. This is because, in commercial stimulation opera-
tions, the section of the borehole wall to be fractured often
contains preexisting fractures of random orientation that
possess various cohesive strengths of unknown quantity.
Because commercial stimulation, therefore, typicaily
involves reopening preexisting cracks rather than generating
a new fracture of known orientation, “fracture pressure”
from commercial hydrofracture operations often represents
an unspecified value between the breakdown pressure (P,)
and the fracture-opening pressure (P) discussed in the
context of hydraulic stress measurement techniques.

From the results of Hubbert and Willis (1957),
Haimson and Fairhurst (1967) derived the following equa-
tion:

Pb=3Sh—SH—p+T0’

which relates P, to S, and Sy, the initial formation pore
pressure (p), and the formation tensile strength (7). As
mentioned before, S, can be determined from the ISIP.
Determination of the magnitude of S, requires knowledge
of T,. A good in situ measure of T, can be inferred from the
difference between P, and Py, (fig. 8A). In practice, several
successive cycles of fluid injection may be required to
measure this quantity accurately (fig. 8B). It was then
recognized that, if the initial formation p and the ISIP were
known, then S could be determined directly from Pp,:

Pfo=3Sh"SH—P

(Bredehoeft and others, 1976). Figure 7 shows how each of
the three values (P, Py, and the ISIP) are reflected in the
pressure-time history of an actual hydraulic fracture record.

On the basis of the equations above for P, and P, at
least three types of pressure-time histories can be identified,
depending on the relative values of P,, P, and §,,. Figure
9 shows examples of these three types of pressure records
and how each can be distinguished.

Comparison of Fracture Pressure and the
Mohr-Coulomb Failure Criterion

The increase in formation pore pressure by fluid
injection in a well can induce either a new hydraulic fracture
or slip on a preexisting fault. In both cases, the critical
pressure necessary for failure is dependent on the in situ
stress field. Pressure limitations of maximum allowable
injection pressures established for various waste-disposal
operations typically are set below the estimated value of P,
to prevent an uncontrolled fracture of the confining layer
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Figure 8. Injection pressure versus time during initial
hydraulic fracturing and subsequent cycles of pumping. A,
Differences between the initial cycle in which a fracture
occurs (breakdown) and the subsequent cycles that
reopen (fracture-opening pressure) and possibly extend
the previously formed crack. B, Multiple pumping cycles
showing the decrease in fracture-opening pressure with
each cycle. Reprinted from Hickman and Zoback (1983)
and published with permission.
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above the aquifer used for waste disposal and the potential
contamination of potable water supplies. Although the
concept of P, is well recognized in the drilling and
well-operations industry, its dependence on the regional
tectonic stress field, as well as on the tensile strength of the
rock, often is not appreciated fully. Thus, before reasonable
levels of injection pressure are set, accurate knowledge of
the existing state of stress is extremely important.

In terms of the relative magnitudes of fluid pressure
needed to induce slip on a preexisting fault versus the fluid
pressure necessary to cause a hydraulic fracture, the pres-
sure needed to cause slip is typically much lower; for
example, suppose the state of stress can be characterized by
a regime in which the vertical stress (S,) is close to Sy and
the stress ratio a of S, to Sy is 0.65. The breakdown
pressure (P,) required to hydrofracture intact rock is then
given by the following equation:

P,=SGa-1)—p+T,

At a nominal depth of 2 km and for a rock density of 2.6
grams per cubic centimeter, S, is about 510 bars. If T, is
taken to be 40 bars and p is near hydrostatic (p = 200 bars),
then P, = 325 bars, or 125 bars above ambient. Fracture-
opening pressure (P,,) would be 285 bars, or 85 bars above
ambient. However, the critical fluid pressure (P.,;) neces-
sary to induce sliding on a favorably oriented preexisting
fracture that has no cohesion is equal to the following:

Pcrit = (K O3 — 0-1)/(1( - 1)’

where K = [(u* + 1)1/2 + p)? (Jaeger and Cook, 1979). For
p = 0.6 and the stress regime given above, this relation
reduces to the following:

Pcrit = Sv Ba — D2,

which, for the values of o and S, given above, yields P,,;,
= 242 bars, or only 42 bars above ambient. If the fault
exhibits cohesion, then the critical fluid pressure required to
induce slip is proportionately greater. Nevertheless, under
the conditions assumed above, an increase in fluid pressure
of 42 bars above ambient would be sufficient to induce slip
on planes having no cohesion that contain o, and are
oriented about 30° relative to o,; 85 bars above ambient
would be sufficient to open preexisting fractures (increase
transmissivity) oriented parallel to ¢,; and 125 bars would
be sufficient to fracture the intact rock of the borehole wail
hydraulically.

Thus, setting maximum injection levels at pressures
below that required to fracture the intact borehole wall will
not guarantee the prevention of induced seismicity if favor-
ably oriented preexisting faults are present near the well.
Conducting a controlled hydraulic fracture stress measure-
ment, however, will determine the safe level of fluid

injection pressure to prevent an uncontrolled hydrofracture
and the proximity to failure of any adjacent potential slip
surface.

Summary of Stress Measurements to Date

Compilations of various stress measurements have
been made by several investigators (Sbar and Sykes, 1973;
Lidener and Halpern, 1978; Zoback and Zoback, 1980,
1989). These summaries suggest that the continental United
States can be divided into distinct stress provinces, within
which the stress field is fairly uniform in magnitude and in
direction. Figures 6 and 10 show some of the most recent
compilations of stress orientations within the conterminous
United States (Plumb and Cox, 1987; Zoback and Zoback,
1989). Both sets of compilations identify the type of stress
indicator used at each site. A more generalized stress map
showing average principal stress orientations, the stress
regime, and delineating the stress provinces is shown in
figure 11. In some cases, the boundary between various
provinces is sharp, whereas, in others, it is broad and
transitional.

Much of the Central and the Eastern United States,
where a large number of waste-disposal wells are concen-
trated, is characterized by a compressive stress regime (fig.
11). Reverse and strike-slip faulting would be most likely to
occur in this part of the country, as the vertical stress (S,) is
less than one or both of the horizontal stresses. Because the
maximum principal compressive stress (o) is horizontal
and typically oriented northeast to east, planes striking 30°
to 45° relative to Sy would be oriented most favorably for
slip. For large parts of the Central United States, the
magnitudes of the principal stresses indicate that only
relatively small increases in pore pressure along such
favorably oriented fractures are required to induce slip
(Evans, 1988).

HYDROLOGIC FACTORS IN EARTHQUAKE
TRIGGERING

In all the well-documented cases of injection-induced
seismicity, the increase of pore pressure resulting from the
fluid injection is the key perturbation to the natural envi-
ronment responsible for triggering the earthquakes. A
well-developed body of theory and computational tech-
niques exists for the estimation of the temporal and the
spatial distribution of the pressure field generated by an
injection operation. Relatively straightforward analytic
techniques are available for most simple geometries, such
as radial flow in a confined horizontal aquifer. Numerical
modeling techniques are also available for more compli-
cated geometries. The most complete analyses of the
hydrologic factors involved in earthquake triggering were
conducted in association with the Rocky Mountain Arsenal
and the Rangely earthquake sequences (Raleigh and others,

Hydrologic Factors in Earthquake Triggering 17
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1976; Hsieh and Bredehoeft, 1982). In the Rocky Mountain
Arsenal case, the pressure field was dominated by a fault or
fracture zone of finite width that had high permeability
relative to the country rock. Although the reservoir geom-
etry was less complex at Rangely, the pressure field also
seemed to be affected by the presence of a zone of high
permeability that coincided with a mapped subsurface fault
(see fig. A2A). For most cases of Class I injection wells
(that is, those wells used for the disposal of hazardous
waste), sites are chosen to avoid faults where possible, and,
in such cases, estimating the development of the pressure
field established around the well by fluid injection can rely
on using relatively simple methods. However, if, after the
completion of the well, evidence comes to light suggesting
that a more complex model of reservoir geometry is
appropriate, then it would be necessary to reassess the net
effect of fluid injection by utilizing more precise and
sophisticated techniques for analysis. '

Most of the common methods available for calcula-
tion of the pressure field from an injection well are
adaptations of standard techniques used in ground-water
modeling (Davis and DeWiest, 1966; Freeze and Cherry,
1979; Fetter, 1980). However, as mentioned above,
changes in the standard techniques are required in the
presence of faults, fractures, or other possible pathways for
anisotropic fluid flow. In addition, if fluid is being injected
into a rock of extremely low permeability, typical of the
crystalline basement where most earthquakes occur, then
other factors of importance may also come into play.
Methods for calculating ground-water flow in such low-
permeability environments are discussed by Neuzil (1986).

The critical reservoir characteristics for predicting the
pressure field around an injection well are the transmissivity
and the storativity of the rocks. The lower the transmissivity
is, the more confined the “pressure bulb” around the bottom
of the well is and the more likely that high pore fluid
pressures will be established, thus increasing the concern
for earthquake triggering. Inasmuch as earthquakes occur
on faults and these same faults can act as zones of high
permeability (high transmissivity), determining the pres-
ence of faults or fractures is important for predicting the
occurrence of induced seismicity.

In many cases where potentially active faults occur at
some distance from the injection well, accurate fluid pres-
sure changes are difficult to anticipate because detailed
information about the hydrologic properties of the reservoir
away from the injection well are lacking; for instance,
supposing waste is injected into a basal sedimentary unit

< Figure 10. Maximum horizontal compressive stress
orientations throughout the conterminous United
States. Solid lines, physiographic provinces typically
exhibiting nearly uniform stress fields. Reprinted
from Zoback and Zoback (1989) and published with
permission.

overlying crystalline basement, although much may be
known about the zone of injection, little may be known
about the hydrologic characteristics of the deeper basement
rock, where the potential for earthquakes—owing to the
presence of faults and fractures—may be significant. As
shown below, some estimate of the average characteristics
of the reservoir in the vicinity of a well can be inferred from
measurements made during well completion and detailed
monitoring of the pressure-time history.

Reservoir Properties

For a given reservoir geometry, the fluid pressure
field generated by injection is governed by transmissivity
and storativity, which are functions of porosity (n), the
permeability, and the elastic constants of the aquifer. These
parameters can be determined from laboratory tests on well
cores, piezometer tests, or pumping tests. Pumping tests
have the desirable characteristic that they average over a
large in situ volume of the aquifer and, therefore, represent
the most realistic estimates. The storativity (S), which gives
the amount of fluid released per unit column of aquifer for
a unit decline in head, can be calculated from the following
expression:

S = pgh (o, + nP),

where p is fluid density, g is the acceleration of gravity, A
is the aquifer thickness, a, is the vertical compressibility of
the aquifer, and B is the fluid compressibility. Transmis-
sivity (7) is defined as follows:

T = Kb,

where K is the saturated hydraulic conductivity, and b is the
thickness of the aquifer (Freeze and Cherry, 1979). Hydrau-
lic conductivity (K) is simply as follows:

K = kpg/m,

where £ is the specific or intrinsic permeability, and r is the
dynamic viscosity of the fluid. The storativity and the
transmissivity of the reservoir can be estimated from pump-
ing tests by using curve-matching techniques that apply
either the Theis log-log plot or the Jacob semi-log plot
methods (Freeze and Cherry, 1979).

Fluid Pressure Changes Resulting From Injection

For purposes of illustration, two types of reservoir
models are presented —an infinite isotropic reservoir and an
infinite strip reservoir that has infinite length but finite
width and thickness; that is, rectangular cross section.
These models are simply for the purpose of studying how
fluid pressure may propagate horizontally away from an
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Figure 11. Generalized stress provinces of the conterminous United States. Outward-pointing arrows, areas character-
ized by extensional deformation (that is, normal faulting); inward-pointing arrows, regions dominated by compressional
tectonism (that is, reverse and strike-slip faulting); dashed lines, horizontal stress provinces—CC, Cascade convergent;
PNW, Pacific Northwest; SA, San Andreas; CP, Colorado Plateau; and SGP, Southern Great Plains. Reprinted from

Zoback and Zoback (1989) and published with permission.

injection well. They do not address the question of how
fluid pressure effects might migrate downward from the
injection horizon towards potential earthquake-producing
structures in the basement.

Infinite Reservoir Model (Radial Flow)

The simplest model for estimating the development of
a pressure field around an injection well is radial flow in a
single infinite isotropic aquifer of constant thickness. The
fluid pressure p(r,) at distance (r) and time (¢) as a result of
a constant flow rate (Q) into a reservoir that extends
uniformly in all directions is given by the following
equation:

_peQ | f
p(r’t)_ 41TT g dg s

in which u = r*$/4Tt (Freeze and Cherry, 1979). Figures 12
and 13 show example calculations for the pressure field
around an injection well in Ohio. The values of
storativity [5.4 X 107° square meters per second (m%s)]
and transmissivity (4.5 X 107° m?s) in the radial flow
model are rather low compared to those for optimal waste-
disposal operations; thus, the pressure at the wellbore

required to achieve the desired rate of fluid injection is
rather high. Figure 12 shows the pressure change versus
time curve at the wellbore for a well that has a radius of 12
cm and assuming a constant injection rate of 6.7 X 10°
liters per month (L/mo). Figure 12 also shows how a change
in shape of the reservoir can effect the pressure-time history
at the wellbore. Thus, whether pressure is rising because of
fluid injection or falling because injection has stopped (in
this case, after a nominal injection period of 15 yr), the
pressure history is characteristic of the reservoir geometry.

In the radial flow model, the pore pressure (p) rises
relatively rapidly during the first few years and then
continues to rise at an ever-decreasing rate. Once injection
has stopped, the decline in pressure at the wellhead is most
rapid in the radial flow model. The attenuation of the
pressure field with distance away from the well is shown in
figure 13. With increasing time, the pressure bulb around
the well continues to grow. After 10 yr of injection, the
pressure increase at a distance of 5 km from the well is
about 15 percent of the value at the wellbore.

Infinite Strip Reservoir Model

If fluid flow is confined to a narrow reservoir of finite
width, then the fluid pressure at a given distance from the
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Figure 12. Injection pressure versus time as calculated from the equations in the text for radial flow (infinite width) and
finite width (1.0 and 7.5 km) reservoir models. An injection rate of 6.7 million L/mo is used and is assumed to cease after
15 yr. Transmissivities are varied between models to produce approximately 110 bars of wellhead pressure after 15 yr

(from Wesson and Nicholson, 1986).

well will be higher than that of the radial flow case. This
type of model was used by Hsieh and Bredehoeft (1981) to
calculate the pressure distribution around the Rocky Moun-
tain Arsenal well implicated in the 1967 Denver earthquake
sequence. Even if no specific evidence suggests that such a
similar linear zone of high permeability is characteristic of
a particular reservoir geometry, such calculations still may
be useful to illustrate how large a pressure buildup is
possible at any given distance and to show how the pressure
history at the wellbore is diagnostic of the shape of the
reservoir into which fluid is being injected.

