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SUMMARY OF SIGNIFICANT RESULTS AND CONCLUSIONS
OF SEISMIC MONITORING THROUGH 1982

Seismological monitoring of the Chocolate Bayou region of Brazoria County,
Texas, in the vicinity of the DOE Pleasant Bayou geopressured/geothermal
design well has resulted in significant improvement in assessing the poten—
tial seismological hazards and risks associated with development of this
alternative energy resource. Since the inception of the monitoring program
in 1979, there hae been four periods during which significant volumes of
brine have been produced from the Pleasant Bayou No. 2 well and subsequently
reinjected into the Pleasant Bayou No. 1 well. Continuous seismic monitoring
and analyses of the data through 1982 have resulted in the following obser-
vations and conclusions. (1) The temporal distribution of seismic events
from 1979 through 1982 is not uniform. There is a pronounced increase in the
frequency of occurrence of microearthquakes in the latter half of 1981. The
distribution of events peaks in the fall months of 1981 and appears to be
approximately Gaussian distributed about the peak. (2) Because the increased
seismicity follows the Phase I short-term flow test with a delay of over two
hundred days and occurs both during and following the aborted Phase II long-
term flow test, the exact causality relationship between brine production
and/or disposal and induction of microearthquakes is unclear. The conici-
dence of seismicity and times of brine production and the absence of seismi-
city in 1982 following a fourteen-month shut-in strongly suggest the
existence of a correlation, however. If seismic activity resumes in mid 1983
following the reinitiation of the Phase II long-term flow test on 27
September 1982, there will be additional support for a hypothesized, delayed
strain-release response of the local geologic column to the stress pertur-—
bation induced by the design well production. (3) The spatial distribution
of the seismic epicenters from 1979 through 1982 cluster in the vicinity of
proposed locations of growth faults at depths of 15,000 feet west and north-
west of the Pleasant Bayou No. 2 well. Depths of the hypocenters are poorly
constrained but suggest depths of origin less than that of the production
reservoir. These data combined with the few unambiguously recorded first P-
wave wotions suggest that these microearthquakes occur as dip slip events
along growth faults above the production horizon. The sense of block motion
is dilitational (downward) at the seismograph stations. Because of the poor
depth resolution, it is uncertain whether the events are more likely asso-
ciated with brine production or brine injection. The preponderance of events
have depths more strougly favoring brine injection than brine production as
the causality agent; however, this evidence is extremely weak. (4) The
characteristics of the observed seismicity do not indicate a high seismic
risk assoclated with these events. No events with magnitudes greater than
2.0 have been observed. All events range in magnitude from 0.0 to 1.5.

There is no obvious relationship between events which would suggest a normal
foreshock, mainshock, or aftershock sequence as observed in other active tec-—
tonic regions. Even during the latter half of 1981, when event frequency was
maximized, the total number of events was low (£10 events/5-day period).
Although the number and size of these microearthquakes constitute a low
seismic risk due to ground accelerations, the integrated displacement from
many events along a single growth fault may constitute a significant sub-
sidence hazard. The greatest benefit to be derived from microseismic moni-
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toring of such production regions may be to identify which local faults
display the greatest instability to slipping and thus constitute the regions
which should be monitored most closely by other techniques for subsidence
effects. (5) A variety of seismic signals which are significantly different
from normal microearthquakes has been recorded. The frequency of occurrence
of these signals, coupled with the fact that they are recorded by all other
Gulf Coast microseismic arrays designed to monitor other design well
projects, suggests that their occurrence is not uncoumon. What, if any,
significance can be placed on their role in stress release or understanding
brine production and/or brine injection related phenomena is unknown at this
time. (6) In conclusion, the results of seismic monitoring of the region
around the Pleasant Bayou design well definitely demonstrate a correlation of
increased local seismicity with high-volume brine transfer. The causality
relationship and details of the induced activity remain areas requiring more
extensive analyses and research.
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INTRODUCTION

The commercial feasibility of utilizing the vast quantities of geopressured/
geothermal brines underlying the Texas and Louisiana Gulf Coast is dependent
upon high volumetric production and disposal rates. The production require-
ments for effective withdrawal and disposal of these environmentally hazar-
dous fluids is generally 2 - 3 * 104 barrel/day/well. Volumes of this order,
by substantially altering the local state of subsurface stress, likely will
cause ground subsidence and tilt in the immediate area of brine withdrawal.
These withdrawals may activate preexisting growth faults as well as cause new
fractures to occur.

To investigate the seismic risks associated with geopressured fluid produc-
tion from the Pleasant Bayou No. 2 design well, Teledyne Geotech, with the
authorization of the Texas Bureau of Economic Geology, has conducted a
seismic monitoring program in the vicinity of the Brazoria County design
wells since 1979. The monitoring program was designed first to establish the
nature of the local ambient seismicity prior to production, and second to
provide continued surveillence of the area during the well tests to determine
if production altered ambient seismic conditions significantly.

Brine and gas are produced from the Pleasant Bayou No. 2 well at a depth of
14,647 - 14,707 feet (4464.4 m - 4482.7 m). The brines subsequently are
reinjected in the Pleasant Bayou No. 1 well, approximately 152 meters from
the production well, at a depth of 6226 - 6538 feet (1897.7 - 1892.8 m). The
production history of the well has been extremely sporadic since the incep-
tion of the program. Prior to the formal testing program, 174,000 barrels of
brine were produced from the well between 15 November and 3 December 1979.

On 16 September 1980, the Phase I (short-term) flow test was initiated.
Between 16 September and 31 October 1980, an additional 537,300 barrels of
brine were produced. The wells remained shut-in until 2 July 1981 when a
Phase II (long-term) flow test was begun. Due to a variety of problems, this
flow test was aborted on 18 July 1981 after an additional 220,904 barrels of
brine had been produced. The wells were again shut-in until 27 September
1982 when the Phase II flow test was reinitiated. By 1 October 1982, a total
of 1,215,669 barrels of brine and 25,616 mcf of gas had been produced from
the Pleasant Bayou No. 2 well since the beginning of the design well program-.
A total of 2,870,443 barrels of brine and 61,785 mcf of gas had been produced
by 3 January 1983. This report describes the operation, data analyses,
results and conclusions of the Brazoria seismic network during the opera-
tional period from 1 January through 31 December, 1982.

Results and conclusions drawn from analyses of the data are the opinions of
the authors. Neither the Department of Energy, the Texas Bureau of Economic
Geology, nor Teledyne Geotech necessarily endorse these opinions nor are they
responsible for subsequent utilization of materials included in this docu-~
ment by other persons. )
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THE BRAZORIA SEISMIC NETWORK, INSTRUMENTATION, DESIGN, AND SPECIFICATIONS

The Brazoria County seismic array consists of five seismograph stations in
the Chocolate Bayou area of Brazoria County, Texas. The locations of these
stations, local cultural features, and projected locations of growth faults
at a depth of 16,000 feet are illustrated on figure 1. The aperture of the
array is four kilometers. The latitudes, longitudes and elevations of the
sensors are listed in table 1. Figure 2 is a block diagram illustrating the
operation of the array. Each station consists of a Teledyne Geotech $-500
seismometer which 1s locked in a borehole at a depth of one hundred feet.

The signal from the seismometer is magnified using a Teledyne Geotech 42.50
amplifier and then FM multiplexed to a voice—band carrier frequency for
transmission to a common data collection point at Liverpool, Texas. Data
transmission is via telephone telemetry circuits. At Liverpool, the signals
from the five stations are amplitude conditioned and multiplexed together for
transmission via ATT loung lines to the Teledyne Geotech laboratory at Garland,
Texas.

TABLE 1. BRAZORIA COUNTY TEXAS SEISMIC ARRAY

Latitude(N) Longitude(W) Elevation Magnification VCo
Site Deg Min Sec Deg Min Sec Feet X 1000 @ 5 Hz Hz
BEGL 29 17 28 95 16 53 -87 147 1360
BEG2 29 17 32 95 14 01 -87 138 2380
BEG3 29 16 54 95 15 22.5 =97 140 1020
BEG4 29 15 54 95 14 45.2 -90 164 2040

BEGS 29 15 53.4 95 16 10.3 -84 159 1700

In Garland, the five station signals are demultiplexed from their respective
carriers using Teledyne Geotech 46.12 discriminators. The signals and pre-
cise time code then are recorded on magnetic tape and on 1l6~mm film using a
Teledyne Geotech develocorder. The unity-—gain velocity response of the system
is illustrated in figure 3. The magnification at a frequency of five hertz of
the individual stations is given in table 1. Variations in effective wmagni-
fication reflect the variability of the ambient noise at the different sites.

