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Abstract. Fault plane solutions of earth-
quakes induced during attempts to stimulate two
hot dry rock reservoirs at Fenton Hill have
significantly different patterns of first
motions. The fault plane solution for the lower
reservoir indicates strike slip, either left
lateral strike slip on a N-S vertical plane or
right lateral slip on an E-W vertical plane. 1In
contrast, the solution for the upper zone
includes largely vertical slip on a N-S nearly
vertical plane, or oblique slip on a nearly
horizontal plane. Because the N-S nodal plane is
common in both solutions we infer that this
represents the true fracture plane, Faulting
thus seems to occur on a series of parallel
faults or joints that intersect both reservoirs
but a change in the slip vector indicates a major
change in the state of stress between the upper
and lower reservoirs. This latter conclusion is
surprising because the two reservoirs are
separated by less than 1 km. We suggest that
this rapid change in the stress field may be
related to the structure and subsidence of the
nearby Valles Caldera.

Introduction

At Los Alamos National Laboratory's Hot Dry
Rock (HDR) Geothermal project at Fenton LHill, New
Mexico, a concept for extracting heat from low
permeability crystalline rock is being developed.
A hot dry rock geothermal site consists of two
wells connected at depth by a fracture system
that acts as a downhole heat exchanger during
energy extraction operations. As the HDR concept
uses hydraulic fracturing for permeability
enhancement, methods to monitor the fracture
growth are important. One such method originated
at Los Alamos is the mapping of microearthquakes
induced by massive pumping (Albright and Hanold,
1976). High temperature three-component orient-
able acoustic borehole sondes have been developed
for this purpose (Cremer et al., 1980).

This paper presents fault plane solutions of
some of the larger microearthquakes which were
induced during hydraulic fracturing experiments
at Fenton Hill. During this study we observed
two quite different fault plane solutions asso-
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ciated with two regions in the reservoir that are
separated by less than 1 km. These results sug-
gest very rapid changes in the state of stress
near Fenton Hill, changes that may be related to
the nearby Valles Caldera.

The new HLOR system at Fenton Hill consists of
two wells drilled 4600 m into granitic rock. The
bottom 1100 m of each wellbore were directionally
drilled to an angle of 35° from the vertical, the
production well (EE-3) being placed 380 m above
the lower injection well (EE-2). These wells are
to be connected at depth by a fracture system
that provides hydraulic communication between the
wells and is to be tested as a downhole heat
exchanger for energy extraction operations.

Locations of Induced Microearthquakes

The microearthquakes described here were
induced during hydraulic fracturing in two widely
separated zones in EE-2. The first and deepest
group of events occurred during stimulations of
the the bottom 137 m of EE-2 (4248-4385 m) and
the upper group occurred during stimulation of a
second higher zone in the same well (3460-3630
m). During both stimulations, through the use of
cemented liners, packers and sandplugs, only the
depth range of interest was exposed to high pres-
sure water. Not surprisingly, hypocenters from
each stimulation formed clusters that were
separated from each other in space.

The larger of the induced microearthquakes at
Fenton Hill (with magnitudes as large as +1/2)
were recorded on a surface network consisting of
eight temporary and five permanent stations.
Each of the temporary and three of the permanent
stations employed a single (vertical) Geotech
S-500 geophone (1-100 Hz) and lay within 5 km of
the epicentral region. Signals were telemetered
back to a central recording facility at the geo-
thermal site. In addition to this "close-in"
network, two other more distant stations detected
adequate signals to contribute to the analysis.
Locations of all the stations used in this study
are shown in Fig. 1. Stations at greater dis-
tances did not detect usable signals, in part
because of the highly attenuating volcanic rock
of the Caldera.

In addition to surface stations, during the
hydraulic fracturing experiments we monitored
seismic activity using & three-component downhole
geophone package and located events using the
techniques of single station seismometry des-
cribed by Albright and Pearson (1982). Located
at depth in a wellbore, between 200 m and 4 km
from source regions and below the attenuating
sediments it was much more sensitive than the
surface array and recorded up to 250,000 signals
per experiment, some with magnitudes as low a&s
-5.