For injection into the center of a strip of finite width
(w) and infinite extent in the x direction, a constant injection
rate (Q) produces a pressure given by the following:

oo

pg0 < e
SWl)= —— - d )
plryi="— > %

m=—®
um

where y is the distance from the center of the strip, and u,,
= x> + (y + mw)?]S/4Tz. Figure 12 shows how the
pressure at the wellbore will increase with time for reser-
voirs of infinite length and various widths. Figures 14 and
15 show the attenuation of the pressure field with distance
away from the well for the same two models. Two strip
models are considered—a width of 1 km and a transmissiv-
ity of 2.0 X 107> m?%s and a width of 7.5 km and a
transmissivity of 4.5 X 10~ m%/s. The transmissivities are
selected to make the pressure-time curves comparable to
those exhibited by the radial flow case discussed in the
previous section. Two points are clear. First, for a constant
fluid injection rate, the pressure required at the wellbore
initially rises more gradually for either of the two infinite
strip reservoir models than for the case of radial flow but
continues to rise at a more rapid rate at later time intervals.
Second, the narrower the postulated reservoir is, the higher
the formation fluid pressure that will be achieved with time
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Figure 13. Calculated increased pore pressure versus distance as a result of injection into a confined reservoir of infinite
extent (radial flow) and transmissivity of 4.5 x 107> m?/s (from Wesson and Nicholson, 1986). Time intervals are 5, 10, 15,

and 20 yr.

at large distances from the wellbore. Moreover, once
injection has ceased, the decline in pressure at the wellhead
is more gradual for either of the two infinite strip models
than for radial flow. Because reservoir geometry has such a
significant effect on the pressure-time curves, it is evident
that analysis of the history of injection pressure at the
wellhead can be used to help discriminate the shape of the
reservoir into which fluid is being injected.

UNRESOLVED ISSUES

Although much is known about how earthquakes are
induced by deep well injection, full understanding of the
earthquake process is far from complete. Many issues
remain unresolved and, as such, produce large uncertainties
in the confidence with which adequate and appropriate
regulations can be formulated. The following problems are
considered to be some of the principal unresolved questions

that bear directly on the issue of accurate seismic risk
assessment.

The Problem of Seismicity in the Central and the
Eastern United States

From a seismic hazard point of view, the contiguous
United States can be divided along a boundary roughly
corresponding to the eastern front of the Rocky Mountains.
Most of the earthquakes in the area to the west (pl. 1) are
associated with active, well-defined geologic processes. In
contrast, the cause of many of the earthquakes in the Central
and the Eastern United States is still poorly understood. In
the West, the association of earthquakes, particularly large
ones (M=6.5), with geologic faults is well established. In
many cases, these faults are visible at the surface, and, by
using geologic techniques, it is possible to demonstrate that
displacement has occurred along these faults during the
geologically recent past. However, with the exception of
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Figure 14. Increased pressure versus distance along the axis of an infinite strip reservoir 7.5 km wide and transmissivity
as in figure 13 (from Wesson and Nicholson, 1986). Time intervals are 5, 10, 15, and 20 yr.

evidence for subsurface faulting in the vicinity of the
1811-12 New Madrid, Mo., earthquakes, the relation
between faults and earthquakes in the Central and the
Eastern United States has been much more elusive. This
issue has been clouded even further by the discovery of the
Meers Fault in the Wichita Mountains of Oklahoma, along
which large, relatively recent movement has occurred
(Gilbert, 1985), yet no current or historical seismicity has
been associated with it (Lawson, 1985). The Charleston,
S.C., earthquake of 1886 provides perhaps the best example
of some of the difficulties involved. Despite the continuing
occurrence of small earthquakes in the Charleston area, as
well as extensive regional and local geologic and geophys-
ical investigations, no commonly agreed upon fault or faults
judged to be responsible for the large historic earthquake
has yet to be discovered. Consequently, the primary basis
for estimating future locations of earthquakes in the Central
and the Eastern United States remains the catalog of historic
earthquake epicenters.

Magnitudes of Induced Earthquakes

Although it seems extremely unlikely that deep well
injection alone could induce a truly large earthquake in the
Central or the Eastern United States, no satisfactory method
is currently available for estimating the maximum size of
earthquake that might be produced. Indeed, no method
exists for estimating the increased probability for triggering
earthquakes of any magnitude as the result of raising the
pore fluid pressure through deep well injection.

Observations indicate that the magnitude of an earth-
quake increases roughly as the logarithm of the length of
fault along which displacement occurs (fig. 16). Slip is also
proportional to fault length. Thus, a magnitude 8§ earth-
quake typically involves faulting along hundreds of kilome-
ters of fault and several meters of slip, whereas a magnitude
3 earthquake might involve faulting over a surface that has
a dimension of several tens of meters and slip of only a few
centimeters. The magnitudes of the largest earthquakes
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Figure 15. Increased pressure versus distance along the axis of an infinite strip reservoir 1 km wide and transmissivity of
2.0 X 107°> m%s (from Wesson and Nicholson, 1986). Time intervals are 5, 10, 15, and 20 yr.

associated with deep well injection were between 5 and 5.5
(table 1, Rocky Mountain Arsenal in 1967 and Snipe Lake,
western Alberta, in 1970). Although none of the induced
earthquakes recorded so far would be considered devastat-
ing, the potential for damage from such earthquakes could
be larger than for those in more tectonically active regions
because many of the induced events are shallow and occur
in areas of low expected seismic hazard and in regions of
low attenuation of seismic waves; for example, the Attica
earthquake of 1929 discussed in Appendix A. Earthquakes
in the Central and the Eastern United States typically cause
damage over much larger areas as compared to earthquakes
of the same size in the Western United States. This is
primarily the result of the lower attenuation of seismic
waves in the East versus the West, but other factors also
may be involved.

One of the factors that may affect earthquake damage
potential and that seems to distinguish earthquakes in the
Central and the Eastern United States from those in the

West is a tendency for eastern earthquakes to be associated
with relatively small rupture areas for a given magnitude
earthquake. If true, then this would imply that eastern
earthquakes exhibit more slip per unit fault area than do
western earthquakes and would imply that eastern earth-
quakes reflect higher stress drops. This would be coincident
with the thinking that the crust of the Earth beneath the
Central and the Eastern United States is older, colder, and,
therefore, stronger than that beneath the Western United
States. This is also consistent with the idea that large
earthquakes east of the Rocky Mountains typically have
much longer repeat times than those to the west, allowing
faults to heal and regain much of their frictional strength
lost during dynamic slip in past earthquakes (fig. 16;
Kanamori and Allen, 1986). This apparent difference is
important because, if correct, smaller faults in the vicinity
of a well located in the Eastern United States could produce
larger earthquakes than might be anticipated on the basis of
relations derived from more seismically active areas in the
West (Thatcher and Hanks, 1973).
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Figure 16. Relation between surface-wave magnitude and
fault length. Shown for reference are theoretical lines of
constant stress drop (1, 10, and 100 bars, left to right,
respectively). Earthquakes that have longer repeat times
generally exhibit shorter rupture lengths (L) for the same
size earthquake; compare the 1983 Mg 7.3 Borah Peak,
Idaho, earthquake with the 1976 Mg 7.5 Guatemala earth-
quake. Mg, surface-wave magnitude; L, fault length; and
7, repeat times. Reprinted from Kanamori and Allen (1986)
and published with permission.

Potential for Reactivation of Old Faults

It is sometimes suggested that earthquakes in the
Central and the Eastern United States occur on reactivated,
geologically old faults. Currently, the phenomenon of
reactivation is poorly understood (Sibson, 1985). Because
of the large uncertainties in the inherent shear strength and
the time-dependent nature of friction with slip on fauits, no
criteria exist for predicting whether an old fault might be
reactivated, except to determine how close in orientation an
existing fault may be relative to preferred planes of slip in
the current regional tectonic stress field, as predicted by the
Mohr-Coulomb failure criterion.

Importance of Small Induced Earthquakes

It is possible that a deep well injection operation may
induce small earthquakes in the immediate vicinity of the
bottom of the well, as has been the case in several of the

secondary oil recovery and solution mining cases described
in Appendix A. If these earthquakes are below the threshold
for damage or, perhaps, even below the threshold for
noninstrumental detection, then it is not unreasonable to ask
whether these earthquakes constitute a risk. Two questions
arise— Do these small earthquakes indicate the potential for
larger, potentially damaging earthquakes? and do these
small earthquakes indicate the possibility of breaching the
confining horizon?

In answer to the first question, the occurrence of even
small earthquakes indicates that, at least locally, the con-
ditions for seismic slip are satisfied. In the Western United
States, the association of small, natural earthquakes with a
geologically recognizable fault is taken as sufficient evi-
dence that the entire fault is active and, consequently, that
a potentially larger earthquake, controlled by the dimension
of the fault, is possible. Unfortunately, our lack of knowl-
edge concerning the size and the distribution of buried faults
in the Central and the Eastern United States prevents a
similar line of reasoning. Thus, without detail subsurface
information, it is not possible to estimate the maximum size
of earthquake that could be induced once seismicity is
detected near an active injection well.

The second question is more directly pertinent to the
containment of hazardous wastes. The occurrence of small
earthquakes near the bottom of a deep injection well may
indicate faulting or fracturing processes that conceivably
could lead to a breach in the overlying confining zone and,
therefore, conceivably could permit hazardous materials to
migrate upward toward potential drinking water supplies.
An important consideration is, therefore, whether the
induced seismicity is occurring within the sedimentary
section or within the deeper basement rock, and, if so, how
close to the confining layer is the zone of seismic activity.
Such questions could only be addressed if additional seis-
mic monitoring equipment is installed to locate accurately
any subsequent earthquake hypocenters and to resolve the
type and extent of faulting involved. However, until such
answers are forthcoming, it would seem prudent to regard
the occurrence of small earthquakes near the bottom of a
deep injection well with concern.

Spatial and Temporal Variability of Tectonic
Stress

Although the actual pressure of fluid injection is
certainly a critical factor in determining the potential for
inducing earthquakes through deep well injection, another
key environmental parameter is the state of the preexisting
tectonic stress field. If stress conditions on nearby faults
have already reached critical levels near failure, then only a
small change in pore pressure as a result of fluid injection
may prove sufficient to trigger adjacent seismicity. Mea-
surements available to date suggest that the orientations
and, possibly, the magnitudes of the principal horizontal
stresses are relatively constant, or at least slowly varying,
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over wide regions of the country. This suggests that once a
particular injection operation has triggered earthquakes,
other injection wells in the same tectonic stress province
may be equally likely to induce similar seismic activity.
Insufficient measurements exist, however, to indicate
how rapidly in time and space the stress field may actually
vary. In the Central and the Eastern United States, there is
at present little indication that the tectonic stress field
changes rapidly with time. In the Western United States,
geodetic measurements suggest that small, but significant,
stress changes can occur over time scales of months to years
(Raleigh and others, 1982). In particular, the occurrence of
a major earthquake nearby could dramatically affect the
local stress field on a time scale of seconds. Assessing the
spatial variation in stress is almost as troublesome; for
example, some areas in the Central and the Eastern United
States tend to have small earthquakes more frequently than
others. Whether this is related to the spatial variation in the
tectonic stress field or, alternatively, to the spatial distribu-
tion and orientation of potential planes of slip is unknown.

CONSIDERATIONS FOR FORMULATING
REGULATIONS AND OPERATIONAL
PROCEDURES

In terms of the earthquake hazard associated with
deep well injection, the three critical parameters that need to
be evaluated are the magnitude of the preexisting tectonic
stress, the injection pressure, and the proximity and the
characteristics of any faults or fractures that may be affected
by pore pressure increases caused by fluid injection opera-
tions. The preexisting tectonic stress can be measured at the
time of well completion or can be extrapolated from
measurements made in adjacent wells within the same
geologic province. The injection pressure will be controlled
by the desired injection rate and by the hydrologic proper-
ties of the receiving reservoir. Although the presence of
large faults may be obvious at the surface, the presence of
smaller faults within the proposed reservoir formation may
be extremely difficult to detect. Thus, the two earthquake-
related factors that are most amenable to regulation or
control are the site selection (and by inference, the charac-
teristics of the reservoir chosen for injection) and the
maximum injection pressure.

The following recommendations are made from the
point of view of addressing the potential seismic hazard
associated with injection-induced earthquakes. These rec-
ommendations are not intended to replace or reduce existing
procedures or restrictions established on the basis of envi-
ronmental concerns or other considerations and, therefore,
do not constitute by any means a complete list of all the
factors needed to be considered in discussing potential
hazards associated with the disposal of hazardous waste by
deep well injection.

Site Selection

Reservoir That Has High Transmissivity and Storativity

The potential operator of a waste-injection well
desires a reservoir that has high transmissivity and storat-
ivity because, for a given volume of fluid to be injected, the
higher the transmissivity and the storativity are, the lower
the required injection pressure will be. High transmissivity
and storativity also are very desirable from the point of view
of reducing earthquake hazard because the lower the injec-
tion pressure is, the less likely the prospect of inducing or
triggering earthquakes becomes.

Stress Estimate

An estimate of the state of stress in the area of the
projected reservoir is important at an early stage in the
selection of a potential site of deep well injection because,
to a large extent, the state of stress controls the formation
fracture pressure and the pressure threshold for triggering
slip on preexisting faults (the Mohr-Coulomb failure crite-
rion). An estimate of high deviatoric stress in the reservoir
region should serve as a warning that the formation fracture
pressure (P,) and the Mohr-Coulomb failure pressure will
be low.

The most reliable estimates of the state of stress in the
reservoir will be those based upon measurements made in
the reservoir rock itself. However, it is likely that a
reasonable estimate can be made before drilling from the
interpolation of regional stress measurements, particularly
from hydrofracturing measurements made in the same
reservoir rock at nearby wells. Surface or shallow well
measurements also may be of value, although the extrapo-
lation of such measurements to significant depths may be
unreliable.

Absence of Faults

The possibility for triggering induced earthquake
activity appears to be significantly enhanced if any part of
the reservoir affected by the planned injection is cut by a
significant fault or fracture. Obviously, the presence of a
fault that might present a flow path through the confining
zone is also of concern in evaluating the integrity of the
reservoir. Moreover, because the effect of the fluid injec-
tion pressure typically extends farther from the wellbore
than the distance to which any of the injected fluid actually
migrates, faults or fractures that are beyond the anticipated
migration distance should be considered carefully.