In general, the maximum (O-P) ground displacements observable with the
Brazoria seismograph instrumentation without significant distortion or
clipping at one, five and ten hertz are respectively 7.4 * 10_5, 2.6 % 10_6,
and 1.2 * 1070 peters. The minimum (0-P) ground displacements observable are
between 1 * 1072 and 5 * 107 meters depending upon ambient ground noise
conditions. These observation limitations correspond to events with seismic
moments between 1017 and 1020 dyne—cm or approximate local magnitudes between
~0.5 and 2.5 (see figure 4).
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In addition to observational constraints determined by instrumentation and
ambient noise conditiomns, data utility constraints also are dependent upon
station operational performance. Since event location procedures require
data from three or more stations, individual statiom operational performances
can determine and dramatically affect event location capabilities and spatial
coverage. The monthly operational performance logs for the Brazoria array
during 1982 are included as appendix A. The percentages listed are based on
continuous operation twenty—four hours daily, seven days a week. The maximum
possible recording efficiency 1s 99% if recording disruptions are constrained
to routine record changing. If the seismic array is operated only Monday
through Friday, the maximum possible recording efficiency is 73%. The array
was recorded continuously from January through September; however, field-
services manpower shortages required curtailment of weekend recording from
October through December. The percentages listed in Appendix A do not
reflect inability to use the data because of excessive cultural and/or
natural noise. Trains in the Chocolate Bayou area create excessive noise
amplitudes for durations of approximately ten minutes six times daily. This
nolse source reduces the percentage of useable data by four percent per
month.
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DATA ANALYSIS PROCEDURES

Body Wave Data

The data generated by the Brazoria seismic array are analyzed using standard
procedures to yield basic information about origin times, locations and
magnitudes of observed events. The 16-mm film seismograms are reviewed care-
fully to detect any microseismic events that may have occurred. When an
event 1s detected, the analyst measures the amplitude, period, and arrival
times of the P (compressional), S (shear), and Ly (surface) wave of the
event. The desired accuracy of the arrival time estimates is +0.0l second
for P waves and +0.05 second for S waves. If this degree of accuracy cannot
be achieved utilizing the film records, the analyst may request a filtered
version of the signal recorded on magnetic tape. Filter optioms include
variable high-pass, low—pass, and band-pass operators. The amplitude, period
and arrival time data are stored for subsequent input into a computer code
(MEHYPO) which estimates the origin times, source coordinates and local
magnitudes of the observed events. The estimation algorithm is similar to
that described by Lee and Lahr (1972) in that it finds the origin time and
set of source coordinates which minimizes the mean square difference between
observed and predicted arrival times at the various sensor locations. The
code also provides various location uncertainty estimates which are based
upon the assumption that the arrival time errors are normally distributed and
that the seismic velocity structure is known without error. The sensor fre-—
quency response data, the P-wave amplitude and period data are used to com-—
pute the local magnitudes of the observed events.

A generalized P-wave velocity structure for the Gulf Coast is illustrated in
figure 5. The actual velocity structures used in the event location proce-
dure are listed in tables 2a and 2b. Two different velocity structures are
necessary because of sharp velocity inversions in shallow layers. These
velocity inversion layers can be included in the location computational
schemes for array—interior events because the wave incidence angles are suf-—
ficiently high to permit transmission of the waves through the layers.
However, array exterior events can have wave incidence angles to the low
velocity layers which do not permit theoretical transmission of the energy as
a normal refracted wave and thus fail to converge to a location solution.
Solutions exterior to the array can be obtained by smoothing these velocity
inversions out of the structure as in table 2b. Comparisons of known and
computed locations of explosions outside the array demonstrated that this
smoothing procedure does not jeopardize the accuracy of the location. On the
other hand, including the velocity inversion layers for array interior events
improves both the precision and accuracy of the locations obtained.

The S-wave velocity structure was derived from the P-wave velocity structure
using the formulation:

1
Vs = Vp /1 + 1-2¢)1/2

=10-
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TABLE 2A. VELOCITY STRUCTURE FOR EVENTS INSIDE THE ARRAY

Layer P-Wave Vel. S-Wave Vel. Thickness
Parameters (Km/sec) (Km/sec) (Km)
1 0.6100 .352 0.0091
2 1.7070 .986 0.1000
3 1.7500 1.010 0.0400
4 1.8000 1.039 0.1500
5 2.0120 1.162 0.1220
6 2.0730 1.197 0.2140
7 2.2550 1.302 0.2900
8 2.2860 1.320 0.3100
9 2.6210 1.513 1.036
10 2.9260 1.689 1.0500
11 3.3530 1.936 0.5500
12 2.6210 1.513 0.5200
13 2.4380 1.403 0.3100
14 2.7430 1.584 0.3100
15 2.9260 1.689 0.3000
16 3.1700 1.830 0.3000
17 3.5000 2.021 0.3000
18 3.8000 2.194 1000.0000

TABLE 2B. VELOCITY STRUCTURE FOR EVENTS OUTSIDE THE ARRAY

Layer P-Wave Vel. S-Wave Vel. Thickness
Parameters (Km/sec) (Km/sec) (Km)

1 0.8000 0.4619 0.0600

2 1.1000 0.6351 0.0710

3 1.3910 0.8031 0.3270

4 2.2000 1.2702 0.2650

5 2.3500 1.3568 0.4500

6 3.5400 2.0439 1.6680

7 3.9600 2.2864 1.8140

8 4.2500 2.4538 0.6000

9 4,7000 2.7136 1.0000
10 4.9000 2.8291 5.0000
11 5.1000 2.9446 200.0000
12 5.3000 3.0600 1000.0000

~12-
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where: Vg = Shear wave velocity
Vp = Compressional wave velocity
o) Polsson ratio

Water has a Poisson ratio of 0.5, and most competent rock has a Poisson ratio
of 0.25. Lash (1980) has determined the Poisson ratio for surficial Gulf
Coast sediments to be greater than 0.45 with 'the ratio decreasing with
increasing depth. To utilize S-waves for hypocenter location, we are using a
fixed Vp/Vg ratio of 1.732 and treating them as pseudo P-wave arrivals.
Epicenters are computed only for events observed at three or more stations
because of possible ambiguities of solutions based on data from fewer
stations.

Surface Wave Data

Signals comsisting entirely of surface (Rayleigh) waves are recorded commonly
by the Brazoria, Parcperdue, Sweet Lake, and Rockefeller Refuge seismic
arrays. Hypocenters of events generating these signals cannot be determined
using standard Geiger least-squares inversion procedures. It is possible to
determine approximate epicenters of these events, however, if an appropriate
wave velocity for the observed phase arrivals can be determined.

The excitation of surface waves, particularly in an environment characterized
by significant variations in velocity in three dimensions, is more complex
than excitation of primary body waves. Surface waves, unlike body waves,
propagate not only as fundamental mode oscillations, but also as higher mode
oscillations. These higher modes are analagous to overtones produced by
musical instruments. Both the velocities and amplitudes of the Rayleigh
modes excited are critically dependent on the body-wave (both P and S waves)
velocity structure. Figure 6 illustrates the relative excitation of the
first four vertically-oriented, two~hertz Rayleigh modes as a function of
depth for a location near Apache, Oklahoma, (Douze, 1964). Also illsutrated
are the density, P-wave, and S-wave profiles for the upper 3,000 meters of
geological section. The relative amplitudes of the higher modes generally
decline significantly as mode number increases when the velocity structure is
free of low-velocity zone energy traps. If, on the other hand, the depth of
a particular model maximum occurs in a low-velocity zone (LVZ), that mode
will display an anomalous amplitude compared with that which would be excited
if the LVZ were not present. The observed Rayleigh-wave energy at any par-
ticular frequency is dependent upon the depth of observation and the total
energy integrated over all possible modes. Thus, for example, a seismogram
from a location at a depth of 2,000 meters in the structure of figure 6 would
display Rayleigh waves dominated by first, second and third higher wode arri-
vals with very little contribution by the fundamental mode.

The Gulf Coast sedimentary column is significantly more complex than the one
illustrated in figure 6, and the relative importance of higher wuode
contributions, particularly at wave frequencies greater than two hertz,
should not be underestimated. Figure 7 illustirates the computed and observed
Rayleigh group velocities as a function of period for six Rayleigh modes in
Gulf Coast sediments for Refugio County, Texas (Ebeniro, Wilson, and Dorman,
1983). Note that fundamental third=, fourth—, and fifth—order harmonics are
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observed, and that first and second higher modes are not. The higher modes
are strongly, normally dispersed (i.e., phase and group velocities are in-—
versely related to wave frequency). The fundamental mode, on the other hand,
is relatively non-dispersed, or slightly inversely dispersed, in the fre-
quency range from one to five hertz. This accounts for why the Rayleigh wave
train frequently appears as an impulsive arrival in the time domain. Since
the density, bulk and shear moduli are all low for Gulf Coast sediments, the
fundamental mode Rayleigh wave velocities are also low, ranging from 290
m/sec to 350 m/sec. Unfortunately, this is the velocity range also occupied
by acoustical transmissions through air, and significant coupling of
atmospheric acoustic and earth Rayleigh waves is highly probable. Thus, it
is very important to determine if observed impulsive Rayleigh waves are of
atmospheric or earth origin. This discrimination is not necessarily obvious
as will be shown in a later section.