We compared event locations calculated from
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Fig. 1.
near the Fenton Hill Hot Dry Rock Geothermal

Locations of seismic stations deployed

site.
site.

FH denotes the Fenton Hill hot dry rock

the three-component downhole seismic package with
hypocenters of the larger events determined using
first arrivals on the surface stations and a
velocity structure for the region near Fenton
H11l after Wechsler et al. (1980). The locations
always agree within a few hundred meters. Figure
2 shows locations of some of the events induced
by three hydraulic stimulations of the geothermal
reservoir, two in the lower reservoir and one in
the upper reservoir. In the 1lower reservoir,
seismicity occurred on a well-defined planar zone
that dips about 45° west and strikes about 20°
west of north whereas events occurring during
stimulation of the upper reservoir occurred in a
much smaller, ellipsoidal volume that 1lacks
notable structure. Note that the largest events
induced at Fenton Hill were well dispersed in the
seismic volumes defined by the more numerous
smaller events. This suggests that the larger
events occurred on a series of parallel joints
distributed throughout the reservoir, not on a
single fault. The 45° dipping seismically active
zone in the lower reservoir probably is a per-
meable zone that allows high pressure water to
disperse rapidly within a confined volume,
causing fracturing along a set of nearly vertical
planes as defined by the fault plane solutions.
Hence the orientation of the seismic zone prob-
ably is independent of the fault plane orien-
tations.

Fault Plane Solutions

The pattern of directions of first motion for
microquakes was nearly consistent from within
each reservoir, although the patterns for the two
reservoirs were quite different. Therefore, we
used composites of all the upper or lower data 1in

Fault Plane Solutions for Microearthquakes

each of the respective fault plane solutions
illustrated in Figures 3 and 4, Note that 1in
both cases we have plotted the first motions on
the upper hemisphere. We made this choice
because the stations are located very close to
the epicenters of the events and the first
arrivals will be upgoing rather than downgoing
rays. The fault plane solution for the lower
reservoir (Fig., 3) 1is a well constrained
strike-slip solution, either right lateral strike
slip on a vertical E-W plane or left 1lateral
strike slip on a vertical N-S plane. The fault
plane solution for the upper reservoir (Fig. 4)
contains one fairly well-defined nodal line, once
again a nearly vertical N-S striking plane
(strike = N10°E, dip = 85°). The second plane 1s
not well constrained by our data however, and
several possible nodal planes are indicated in
Fig. 4. No matter what we assume for the second
nodal plane, slip on the N-S nodal plane must
contain a substantial vertical component. In
fact the slip vector on this plane must plunge at
least 50° from the horizontal. If the poorly
constrained nodal plane represents the fault
plane, then we have largely horizontal motion of
opposite sense to that of the lower fault plane
solution. Thus a strike-slip solution, as
inferred for the lower zone is not consistent
with our data for the upper reservoir.
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Fig. 2. Event locations from three hydraulac

fracturing experiments that produced events large
enough to be recorded on surface seismic
stations.
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Interpretation

The fault plane solutions are clearly distinct
but a nearly vertical N-S trending nodal plane is
present in both solutions. Because the solutions
are similar in this respect and because N-S
trending fracture orientations have been observed
before, both during joint surveys (Laughlin et
al., 1983) and during hydraulic fracturing exper-
iments (Albright and Pearson, 1962), we think
that the N-S plane represents the true fault
plane.

Directions of the P and T axes are indicated
in Figs. 3 and 4. For the lower reservoir the P
ax1s is nearly horizontal, plunging slightly to
the northwest while the T axis is also nearly
horizontal, plunging slightly to the southwest.
Because the second nodal plane is not well con-
strained in the upper reservoir, the P and T axes
cannot be accurately determined for this solu-
tion. Regardless of our choice for the second
nodal plane however, the P axis will be closer to
the vertical in the upper reservoir, plunging to
the east at an angle between 20 and 50 degrees.
Hatched regions in Fig. 4 show the range of P and
T axes with possible choices of the nodal planes.,
Note that a major difference between the P axes
from the two solutions is the greater plunge of
the P axis in the upper reservoir.