Clearly, it is easier to prove the existence of a fault
than to prove the absence of one. Before drilling, the
existence of a fault may be inferred from surface geologic
mapping, subsurface geologic studies in nearby wells, or
geophysical studies, such as gravity, magnetic, or seismic
reflection surveys. It should be remembered, however, that
should drilling or operation of the well reveal a previously
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unknown fault or fracture, then an analysis and reevaluation
of the fluid injection operations may be required.

Regional Seismicity

Inasmuch as the occurrence of earthquakes, even
relatively small ones, indicates the existence of faults or
fractures and the presence of stresses sufficiently high to
cause seismic fault slip, a proposal to locate a deep injection
well in an area of significant seismicity should be regarded
with caution, particularly if there is any indication that some
of the earthquakes occur near the depth of the reservoir.
Potential well sites located along strike of regional base-
ment structures that exhibit contemporary seismicity or of
extrapolated linear trends in earthquake epicenters should
also be avoided, if possible.

Well Drilling and Completion

Transmissivity and Storativity

Estimates of the transmissivity and the storativity of
the reservoir are critical to the estimate of the maximum
injection pressures required over time to accommodate the
desired volume and rate of fluid injection. Insofar as
possible, estimates of these quantities should be made by in
situ measurements at the time of well completion and
should be supplemented by laboratory measurements as
required. Necessary measurements made at the time of well
completion include the effective permeability, the average
thickness of potential injection zones, and other related
measurements, such as the porosity and the elastic constants
of the reservoir formation.

Before beginning injection operations, it would be
highly desirable for the potential operator to present a
calculation of the predicted injection pressure that would be
required to accommodate the desired rate of fluid flow and
its expected increase over time. This calculation should be
based on the inferred values of transmissivity and storativity
measured in the borehole and would provide a standard
against which any unusual or unanticipated changes in
pressure history observed at the well could be evaluated.

Stress Measurement in Reservoir Rock

From the point of view of assessing the potential for
inducing earthquakes through deep well injection, the most
useful single measurement is a high-quality stress measure-
ment made in the reservoir rock within the injection well
itself. Currently, the most reliable and accurate method of
making such a measurement is by using the hydraulic
fracture technique. In general, the measurements made in
association with standard commercial hydraulic fracture
operations for well stimulation are not precise enough for
this purpose. To make an adequate stress measurement, it is

necessary to select an unfractured length of hole by using an
impression packer or borehole televiewer; to use a carefully
controlled low volume of fluid, which generally requires the
use of a specially designed hydrofracture tool (called a
double straddle-packer unit); and to monitor the operation
by using sensitive fluid pressure equipment. It is also highly
desirable to repeat the measurement at several places along
the unfractured drill hole to obtain an estimate of the
measurement uncertainty.

Given the importance of maintaining the integrity of
the confining zone, there may be concern that even the
small fractures created by the hydraulic fracture stress
measurement technique or the subsequent propagation of
those fractures could threaten the integrity of the confining
zone. Certainly, if the well is to be stimulated by commer-
cial hydraulic fracturing, then no incremental risk is asso-
ciated with the fractures generated during the stress mea-
surements. If the well is not to be stimulated, but a stress
measurement is still desired, then it should be possible to
keep the fractures generated very close to the borehole and
nearly limited to the section of the borehole that has been
packed off —if the stress measurements are done carefully
and at low injection volume. Estimates of the size of the
fracture generated by most controlled hydraulic stress mea-
surements, based on borehole televiewer or impression
packer results, typically are on the order of 10 m or less
(K.F. Evans, Lamont-Doherty Geological Observatory,
oral commun., 1987). Such fractures would not represent a
significant threat to the integrity of a confining layer that is
often chosen (and mandated in the case of hazardous-
waste-disposal operations) to have a thickness 10 to 100
times larger. The primary benefit in making these measure-
ments is that the operator and the regulator will have a direct
measurement of the formation breakdown and the fracture
reopening pressures, as well as a reliable estimate of the
zero-cohesion Mohr-Coulomb failure pressure. With these
measurements in hand, the operator and the regulator will
be in a position to establish relatively safe maximum
pressure levels for injection operations, which will mini-
mize the possibility of creating uncontrolled new fractures
or of extending or causing seismic failure on preexisting
faults.

If it is judged to be undesirable to carry out hydraulic
fracturing measurements in the reservoir itself out of con-
cem for the integrity of the confining zone, then it may be
possible to obtain meaningful and relevant measurements at
depths in the borehole above or below the confining zone.
Ideally, such measurements should be carried out at suffi-
cient depth to avoid near-surface effects and possible zones
of stress decoupling caused by low-strength sedimentary
layers or structures, such as salt beds (fig. 6B), between the
measurement depth and the reservoir. Strictly from the
point of view of the relevance of the stress measurements,
the deeper the better.
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Pore Pressure Measurement

Because fluid pressures modify the local effective
stress fields (and, by supposition, the frictional strength of
faults), an important measurement required to understand
the state of stress in the reservoir before the beginning of
injection is the initial pore pressure (p) in the reservoir
formation. This measurement also provides a baseline
against which to evaluate, quantify, and monitor the
expected increase in formation fluid pressure as a result of
the subsequent injection operations.

Faulting Parameters

If there is any indication that the injection pressures
will approach the zero-cohesion Mohr-Coulomb failure
pressure, then it would be prudent to measure the coeffi-
cient of friction (W) of the reservoir rock and the adjacent
basement rock, as well as to estimate, if possible, the
cohesion of any adjacent faults or fractures present (or
potentially present) in the reservoir or surrounding country
rock. These measurements would help provide better, more
reliable estimates of the critical stress levels needed for fault
slip, as determined by the Mohr-Coulomb failure criterion.

Well Operation and Monitoring

Determination of Maximum Allowable Injection Pressure

From the point of view of earthquake hazard, the key
decision facing the operator and the regulator is the estab-
lishment of the maximum allowable injection pressure.
Without considering the potential for slip on preexisting
faults, an absolute upper limit of permissible injection
pressure presumably would be the formation fracture (or
breakdown) pressure (P,). It should be emphasized, how-
ever, that the standard estimates of a “safe” maximum
injection pressure, which are based on some fixed percent-
age of the so-called normal vertical gradient of formation
fracture pressure of about 0.75 to 1.0 pound per square inch
per foot may not be conservative at all. This is because the
formation fracture pressure critically depends on the local
state of stress and, in particular, on the deviatoric stress.
The higher this stress is, the lower the formation fracture
pressure will be, regardless of the expected values derived
from the measured vertical overburden gradient. Strict
“rules-of-thumb” that do not take into account the spatial
variation in the state of stress will not specify adequately the
“safe” upper limit of the formation fracture pressure.

In terms of potential earthquake triggering, however,
the lowest possible critical injection pressure is the zero-
cohesion Mohr-Coulomb failure pressure. This is the pres-
sure at which frictional sliding would occur on favorably
oriented preexisting faults or fractures with no cohesion. If
the projected injection pressures are below this threshold,

then no earthquake problems should be anticipated. In
contrast, if the desired injection pressures are above this
threshold, then it is necessary to consider whether any
significant faults or fractures exist in close proximity to the
point of fluid injection, what their orientation may be, and
the magnitude of their possible cohesion. If, as a result of
fluid injection, conditions on adjacent faults are allowed to
reach the Mohr-Coulomb failure limit, taking into account
the appropriate cohesion (7,), then earthquake activity
should be anticipated.

Comparison of Actual and Predicted Pressure-Time Records

The pattern of fluid injection pressure measured at the
wellhead over time and, indeed, the fall of pressure over
time during any interruption in injection activities give
important information about the average hydrologic char-
acteristics of the reservoir. Comparison of the actual pres-
sure versus time records with those predicted from the
measured or the estimated reservoir characteristics (trans-
missivity, storativity, shape, physical extent) would provide
an assessment of whether the initial assumptions, such as
radial flow in a confined homogeneous aquifer, were
correct or required modification. Obviously, any increase in
the apparent transmissivity of the reservoir should be
scrutinized as a possible indication that fluid has reached a
fracture system. Unexpectedly rapid increases in injection
pressure needed to maintain flow rates at constant volume
over time may indicate a tighter reservoir formation than
anticipated and, thus, a possible need to reduce the desired
rate of fluid injection.

Seismic Monitoring

If any question exists about the possibility of inducing
earthquakes, particularly if the projected injection pressure
is above the zero-cohesion Mohr-Coulomb failure pressure,
then it would be prudent to carry out a seismic monitoring
program to detect the occurrence of any adjacent earthquake
activity. This also would be advisable if the well is situated
in an area that has a previously well-defined history of
seismic activity or if the well site is in close proximity (less
than 20 km) to a known major fault structure. Preferably,
this monitoring program should begin as far in advance of
the anticipated injection operations as possible to establish a
background level of seismicity against which any poten-
tially injection-induced earthquakes might be compared. To
be meaningful, instrumentation should be sensitive enough
to detect earthquakes in the magnitude O to 1 range located
near the bottom of the well. Figure 17 is a seismogram of
one such microearthquake detecied within 3 km of the
Calhio, Ohio, injection wells discussed in Appendix A. To
obtain this degree of sensitivity in the presence of the high
levels of seismic noise often associated with industrial
activity in the vicinity of the well itself, it may be necessary
to locate the monitoring equipment somewhat off-site or in
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Figure 17. Seismogram of an earthquake that has a magnitude of about 0.5 and that is located at a depth of about 2 km
and within less than 3 km of the bottom of an injection well in northeastern Ohio (from Wesson and Nicholson, 1986).

an adjacent borehole. Significant reductions in noise level
can be obtained by placing the seismic instrumentation in
boreholes at depths as small as a few tens of meters.

Monitoring should continue for as long as it takes to
verify that elevated injection pressures are unlikely to
trigger significant earthquake activity. This may require
several years of observation because of the length of time
involved to attain maximum (that is, critical) injection
pressure at a constant injection rate and to allow for the
diffusion of significant pore fluid effects away from the
well. The time interval between initiation of injection and
the largest earthquakes at the Rocky Mountain Arsenal site
was 5 yr; for the Snipe Lake case (Appendix A), the time
lag was 7 yr. Similar time intervals between injection and
the largest earthquakes in the triggered sequence have been
observed in other cases; however, the time between the
initiation of injection and the onset of microearthquake
activity is often short; for example, the Rocky Mountain
Arsenal, the Attica-Dale, and the Ashtabula cases discussed
in Appendix A.

Although one seismic station may be adequate for
detecting earthquakes (and, in favorable cases, for estimat-
ing the distance of the earthquake to the station), a mini-
mum of three stations would be necessary to determine the
locations and focal depths of any earthquakes should they
be detected in the vicinity of the well. Thus, once any
induced seismicity is detected, it would then be appropriate
to supplement an initial monitoring station with additional
stations to provide reliable and accurate earthquake loca-
tions and focal depths.

Consideration of Small Earthquakes Near the Bottom of a
Well

The occurrence of any earthquakes, even as small as
magnitude 0, near the bottom of a well should be viewed
with concern. Confirmation that earthquakes are indeed
triggered by injection operations can often be obtained by
comparing the frequency of earthquakes with the cycling of
the injection pressure (fig. 2). It should be noted, however,
that the pressure changes at the wellbore are damped out
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with distance from the well. Therefore, induced or triggered
earthquakes at some distance from the borehole should not
be expected to correlate as well with the cycling of injection
pressure as earthquakes in the immediate vicinity of the
bottom of the well. If earthquakes thought to be related to
injection operations are detected, then the following ques-
tions are appropriate: Is it possible that induced earthquakes
might cause damage or injury in the surrounding area? and
is it possible that the earthquakes indicate fault displace-
ment that might threaten the integrity of the confining zone?
If the answer to either of these questions is “yes,” then
consideration should be given to reducing the injection
pressure. It should be remembered, however, that once the
pore pressure in the reservoir or in adjacent rocks is raised
above the critical pressure capable of triggering seismic
faulting, lowering the pressure at the wellbore may not lead
immediately to the cessation of earthquake activity. Seis-
micity would not be expected to stop until the pressure in
the affected region has decayed below the critical value.
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APPENDIX A—CASE HISTORIES OF EARTHQUAKES ASSOCIATED WITH WELL OPERATIONS

Rocky Mountain Arsenal, Colorado

The first well-documented case of injection-induced
seismicity occurred at the Rocky Mountain Arsenal near
Denver in 1966—-67. The injection of 17 to 21 million L/mo
of hazardous waste into a 3,671-m-deep disposal well was
quickly followed by many felt earthquakes (fig. A1A4) in a
region where the last felt earthquake occurred in 1882
(Healy and others, 1968). Comparisons between the onset
of seismicity and well operations and between earthquake
frequency and average injection rate showed a convincing
correlation (fig. 2; Evans, 1966a). Although injection
ceased in February 1966, earthquakes triggered by the
increased fluid pressure established around the wells con-
tinued for several years (fig. A1C). In 1967, three large
earthquakes—each with a magnitude of greater than
S—occurred, causing minor structural damage in and
around the greater Denver area.

In terms of their relative spatial distribution, a study
of event locations indicated that the induced earthquakes
began initially near the bottom of the injection well, then
migrated out along a northwesterly trend for a distance of
about 6 to 7 km (fig. A1A). After the earthquake sequence
had been in progress for 5 yr (1Y2 yr after injection had
stopped), earthquakes primarily occurred, not near the base
of the well, but within the previously defined linear zone at
a distance of 4 to 6 km from the well and at depths of 4 to
7 km. The largest earthquakes in the sequence (M 5-5.5)
occurred in April, August, and November 1967 (fig. A1B),
after which activity began to decline.

A total of 620 million liters (L) of fluid were injected
at average rates of 478 L/min before well operations ceased.
Maximum top-hole pressure (THP) reached 72 bars, which
corresponded to an estimated bottom-hole pressure (BHP)
of 415 bars (Evans, 1966a). Hsieh and Bredehoeft (1981)
demonstrated that the records of pressure falloff at the
disposal well were consistent with injection into a long
narrow reservoir, a conclusion supported by the elongate
shape of the seismogenic zone. No hydraulic stress mea-
surements were ever made near the Rocky Mountain Arse-
nal. From the pressure at which the volume rate of fluid
injection increased rapidly, Healy and others (1968)
inferred a least compressive stress of 362 bars at the bottom
of the disposal well and estimated a maximum compressive
stress to be at least the overburden pressure of 830 bars.
This assumption proved valid when it was demonstrated
that the three largest earthquakes exhibited predominantly
normal faulting along nodal planes that were parallel to the
trend of earthquake epicenters (fig. A1B; Herrmann and
others, 1981). Formation pore pressure before injection was
estimated to be 269 bars. From these calculations and by
using the Mohr-Coulomb failure criterion, a fluid pressure

increase of 32 bars was determined to be sufficient to trigger
seismic activity along favorably oriented preexisting frac-
tures (Hsieh and Bredehoeft, 1981; Zoback and Healy,
1984). The observation that the earthquake locations were
confined to those parts of the reservoir where the pressure
buildup from fluid injection exceeded the critical threshold,
as predicted by the Mohr-Coulomb failure criterion,
strongly supports the conclusion that the earthquake activity
was related to injection well operations and was consistent
with fluid pressures within the reservoir initiating failure
along favorably oriented fractures that had cohesive
strengths of as much as 82 to 100 bars. The continuation of
seismicity over time and the outward migration of earth-
quakes from the well were explained by the outward
propagation of the critical levels of fluid pressure, even
after the injection had stopped.