Because of these complexities in Gulf Coast Rayleigh wave excitation and
propagation, event epicenters computed from Rayleigh wave velocities must
be regarded with a greater caution than more complete body wave solutions.
The procedure we follow to locate these events is to solve iteratively for
the least-squares error associated with both the location and wave velocity
simultaneously. The functional relationship between epicentral area uncer-
tainty and half-space velocity typically assumes approximately hyperbolic
shape (see figure 8).

We assume that the hyperbolic vertex corresponds with the best half-space

velocity and that the computed location using this velocity 1is the best
approximation of the eipcenter. Depth is unconstrained in these solutioms.

-16-

TR 83-1



AREA OF 90% CONFIDENCE ERROR ELLIPSE (km?2)

70.0
60.0 \ {
50.0
40.0
30.0 \
20.0
10.0 \
0.0
335 340 345 350 355 360 365
VELOCITY (m/sec)
FIGURE 8. VELOCITY ANALYSIS OF IMPULSIVE RAYLEIGH EVENT
22 AUGUST 1982 AT 18:52:28.7 UCT TIME
G 13007

_17_

TR 83-1



Local seismic magnitudes are based upon maximum surface wave amplitude and
are calculated as:

M, = logyg (A/2) - 1.15 + 0.8 logyg (X)2
where My is the local magnitude

where A is the peak-to-peak surface wave amplitude in nanometers
(10~9 meters) '

where X [(epicentral distance)2 + (hypocentral depth)z]l/2

(in kilometers) (in kilometers)
and X > 1.0

The constant -1.15 in the magnitude equation assumes a surface wave to P-wave
amplitude ratio of 10. Thus, a magnitude O event at 1 km distance would
generate surface waves with a peak—to-peak amplitude of 28.3 nm and P waves
with an amplitude of about 2.8 nm.

Magnitudes may be calculated alternatively using duration as
Mp = -2.22 + 1.18 log (D)

where D is duration in seconds from onset of P to return cf coda to
ambient noise level. It has been shown by Aki and Chouet (1975), Chouet,
Aki, and Tsujiura (1978) and Aki (198l) that the duration of seismic coda is
dependent on the number and distribution of potential backscattering sources.
For this reason, coda duration magnitude formulations must be tailored speci-—
fically for each region where they were used. The duration magnitude formula
we use 1s one for the Mississippi Embayment determined by the Tennessee
Earthquake Information Center. Since a magnitude scale has not been deve-
loped for the Gulf Coast, it is possible that all quoted magnitudes are in
error. The magnitudes quoted should agree approximately with normal Richter
magnitudes.

The Event Catalogs

Each month, an event catalog is produced and event locations computed using
the MEHYPO algorithm. Three types of events may be included in the catalog,
explosions, natural events which have identifiable compressional and/or shear
wave and surface/acoustic wave events, the origin of which are unknown but
suspected to be natural. Acoustic signals related to atmospheric events such
as thunder will not be included.

Explosions such as exploration shots will be entered as follows: the best
recorded shot of the sequence will be timed and located using MEHYPO. No
magnitudes will be calculated, and the remainder of the shot sequence will be
identified by time of occurrence only. The one ideatified shot location can
be taken as a general location for the sequence.
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Natural events for which P and/or S phases are identified will be thoroughly
identified. The arrival times and amplitudes of significant phases will be
cataloged, and the hypocenter parameters determined. If the events are
prominent, photo duplicates of the records are included. Since the months of
November and December have not been reported previously, their data are
listed separately in this annual report.

An annual event catalog is compiled from the monthly event catalogs. Only
events which are significant to the geopressured/geothermal well program are

included in this catalog. The annual catalog of events is tabulated in the
Seismic Activity During 1982 section.
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DISCUSSION OF OBSERVED ACTIVITY FOR NOVEMBER AND DECEMBER, 1982

During the months of November and December, 1982, three events of interest
were recorded by the Brazoria seismic array. The phase arrival data of these
events are given in Table 3. All of these events are explosion shot series
originating from outside the array.

Entries for the monthly data log utilize the following notation conventions:

Station Identification

BEGL, BEG2, BEG3, BEG4, BEGS

Phase Identification

P - compressional wave

S - shear wave

LR - Rayleigh surface wave

i - impulsive first motion

e — emergent first motion

¢ = compressional first motion

d - dilatational first motion

? - ambiguity of designation

pP - P-wave reflected at the crust near the epicenter
8S — S-wave converted to P-wave at reflection like pP

Airy — Airy phase (minimum group velocity) of Rayleigh wave.

Phase Timing

Times are designated in Universal Coordinated Time (UTC) which 1is equivalent
to Central Standard Time + six hours. Explosions in a sequence may be
designated by hour and minute only.

Phase Amplitude and Period

Ap = maximum O-peak amplitude of the phase in mm observed on develocorder
review (20 x magnification)

sustained O-P amplitude in mm observed on develocorder review (20 x
magnification) of a train of waves.

[
[
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T = period of the wave in seconds.
D = duration of signal in seconds from onset of P to code = ambient noise.
C = number of cycles in a wave train.

Example Data Entry

BEGL iPC 04:24:15.1, T = 0. = 20.0, A = 13.0;
1

eS 04:24:20.3, T

Station BEGl recorded an impulsive—compressional P-wave at 04:24:15.1 UCT.
The sustained amplitude was 13 mm zero to peak, the maximum amplitude was 20
mm, the period of the wave was 0.5 seconds. An emergent S wave was recorded
at 04:24:20.3 UCT with a period of 1.0 seconds. The total event duration was
35 seconds.
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TABLE 3. BRAZORIA COUNTY DATA LOG FOR NOVEMBER AND DECEMBER, 1982

l. 82-11-03
16:41:08
Explosion shot series

Additional events:

82-11-03: 16:46:55, 16:52:45, 16:57:20
82-11-05: 16:01:26, 18:30:42

2. 82-11-12
16:30:00
Explosion shot series

Additional events:

82-11-12: 16:38:10, 16:54:00, 17:10:00, 17:19:00, 17:24:45,
17:35:40, 17:42:55

3. 82-12-16
16:33:03
Explosion shot series

Additional events:

82-12-16: 17:45:02, 17:56:30, 18:01:10, 18:08:27, 18:17:42,
18:22:15, 18:29:55, 18:33:52, 18:40:15, 18:43:20,
18:43:50, 18:49:00, 18:52:41, 18:55:40, 19:03:30,
19:16:12, 19:36:53, 19:41:40, 19:47:22, 19:50:01,
19:54:10, 19:58:37, 20:10:52, 20:14:01, 20:20:37,
20:26:30, 20:32:20, 20:38:52, 20:43:12, 20:48:20,
21:07:02, 21:31:28, 21:34:00, 21:37:19, 21:41:07

82-12-17: 19:36:24, 19:41:36, 19:45:30, 20:48:33

82-12-20: 19:09:35, 19:11:21, 19:12:33, 19:21:37, 19:22:53,
19:24:20, 19:25:40, 19:26:47, 19:28:18, 19:30:20,
19:32:00, 19:35:12, 19:39:56, 19:44:02, 21:41:20,
21:43:10, 21:45:30, 21:47:15, 21:48:20, 21:49:41,
21:54:50
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SEISMIC ACTIVITY DURING 1982

If the seismic activity originating near the chemical complex east of the
geopressured/geothermal well is excluded from consideration, remarkably
little seismic activity occurred in the vicinity of the Pleasant Bayou design
well during 1982. Table 4 lists by group all events which occurred in 1982,
excluding exploration shot series. Only one microearthquake which had iden-
tifiable body phases occurred in 1982. A copy of this microearthquake is
included as figure 9. Six events identified as impulsive Rayleigh Events
occurred in 1982. Seismograms of two of these events are included in figures
10 and 11. Finally, there were four occurrences of rumble—~type events and
five episodes of harmonic tremor.
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TABLE 4. SEISMIC EVENTS AT BRAZORIA DURING 1982

Type I. Microearthquakes

1. 82-01-23/G13213
14:10:51.4 UCT
29 17 30.2 N
95 16 14.1 W
H = 0.92 Kilometers
90% confidence error ellipse Az=51 , a=1.6 km, b=1.3 km

BEGL iP 16:31:27.30;
BEG2 eP 16:31:27.45;
BEG3 iP 16:31:27.10;
BEG4 P 16:31:24.50;
BEGS eP 16:31:24.75

Type II. Impulsive Rayleigh events

1. 82-01-09/G13220
10:37:07.6 UCT
29 29 26.7 N
95 09 16.7 W
Velocity=339 meters/second
90% confidence error ellipse Az=30 , a=4.4 km, b=0.1 knm