McKenzie (1969) shows that when earthquakes
result from reactivation of pre-existing
fractures the state of stress inferred from fault
planes is not well constrained because the
direction of rupture will be controlled by the
orientation of pre-existing rupture planes.
However, the slip vector must be parallel to the
shear stress component acting in the fault plane
because the shear stress is the agent that causes
the blocks to move. 1f the fracture planes are

Fig. 3.
reservoir,

Fault plane solution for the 1lower

Compressional first motions are
indicated by plus symbols and dilatations by
circles.
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Fig. 4.
reservoir.

Fault plane solution for the wupper

Symbols have same meaning as in Fig.
3. Hatched regions indicate the range of P and T
axes.

the same in the upper and lower reservoir while
the direction of slip is significantly different,
the state of stress must also be different. The
slip vector has a larger vertical component 1in
the upper reservoir than is inferred in the lower
reservoir, suggesting that the shear stress
acting on surfaces that form the fault plane also
has a larger vertical component in the upper
reservoir than is the case 800 m lower.

Conclusions

Taken together, two fault plane solutions for
induced microearthquakes at a hot dry rock geo-~
thermal site imply that the state of stress
changes considerably over a vertical distance of
less than 1 km in the earth. Surprisingly the
greatest principal stress changes from nearly
horizontal in the deeper solution to an inter-
mediate angle in the upper solution in spite of
the fact that the overburden stress should be 21
MPa (210 bar) less at the upper reservoir than at
the lower reservoir because of the difference in
depth of burial. We can account for this seeming
inconsistency by the fact that the Fenton Hill
hot dry rock site lies near the boundary of the
Valles Caldera. Because the geothermal wells
were directionally drilled to the east, the lower
reservoir is 450 m closer to the Caldera rim.
The most likely explanation for the anomalously
high horizontal stresses observed is that the
lower reservoir is closer to a subsiding magma
chamber under the Caldera which has been postu-
lated by Smith et al. (1970). Anderson (1936)
demonstrates that a subsiding magma chamber can
cause anomalously large horizontal stresses due
to arching in rocks overlying the chamber. This
effect is strongest immediately above the chamber
but persists at locations slightly off to the
side. However, as the distance from the center
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of the chamber increases, the greatest principal
stress trajectories begin to turn down. This
model can be used to qualitatively explain our
results because the 1lower reservoir, which is
closer to the magma chamber, shows large horizon-
tal stresses relative to those in the upper
reservoir, The lower reservoir is nearly 1 km
closer to the southwestern boundary of the
chamber (inferred from the location of the ring
fault), about 400 m horizontally and 700 m

vertically.

Structural effects associated with the topo-
graphic rim of the caldera are another possible
explanation for the anomalously high horizontal
stresses. Jaeger and Cook (1971) show that
structural effects near the base of cliffs can
produce anomalously high horizontal stresses but
it seems unlikely that this effect would persist
in the lower reservoir which is nearly 3 km
underneath the caldera rim.

The tension axis, inferred from the 1lower
fault plane solution, 1is quite similar to
previous estimates of the minimum compressive

stress direction which were based on the
orientation of hydraulic fracture planes
(Pearson, 1981). However the hydraulic frac-

turing data come from experiments conducted in a
nearby well 1.6 km higher and 1 km displaced
laterally from the deep zone described here.
Although both estimates suggest that the minimum
stress direction is nearly horizontal and trends
between 50° and 70° east of north, the disagree-
ment with the mechanism of the upper reservoir
implies substantial local variability. More
observations are required to more fully charac-
terize the stress field in the vicinity of the
reservoirs,
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