Rangely, Colorado

Water flooding for the secondary recovery of oil near
Rangely began in 1958. Wells drilled to the producing
horizon extended to depths of about 2 km. As of June 1970,
9,700 million L of water had been injected at a THP of
about 83 bars; this represented a net increase of 2,300
million L after accounting for petroleum withdrawal (Gibbs
and others, 1973). Following the installation of seismic
monitoring equipment in 1962, earthquakes were found to
be occurring within the oil field. In 1969, a dense network
of stations was installed to determine accurate earthquake
hypocenters and fault plane orientations. Seismic activity
was found to be concentrated in a narrow zone, about 4 km
long and 1.5 km wide, which crossed the boundary of the
field to the southeast (fig. A2A; Raleigh and others, 1972).
Hypocenters tended to cluster in two groups—one located at
depths of 2 to 2.5 km near the wells and within the injection
zone, and the other at depths of 3 to 5 km about 1 to 2 km
from the wells. The maximum magnitude of the earth-
quakes generated was 3.1.

Hydraulic fracture data obtained at the bottom of one
of the wells (fig. A2, top) indicated values for the maximum
compressive stress (o;) of 552 bars, the intermediate
principal stress (g,) oriented vertically and equal to 427
bars, and the least compressive stress (o;) of 314 bars. By
using the Mohr-Coulomb failure criterion, Raleigh and
others (1972) combined these hydraulic stress measure-
ments with the locations and the fault orientations of the
earthquakes, as well as laboratory-determined properties of
the rock at depth to calculate that a pore pressure of about
260 bars (or 90 bars above the original formation fluid
pressure of 170 bars) would have been sufficient to induce
slip. This value was consistent with the formation fluid
pressure of 275 bars measured in the oil field at the time that
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Figure A1. Earthquakes associated with the Rocky Mountain Arsenal well near Denver, Colo. A, Locations of earthquakes.
Solid circle, location. B, Surface-wave focal mechanism solutions of the three largest Denver earthquakes. C, Numbers
of earthquakes per month and average monthly injection pressure at the bottom of the well. A, reprinted from Healy and
others (1968) and published with permission. B and C, reprinted from Zoback and Healy (1984) and published with

permission.
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the induced seismicity began and corresponded to the
critical pore pressure below and above which earthquake
activity could be turned off and on when the injection
pressure was varied intentionally in a later controlled
experiment (fig. A2B; Raleigh and others, 1976). This
experiment in earthquake control established the validity of
the Mohr-Coulomb failure model in predicting the critical
threshold of stress and pore pressure necessary for earth-
quake occurrence. Each time the fluid pressure in the part of
the field where earthquakes had appeared previously
exceeded the predicted threshold, more earthquakes began
to occur (fig. A2B). Earthquake activity declined whenever
the fluid pressure fell below the threshold.

Attica-Dale, New York

Solution mining for salt in the Attica-Dale area (fig.
A3) triggered a marked increase in microearthquake activity
in 1971. As many as 80 earthquakes per day were concen-
trated within 1 km of a 426-m-deep injection well (fig. A4;
Fletcher and Sykes, 1977) in an area where the previous
record of activity was less than 1 event per month. All these
earthquakes were small and had estimated magnitudes of
between -1.0 and 1.0. THP at the injection well typically
operated between 52 and 55 bars, or only a few bars less
than that calculated to induce sliding on preexisting frac-
tures that have no cohesion, based on the Mohr-Coulomb
failure criterion and analysis of hydrofracture stress mea-
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Figure A3. Location of the Dale brine field, western New
York. Circle, field; heavy dashed line, Clarendon-Linden
Fault; lighter dashed line, lesser secondary faults; stars,
epicenters of large historical earthquakes near Attica in
1929, 1966, and 1967; and box, approximate area shown in
figure A4 (from Nottis, 1986).

surements conducted about 100 km from the activity.
Seismicity continued in the Dale brine field for as long as
elevated pore pressure was maintained (fig. AS). The low
level of background activity before high-pressure injection
began, the dramatic increase in activity following injection,
and the rapid cessation of activity following a decrease in
injection pressure below about 50 bars (fig. A6) strongly
suggest that this seismicity was induced by injection activ-
ities.

Texas Oil Fields
Permian Basin, West Texas and Southeastern New Mexico

Cases of induced seismicity associated with fluid
injection operations for the secondary recovery of oil and
gas have been suggested for several areas in Texas (pl. 1).
One of the earliest reports alludes to an increase in seismic-
ity associated with petroleum production and water-
flooding operations in the Permian basin of West Texas near
Kermit (Shurbet, 1969). A marked increase in earthquakes
above magnitude 3 was observed to correlate with a
dramatic increase in the number of injection wells operating
at pressures greater than 70 bars. This increase in seismicity
was of particular interest because of its proximity to a
radioactive-waste-disposal site in southeastern New Mexico
(fig. A7A; Rogers and Malkiel, 1979). About 20 earth-
quakes (the largest of which was about M 4.4) were
recorded between November 1964 and December 1976.

- Twelve stations were subsequently installed to monitor this

seismicity and to determine whether, in fact, the earth-
quakes were directly related to oil field activities. Between
December 12, 1975, and June 26, 1977, 406 earthquakes
were detected, most of which were at depths of less than 5.0
km and nearly all in areas that had active water-flooding
operations (fig. A7B). Continued monitoring through Sep-
tember 1979 by the local network identified several pro-
nounced clusters of seismic activity. The largest and most
active area coincides with the War-Wink South oil and gas
field located in the Delaware Basin region of Ward County,
West Texas (Keller and others, 1981; Keller and others,
1987). Much of this seismicity is shallow and exhibits
predominantly normal faulting (Keller and others, 1987),
which is consistent with subsidence as a result of gas
withdrawal. Other areas of activity include earthquakes in
1976 and 1977 associated with the Dollarhide oil field that
extends into southeastern New Mexico, as well as more-
recent seismicity located on the Central Basin Platform in
the vicinity of the Keystone oil field (Orr, 1984; Orr and
Keller, 1985). Nine of the local water-flooding projects that
typically operated at injection pressures of greater than 100
bars are listed in table Al (Texas Railroad Commission,
1971, 1985). These wells range in depth from 800 to 3,700
m. Measurements of in situ stress determined from hydro-
fracturing indicated a maximum regional compressive stress
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Table A1, Characteristics of well operations and reservoir properties associated with possible induced seismicity

[Depth, bottom of well; thickness, of reservoir; k, permeability; THP, top hole pressure; BHP, bottom hole pressure; p, initial formation pore pressure; §,, minimum horizontal compressive stress; S,
maximum horizontal compressive stress; S, vertical stress; Max mag, maximum magnitude; ***, not applicable (injection not performed)]

. oo . Depth  Thickness k Porosity THP BHP P Sy, Sy S, Max Year of

Well site or oil field location (m) (m) (mD) (percent)  (bars)  (bars) (bars)  (bars) (bars)  (bars)  mag earthquakes
Ashtabula, Ohio............... 1,845 46 0.6 10 100 284 191 320 >460 460 3.6 1987
Catoosa, Okla. ................ 4.7?7 1956, 1960
Cogdell Canyon Reef, Tex. .... 2,071 43 18-30 7 199 406 215 476 4.6 1974-79
Dale, N.Y. .........covinne 426 16 55 98 76 >109 109 1.0 19297, 19667, 1971
Rocky Mountain Arsenal,

Denver, Colo. 3,671 0.03 2 76 415 269 362 <830 830 5.5 1962-67
East Texas, Tex. .............. 1,113 3 200 23 103 214 70 256 4.3 1957, 1985
Fenton Hill, N. Mex........... 2,700 .01 200 493 265 405 <635 635 <1.0 1979
Flashing Field, Tex............ 3,400 50 13 15 sk 71 352 768 3.4 1973-83
The Geysers, Calif............. 3,000 <.05 3 <35 245 785 785 4.0 1975~
Gobles Field, Ontario, Canada . 884 9 *Hk 45 225 2.8 1979-84
Hunt Field, Miss. ............. 3.6 1976-78
Imogene Field, Tex............ 2,400 33 14 17 Hokk 146 246 542 3.9 1973-84
Lake Charles, La. ............. 1,411 49 93 234 <325 325 3.8 1983-

Love County, Okla. ........... 3,622 427 277 632 538 ~833 833 2.87 19777, 1979
Matsushiro, Japan............. 1,800 50 230 460 2.8 1970
Northern Panhandle, Tex....... 2,022 21 50 15 21 223 145 465 3.4 1983-84
Calhio, Perry, Ohio ........... 1,810 88 6 8 114 294 200 320 >460 460 2,77  1983-87
Rangely, Colo................. 1,900 350 1 12 83 275 170 314 552 427 3.1 1962-75
Rocky Mountain House,

Alberta, Canada. 4,000 ook >1,020 >1,020 1,020 4.0 1974-80
Sleepy Hollow, Nebr. ......... 1,150 100 26 56 171 115 <265 265 29 1977-84
Snipe Lake, Alberta, Canada. .. 5.1 1970
Permian basin fields: .......... 4.4 1964-79

Dollarhide, Tex.-N. Mex. ... 2,590 59 17 14 138 397 179 596 ~3.5 1964-79

Dora Roberts, Tex........... 3,661 38 1 7 431 797 324 842 ~3.0 1964-79

Kermit Field, Tex. .......... 1,829 5 1 15 221 404 198 421 ~4.0 1964-79

Keystone I Field, Tex. ...... 975 11 21 20 103 200 90 224 ~35 1964-79

Keystone II Field, Tex....... 2,987 101 7 3 176 475 204 687 ~3.5 1964-79

Monahans, Tex. ............ 2,530 12 6 4 207 460 131 582 ~3.0 1964-79

Ward-Estes Field, Tex....... 914 11 35 16 117 208 103 210 ~3.5 1964-79

Ward-South Field, Tex. ..... 741 5 30 21 138 212 76 170 ~3.0 1964-79

War-Wink South, Tex. ...... 1,853 2.5 17 18 ek 426 ~3.0 1964-79




of 150 bars and a minimum compressive stress of 85 bars at
depths of about 485 m.

Cogdell Canyon Reef Oil Field, West Texas

The largest earthquake to occur in known association
with an oil field injection operation within the United States
was a magnitude 4.6 to 4.7 event near Snyder in June 1978.
This earthquake, which was part of a sequence of events
that apparently had been active since 1974 (Davis, 1985),

78°07'30"
— 42°52'30

Uy
:

y I
i

Figure A4. Epicenters of well located earthquakes near the Dale brine field, New York. Solid circles, well located
earthquakes; squares, monitoring stations; triangles, injection wells; open circles, epicenters that have poor resolution;
and solid line, Clarendon-Linden Fault. A, October 1971. B, November 1971. Reprinted from Fletcher and Sykes (1977) and
published with permission.

42°47'30°

was located in the Cogdell Canyon Reef oil field of West
Texas (fig. A8). Initial formation pressure at the time of
discovery (1949) amounted to 215 bars BHP. By 1956,
pressure in the field had dropped to 79 bars BHP, which
necessitated a water-flooding and pressure-maintenance
program. A dramatic increase in the numbers of injection
wells, volumes of fluid pumped, and effective pressures
took place in the early 1970’s, shortly after which the first
felt earthquake was experienced (Harding, 1981a). Surface
injection pressures ranged as low as 45 to 95 bars, but
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Figure A4. Continued.

typically operated between 186 to 217 bars THP. By using
the Mohr-Coulomb failure criterion, these higher values of
injection pressure were determined to be sufficient to induce
slip on favorably oriented fractures (Davis, 1985). Because
injection pressure in the field remained fairly constant, there
is little correlation between the injection pressure and the
episodic nature of the earthquake activity. There is some
correlation, however, between volumes of fluid injected
and the rate of local earthquake occurrence (fig. A9). The
data were interpreted to suggest that large (felt) earthquakes

78' 07. 30” .
—42°52'30

42°47°30"

were preceded by a reduction in field permeability (which
corresponded to a drop in volume of water accepted by the
reservoir at constant pressure) followed by an increase in
permeability after each of the major earthquake sequences
(Harding, 1981a).

Because of the proximity of the earthquakes to oil
field operations, a small local network of stations was
operated from February 1979 through August 1981 (fig.
A8; Harding, 1981a). As of 1985, a total of about 30
earthquakes had been spatially associated with the Cogdell
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Figure A5. Number of earthquakes and pumping pressures (light solid lines) with time in the Dale brine field, New York.
A, From August 4 to November 19, 1971, when top-hole injection pressures in well 11 typically exceeded 50 bars. Note
the abrupt cessation of activity after pumping was shut down on November 9. B, Similar to A but from November 15, 1971,
to January 4, 1972, when the maximum injection pressure did not exceed about 40 bars. Reprinted from Fletcher and
Sykes (1977) and published with permission.
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Figure A6. Enhanced section of figure A5 for well 11 of the
Dale brine field, New York, showing the rapid decrease in
seismicity after pumping ceased at 7:45 p.m. on Novem-
ber 9, 1971, and well pressure (solid line) subsequently
declined below about 50 bars (from Nottis, 1986).

Canyon Reef oil field (fig. A8); most of the events occurred
between April 1977 and August 1979. Many of the wells
that penetrate to the Canyon Reef Formation operate at
depths of between 2,070 and 2,265 m. These well depths
coincide with the shallow focal depths (on the order of 3 km
or less) of the earthquakes located within the oil field
(Harding, 1981b) and are nearly the same as the focal depth
(3 km) determined for the June 1978 event (Voss and
Herrmann, 1980).