BEG1 iLR 10:38:33.10;

BEG2 iLR 10:38:25,30;

BEG3 iLR 10:38:31.85;

BEG4 ilR 10:38:35.40;

BEGS iLR 10:38:38.60

2. 82-06-08

00:49:29 UCT

No epicenter determined

BEG1 LR 00:49:41.30;

BEG2 iLR 00:49:32.20;

BEG3 eLR 00:49:33,92;

BEG4 iLR 00:49:29.15;

BEGS elR 00:49:37.50

3. 82-07-16

17:52:59 UCT

No epicenter determined

BEGL iLR 17:53:01.00;

BEG2 iLR 17:52:53.70;

BEG3 Inoperative ’

BEG4 iLR 17:52:59.40;

BEGS iLR 17:53:05.45
-4
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TABLE 4. SEISMIC EVENTS AT BRAZORIA DURING 1982 (continued)

4. 82-08-21
13:42:40 UCT
No epilcenter determined

BEG1 eLR 13:43:44,90;
BEG2 iLR 13:43:45.10;
BEG3 Inoperative

BEG4 ilR 13:43:40.40;
BEG5 iLR 13:43:46.70

5. 82-09-14/G13219
16:03:37.7 UCT
29 17 57.4 N
95 15 33.2 W
Velocity=300 meters/second
90% confidence error ellipse Az=174 , a=0.6 km, b=0.3 km

BEG1 iLR 10:38:33.10;
BEG2 ilR 10:38:25.30;
BEG3 iLR 10:38:31.85;
BEG4 iLR 10:38:35.40;
BEG5 iLR 10:38:38.60

Type III. Rumble events and Harmonic Tremors

1. 82-02-12
15:00:15 UCT .
Harmonic Tremor, D=65 Min, Ap—p=15 mm

2. 82~-03-05
13:39:00 UCT
Harmonic Tremor, D=60 Min, Ap—p=22 mm

3. 82-03-07
15:11:20 UCT
Rumble event

Additional Events on 82-03-07:

15:20:28 (D=40 Sec), 18:26:22 (D=15 Sec), 21:17:30 (D=50 Sec),
21:19:04 (D=15 Sec)

4. 82-04-18
01:47:00 UCT
Harmonic Tremor, D=46 Min
Additional Events on 82-04-18:
02:40:40 (D=30 Sec), 02:42:40 (D=30 Sec), 02:46:20 (D=30 Sec),
02:55:00 (D=30 sec), 02:56:50 (D=30 Sec), 03:08:00 (D=180 Sec),
03:19:20 (D=140 Sec)
-25-
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TABLE 4. SEISMIC EVENTS AT BRAZORIA DURING 1982 (continued)

5. 82-04-19
03:15:00 UCT
Harmonic Tremor, D=180 Sec

6. 82-04-19
03:48.00 UCT
Rumble Event, D=11 Min

7. 82-04-21
06:53:00 UCT
Harmonic Tremor, D=10 Min

8. 82-08-01
22:21:00 UCT
Rumble Event, D=3 Min

9. 82-10-05
01:37:00 UCT
Rumble Event, D=150 Min
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SEISMICITY ORIGINATING NEAR THE CHEMICAL PLANT EAST OF THE
GEQPRESSURED/GEOTHERMAL ENERGY WELL

Nine complex episodes of seismicity were recorded by the Brazoria seismic
array between 6 December 1981 and 25 September 1982. All episodes included
impulsive Rayleigh events varying in number from a few to several hundred.
Many episodes exhibited periods of pronounced rumble, and a few exhibited
periods of high—amplitude harmonic tremor with durations up to several hours.
Detailed descriptions of each episode of seismic activity are given in table
5. In addition, portions of the seismic records for each of the nine epi-
sodes are included as figures 12 through 26. The computed origins for an
impulsive Rayleigh event in each of the seismicity episodes are illustrated
on the 1:24,000 U.S.G.S. topographic map of figure 29 as inverted triangles.
The location of the Pleasant Bayou geopressured/geothermal energy wells is
illustrated by the hatchured square on figure 29.

Unquestionably, these seismicity episodes are the most intense signals we
have observed throughout the operatomal history of the Brazoria array. Since
there is no evidence which would substantiate correlating these intense
seismicity episodes with any activity at the geopressured/geothermal energy
well, we choose to address them as a group in this special section of the
technical report and separate them completely from other seismicity observed
to date.

These seismicity episodes are both extremely interesting and enigmatic to
interpret. 1In the collective seismic monitoring histories at all of the
geopressured/geothermal energy design wells, these nine selsmicity episodes
are unique. Furthermore, no known natural sequences of similar character are
known to the authors. We conclude, therefore, that these seismicity episodes
are induced. Because of the proximity of the computed epicenters and the
chemical plant illustrated in figure 29, it is reasonable to assume that some
activity associated with the chemical complex has resulted in the ground
vibrations observed.

There are many activities at industrial complexes which result in seismic
signals observable at distances of many miles. In general, these signals
exhibit spectral and temporal properties which distinguish them as man-made
sources. The signals observed in these nine eipsodes of activity are
complex, exhibiting several characteristic types of behavior; i.e., impulsive
Rayleigh events, rumble sequences and harmonic tremor periods. Although the
mechanisms to produce these different signals may be independent, the contem-
poraneous onset and disappearance of the different signals in nine separate
episodes would argue strongly for a mutually interdependent mode of origin.

Before presenting two alternative models which may account for the signals
observed, it is useful to summarize some of the salient aspects of the
seismicity episodes which require rational explanation. (1) The times of
occurrence of the event or event sequences is an important consideration. No
similar episodes of activity were recorded prior to 6 December 1981.
Considering the longevity of chemical plant operation, and without knowledge
to the contrary, we must assume operational continuity. An operatiomal change
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TABLE 5.

SEISMICITY EPISODES LOCATED NEAR THE CHEMICAL COMPLEX
EAST OF THE GEOPRESSURED/GEOTHERMAL WELL

1. 81-12-06/G13214
08:49:48.72
Impulsive Rayleigh event and rumble event sequence

BEG1
BEG2
BEG3
BEG5

Description of event series on 05 December 1981:

iLR
iLR
iLR
iLR

08:50:09.65;
08:50:00.65;
08:50:02.27;
08:50:04.00

22:57:00 - High-frequency rumble event begins and continues until 08:47:30

Description of event series on 06 December 1981:

00:01:00 -

08:47:30

08:49:28 -

08:50:00

on 06 December 1981

A very slight harmonic tremor was recorded at this time with a

duration of approximately 8 minutes

The high—frequency rumble event subsides to the normal noise
level for this site

Low—amplitude Impulsive Rayleigh event listed above

Low—level rumble
during the times

08:
09:
09:
09:
09:
09:
09:
09:
09:
09:
09:
10:
10:
10:

10

10:
10:
10:

50

46
48:
49:
:00
52:
:40
54:
56:
:35

51

53

57

58:
00:
:32
02:
104
05:
07:
09:

01

: 00

37
10
33

12

55
15

50
10

50
10
30
00
50

09:
09:
09:
09:
09:
09:
09:
09:
:57:
58:
:30
:50
:20
:22
104
:06:
07:
:00

09

09:
09:
10:

10
10
10
10

10:

16

51

55

59
00
:02
:03

: 00

43
43
47
50:
:30
53:
54:
240

activity begins and intermittently occurs

listed below:

10
10
20
10

00
15

00
10

50
10
40
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TABLE 5. SEISMICITY EPISODES LOCATED NEAR THE CHEMICAL COMPLEX

EAST OF THE GEOPRESSURED/GEOTHERMAL WELL
(continued)

09:46:25.32 - Impulsive Rayleigh event/G13216

BEGL iLR 09:46:46.55;
BEG2 iLR 09:46:37.50;
BEG3 iLR 09:46:39.08;
BEG5 1LR 09:46:40.80
2. 82-01-05/G12842

09:49:16.9

Impulsive Rayleigh event
BEGL iLR 09:49:39.08, A=5, D=4;
BEG2 iLR 09:49:29.70, A=4, D=4;
BEG3 iLR 09:49:31.18, A=3, D=4;
BEG4 iLR 09:49:26.40, A=8, D=5;
BEGS iLR 09:49:32.93, A=4, D=4

Description of event series on 05 January 1982:

04:50:13 -

04:51:40

05:04:17

05:05:20

09:49:27

A series of eleven impulsive Rayleigh arrivals (figure 14) ending
at 04:51:36, followed by a slight rumbling.

A high—amplitude rumble begins (A=8mm) which decreases to normal
ambient noise levels at 05:04:07.

