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POTENTIAL FOR TRIGGERING OF EARTHQUAKES BY STIMULATiON
OF DRY ROCK GECTHERMAL FIELDS
C. B. Raleigh
U.S. Geological Survey
Menlo Park, California .
Stimulatién of dry geothermal fieids requires the injection of very large
svolures of fluid, probably at pressures in excess of the least principal stress
in the rocks. The high fluid pressure, if tfansmitted élong faults under shear
stress would reduce-on?"the effecti&e normq}:stfess, and hence the frictional
. resistance to sliding along the -fault, This mechanism has been responsible for
earthduakes triggered by water flooding in the Rangely oil field in Colorado
‘[l]. Thereforb, thé potential exists for triggeringvof earthquakes by fluid
injection for geothermal power.

Ideally, where the rock has no matrix permeaﬁility or join;s intersecting
the induced hydraulic fracture, no earthquakes would be triggered. A hydraulic
fracture is perpendicular to the least principal stress and is, therefore, a
principal plané with no shear stress on it.‘ However, leak-off into other
fractures will occur even In rocks of very low matrix permeability and will be

 pr¢ssurized to gome degree by the introduced fluid.

For ear£hquakés to be triggefed, fhe effecgive~normal'étress would have to
be reduced to about 1.2 T, where 1t is the shear stress on the. fracture. If the

‘stresses could be measurgd and the.oriedtation of the -fault be determined, as
at Rangely, the fluid pressure which.would be.required.to trigg;r earthquakes

could be calculated.. The stresses may be estimated from hydraulic fracture




tests [2]. However, in general, the fluld pressure may not be suﬁﬁect to the
operator's controi due to the requirements of efficient geothermal power
production.

Two techniques for circulation of fluid through the induced fractures
require that the fluild pressure exceed the normal stress across the crack. The
huff andApuff method of inflating the crack with fluid and allowing it to relax

as the heated fluid flows back, introduces fluid at p£>S the least principal

3’

compressive stress. However, the fluid pressure is reduced again, and sone
contrel over the undesirable pressurization of nearby shear fractures can be
exerited by varying the time allowed for the fluid to iecek back in the relaxation

f the cycle, The other technique involves continuous circulation of f£luid

phase o

P

through a crack distended by.the fluid pressure. In this case, nearby fractures

V

-will gradually(ﬁecome pressuriied by fluid at or near the least stress, 53,
ancontrolled by the operator except by shutdown cf the system.

~One can easily calculate the conditions required for slip where some part -
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parallel to the fracture surface and, consequently,

of the shear fracture contains fluid at pf=S

This is equivalent to having §,
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of no influence on the initiation of fracture. In these cases,
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1 and the rormal to the fracture surface, and

B 1s the static frictional coefficient, about 0.8 for most rocks, Therefore,

where o is the angle between o

when tan o exceeds 0.8 (¢ > 39°) slip along the fracture surface will occur in
the absence of any cohesive strength, T, for the rock. In other words, for

this conservatlve set of assumptions (&, >8 = § 'ro=o) earthquakes

=5, 3 :
17°2 7°3 0 Pg T o9
will be tr'ggered on all fractures a2t angles of lessg than about 50° to the
maximum principal compressive stress direction. More sophisticated calculations
show that for raasouable walue of stress expectad in the earth's crust, raising

the fluid pressure to be equivalent tc the magnitudas of the least principal stress

will result in triggering of earthguakes. At Rangely, for example, Sl% 25, a
’ >

T reported fairly coamodky from othey areas. The fluid pressure, when raised
{i*
by injection iuio a pre-existing fault to 0.9S,, triggered earthquakes. Below

that value of the £luid pressure, the earthquakes stopped.

It is sig;if Lcant thxt the Range JV earthquakes chdlﬂtd small throughout

‘the ianjection period. The argest ware two events of ML = 4.0 in April, 1570.

The earthquakes apparently owed their smail magnitude to the imlteu area over

which the fluid pressure was sufficlent fo overcome the static friction. Fludid

withdrawal within 500 meters of the line of injection wells served to limit the

cextent of the fanlt under bigh filuid pressure. Avrtificaliv induced earthquakes

.are not neceasarily hazavdous, then, except in areas where a large earthquake might

~

“be exveated r*ﬂardle of fluid injectien or where a long section of a fault

is gradually and. nearly uniformly pressurized by fluid to the critical value,
If the fluid pressure gradient along a fault extending away from the in-

jection well is steep, then earthquakes will first occur in the limited region

‘.

_under'high nressura. As the earthquakes occur, the shear stress will drop, and -

. v ) - ia . .
Gigher £luid pressure/:equired to further reduce the static friction ard trigger

e

yet more earthquakes. A3 the pressure front advances to progressively greater
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diétanc& along the fault put mainﬁaining its steep gradient the zone of seismic
activity will £fellow, leavine dn its woke a much diminished frigcﬂn‘" nf varth-
'quakes. The fluid pressure, if raised gradually zleng a gentle grédient, will
trigser carthquakes more nearly simultaneeusiy ovary a long front and offer the
possibility of rupture bver the entire section.

Calculations, based on numerical sclutioms to the coupled changes in fluid

pressure in cracks and stress in the solid matrix, have beepn carried out by

f

Paul Witherspoon and his associates at UC Berkeley. Their results suggests that

for cases where the fluid pressure, v_. 15 less than ¢, the pressure gradient

I 2
away f{rom the point cof injecticn will be very stezp. The unknown paraneters
of crack opening aud stiffness have a larze infliuznce on the results, heowoever,
and application of their methnds to the apecific caze would be required.

.

Conciusion

Earthquakes are likely to be tri nid injection te stimulate
eothermal energzy producticn where the injection prassure is at or mnear the
(= ¥

magnicude of the least principal stress. The earthquakes nead not be causa

for vwvery great concern provided 1) some attempi to

ig made o estimate thae Jikelinceod

4 anjor fault ruc-tare

Very near tnae
failure strenzih? If so, then, 2) meuitcr;nﬁ st oseionic acnivity shnuli bo
conducted to track the mizration of selsmic activity, if anv, away frowm the
fnjection point. If, for example, the earthquakes occur over a broad front along
what could reasomsbly be assumed to be a fault zone, then the syétem ¢ould he shut
down. Some set of criteria for shutdown could be established based on the
potential for 3 large earthquake and the degree of risk attendant upon its

gcgqurrence.