Atascosa County, South Texas

Seismic activity also has been identified with the
withdrawal of oil and gas from two fields in south Texas
(pl. 1; Pennington and others, 1986). Production from the
Imogene oil and gas field began in 1944; the depth of the
producing horizon is 2.4 km. Initial fluid pressure in the
field was approximately 246 bars and was reduced to 146
bars by 1973. In the Flashing gas field, production began in
1958 at a depth of 3.4 km. Initial pore pressure in the
producing formation was 352 bars but was reduced to only
71 bars (or 20 percent of the original value) by 1983. The
rapid withdrawal of fluid and gas apparently resulted in
subsidence and differential compaction of the producing

horizon in both fields, which is similar to the situation in the
War-Wink gas field. Seismic activity began in 1973; the
largest earthquake (M 3.9) occurred in the Imogene field in
March 1984. In both cases, the sizes and the number of
earthquakes increased over time, which is consistent with a
model for the evolution of the hydrologic characteristics of
the field whereby the strength of the rock increases as fluid
pressure decreases. The earthquakes are believed to be
generated as formation pore pressure is reduced to the point
that further fluid extraction and subsequent subsidence
results in strain accumulation in the newly strengthened
rock. If the strains are large enough, then the amount of
energy accumulated in the rock is apparently sufficient to
cause earthquakes as large as magnitude 3 to 4 (Pennington
and others, 1986).

The Geysers, California

In a case similar to Atascosa County, Tex., a large
number of small earthquakes (M; =4) have been triggered
by the reduction in steam pressure caused by energy
production in The Geysers geothermal area near Clear Lake
in northwestern California (fig. A10; Oppenheimer, 1986).
The Geysers is the site of a vapor-dominated steam field
where, by the early 1980°s, 150 wells had been drilled to
depths of between 0.8 and 3.0 km. Earthquake activity has
increased in The Geysers area by nearly a factor of two over
seismicity levels before production; about 10 microearth-
quakes that have magnitudes of greater than 0.5 typically
occur each day. Evidence that the increased seismicity was
induced relied upon the spatial and the temporal distribution
of the microearthquakes in the vicinity of the producing
steam wells. During the period from 1975 to 1981, earth-
quakes were found to occur in previously aseismic areas
within months following the initiation of steam extraction
from newly developed regions of the reservoir. Seismic
activity also correlated with energy production or rate of
steam extraction (fig. Al1). Earthquake hypocenters were
found to extend from 0 to 6.5 km in depth, but earthquakes
that had focal depths of less than 3.5 km were typically
located within a few hundred meters laterally from the sites
of active steam wells (Eberhart-Phillips and Oppenheimer,
1984). Although some of the extracted steam is condensed
and reinjected, the reduction in effective normal stress
caused by increased pore pressure is not considered to be
the likely mechanism to explain the induced seismicity.
Steam pressure in the field actually has declined by about 1
bar/yr since 1966 as a result of cooling, and the number of
earthquakes did not correlate with volumes of steam con-
densate injected into the wells. The two possible mecha-
nisms thought to be responsible for the increased seismicity
are the increased shear stresses that are a result of volumet-
ric thermal contraction caused by reservoir cooling (Den-
linger and others, 1981) and by reservoir subsidence arising
from large fluid mass withdrawal (Majer and McEvilly,
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Figure A7. Earthquakes located in the Central Basin Platform of the Permian Basin, West Texas,
from January 1976 to July 1977. A, Earthquake epicenters and known pre-Permian basement
faults shown with solid lines; radioactive-waste-disposal site in New Mexico is shown by the
open circle. B, Epicenters and outlines of oil fields; labeled fields are sites of active water-
flooding operations during the same time period. A and B, Size of symbol indicates magnitude—
X,3.0to 4.0; x, 2.0t0 3.0; +,1.0t0 2.0; +, =1.0; square sizes indicate less reliable earthquake
epicenters in the same magnitude ranges. Reprinted from Rogers and Malkiel (1979) and
published with permission.

1979) or, alternatively, the conversion of continuous aseis-  Fenton Hill, New Mexico
mic slip into seismic slip (that is, earthquakes) by an

increase in the coefficient of friction following the deposi- Several hundred microearthquakes were generated
tion of exsolved solids (probably silica) onto slipping  during a massive hydraulic fracturing experiment conducted
fracture surfaces (Allis, 1982). at Fenton Hill (pl. 1) in March 1979 (Pearson, 1981). The
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Figure A7. Continued.

purpose of the experiment was to stimulate a fracture in a
deep (2,930-m) injection well that would propagate so as to
intersect an adjacent production well to be used in a hot-dry
rock geothermal energy project. Hydraulic stimulation
involved nearly 460,000 L of water injected over a 5Y2-hr
period. Maximum THP was held constant at 200 bars.
During the experiment, activity averaged 3 to 4 microearth-
quakes per minute. Formation pore pressure before injec-
tion was measured at about 265 bars. Maximum and
minimum effective horizontal stresses were found to be 370
and 140 bars, respectively. By using the Mohr-Coulomb
failure criterion, Pearson (1981) determined that only 30
bars of increased pore pressure was sufficient to initiate slip

on favorably oriented preexisting joints. Most of the small
earthquakes appeared to be localized to within 30 m of the
expanding hydraulic fracture. Unfortunately, the stimulated
fracture failed to intersect the desired production well. In a
subsequent attempt, 7.6 million L of water was injected at
a depth of 3,400 m at a rate of 1,600 L/min, which triggered
an additional 850 microearthquakes in the vicinity of the
well (House and McFarland, 1985).

Sleepy Hollow Oil Field, Nebraska
After the installation of sensitive monitoring equip-

ment in Nebraska in 1977, a concentration of seismic
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Figure A8. Epicenters of well located earthquakes in the
Cogdell Canyon Reef oil field near Snyder, Tex. Also
shown are the locations of network stations and the extent
of water flooding and oil production (from Harding,
1981a).

activity was identified near the Kansas-Nebraska border (pl.
1). From March 1979 to March 1980, subsequent investi-
gations using portable instruments (fig. A12A) detected 31
earthquakes in close proximity to the most productive oil
field in the State —the Sleepy Hollow (Evans and Steeples,
1987). Water flooding to enhance recovery had been in
operation since 1966. As shown in figure A13A, water
injection typically operated at 52 bars THP within the
Lansing Group (depths of 1,050—}{130 m) and 22 bars
within the Sleepy Hollow sandstone (Reagan) formation
(1,150-1,170 m depth), which corresponded to 172 and
142 bars BHP, respectively. Most of the well located
earthquakes occurred within the confines of the producing
field and at depths of less than 2 km (Rothe and Lui, 1983)
in an area where well-defined subsurface faults (fig. A13B)
were present, based on structure contour maps. Maximum
magnitude of the induced seismicity was 2.9. In a later
monitoring program, an additional 250 microearthquakes
were detected within the active field between April 1982
and June 1984 (fig. A12B; Evans and Steeples, 1987),

FIRST EARTHQUAKE NG MAGNITUDE

INJECTED WATER
0
3

1976 1977 1978 1979

Figure A9. Cumulative monthly volume (barrels) of water
injected in the Cogdell Canyon Reef oil field, Texas, and
times of reported felt earthquakes (from Harding, 1981a).
M,,, body-wave magnitude.

when the average THP in the field reached as high as 56
bars.

Southwestern Ontario, Canada

Oil and gas production from the Gobles oil field,
which is located in southwestern Ontario about 55 km
east-northeast of London (fig. A14A4) began in 1960 (Mereu
and others, 1986); the producing horizon is 884 m deep.
Because formation fluid pressure was lower than expected,
water-flooding operations to enhance recovery began in
1969. Historically, this area of southwestern Ontario has
had a very low level of seismic activity. In December 1979,
a M 2.8 earthquake was detected in the vicinity of the oil
field. From July 1980 through August 1984, a portable
network of stations recorded 478 earthquakes within and
around the producing area (fig. A14B). All the locatable
events were shallow and exhibited travel-times consistent
with hypocenters at a focal depth coincident with the
producing horizon. No spatial correlation with specific
wells was identifiable, however, and, although earthquake
activity varied considerably in time, fluctuations in activity
rate did not correlate with injection pressure, which, for the
most part, remained nearly constant. This area is located
just west of the Dale brine field in western New York and
just north of injection-induced seismicity in northeastern
Ohio (see section “Recent Seismicity and Injection Opera-
tions— Northeastern Ohio”).

Matsushiro, Japan

Besides the Rangely oil field experiment, one of the
few attempts to specifically manipulate earthquake behavior
by fluid injection occurred near Matsushiro, Japan. In 1970,
2.9 million L of water was injected at a depth of 1,800 m,
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stations; and solid triangles, locations of stations used for locations of regional seismicity. Reprinted from Oppenheimer
(1986) and published with permission.

Appendix A

51



Mass (10'%g)

Number of Events

Mg (10'4Nm)

A TIME

Power{108 kWh)

Number of Events
i

T

T

Mo(10'2Nm)
3 >3
| L1l
TTTTTTTTTTT T I T 7V T

2]
o LA T p— II
1976 1977 1978 1979 1980 1981 1982 1983 1984

B TIME

Figure A11. Water withdrawn and power generated as
compared with the rates of seismicity at The Geysers
geothermal field, California. A, Yearly net mass of water
withdrawn. B, Monthly power generated. Both are com-
pared with numbers and moments of earthquakes.
Reprinted from Oppenheimer (1986) and published with
permission.
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Figure A12. Seismic monitoring stations and earthquake
epicenters, Sleepy Hollow oil field, Nebraska. A, Seismic
monitoring stations. Shaded region, producing area of the
field; and triangles, stations. B, Earthquake epicenters in
the vicinity of the field between April 1982 and June 1984.
Reprinted from Evans and Steeples (1987) and published
with permission.
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THP’s of 14 to 50 bars, and injection rates of 120 to 300
L/min (Ohtake, 1974). During the 2 months (mo) of the
experiment, several hundred small earthquakes were trig-
gered within 4 km of the well and at depths of 1.5 to 7.5
km. A delay of 5 to 9 days (d) was observed between the
onset of the increased seismicity and the increased injection
pressure. Activity was significantly greater during injection
than either before or after the experiment. Much of the
induced seismicity was localized along the northeast-
dipping Matsushiro fault zone, whereas most of the back-
ground seismicity was scattered in the hanging wall
(Ohtake, 1974). No attempts were made to determine the in
situ state of stress or the critical threshold for failure as
indicated by the Mohr-Coulomb failure criterion, but the
observed time delay for the onset of seismicity and the
subsequent migration in depth of the earthquakes were
consistent with inferred values of permeability and the time
required for pore pressure effects to migrate to the area
where the earthquakes were observed.

Less Well Documented or Possible Cases

Western Alberta, Canada

On March 8, 1970, a M 5.1 earthquake occurred near
Snipe Lake (fig. A15; Milne, 1970). No significant earth-
quakes had previously occurred in the area, and, on the
basis of the limited felt area and preliminary determinations
of focal depth (<9 km), the 1970 event appeared to have
been relatively shallow (Milne and Berry, 1976). At the
time of the earthquake, 646 oil and gas wells were in
operation within 80 km of Snipe Lake. Production began in
1954, and water injection to maintain field pressure had
been in effect in 56 wells since 1963. Although little else is
known about this event, this earthquake is considered to be
the first and largest known Canadian example of an earth-
quake induced by fluid injection in a producing oil field
because it occurred within an oil-producing area where
fluid injection was actively taking place (Milne and Berry,
1976).

Confirmation that well activities in western Alberta
are triggering earthquakes was documented near Rocky
Mountain House (fig. A15; Wetmiller, 1985, 1986), where
a microearthquake survey was conducted in 1980. In 23 d of
operation, a seven-station network detected 146 earth-
quakes, of which 67 events were locatable. The largest
earthquake recorded was a magnitude 3.4. All the locatable
earthquakes occurred in a very small source area (fig.
A16A) that was about 4 km long by 4 km wide by 1 km
thick at a depth of 4 km. This source region coincides with
the base of the Paleozoic section and is the site of the
Strachan D-3A gas field, which is a Devonian-aged
limestone-reef sour gas reservoir and western Alberta’s
major producer of natural gas. Production began in the field
in the early 1970’s, and a marked increase in seismicity,
including earthquakes as large as M 4.0, began in 1974 (fig.
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Figure A13. Formation fluid pressures and mapped faults,
Sleepy Hollow oil field, Nebraska. A, Average monthly
pressures within the two formation reservoirs used for
injection and the number of earthquakes per month. Ten
injection wells were added in May and june 1983. B,
Mapped faults in the Precambrian basement in the vicinity
of the field (shaded area). Reprinted from Rothe and Lui
(1983) and published with permission.
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Mereu and others (1986) and published with permission.

A16B; Wetmiller, 1986). The timing and the spatial corre-
spondence of the microearthquake activity directly in or
below the actual zone of production strongly suggests that
the local seismicity is being triggered by gas production.
The predominant thrust-faulting focal mechanisms exhib-
ited by the earthquakes, however, indicate that the seismic-
ity may be related to crustal unloading, which is similar to
the situation of possible induced earthquakes near the Gazli
gas field in Soviet Uzbekistan (Simpson and Leith, 1985),
rather than to other cases of shallow normal-faulting events
associated with subsidence of petroleum fields without
secondary fluid injection (Yerkes and Castle, 1976; Pen-
nington and others, 1986).

Since 1984, a six-station seismic network has been
operating in the Cold Lake area of Alberta (Kapotas and
Kanasewich, 1989), where heavy oil is being extracted by
using an in situ process of steam injection. Local

microearthquake activity ranges from 20 to more than 100
events per year. The induced tremors are mostly less than M
2 and, on the basis of geomorphological characteristics of
the bedrock topography, appear to follow a major inferred
subsurface fault structure through the area of heavy-oil
production. Within the network, induced earthquakes occur
at shallow focal depths consistent with formation levels of
steam injection and oil extraction. Southeast of the array,
earthquakes are also detected in association with fluid
injection operations to dispose of excess oil field brine
(Kapotas and Kanasewich, 1989).

Historical Seismicity and Solution Salt Mining

Western New York

The identification of recent induced seismic activity
with the Dale brine field (Fletcher and Sykes, 1977) and
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Figure A14. Continued.

with secondary recovery operations in southwestern Ontario
(Mereu and others, 1986) suggests that a relation may exist
between the older historical earthquakes in western New
York and the adjacent solution mining operations in pro-
duction at the time. Solution salt mining operations have
been in operation in the northwestern region of the State
since the late 19th century (Dunrud and Nevins, 1981). In
1929, a large (M 5.2) earthquake occurred near Attica (fig.
A3), that caused significant damage in the epicentral region
[VIII on the Modified Mercalli Intensity Scale (MM),
Appendix C]. Subsequent earthquakes in 1966 (M 4.6) and
1967 (M 3.8) also generated relatively high intensities for
their size (Herrmann, 1978). These high intensities were
attributed to the shallow focal depths of the earthquakes
(about 2 km, or roughly on the same order as the depth of
the active solution salt mining wells). Past investigators
have attributed these earthquakes near Attica to tectonic slip
along the Clarendon-Linden fault system (fig. A3); how-
ever, the shallow focal depths and the proximity to pro-
tracted mining operations suggest that these earthquakes
also may have been triggered by the adjacent mining
operations. Unfortunately, the lack of detailed records of
injection activities or direct measurements of the state of
stress in the epicentral region make any definitive correla-
tion between these older historical earthquakes and mining
operations difficult.