A weak set of impulsive Rayleigh arrivals.

More high—amplitude rumbling occurs (A=8mm), which remains a
constant 8-10 hertz rumble with higher frequencies of noise
present. This rumble persists with very few harmonic episodes
until 09:49:00, when an emergent ending occurs in the same order
in which the impulsive Rayleigh waves arrive.

A very prominent impulsive Rayleigh event occurs, which
apparently indicates a shutting down of some type, and is the
last sign of any activity from the area southeast of the array
for this date.

3. 82-01-10/G12843

07:20:17.

BEG1
BEG2
BEG3
BEG4
BEG5

3
Impulsive Rayleigh event
iLR 07:20:39.10;
iLR 07:20:29.70;
iLR 07:20:31.50;
iLR 07:20:26.50;
iLR 07:20:33.35
_3 2-
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TABLE 5. SEISMICITY EPISODES LOCATED NEAR THE CHEMICAL COMPLEX

EAST OF THE GEOPRESSURED/GEOTHERMAL WELL
(continued)

Description of event serieés on 10 January 1982:

00:02:20

00:03:25

02:02:40

06:07:00

06:13:01

06:17:05

07:20:25

08:14:37

08:17:10

08:33:40

10:46:48

11:27:00

An emergent, high-amplitude rumble with a five-second duration.

A harmonic tremor occurs and sustains a comstant amplitude on
A=8 for approximately 20 minutes. The amplitude is nearly half
(A=4) for the next 60 minutes and even lesser for the next 6
hours, although the tremor is still noticeable.

An impulsive Rayleigh arrival with a different type of sinuous
coda forming the tail of the event.

The harmonic tremor mentioned above ends in a rumble type of
ending which 1s emergent in nature.

An impulsive Rayleigh arrival which precedes another rumble epi-
sode which lasts for 90 seconds.

An impulsive Rayleigh arrival precedes another rumble episode of
numerous high frequencies which has an emeigent ending at 07:09:30.

An impulsive Rayleigh arrival (see figure 15) precedes a harmonic
tremor episode which lasts until 08:11:25, where a rumble type
of ending occurs.

An impulsive Rayleigh arrival occurs with another sinuous coda
tailing the arrival. These tails are 4-8 seconds in duration
and are closely followed by a rumble episode at 08:16:05 which
lasts for 30 seconds.

An impulsive Rayleigh arrival with the same type of rumble acti-
vity following until 08:33:30, when the rumble activity ceases
with a surge of rumble activity.

An impulsive Rayleigh arrival precedes more rumble activity
which diminishes at 08:39:10, and progressively builds up to a
peak in rumble activity at 09:17:40. The rumble continues with
few noticeable harmonic episodes until a severe rumble episode
occurs at 10:43:23 which lasts for over 2 minutes and ends
abruptly in the same order of arrival as the impulsive Rayleigh
events.

An impulsive Rayleigh arrival followed by a low—level rumble
episode with slight harmonics noted.

A high—frequency rumble episode occurs which lasts to 11:45:00
where a 10-second, noise-free interval exists. The rumble epi-
-33-
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TABLE 5. SEISMICITY EPISODES LOCATED NEAR THE CHEMICAL COMPLEX

EAST OF THE GEOPRESSURED/GEOTHERMAL WELL
(continued)

sode continues until another nolse-free interval of 7 seconds is
present at 12:00:00.

12:00:07 - A very small, impulsive Rayleigh arrival precedes another high=-

19:56:30 -

frequency rumble episode which remains at a very low amplitude
and contains increasingly more harmonics over the next 10 hours.

The amplitude of the harmonic tremor nearly quadruples for the
next few minutes. The harmonic tremor coatinues until indis-
tinguishable from the ambient noise nearly 17 hours later.

4. 82-04-18/G12844

03:25:38.5

Impulsive Rayleigh event
BEGL iLR 03:26:01.05;
BEG2 iLR 03:25:53.00;
BEG3 iLR 03:25:53.68;
BEG4 1LR 03:25:48.20;
BEGS iLR 03:25:54.40

Description of event series on 18 April 1982:

01:47:00 -

02:40:40

02:58:53 -

03:18:03 -

03:25:53 -

03:40:49 -

TR 83-1

A harmonic tremor begins which lasts until 02:33:00.

The harmonic tremor begins approximately 30-second bursts at
02:42:40, 02:46:20, 02:55:00, 02:56:50, and another 3-minute
burst at 03:08:00.

A series of six impulsive Rayleigh events ending. at 03:00:08.

A large amplitude harmonic tremor begins, and ends at 03:21:40
with a series of approximately ten impulsive Rayleigh events
(see figure 16). The ground motion in nanometers for this

event has been calculated to be as follows: BEG 1-83 nm, BEG
2-103 nm, BEG 3-140 nm, BEG 4~144 nm, BEG 5-83 nm. This clearly
shows that BEG 2,3 and 4 are the closest stations to the source
of the event. The decrease in ground motion at BEG 5 can be
explained by interference from a major growth fault situated
near the station.

A series of four impulsive Rayleigh events ending at 03:27:20.
Two impulsive Rayleigh events which are followed by a rumble

event with very few harmonics noted. The rumble activity con-
tinues to diminish steadily over the next six hours.

~34-



TABLE 5. SEISMICITY EPISODES LOCATED NEAR THE CHEMICAL COMPLEX
EAST OF THE GEOPRESSURED/GEOTHERMAL WELL
(continued)

10:04:31 - A single impulsive Rayleigh event.

11:10:18 - The beginning of a series of at least twenty impulsive Rayleigh
events which last periodically up until 12:24:18.

Description of additional events on 19 April 1982:

03:15:00 - A harmonic tremor begins which lasts approximately 3 uinutes.

03:48:00 - A high-frequency rumble event occurs which lasts for 11.5 minutes.

5. 82-05-03/G12845
05:00:36.0
Impulsive Rayleigh event

BEG2 iLR 05:00:49.87;
BEG3 iLR 05:00:50.60;
BEG4 iLR 05:00:45.24;
BEG5S iLR 05:00:51.49

Description of event series on 03 May 1982:
04:03:23 - A rumble episode begins which lasts until 04:04:42., This rumble
episode contains a slight harmonic tremor from 04:04:10 to
04:04:24.

04:53:00

A series of multiple impulsive Rayleigh arrivals begins which
precedes a high—frequency rumble episode which is nearly three
times the amplitude of the normal ambient noise. This rumble
eplisode lasts until 05:00:38, when an emergent ending occurs in
the same order of arrival as the impulsive Rayleigh events (see
figure 17).

05:00:45 ~ An impulsive Rayleigh event (see figure 17) precedes another
high—-frequency rumble episode which is also much higher in
amplitude than the normal ambient noise character of the record.
This rumble episode contains few harmonics and has an emergent
ending at 05:25:00.

05:28:00 ~ A high-frequency rumble episode begins emergently and continues
until 09:25:15. A noted peak in activity was recorded from
07:38:00 to 07:50:00.
Additional Harmonic tremor episodes on 03 May 1982:
17:12:00, D=20 minutes
17:42:00, D=13
-35-
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TABLE 5.

SEISMICITY EPISODES LOCATED NEAR THE CHEMICAL COMPLEX

EAST OF THE GEOPRESSURED/GEOTHERMAL WELL

(continued)

Additional Harmonic tremor episodes on 04 May 1982:

01:25
0l:46
02:37:
03:34
05:54
08:35
11:21
11:40:

:00,
:00,

00

’

:00,
:00,
:00,
:00,

00,

D=15 minutes
D=5
D=7
D=67
D=26
D=11
D=8
D=2

6. 82-05~18/Gl3215
00:35:35.3
Impulsive Rayleigh event

BEG1
BEG2
BEG3
BEG4
BEGS

iLR
iLR
iLR
iLR
iLR

7. 82-06-12/G13280
11:35:49.0
Impulsive Rayleigh event

BEG1
BEG2
BEG3
BEG4
BEGS

iLR
iLR
iLR
iLR
iLR

00:
$35:48.77;
00;
00:
00:

00

11
11
11

11:;
11:

35:58.10;
35:50.71;

35:45.47;
35:52.27

and rumble event sequence

:36:10.00;
:36:01.90;
:136:02.63;

35:57.30;
36:03.70

Additional activity on 12 June 1982:

08:26:

08:51:

09:26:

10:28

11:33:

11:35:

11:37:

TR 83-1

00 -

00 -

00 -

:00 -

58 -

52 -

Emergent beginning of a rumble event

Decrease in amplitude until 09:02:00

Increase in amplitude to 40 millimeters peak—-to—peak which
lasts until 10:28:00

Rumble continues with slightly noticeable harmonics

Rumble event ends emergently

Impulsive Rayleigh event listed above

Impulsive Rayleigh event listed below
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TABLE 5. SEISMICITY EPISODES LOCATED NEAR THE CHEMICAL COMPLEX
EAST OF THE GEOPRESSURED/GEOTHERMAL WELL

(continued)

BEG1 iLR 11:38:05.40;
BEG2 iLR 11:37:57.38;
BEG3 iLR 11:37:58.38;
BEG4 iLR 11:37:52.78;
BEGS5 iLR 11:37:59.30

13:16:00 - Small rumble event lasting until 13:18:30

8. 82-08-22/G13009, G13010, G13011,
18:52:28.7
Impulsive Rayleigh event and rumble sequence

G13012, G13013

BEG1 iLR 18:52:51.25;
BEG2 iLR 18:52:43.14;
BEG4 iLR 18:52:38.71;
BEGS iLR 18:52:44.79

Additional events on 82-08-22

GROUP I - 18:52:38 to 19:21:52

21 impulsive Rayleigh events followed by a rumble episode
containing no events (D=22 mins.)

18:52:42,
18:56:49,
18:57:45,
18:59:06,

GROUP II - 19:21:52

18:53:34,
18:56:52,
18:57:48,
18:59:21,

to

18:
18:
18:
18:

54:30,
57332,
57:52,
59:25,

20:20:1

18:54:32,
18:57:35,
18:58:10,
18:59:38,

0

18:
18:
18:
18:

54:39,
57:36,
58:16,

59:56

18:55:53,
18:57:40,
18:59:00,

18:56:46,
18:57:42,
18:59:04,

An uncounted number of impulsive Rayleigh events occurring
almost continually during this period.
most events is less than one second.

GROUP III - 20:20:10 to 20:34:42

Separation between

Harmonic tremor (D=9 mins) begins at 20:20: 10, with a series

of 23 impulsive Rayleigh events beginning 7 minutes later.

These 23 events are followed by 5 minutes of no recorded seismic
activity.

20:27:10,
20:30:02,
20:32:11,
20:34:37

20:27:44, 20:27:58, 20:28:04, 20:29:06, 20:29: 11,
20:30:26, 20:30:48, 20:31:00, 20:31:17, 20:31: 24, 20:31:40,
20:32:18, 20:32:20, 20:32: 32 20:33:38, 20:33:45, 20:33:53,

20:34:42

-37-
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TABLE 5. SEISMICITY EPISODES LOCATED NEAR THE CHEMICAL COMPLEX
EAST OF THE GEOPRESSURED/GEOTHERMAL WELL
(continued)

GROUP IV - 20:40:37 to 20:46:10

Harmonic tremor (D=6 mins.) begins with an impulsive Rayleigh
event at 20:40:37. Three other similar events occur during this
tremor at 20:41:13, 20:41:30 and 20:41:51.

GROUP V - 20:54:03 to 20:59:20

Another harmonic tremor (D=5 mins.) begins with an impulsive
Rayleigh event at 20:54:03. Approximately 35 other impulsive
Rayleigh events were recorded during this short-duration tremor.

GROUP VI - 22:13:27 to 22:13:42

Three smaller impulsive Rayleigh events were recorded during
this fifteen—second period at 22:13:27, 22:13:34 and 22:13:42.

9. 82-09-25/G13140, G13141
00:47:38.2
Impulsive Rayleigh event and rumble event sequence

BEGL iLR 00:47:59.56;
BEG2 iLR 00:47:51.60;
BEG3 Inoperative
BEG4 iLR 00:47:47.02;
BEG5S iLR 00:47:53.20
00:44:00 - Emergent beginning of the rumble event. Amplitude and frequency

begin to increase steadily from approximately 5 hertz to
approximately 7 hertz

00:47:40

Amplitude diminishes to 4 millimeters peak—to—-peak on BEG 4

00:47:47 - Impulsive Rayleigh event occurs which is listed above. The
high-frequency portion of the wave is of duration approximately
2 seconds

00:48:30

Seismic traces return to the normal ambient noise level

-38-
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BCD TIME

BEG 1 (144K)

BEG 2 (131K}

BEG 3 (141K)

BEG 4 (137K}

BEG 5 (145K)

04:50:00 UCT (UNCORRECTED)
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WMWMWMWWWWWW%%W wmmmhwmwﬁw,lﬁ M? W:#Jr:# ! %,‘ur umjw WO

AR A A A AT AT A A A s AN A st \, B R MBI e A i ‘va ‘M- o, )\ iy i ‘|Jq m...\\ A AN RNt AN Y B s,

mwwmmwwmwmmwww%\ iwone W\Mﬂ' fﬂ,\ WWMWWWWL N I,M%Wf,’ﬁwmﬁwﬂ Y W H' M MMWWNWMWWMWWMWNMW

) vilhis M A A A A WWM“ T WJ \W 1‘\"“-\‘“-\""‘ A bt *““\V‘M*WHM ﬂm‘\.,‘.‘,ﬁ.,l,n‘m,.‘z u"‘""’”"“ "M 'Lwl i 1 ‘r H: .I}:‘ ||I|"",|'-‘¢'J'l' / MW&?-\'&WWNMMW’VMWWW

FIGURE 14. IMPULSIVE RAYLEIGH EVENT SEQUENCE
NO. 2 ORIGINATING NEAR THE CHEMICAL PLANT EAST
OF THE GEOTHERMAL TEST WELL SITE. OT = 09:49: 16.9
UCT ON 5 JANUARY 1982, VELOCITY = 338 METE RS/
SECOND.
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07:20:00 UCT (UNCORRECTED) ,Q& 10 SEC —h,

BEG 1 ({144K)

BEG 2 (131K}

Nk uat o gam sty i " i b s 5 b ] ke s g TPV UFITY PEVNVTY T OF Py 5 ‘.nlxh.u i”]
EG 3 4tk MR A st s ' r\r!, a#WWMWWWMWMWWMMWMWWMWWWW

‘W‘ WM%WWWWWWMWWWWMMMW
WMWMWWWMWMWWMWMwld WMMWMWWMWWWWWMMWWWM

BEG 4 (137K)

FIGURE 15. IMPULSIVE RAYLEIGH EVENT SEQUENCE
NO. 3 ORIGINATING NEAR THE CHEMICAL PLANT EAST
OF THE GEOTHERMAL TEST WELL SITE. OT =07:20:17.3

UCT ON 10 JANUARY 1982, VELOGITY = 338 METERS/
SECOND.

G 12843
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FIGURE 16. IMPULSIVE RAYLEIGH EVENT SEQUENCE
NO. 4 ORIGINATING NEAR THE CHEMICAL PLANT EAST
OF THE GEOTHERMAL TEST WELL SITE. OT = 03: 25:385
UCT ON 18 APRIL 1982, VELOCITY = 347 METERS/SECOND.
ASSOCIATED HARMONIC TREMOR ACTIVITY IS
APPROXIMATELY 1.35 Hz,
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05:00:20 UCT (UNCORRECTED) F 10 SEC —ﬂ{

BCD TIME

BEG 1 (147K)
P 149 AN AN AP A A At
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BEG 2 (138K) gl

s AN st

AN ARSI AAAAAMAAN AN

FIGURE 17. IMPULSIVE RAYLEIGH EVENT SEQUENCE
NO.5 ORIGINATING NEAR THE CHEMICAL PLANT EAST
OF THE GEOTHERMAL TEST WELL SITE. OT = 05:00:36.0
UCT ON 3MAY 1982, VELOCITY = 348 METERS/SECOND.
NOTE ASSOCIATED HIGH FREQUENCY RUMBLE ACTIVITY
TEN SECONDS BEFORE AND IMMEDIATELY FOLLOWING
THE IMPULSIVE RAYLEIGH EVENT.

G 12846

~47 /48~
TR 83-1



. ANOO3S/SH3 1IN
0vE = ALIDOTIA ‘2861 AVIN 8L NO LON £GE:6€°00 = 1O "I LIS T7IM 1STL IVINHIHLO3ID IHL
40 1SV3 LNV1d TVYOIWIHD JHL HY3IN ONILVYNIDIHO 9 "ON LNIAT HOIFTAVY AAISTNAANL gL 3HNOIS

SizeEL O

o T o 0 o S o s P ot o i et s it et g s - P A Pent @y et | Pttt i * S }\\‘/\-»‘\c\({}?'\!:\ B R

b

A Pa T APV S ARSIt S Aot ) ! s NP AP \\-(n\’).\\\\‘.)\\.\I\\.\(\’c\tx--\{\(\«r\‘s\.\:}\.IZI\\-.({\(.)\\I.I»\}-.)\\t\\‘\l\\.\nl\\f\(f\r\i_
\

t{:slsltl!(1}1(a)s(t!fxJ1Slj:l<s1Sa¢{s{{:i))5sSI)\1l{s(1)\ssl(i51;l(Ss(1}lSl{5s)5ttJI{SS!S!&&(;}){(}I}S)))I

?i1!i;33%;ii%i?g{é%gfgigfiigiiS%iiiiiiégg

NN N O AOrAAA i
ggiéi%giiii&rg}fﬁ;
iiI]fi1f{fitfIIifi5ittitﬁil!jzi§‘$‘tfilf;ik

?ffiil;lffffZiiéi;tfiigfililszlfffi}ifiié

gii.§§;§¥¥si§,_§§§ir§§§,¥§§§§§§§§.¥;Ezixx!