Northeastern Chio

The association of solution mining with the occur-
rence of small earthquakes in western New York State
(Fletcher and Sykes, 1977) and the extensive salt mining
operations in northeastern Ohio (Clifford, 1973) suggested
the possibility that some of the earthquake activity in Ohio
also may be related to solution salt mining (fig. Al7).
Solution mining for salt began in northeastern Ohio in 1889
(Clifford, 1973; Dunrud and Nevins, 1981) and continues to
the present, although several previously active operations
have been closed down. The target horizon for the mining
operations is the Silurian Salina Formation at a depth of 600
to 900 m, depending on the distance from Lake Erie. On the
basis of their spatial proximity and temporal association, it
could be argued that several earthquakes in the northeastern
region of the State are related to active solution salt mining
operations. In particular, earthquakes in 1898, 1906, and
1907 (Stover and others, 1979), which were located within
the Cleveland metropolitan area, as well as earthquakes in
1932 and 1940, which were about 50 km south of Cleve-
land, are possible examples. However, in view of the large
number of earthquakes reported before the initiation of
solution mining and the apparent occurrence of at least
some earthquakes in northeastern Ohio beyond the range of
the expected influence of mining operations, it seems
reasonably clear that at least some of the earthquakes are
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natural and that solution mining is not a necessary condition ~ Ohio, and about 17 km south of the Perry Nuclear Power-
for the occurrence of earthquake activity. plant (fig. A18). Within hours, a dense network of portable
stations was installed to monitor possible aftershock activity
(Wesson and Nicholson, 1986). As of April 15, only 13
aftershocks were detected, 6 of which occurred within the
first 8 d. At the time of the mainshock, three deep injection

On January 31, 1986, at 11:46 EST, an earthquake of ~ wells for the disposal of hazardous and nonhazardous waste
magnitude 5.0 occurred about 40 km east of Cleveland, were operating within 15 km of the epicentral region and,

Recent Seismicity and Injection Operations in Northeastern
Ohio
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Figure A17. Locations of the Perry Nuclear Powerplant, the January 31, 1986, earthquake, and the significant historical
seismicity and dates of occurrence, northeastern Ohio. Most of the seismicity precedes initiation of injection activities.
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operation from 1900 to 1940; solid triangles, deep waste injection wells drilled from 1968 to 1971; diamonds, poorly
located earthquakes, typically based on felt reports; squares, instrumentally located earthquakes; and stars, recent
regional M = 4.5 earthquakes (from Nicholson and others, 1988).

since 1975, have been responsible for the injection of nearly
1.2 billion L of fluid at a nominal depth of 1.8 km. Injection
pressures at typical injection rates of 320 L/min reached a
maximum of 112 bars THP.

Although the distance between the major injection
wells and the January 31 earthquake (12 km) is greater than
the corresponding distances in either the Denver or the Dale
earthquakes, the total volume of fluid injected and the
injection pressures involved are proportionately greater.
Estimates of stress inferred from commercial hydrofractur-
ing measurements suggest that the state of stress in north-
eastern Ohio is close to the theoretical threshold for failure
along favorably oriented preexisting fractures, as deter-
mined by the Mohr-Coulomb failure criterion (fig. 5). The
maximum horizontal compressive stress is greater than the
vertical stress of 460 bars, the minimum horizontal stress is
about 300 bars, and, before injection, the initial formation
pore pressure was measured at about 200 bars (Wesson and
Nicholson, 1986). This implies that, at a nominal injection
pressure of 110 bars, the zone immediately surrounding the
well bottom would be in a critical stress state for favorably

oriented fractures that have cohesive strengths of as much as
40 bars and a coefficient of friction (u) of 0.6 (fig. 5).
Calculations of the pressure effect in the epicentral region
based on modeling the fluid flow away from the wells and
comparison with the history of pressure increase at the wells
with time and continued pumping suggest that a radial flow
model (instead of the narrow confined aquifer implicated in
the Denver case) is the most appropriate. This model
implies that, as a result of fluid injection since 1975, the
expected fluid pressure increase in the epicentral region of
the 1986 earthquakes would have been only a few bars.
Since 1983, however, several small earthquakes have
occurred at shallow depths and within less than 5 km from
the wells (fig. Al8)—where the calculated pressure
increase as a result of fluid injection is about 15 bars or
greater (Nicholson and others, 1988).

The increased depth and distance from the wells to
the 1986 mainshock epicenter and its aftershocks, the lack
of large numbers of small earthquakes typical of many
induced sequences, the history of small to moderate earth-
quakes in the region before the initiation of injection, and
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Figure A18. Deep injection wells and earthquake epicenters, Lake County, Ohio. A, Location of deep injection wells and
earthquake epicenters through early 1987. Large uncertainties in location are associated with the 1943 and the 1983
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(from Nicholson and others, 1988).
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the attenuation of the pressure field with distance from the
injection wells all argue for a “natural” origin for the
January 31 earthquake. In contrast, the proximity to failure
conditions at the bottom of the wells and the spatial
association of at least a few small events suggest that
triggering by well activities can not be precluded.

Ashtabula, Ohio

Confirmation that deep well fluid injection in north-
eastern Ohio has the potential for triggering earthquake
activity was demonstrated dramatically on July 13, 1987. A
M 3.6 earthquake occurred near Lake Erie, just east of
Ashtabula and about 40 km northeast of the location of the
January 31, 1986, earthquake (fig. A19). Except for one
earthquake in 1857, no other earthquakes were known to
have occurred within 30 km of Ashtabula. In the weeks
following the mainshock, an unusually large number of
aftershocks (more than 70 events) were generated (Arm-
bruster and others, 1987). All the well located earthquakes
were clustered in a narrow east-west-striking vertical plane
about 1.5 km long that extended from about 1.6 to 3.2 km
in depth (fig. A20; Armbruster and others, 1987; Seeber
and others, 1988). The earthquakes occurred less than 1 km
from the bottom of a hazardous-waste-disposal well that had
been in operation only since July 1986. The injection well
is about 1.8 km deep and operates at a nearly uniform flow
rate of 114 L/min and at an injection pressure of about 100
bars THP (Ernie Rotering, Ohio EPA, written commun.,
1987). Between July 1986 and June 1987, well operations

were responsible for nearly 62 million L of hazardous fluid
waste being injected into the basal sandstone layer (the
Mount Simon Formation). The proximity to the active
injection well and the temporal correlation of the seismicity
with the initiation of well activities (about a year earlier)
strongly suggests that the Ashtabula earthquakes of July
1987 were induced (Seeber and others, 1988).

Los Angeles Basin, California

The massive withdrawal of oil from one of the largest
fields in the Los Angeles Basin, the Wilmington oil field
(fig. A21), resulted in significant subsidence within the city
limits of Long Beach. Up to 8.8 m of surface subsidence
was observed over an elliptically shaped area between 1928
and 1970 (Mayuga, 1970). This rapid subsidence, which
reached a maximum rate of 71 centimeters per year in 1951
9 mo after peak oil production (fig. A22), resulted in
several damaging earthquakes, specifically in the years
1947, 1949, 1951, 1954, 1955, and 1961. In all cases, the
earthquakes were unusually shallow (approximately 500 m
deep) and generated high intensities for their size. The
largest earthquake occurred on November 17, 1949, and
caused nearly 200 wells to go off production, many of them
permanently (Richter, 1958). Damage was estimated to be
in excess of $9 million. The area affected equaled over 5.7
square kilometers (km?) and involved measured displace-
ments of 20 centimeters. This would correspond to an
earthquake that had a moment magnitude of 4.7 and is
consistent with a magnitude of 5.1 estimated from the
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Figure A19. Location of the 1987 induced earthquake sequence in northeastern Ohio near Ashtabula

relative to the 1986 earthquakes in Lake County.
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injection rates. Arrows, major damaging earthquakes. Reprinted from Kovach (1974) and published with permission.

unusuailly well developed surface waves generated by the
event (Kovach, 1974).

Water flooding of the field and adjacent areas was
initiated in 1954 in an attempt to halt subsidence and to
enhance the secondary recovery of oil. Teng and others
(1973) reported on the seismic activity associated with 14
oil fields operating within the Los Angeles Basin where
water-flooding operations were taking place. As of 1970,
total fluid injection was 250,000 million L at depths that
ranged from 910 to 1,520 m.

Although much of the seismicity in the area is natural
and occurs predominantly at depths as deep as 16 km along
the Newport-Inglewood Fault (Hauksson, 1987), seismic
activity during 1971 appeared to correlate, at least in part,
with injection volumes from nearby wells (fig. A23; Teng
and others, 1973). However, many of the earthquakes
detected were small (M<(3.2) and occurred at depths of 5
km or more, which made it difficult to distinguish them
from the natural background seismicity. Subsequent injec-
tion operations have stabilized to the point where fluid
injection nearly equals fluid withdrawal and little, if any,
seismic activity can be directly attributable to injection well
operations (Egill Hauksson, University of Southern Califor-
nia, oral commun., 1986).

Northern Texas Panhandle and East Texas

In 1984, a small network of monitoring stations was
operated under contract to the Office of Nuclear Waste
Isolation, U.S. Department of Energy, in the Palo Duro
Basin of the northern Texas Panhandle (Stone and Webster
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lished with permission.
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Engineering, written commun., 1985). Between April 27
and October 5, 1984, 34 small earthquakes were detected
near the Mansfield station in eastern Oldham County
(Davis, 1985). The largest of these events occurred on May
21 and had a local magnitude of 3.1 (pl. 1). Before this
episode of seismicity, only one other earthquake was known
to have occurred in this part of Texas—a M 3.4 event on
April 3, 1983 (Davis, 1985). Several small oil fields had
been discovered recently in eastern Oldham County and
were producing at the time both earthquakes occurred. In
particular, the Lambert No. 1 field, located about 7 km
from the Mansfield station, began injection of water for
secondary recovery in September 1979 at an average rate of
39,750 liters per day. Definitive correlation of the seismic-
ity with oil field operations, however, was not possible
because of the poor earthquake location capability of the
wide-aperture network.

In East Texas, a sequence of four earthquakes
occurred near Gladewater on March 19, 1957. The largest
of these events had an estimated magnitude of 4.3 and
generated a felt area of 47,000 km? (Nuttli and Herrmann,
1978). Little else is known about this sequence; however,
Docekal (1970) recognized that the earthquake epicenters
corresponded to an area of active oil production located in
East Texas on the western flank of the Sabine Uplift and
speculated on whether the earthquakes may have been
induced. Water flooding to enhance production had been in
effect in at least one field since 1942 at injection pressures
of greater than 100 bars (Texas Railroad Commission,
1971). More recently, commercial stimulation of the Cotton
Valley tight gas sands, which also are located in East Texas,
triggered microearthquake activity at a depth of 2.6 to 3.7
km (Lacy, 1985).

Oklahoma

On October 30, 1956, a M 4.2 to 4.7 earthquake
occurred near Catoosa, about 20 km east of Tulsa in
northeastern Oklahoma (fig. A24; Nuttli and Herrmann,
1978). This event generated a relatively high maximum
intensity (MM VII) for its size and felt area, which
suggested a shallow focal depth (Nuttli and Zollweg, 1974).
The maximum intensity reported for this event was based on
damage to the Coshow No. 2 oil and gas well, which was
active at the time of the earthquake (Brazee and Cloud,
1958). The well was forced to shut down because apparent
displacements in the producing formation, as a result of the
earthquake, disrupted the wellbore. Producing wells within
the Catoosa District gas field were operational by 1941, and
water flooding to enhance secondary recovery was con-
ducted at one time, but details of the operation are not
available (Robert McCoy, Oklahoma Corporation Commis-
sion, oral commun., 1987). In March 1960, two smaller
earthquakes were felt in the same general area (fig. A24;
Luza and others, 1978) shortly after an industrial-waste-

disposal well became operational in January (Johnson and
others, 1980). Since then, however, no significant seismic
activity has been detected in the region, even though
gas-production and waste-disposal operations have contin-
ued and sensitive seismic monitoring equipment has been
operating in nearby Tulsa since 1961 (Luza and Lawson,
1983).

In Carter and Love Counties, southern Oklahoma,
400 earthquakes were detected from May 1, 1977, to
December 31, 1978 (Luza and Lawson, 1980). Most of
these events were too small to locate (fig. A24); however,
of the few that were, nearly all occurred in areas of active
oil and gas production, and all occurred at relatively
shallow focal depths. On June 23, 1978, commercial
stimulation of a 3,050-m-deep well near Wilson triggered
70 earthquakes in 6.2 hours (hr) (Luza and Lawson, 1980).

A similar situation occurred in May 1979, when a
well located about 1 km from the Wilson monitoring station
(fig. A24) was stimulated over a 4-d period in a massive
hydraulic fracturing program. Three different formations
were eventually hydrofractured on three separate occasions
at average depths of 3.7, 3.4, and 3.0 km (J.E. Lawson, Jr.,
Oklahoma Geophysical Observatory, written commun.,
1987). Maximum injection pressures reached 277 bars
THP, and the instantaneous shut-in pressure (ISIP) at the
greatest depth was measured to be 186 bars THP. The well
was fractured from the bottom up. The first fracturing
episode was followed about 20 hr later by about 50
earthquakes over the next 4 hr; the second fracture (at a
depth of 3.4 km) was followed immediately by about 40
earthquakes in the subsequent 2 hr; and no increase in
activity was noticed following the third fracture (J.E.
Lawson, Jr., Oklahoma Geophysical Observatory, written
commun., 1987). The largest earthquake in any of the
sequences had a magnitude of 1.9; two of the earthquakes
were felt. The largest total volume of fluid injected during
any one procedure amounted to 5.7 X 10* L at an average
injection rate of 230 L/min.

Oil has been produced in this same area since 1953.
Earthquakes in the southern portion of the State have been
detected since 1974, and earthquakes in Love County have
been detected ever since a local monitoring station was
installed in 1977 (fig. A24; Luza and others, 1978).
Secondary recovery operations in Love County began in
May 1965 (Tim Baker, Oklahoma Corporation Commis-
sion, oral commun., 1987). It must be noted, however, that
similar commercial hydrofracturing operations in other
nearby wells did not trigger noticeable increases in seismic
activity, as did the massive hydraulic fracturing program in
1978 and 1979.