ﬁ T|me0_.|,"

(A31334HOONN} 1ON 00:9€:00

iPsl) s NS

(MYSL) ¥ NS

(X891} € NS

(M961) T NS

(>081) L NS

(309t} ¢ ©39

(1v91) ¥ D39

{Movl) € o389

(M8€1) 2 93g

{(M9rlL) L OD3g

~49-

TR 83-1



‘aN023s
/SHILIN 8YE = ALIDOTIA ‘2861 INNT ZL NO LON 0'6¥:SE:LL = 10 “ILIS T1IM 1S3L TYWHIHI03O 3HL

40 1SV3 INVd TVOINIHI IHL HVIN ONILYNIDIHO £ 'ON IONIND3IS LINIAT HOIIFTAVH IJAISTNWI 6L IHNDI
08ZEL O

%fg.i‘gix{ggl?é (3Ib51) SNS
%%§§a§b‘§§ﬁ§§ (3851) NS

(31691L) €ns
(>1861) znsT

by WYV VW

;.u.,...,,.{(;.«,..u..)._‘f.(.‘.jz?i%%%%&aﬁfﬁﬁs}fiﬁiffksﬁ (3081) tnsT

(M651) 59319
(3¥91) ¥O38

(MovrlL) €034

(M8gL) ¢o34d

) b s » e |
%i_f;égt?.{ffg.fﬂ. p_,ir__,_.);..’-.- _,.p.s.t_ , (iLyi) L 938

LI T T e e N R WO s b

BRI OMOMMCUME 0 M MR R MM MY 0 gon

J3s ol ||||T_ #
(03193HHOONN) LON 00:9€: 1L

=50~

TR 83~-1



600€L D
‘ANOD3S/SH3 L3N
¥SE = ALID0T3A ‘2861 1SNDNV ZZ NO LON £°82:25'8L = 10 “ILIS 17IM 1SIL TVINHIHLOID JHL
40 1SV3 INV1d TVIINIHO JHL HVIN ONILYNIDIHO 8 "'ON 3ONINDIS LNIAT HOIFTAVYH JAISTNWI "0Z JHNDI4

[t mren JRARAA o . Upamm WP WA st 507
{MGSL) ¥ NS
(M69L) € NS

(>86L) T NS

(3081} 1 NS

JWIL ao8

{>651) ¢ D39

(>v91) ¥ D39

(aQv3a) € o34

Py .
igé__‘}gf_{ffi% (38€L) Z D38
;gé?iiﬂ.{;%z%% (MIL¥L) L D38

ﬁ - 0350l —M8 —

(031034HOINN) 1N 00:E5:81

-51-

TR 83-1



oLoEL D

10N 00-9Z:6L 1V 2861 1SNONV ¢Z NO IONINDIAS LNIAI HOIFTAVH JAISTNIN
WOYH4 "1HVJY SANOJ3S ¢ OL L A3DVdS SLN3IA3 HOI3TAVH JAISTNAAT ITHILTAN 40 IJONIND3IS "I 3YN9Id

iiii%zii‘ii (M¥S1) S NS

e e e T T N TR R .
psomoin E gty R j,(

4 “H‘;__ _“q F_ _._ﬁ_ :- J..}e.ﬁ 1%‘,&& .:: :nhbf } (31v81) v 38
_.., | - .H ..._ _. a: h “naﬁemomm

_“ :
. _i = _.zl (¥8c1) Z 938
w&_x_ } ﬁ 3 u ._J ___ i__g_‘__ ,, h?f E. L.:ﬂ._.i __.._ T. ..._._ 5 Hﬂﬂw ;_ _.‘.V_E:Sm

J3s 0l =

A

!

(d3133HYOINN) LON 00:92:61

-52-

TR 83-1



LiogL ©

10N 00:21:0Z 1v 286l LSNONV €Z NO 8 "ON JIONINDIS LNIAI HOITTAVYH IAISTNIWI WOHL
14VdV SAONOJ3S 0L OL € A30VdS ATHVINDIYYHI SINIAT HOIFTAVYH JAISTNAWI TTAILINW 40 ADNIND3IS 22 IHNOIL

%%i%‘%ggig Pivst) S NS
AV VY vt AN ot v et ATV A A s syt PN AW  (3i5SL) § ST

2%%?%%/\5%@ _.2. ‘__a.g_ \ %&?{gggii (3691) € NS

(X861} T NS

gﬁ | P?:SVP d > d S.x i g {wyth_p?aw;(.ce ’gsﬁ_.b.??. (081} L NS

R aiel:]

'
' '

Wi 2;,.}{__,._,._._._._.,, AN y %\S}.\ .__e_,_ _.,f_____ -
I

_ﬁ?.%s} }{ SE.{,. ,_? {.,.

Pl A

$ .. (av3q) £ oag

f_f_ ' _{_

._ l{fftﬁ_g:.—_r' i i.l W\, (¥8el z 038
ﬁtd é’?‘i}‘}}}:c: gzz? i ___,__. Y ,ff%oo; (LL) L D38

2l o2

(03L034HOONN) LON 00:21:0Z

-53-

TR 83-1



CloEL D

10N 00:zv:0Z 1V 2861 1SNONY Z2 NO HOWIHL DINOWHVH IANLITIANY MOT V ONIHNd
@30H0J3Y ‘8 "ON JONINDIS LNIAI HOIFTAVYH JFAISTNAWI WOHS SINIAI HOIFTAVH JAISTNINI OML "€Z IHNDIL

?%J’is\;#__z____f__”_ Ti%j}\ti {MI¥SL) S NS

i‘%’i&%{}fs:;%ﬁ%g (MsS1) ¥ NS

(M691) € NS

(M1861) Z NS

(>08l1) L NS

3L gog

(X651} S D38

-c

M, (v9L) v o3g

NERd

(Qv3aq) € D3g

.?t.ﬁﬁ%%i%ix%} “__ i gﬁi{%ﬁ s&g{?‘?% N
i.r.....f,..?i}:}n 5}._ .ﬂ_.hf{%,%%{}}) s 1 93

ey o2

d ~+— 035 0| ——————

(d3.103HHOONN) 10N 00:ZH:0z

-5~

TR 83-1



€L0e1L ©

13N 00:¥¥:0C Lv 286l 1SNONV ¢Z2 '8 "ON 3DN3INDIAS LNIAT
HOIFTAVYH JAISINdWNI WOHS “Z1HIH 'L = ADNINDIHA ‘JANLITIANY WNWIXVYAN LY HOWIHL DINOWHVH vC 3HNOIY

: !
__ii.lj (¥5L) § NS
— |

\ (3G6S1) ¥ NS

(M691) £ NS

(>88L) Z NS

g%i%ﬁﬁ_ﬁigi% (308L) L NS

; scé v ,stq e«. 5%5&2

T YTV T TVIVTPTFETIYVEvFwPTSTEvPTITTYYPP .
}a 5{3}%{:{1}{%% 2%«3._5%{5.}’._.}.1-:,3_.}? (3Lbl) L D38

JNWIL ado8

(M6S1) § H3g

(>r9t) v+ D38

vv o2

_l J3s ot > #

(A31034H0INN) LN 00:bt:02

-55-

TR 83-1



2861 H3dW3I1d3IS G¢ NO 10N 2'8€:LH:00 = 10 "3ILIS 7113IM LS3L TVINHIHLOID
JHL 40 1Sv3 INVd TVIINIHO JHL HYIN ONILYNIDOIHO 6 'ON IININDIS LNIAT HOIFTAVYH JAISTNdNI G2 I¥NDIL

ovieL o

e e B aindns ba booms oo e e i A e e VAN (19) S NS

figi\é (MLh) ¥ NS

(M8Y) € NS

) _—._F* __ .

rimspt s o AT

,_,_ . ___, ,....._ nﬂﬁaﬂ&&ﬁ% ....,..,.. ..\.F_._..ﬁ..._ us_;oom
* — _ _ .._ H .. . . O_om.mwmm
;’ . '_ " é M ! (¥Z9) ¥ D3g
w4 rddnl 1 Wiy _..cf?fiii;
b AU L L ey Ty A T : A0 iy 19 I > | (ovaa) ¢ 038
;h r_: ' _:_.«:__, i ?%%iimemcmm
WA RANAN .
I