Whether additional earthquakes that have occurred in
Oklahoma (fig. A24) are associated with oil and gas
production is difficult to assess. Over 3,100 oil and gas
fields exist within the State (most of which are still active),
and nearly every felt or located earthquake has been found
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to occur in close proximity to at least one of them. The
converse, however, is not true. Since the early 1900’s, oil
and gas production has been active in large areas of
Oklahoma that have yet to show any detectable signs of
seismic activity. Furthermore, many of the regions without
earthquakes are actively water flooding to enhance second-
ary recovery, while many of the seismically active areas are
not. Some of these later cases, where seismicity is occurring
in areas without fluid injection, may be related to subsid-
ence from massive oil and gas withdrawal, as in the cases of
the Flashing gas field in southern Texas or the War-Wink
oil and gas field in West Texas. A possible example is a
series of nine earthquakes that occurred between October 12
and 18, 1968. All were concentrated in the vicinity of the
East Durant gas field, Bryant County (fig. A24), which had
been in production since 1958. The largest earthquake in the
series was a magnitude 3.5 and generated a maximum
intensity of MM VI at the epicenter (Luza and others,
1978).

Gulf Coast Region—Louisiana and Mississippi

In 1978, a magnitude 3.5 earthquake was felt strongly
in Melvin, Ala. (pl. 1). Portable monitoring equipment was
installed shortly after the earthquake, but only one small

aftershock was detected. On the basis of the hypocenter
determined for this one event, both earthquakes appeared to
be at a focal depth of about 1 km and within 1 to 2 km of
the Hunt oil field, which is located just across the State
border in Mississippi (J.E. Zollweg, U.S. Geological Sur-
vey, oral commun., 1978, 1987). Four earthquakes of
similar magnitudes (3.0-3.6) had been detected in the same
area since 1976. Although no injection procedures were
apparently in operation at the time of the 1978 earthquake,
water flooding to enhance extraction had occurred previ-
ously.

A similar situation was noted in 1983, when a M 3.8
earthquake was detected in southwestern Louisiana near
Lake Charles (pl. 1). Oil and gas operations had been active
in the region for several decades, as well as injection
activities from a nearby waste-disposal well, but lack of
station coverage precluded accurate determination of the
earthquake’s location and focal depth and so made any
direct correlation with particular well operations unresolv-
able. However, a small microearthquake network, which
was installed in 1980 to monitor potential seismicity asso-
ciated with a geothermal energy project located farther
south, has continued to detect a low level of seismic activity
in the Lake Charles region, presumably associated with the
1983 earthquake (Stevenson, 1985).
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APPENDIX B—SUMMARY OF RESERVOIR-INDUCED SEISMICITY

The phenomenon of seismicity induced by the
impoundment of reservoirs is more widespread and better
documented than that of injection-induced seismicity; how-
ever, the mechanism of reservoir-induced seismicity is
more complicated and not as well understood (Gupta and
Rastogi, 1976; Simpson, 1986a). Reservoir-induced earth-
quakes were first described in association with the filling of
Lake Mead, Nev. (Carder, 1945), but it was not until the
late 1960’s, when earthquakes larger than M 5.5 occurred at
four major reservoirs (Hsinfengkiang, China, Kremasta,
Greece, Lake Kariba, Rhodesia, and Koyna Reservoir,
India), that sufficient concern was raised to warrant inves-
tigation of the mechanism controlling reservoir-induced
seismicity. The largest of the earthquakes believed to have
been induced by the impoundment of a reservoir occurred at
Koyna Reservoir in 1967 and had a magnitude of 6.5. It
caused over 200 deaths, 1,500 injuries, and considerable
damage to the nearby town and the dam. Thus, the hazard
associated with reservoir-induced seismicity is significant.

Unlike injection operations that only affect pore
pressure, the presence of a large reservoir modifies the
environment in several ways. First, the large mass of the
reservoir represents a large increase in the imposed load,
which increases the in situ elastic stresses. The load of
water also affects the pore pressure directly (by the infiltra-
tion of the reservoir water and subsequent raising of the
water table) and indirectly (through the closure of water-
saturated pores and fractures in the rock beneath the
reservoir load). This coupling between the elastic and the
fluid effects in the rock, as well as the poorly understood
response of inhomogeneities in material and hydrologic
properties of the rock to changes in stress induced by the
reservoir load, make modeling the impact of reservoirs
much more difficult than for cases of fluid injection
(Simpson, 1986a). Nevertheless, there are enough similar-
ities between injection- and reservoir-induced earthquakes
that they both provide a number of constraints on the
mechanism of triggered seismicity.

Although the magnitude of the net pore pressure
change produced by reservoir impoundment is often con-
siderably less than at many fluid injection sites, the larger
physical dimensions of the reservoirs allows their influence
to extend over much broader areas. There are, however, a

number of cases of reservoir-induced seismicity in which
the load effect from the reservoir is believed to be minimal.
These cases include some of the largest earthquakes asso-
ciated with reservoir impoundment and are usually charac-
terized by a large distance between the earthquake and the
reservoir, as well as a long time interval between impound-
ment and the earthquake occurrence; for example, 1975 M,
5.7 Oroville, Calif., and 1981 m, 5.3 Aswan, Egypt.

If these cases do indeed represent seismicity induced
by the reservoir, then the triggering mechanism is believed
to be similar in many respects to that of injection-induced
seismicity. In these cases, the mainshocks occurred along
major mapped surface faults that intersected the reservoir.
Thus, increased fluid pressure as a result of impoundment
may have been able to migrate out along the fault zones,
which reduced effective stress levels and thereby enhanced
the probability for failure in an earthquake. Because the
changes in pore pressure as a result of impoundment are
believed to be relatively small at the increased distances
involved in these cases, this suggests that the states of stress
in those areas were already near critical levels for failure
prior to impoundment (Simpson, 1986a).

A particularly good example of reservoir-induced
seismicity occurred at the Nurek Reservoir, Tadjikistan,
Soviet Central Asia (fig. Bl; Simpson and Negmatullaev,
1981). In this case, the water height and the rate of change
in water height proved to be critical parameters (fig. B2). At
Nurek and at several other similar sites of reservoir-induced
seismicity, changes in water height of only a few meters,
which correspond to pressure changes of less than 1 bar,
have triggered swarms of small earthquakes (fig. B2). This
observation suggests that seismicity can be triggered on
faults that otherwise remain stable, even at stress levels
extremely close to failure (Leith and Simpson, 1986). In
many cases of reservoir-induced seismicity, an accurate
assessment of the magnitude of the critical stress change
necessary for failure is difficult to determine because major
heterogeneities in elastic and hydrologic properties of the
rock may tend to concentrate or amplify changes in pore
pressure caused by compaction and the redistribution of
pore fluids in response to changes in water level (Simpson,
1986b). In the case of fluid injection, however, the total
mass of the fluid involved is relatively small, and so the
need to consider the coupled interaction among applied
load, elastic stresses, and pore pressure is generally absent.
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Figure B1. Location and historical seismicity, Nurek Res-
ervoir, Tadjikistan, Soviet Central Asia. A, Location map of
the reservoir. B, Historical seismicity in the vicinity of the
dam. Reprinted from Simpson and Negmatullaev (1981)
and published with permission.
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APPENDIX C—MODIFIED MERCALLI INTENSITY SCALE

This scale measures the intensity of ground shaking
as determined from observations of the effects of an
earthquake on people, structures, and the Earth’s surface.
This scale assigns to an earthquake event a Roman numeral
from I to XII.

I Not felt by people, except rarely under especially
favorable circumstances.

I Felt indoors only by persons at rest, especially on
upper floors. Some hanging objects may swing.

III Felt indoors by several. Hanging objects may swing
slightly. Vibration like passing of light trucks.
Duration estimated. May not be recognized as an
earthquake.

IV Felt indoors by many, outdoors by few. Hanging
objects swing. Vibration like passing of heavy trucks
or sensation of a jolt like a heavy ball striking the
walls. Standing automobiles rock. Windows, dishes,
doors rattle. Wooden walls and frames may creak.

V Felt indoors and outdoors by nearly everyone; direction
estimated. Sleepers awakened. Liquids disturbed,
some spilled. Small unstable objects displaced or
upset; some dishes and glassware broken. Doors
swing; shutters, pictures move. Pendulum clocks
stop, start, change rate. Swaying of tall trees and
poles sometimes noticed.

VI Felt by all. Damage slight. Many frightened and run
outdoors. Persons walk unsteadily. Windows,
dishes, glassware broken. Knickknacks and books
fall off shelves; pictures off walls. Furniture moved
or overturned. Weak plaster and masonry cracked.

VII Difficult to stand. Damage negligible in buildings of
good design and construction; slight to moderate in
well-built buildings; considerable in badly designed
or poorly built buildings. Noticed by drivers of
automobiles. Hanging objects quiver. Furniture bro-
ken. Weak chimneys broken. Damage to masonry;
fall of plaster, loose bricks, stones, tiles, and

unbraced parapets. Small slides and caving in along
sand or gravel banks. Large bells ring.

VIII People frightened. Damage slight in specially
designed structures; considerable in ordinary sub-
stantial buildings, partial collapse; great in poorly
built structures. Steering of automobiles affected.
Damage to or partial collapse of some masonry and
stucco. Failure of some chimneys, factory stacks,
monuments, towers, elevated tanks. Frame houses
moved on foundations if not bolted down; loose
panel walls thrown out. Decayed pilings broken off.
Branches broken from trees. Changes in flow or
temperature of springs and wells. Cracks in wet
ground and on steep slopes.

IX General panic. Damage considerable in specially
designed structures; great in substantial buildings,
with some collapse. General damage to founda-
tions; frame structures, if not bolted, shifted off
foundations and thrown out of plumb. Serious
damage to reservoirs. Underground pipes broken.
Conspicuous crack in ground; liquefaction.

X Most masonry and frame structures destroyed with
their foundations. Some well-built wooden struc-
tures and bridges destroyed. Serious damage to
dams, dikes, embankments. Landslides on river
banks and steep slopes considerable. Water
splashed onto banks of canals, rivers, lakes. Sand
and mud shifted horizontally on beaches and flat
land. Rails bent slightly.

XI Few, if any, masonry structures remain standing.
Bridges destroyed. Broad fissures in ground; earth
slumps and landslides widespread. Underground
pipelines completely out of service. Rails bent
greatly.

XII Damage nearly total. Waves seen on ground surfaces.
Large rock masses displaced. Lines of sight and
level distorted. Objects thrown upward into the air.
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APPENDIX D—GLOSSARY

[Terms set in bold type are defined elsewhere in the glossary. Sources: Ziony (1985), Bates and Jackson (1987), and Nance (1989)]

Acceleration. The time rate of change of velocity of a
reference point during an earthquake. Commonly
expressed in percentage of gravity (g) equal to 980
centimeters per square second.

Active fault. A fault that is considered likely to undergo
renewed movement within a period of concern to
humans. Also called capable fault.

Aftershock. An earthquake or tremor that follows a larger
earthquake or mainshock and originates at or near the
focus of the larger earthquake. Generally, major
earthquakes are followed by many aftershocks, which
decrease in frequency and magnitude with time. Such
a series of tremors may last many days for small
earthquakes or many months for large ones.

Amplification. An increase in séismic signal amplitude as
waves propagate through different earth materials.

Amplitude. Zero-to-peak value of any wavelike distur-
bance; corresponds to half the height of the crest of a
wave above the adjacent trough.

Aquifer. A geological subsurface formation containing and
transmitting ground water, usually restricted to a body
of rock that is sufficiently permeable to yield useful
quantities of water to wells or springs.

Aseismic. (1) Not associated with an earthquake or earth-
quake activity. (2) An area that is not subject to
earthquakes.

Attenuation. A decrease in seismic signal amplitude as
waves propagate from the seismic source. Attenuation
is caused by geometrical spreading of seismic wave
energy and by the absorption and scattering of seismic
energy in different earth materials.

Basement rock. Relatively hard, undifferentiated solid
rock that underlies commonly softer sedimentary rock,
unconsolidated sediment, alluvium, or soil. Also
called bedrock.

Body wave. A seismic wave that travels through the
interior or body of the Earth and is not related or
confined to a specific boundary surface. Primary and
secondary waves are examples of body waves.

Bottom-hole pressure. The fluid pressure measured in the
bottom of a well. It consists of the wellhead pressure
(top-hole pressure) plus a term to account for the
weight of the column of fluid in the well. The
abbreviation is BHP.

Breakdown pressure. The hydraulic pressure needed to
fracture the intact rock of a borehole wall. The
symbol is P,. Also called fracture pressure.

Coefficient of friction. Constant of proportionality for that
part of the shear strength of a rock or other intact solid
that depends on the normal stress applied across the
potential shear surface or fracture. The symbol is .

Cohesion. The shear strength of a rock not related to
internal friction; that is, dependent on applied normal
stress. The symbol is 7,. Also called inherent shear
strength.

Compressibility. The relative change of volume with
pressure on the aquifer matrix. Reciprocal of the
elastic bulk modulus of the medium. For solids, the
symbol is a; for fluids, the symbol is B.

Core-induced fractures. Vertical fractures found in ori-
ented bottom-hole cores caused by the downcutting
drill bit. Also called petal-centerline fractures.

Creep. Slow, more or less continuous movement that may
occur either along faults owing to ongoing tectonic
deformation or along slopes owing to gravitational
forces.

Crust. The outermost major layer of the Earth, ranging
from about 9 to 60 km thick worldwide; characterized
by primary-wave velocities of less than 8 kilometers
per second (km/s).

Density. Mass per unit volume. The symbol is p.

Deviatoric stress. The difference in magnitude between the
maximum (o) and minimum (o) principal stresses.

Dip. Inclination of a planar geologic surface (for example,
a fault or formation) from the horizontal.

Displacement. The difference between the initial position
of a reference point and any later position. (1) In
seismology, displacement is typically calculated by
integrating an accelerogram twice with respect to time
and is expressed in centimeters. (2) In geology, dis-
placement is the permanent offset of a geologic or
manmade reference point along a fault or landslide.

Dynamic viscosity. A measure of the internal resistance of
a fluid to flow. The symbol is m. Also called viscosity
coefficient or absolute viscosity.

Earthquake. Groups of elastic waves propagating in the
Earth, generated by a sudden disturbance of the Earth’s
elastic equilibrium, usually caused by a sudden move-
ment in the Earth’s erust.

Earthquake hazard. Any physical phenomenon associated
with an earthquake that may produce adverse effects
on human activities.

Effective stress. In the presence of a fluid, stress is partly
compensated by the buoyancy of the fluid pressure.
This reduces the effective magnitude of the stress by an
amount equal to the pore pressure.

Elastic rebound theory. The theory that movement along a
fault is the result of an abrupt release of a progres-
sively increasing elastic strain between the rock
masses on either side of the fault. Such movement (or
faulting) returns the rocks to a condition of little or no
strain and converts the stored elastic strain energy into
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kinetic energy (motion along the fault), heat caused by
friction, new fractures, and the generation of elastic
waves, which radiate outwards from the point of
rupture, the hypocenter.

Elastic wave. A wave that is propagated by some kind of
elastic deformation; that is,a deformation that disap-
pears when the forces causing the deformation are
removed. A seismic wave is a type of elastic wave.

Epicenter. The point of the Earth’s surface vertically above
the hypocenter or focus of an earthquake (where a
seismic rupture initiates).

Fault. A fracture or fracture zone along which there has
been displacement of the sides relative to one another
parallel to the fracture plane or planes.

Fault trace. Intersection of a fault with the ground surface;
also, the line commonly plotted on geologic maps to
represent a fault.

Favorably oriented fracture. A fracture whose orienta-
tion in an existing stress field is close to the orientation
for maximum shear stress resolved across the fracture
plane; typically within the range 30° to 45° relative to
the maximum principal stress direction (o).

Focal depth. The depth of the hypocenter or focus of an
earthquake.

Focal mechanism. An analysis to determine the attitude of
the causative fault and the direction of slip along the
fault during an earthquake from the radiation pattern
of seismic waves generated. The analysis most com-
monly uses the direction of first motion of primary
waves recorded at numerous seismograph stations and
yields two possible orthogonal orientations for the fault
rupture and the direction of seismogenic slip. From
these data, inferences can be made concerning the
principal axes of stress in the region of the earthquake.
Also called fault-plane solution.

Focus. The source of a given set of elastic waves; the true
center of an earthquake, within which the strain
energy is first converted to elastic wave energy. See
also Hypocenter. :

Foreshock. A small tremor that precedes a larger earth-
quake or mainshock by seconds to weeks and that
originates at or near the focus of the larger earthquake.

Fracture. (1) A breakage in the rock strata due to mechan-
ical failure by applied stress. (2) Deformation due to
momentary loss of cohesion or loss of mechanical
resistance to differential stress and a release of stored
elastic energy.

Fracture-opening pressure. The injection pressure needed
to just open a newly created hydraulic fracture. The
symbol is P,

Frequency. (1) Rate of occurrence. (2) Number of cycles
occurring in unit time. Hertz, which is the unit of
frequency, is equal to the number of cycles per second.

Geophysical survey. The use of one or more techniques of
physical measurement to explore Earth properties and

processes. For subsurface exploration, this usually
involves indirect methods, such as gravity measure-
ments, to infer rock densities, and so forth.

Head. (1) The elevation to which water rises at a given
point as a result of reservoir pore pressure. (2) Water-
level elevation in a well or elevation to which water of
a flowing artesian well will rise in a pipe extended high
enough to stop the flow.

Hydraulic conductivity. The ease with which water is
conducted through an aquifer and is defined as the rate
of flow of water through a unit cross section under a
unit hydraulic gradient at the prevailing temperature.
The symbol is K. Also called coefficient of permeabil-
ity.

Hydraulic fracture. An artificial fracture generated in the
rock around a well by high pressure fluid injection.
Also called hydrofracture.

Hydraulic gradient. In an aquifer, the rate of change to
total head per unit distance of flow at a given point
and in a given direction.

Hydrostatic pressure. The pressure exerted by the water at
any given point in a body of water at rest. For ground
water, the hydrostatic pressure is equal to the weight of
the water above the reference point or reference
horizon, or the product of the fluid density (p), the
acceleration of gravity (g), and the fluid depth.

Hypocenter. The point in the Earth where an earthquake
rupture initiates.

Induced seismicity. Earthquake activity triggered by
environmental changes caused by man; usually asso-
ciated with either the injection or extraction of large
amounts of fluid in the ground or the impoundment of
a reservoir.

Instantaneous shut-in pressure. The fluid pressure
recorded in the wellbore after a new hydraulic frac-
ture is opened, injection is stopped, and the well is
“shut-in” or closed. Under ideal conditions, this is a
measure of the minimum principal stress (o) acting
to close the fracture. The abbreviation is ISIP.

Intensity. A subjective measure of the damage of an
earthquake at a particular place as determined by its
effects on people, structures, and earth materials.
Intensity depends not only on the earthquake magni-
tude, but also on the distance from the point of
reference to the epicenter, the earthquake focal depth,
the type of faulting, and the local geology. The
principal scale used in the United States today is the
Modified Mercalli Intensity Scale (Appendix C).

Intrinsic permeability. The characteristic resistance to
fluid flow of a porous medium alone, independent of
the properties of the fluid. The symbol is .

Isoseismal. A line connecting points on the Earth’s surface
at which earthquake intensity is the same. It is
usually a closed curve around the epicenter.
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Lithostatic pressure. The vertical pressure at any point at
depth in the rock due to the overburden or weight of
the overlying rock mass. See also Vertical stress.

Magnitude. A number that characterizes the size of an
earthquake, usually based on measurement of the
maximum amplitude recorded by a seismograph for
seismic waves of a particular frequency. Scales most
commonly used are (1) local magnitude (M,), (2)
surface-wave magnitude (Mg), and (3) body-wave
magnitude (m,). None of these scales satisfactorily
measures the largest possible earthquakes because each
relates to only the amplitude of certain frequencies of
seismic waves and because the spectrum of radiated
seismic energy changes with earthquake size. To
compensate, the moment magnitude (M) scale, based
on the concept of seismic moment, was devised and is
uniformly applicable to all sizes of earthquakes.
Body-wave magnitude. This scale measures the max-

imum amplitude of waves that pass through the
interior—the body—of the Earth and that have a
period between 1 and 10 seconds (s). The symbol
is m,.

Local magnitude. This scale is commonly referred to
as Richter magnitude. Although only accurately
applied to California earthquakes, it is still quite
useful today for describing smaller and more
moderate earthquakes but not for measuring truly
large earthquakes. It provides a good estimate to
engineers of the high-frequency accelerations
generated by an earthquake. The symbol is M; .

Moment magnitude. This is perhaps the most mean-
ingful scale today for large and great earthquakes,
in that it reflects the total energy released. The
measurement takes into account the surface area
of the fault that moved to cause the earthquake,
the average displacement along the fault plane,
and the rigidity of the fault material. Seismic
moment (M,) is the result, and the moment
magnitude is simply a scaled logarithm of this
value. This scale was developed only in the late
1970’s, which is why great earthquakes, such as
that in Alaska in 1964, which was originally
evaluated as a magnitude Mg 8.5, have been
upgraded— Alaska now has an moment magni-
tude rating of 9.2. The symbol is M or M,,.

Surface-wave magnitude. This scale was formulated
to describe earthquakes at distant locations. The
scale principally measures surface waves of 20-s
period or a wavelength of approximately 60 km.
The symbol is Mg.

Major earthquake. An earthquake having a magnitude
of 6.5 or greater.

Maximum horizontal stress. The maximum component of
principal stress in the horizontal plane. The symbol is
Sy

Mean stress. The average of the three principal stresses.

Microearthquake. A small earthquake usually observable
only with sensitive instruments. Typically corresponds
to an earthquake of magnitude 2 or less. Also called
microseismic event.

Minimum horizontal stress. The minimum component of
principal stress in the horizontal plane. The symbol is
S,

Mohr circle. A graphical representation of the state of
stress at a particular point and at a particular time. The
coordinates of each point on the circle are the shear
stress (1) and the normal stress (o,) on a particular
plane.

Mohr-Coulomb failure criterion. The condition whereby
failure (slip) is expected on a preexisting fault when-
ever the combinations of shear stress (7) and normal
stress (o) resolved across the fault plane (as defined
by the loci of points on the Mohr circle) meet or
exceed the Coulomb criteria for frictional failure; that
is, the shear stress is equal to the inherent fault
cohesion (7,) plus the product of the coefficient of
friction () and the effective normal stress (o,—p).
This level of shear stress is called the critical stress
(Tcrir)‘

Normal fault. A steeply to slightly inclined fault in which
the block above the fault (the hanging wall) has moved
downward relative to the block below (the footwall).

Normal stress. The component of stress oriented normal
(perpendicular) to a given fault, fracture plane or slip
surface. The symbol is o,,.

Permeability. The capacity of a porous rock or soil for
transmitting fluid or gas; it is a measure of the relative
ease of fluid flow under unequal pressure.

Plate tectonics. A widely excepted theory that considers
the Earth’s crust and upper mantle to be composed of
a number of large, rigid plates that move relative to
one another. Interaction along plate boundaries is then
the major cause of earthquakes and volcanic activity.

Pore pressure. Pressure of water in pores of a saturated
medium. The symbol is p.

Pore space. Space occupied by voids within the rock matrix
capable of holding either fluid or gas.

Porosity. Percentage ratio of void volume to the bulk (total)
volume of rock or soil sample. It is a measure of the
fluid bearing capacity of the medium. The symbol is 7.

Primary wave. A type of elastic body wave that propa-
gates by alternating compression and expansion of
material in the direction of propagation. It is the fastest
of the seismic waves (typically traveling at speeds of
5-6.8 km/s in the crust and 8-8.5 km/s in the upper
mantle, just below the crust), and is analogous to a
traveling sound wave. The abbreviation is P wave.

Principal stress. A stress that is perpendicular to one of
three mutually orthogonal planes on which the shear
stress is zero and in whose direction stresses are purely
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compressive; a stress that is normal to a principal plane
of stress. The three principal stress are identified as o,
maximum or greatest principal stress; o,, intermediate
principal stress; and o3, minimum or least principal
stress.

Rake. The direction of displacement (slip) resolved across
a fault plane, measured in degrees from the horizontal.

Reservoir. (1) A recipient for the collection of liquid. In
geology, a subsurface rock formation that has suffi-
cient porosity and permeability to except and retain a
large amount of fluid or gas under adequate trap
conditions. (2) A manmade body of water impounded
behind a dam.

Reverse fault. A moderately inclined fault in which the
block above the fault (the hanging wall) has moved
upward relative to the block below the fault (the
footwall).

Secondary recovery. Production of oil or gas as a result of
artificially augmenting the reservoir energy, usually
by injection of water or other fluid at high pressure.
Secondary-recovery techniques are generally applied
after substantial reservoir depletion. See also Water
flooding.

Secondary wave. A type of seismic body wave that
propagates by a shearing motion of material, so that
wave motion or oscillation is perpendicular (trans-
verse) to the direction of propagation. It does not travel
through liquids or through the outer core of the Earth.,
Its speed is typically 2.8 to 4 km/s in the crust and 4.3
to 4.5 kny/s in the upper mantle, just below the crust.
This wave arrives later than the faster primary wave.
The abbreviation is S wave.

Seismic. Pertaining to an earthquake or earth vibration,
including those that are artificially produced.

Seismicity. Earthquake activity; the geographical and the
historical distribution of earthquakes.

Seismic risk. The probability of social or economic conse-
quences of an earthquake.

Seismic wave. An elastic wave generated by a sudden
impulse, such as an earthquake or an explosion.
Seismogram. A record of ground motion or of vibration of
a structure caused by an earthquake or an explosion;

the record produced by a seismograph.

Seismograph. An instrument that detects, magnifies, and
records ground vibrations, especially earthquakes.
The resulting record is a seismogram.

Separation. In geology, the distance between any two parts
of a reference plane (for example, a sedimentary unit
or a geomorphic surface) offset by a fault measured in
any plane. Separation is the amount of apparent fault
displacement and is nearly always less than the actual
slip.

Shear. A mode of failure whereby two adjacent parts of a
solid slide past one another parallel to the plane of
failure.

Shear stress. The component of stress that acts tangential
to a plane through any given point in a body. The
symbol is 7.

Shear wave. A secondary or transverse elastic wave.

Slip rate. The average displacement at a point along a
fault as determined from geodetic measurements from
offset manmade structures or from offset geologic
features whose age can be estimated. It is measured
parallel to the dominant slip direction or estimated
from the vertical or the horizontal separation of
geologic, geodetic, or other markers.

Storativity. The capacity of an aquifer to accept (store) or
release fluid under a change in applied pore pressure
(p) and is defined as the amount of fluid in storage
released from a column of aquifer with unit cross
section under a unit decline in pressure head. The
symbol is S. Also called storage coefficient.

Strain. The amount of any change in dimensions or shape
of a body when subjected to deformation under an
applied stress.

Stress. The force per unit area acting on a surface within a
body. Nine values are required to characterize com-
pletely the state of stress at a point: three normal
components (which are purely compressive) and six
shear components, relative to three mutually perpen-
dicular reference axes.

Strike. The orientation of the line of intersection of any
plane with the horizontal measured in degrees from
true north; the direction or trend taken by a structural
surface, such as a fault plane, as it intersects the
horizontal.

Strike-slip fault. A fault in which movement is principally
horizontal, parallel to the strike of the fault.

Subsidence. Downward settling of the Earth’s surface with
little or no horizontal motion. May be caused by
natural geologic processes (such as sediment compac-
tion or tectonic activity) or by human activity (such as
mining or withdrawal of ground water or petroleum).

Surface faulting. Displacement that reaches the ground (or
sea floor) surface during slip along a fault. Commonly
accompanying moderate and large earthquakes hav-
ing focal depths to 12 km. Surface faulting may also
accompany aseismic tectonic creep or natural or
man-induced subsidence.

Surface wave. Seismic wave that propagates along the
Earth’s surface.

Tectonic. Pertaining to either the forces or the resulting
structural features from those forces acting within the
Earth; refers to crustal rock-deformation processes that
affect relatively large areas.

Tensile strength. The maximum applied tensile stress that
a body can withstand before failure occurs. The
symbol is 7.

Tensile stress. A normal stress that tends to cause sepa-
ration across the plane on which it acts.
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Top-hole pressure. The fluid pressure measured at the
wellhead. The abbreviation is THP.

Total head. The sum of the elevation head, pressure head,
and velocity head of a liquid. For ground water, the
velocity-head component is generally negligible.

Transmissivity. The rate at which water is transmitted
through a unit width of aquifer under a unit hydraulic
gradient; it is equal to the product of the hydraulic
conductivity and the thickness of the aquifer. The
symbol is T.

Vertical stress. The stress at any point at depth in the rock
due to the overburden or weight of the overlying rock
mass; equal to the product of the average density of the
overlying column of rock, the acceleration of gravity,

and the depth. The symbol is S,. See also Lithostatic
pressure.

Water flooding. A secondary recovery technique in which
water is injected into a petroleum reservoir to force
additional oil out of the reservoir rock and into
producing wells.

Water table. The upper surface of a body of unconfined
ground water at which the water pressure is equal to
the atmospheric pressure.

Wellbore breakouts. Deformation of the wellbore wall
caused by spalling of weak material induced by com-
pressive shear failure. Also called borehole elonga-
tions.
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