(>19v) L NS

(65) 1 D38

Y

# _L. a3s ol

(G31234HOINN) LON 00:8+:00

_56_

TR 83-1



€861 H39W3Ld3IS G¢ NO 10N T'8C:/v:00 = 1O 'S¢ IHNOI4 40 6 'ON
JININOD3S LNIAT HOIFTAVH JAISTNdWI FHL SNIA3IIHd ATLOIHIA IA0SIdI IT9ANY ADNINDIHY HOIH "9¢ IHNOIS

LrieL ©

wu : el tisnicandy St (M81) § NS
e — ’ ‘ " o s e ;%ﬁ..\i.i..,_i._%ié____.__ & s VRS :iﬁs%ii?izf (161) ¥ NS
i ) i ! _ . r—am (N6L) € NS
Wkt ..........,,._,_.%?;.%_____r_.q_ %ﬁ?fm., ot A A s mad e AN "wnmr“vm_znﬂr

3wl aog
\ %ﬁ% _ 07) § D3m -
if Vil e.?l;é%f???%ifif%? | A A A (o v o3 7

I%:g%%iiiﬁifiiiiiii%%% (»zz) z 938
AR A A P A AR R Yo SN A o s b SR e B A A (>1bZ) L O38

B JLINNIW |

v

f

(d310934YHOONN) LON 0E:9¥:00

TR 83-1



LITEL O

"ONOJ3S/SYILIN GZE = ALIDOTIAL8EL AVINE NO LON 0°ZE0E L = 10O
"3LIS 173M LS3L TVWHIHLOIAD JHL JO MNN SHILIWOTIN 9 WOHA LNIAT HDIFTAVYH IAISTNDNI “ZZ IHNDI4

AR A
i&%i?ﬁ%ﬁp} _‘_q ._...._

e -

—— el Ll D S mn i oo o .t..l-.!llsl.rltll.l.

!

(d31234HOINN) 12N 05:0€:+1L

il

g

B bttt ettt BiAreS Sibmtn aab  eeh s it - A Mott hloat mow ot b mbtS m——— iort— o

(M2L) S NS

(2189) ¥ NS
{av3qa) €nsi

(388} Z NS

(av3a) L NS

(M0EL) S O39

(>1¥8lL }v D38

(>iZ1L) £ o038

(M8LL )2 o038

(M801) 1 38

3NIL o8

_58_

TR 83-1



GNOJ3S/SHILIN 0G€ = ALIDOTIA '186L AVINOL NO 1IN Z'€L:LZ:00 = LO ‘ILIS
TI3M LS3L TVINYIHLO3D JFHL 40 1SIMHLIYON SHILIWOTIM G WOHA LNIAI HOIFTAVYH JAISTNDWI "8Z IHNDIA

81zel O

(av3a) s nsi

(489) ¥ NS

(M061) € NS

(@vaarz ns

!
o)
(avaal L NsI :_J

(MogL) § 538

(>1¥81} ¥ D3ag

(MZil) €939

_ t ... (M811) 2 D39
55___..R,K.p..,.;}a.._sﬁgﬁi§...~.£%3$§2...m_____w .,.Efai.....__,,.._,ﬁ?,,....,I.,_.._..f...i..._.?fr.hi._.,%e:

1.

RIS m SR e e e s Dl s R es e dmiat e i e st i a1 Bt Ads st e ot s ammt banit & s s mom et s Wt mvms smus e o = JINTL QOF

P |

(Q31034YOINN) LN 0L:LZ:00

TR 83-1



%N
96°12'30"

g

“~

Chemical /4

K/

16"

T,

RS
/
/
;
/
/
_ ' 95
.m‘é"‘/ﬂ a TN ”’{\ /“"I |
SCALE 1:24000
1 1/2 0 1 MILE
[ e s——— = — |
1000 0 1000 2000 3000 4000 5000 6000 7000 FEET
P = e = —— e e e
1 5 0 1 KILOMETER
2010°/INCH CONTOUR INTERVAL 5 FEET
80°/mm DATUM IS MEAN SEA LEVEL
IMPULSIVE
xe/ INJECTION WELL ;; RAYLEIGH EVENT
PLEASANT BAYOU GEOPRESSURED /GEOTHERMAL
NO.2 TESTWELL TESTWELL SITE QUADRANGLE
LOCATION
FIGURE 29. IMPULSIVE RAYLEIGH EVENTS ORIGINATING EAST OF THE GEOPRESSURED/
GEOTHERMAL TEST WELL SITE, o 13188

-60-

TR 83-1



immediately prior to 6 December 1981 should be suspect for generation of the
observed signals. (2) The complexity of the signals observed in the episodes
is a second important consideration. Some of the episodes, e.g., 18 May 1982
-(episode 6), and 6 December, 1981 (episode 1), are very simple, consisting of
one or two impulsive Rayleigh events with associated rumble . Others, like 22
August, 1981 (episode 8), are extremely complex with periods characterized by
hundreds of impulsive Rayleigh events or harmonic tremor lasting many hours.
(3) All of the signals observed are surface waves. In the data analysis
section,_zt was shown that Ravleigh wave velocities and atmospheric acoustic
velocities are nearly the same in the Texas Gulf Coast. Coupling of
atmospheric acoustic waves and earth Rayleigh waves is therefore extremely
likely. For this reason, sources of Rayleigh wave signals could be of
atmospheric or earth origin. (4) Separate impulsive Rayliegh events in any
given sequence have nearly identical phase arrival order at the array sites
indicating a single location of origin. In addition, the events in any
sequence display an approximate power law distribution of amplitudes not a
single, constant amplitude.

To illustrate the approximate size of these events, we have computed the
amplitudes of the ground displacements, velocities and accelerations for two
of the impulsive Rayleigh events at station BEG 4. The signal at 04:50:15
UCT on figure 14 yielded the following: maximum amplitude signal frequency
5.18 hertz, maximum (peak—trough) displacement amplitude corrected for
instrument response 2.22 x 107/ m, maximum velocity of the signal 7.32 x
107% u/sec, maximum acceleration 2.35 x 1074 m/sec* or Z.4 x 1072 g. The
signal on figure 14 yielded the following: maximum displacement amplitude
2.42 x 1077 m, maximum velocity 5.78 x 1079 m/sec, and maximum acceleration
1.38 x 1074 m/sec? or 1.4 x 1079 g. Using the duration magnitude formula
for the 10 January event yields an approximate magnitude of -0.5.
Interestingly, if the peak velocity is compared with the empirical for-—
mulations of Nuttli (1979) for central U.S. earthquakes, it also indicates
the event to be approximately magnitude -0.5. Thus, the largest magnitude
for these events is probably 0.0, and the smallest observable magnitude is
=2.0. Furthermore, the temporal distribution of individual events in a
sequence is aperiodic. (5) The spatial distribution of event episodes
suggest two subparallel trends approximately N42°W (see figure 29). (6)
Monotonic harmonic tremor is associated with some, but not all, seismic
episodes. It is particularly prominent with episodes 18 April, 1982 (figure
15) and 22 August, 1982 (figure 23).

The amplitudes of the displacements, velocities, and accelerations at station
BEG 4 associated with the harmonic tremor on 18 April 1982 have been
computed. The frequency of the harmonic tremor is 1.27 hertz, the
(peak=trough) displacement amplitude corrected for instrument response is 2.1
x 107/ m, the corresponding ground velocity and acceleration are respectively
1.68 x 107® m/sec and 1.34 x 1075 m/sec? (1.37 x 10~6 g).

Two forms of effluent disposal from industrial complexes potentially can
result in the types of seismic signals observed. These are high-pressure
effluent flares and high-volume subsurface injections. Both of these dispo-
sal methods are known to be practiced by the chemical plant where the seismic
episodes appear to originate.
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Model I Hypothesis: The observed seismic episodes are related to unusual
flare conditions at one or more industrial stacks.

Under normal circumstances, the flaring of industrial gasses should not
result in noticeable seismic signals at moderate distances. If the ignition
of the flare was erratic, however, it could result in repeated ignitiomns and
extinctions which might generate acoustic signals. The amplitude and domi-
nant period of the acoustic signals would correlate with fireball dimensions,
and the temporal separation would relate to the time between reignitioms.
The seismometers in the far—-field would record these signals as impulsive,
acoustic—coupled Rayleigh waves with variable amplitude and spacing, and each
episode would appear to originate from a single source. Due to changing
atmospheric conditions, different episodes might appear to originate from
different sources because of variations in acoustic velocity and atmospheric
refractive conditions. In addition, the lesser constrained axis of the 90%
location confidence ellipse is oriented at approximately N45°W; thus, the
apparent linear trends might be an artifact of location precision and
atmospheric conditions. The occurrences of rumble—-type events could
correspond with episodic turbulent flow from the stack which might result in
additional acoustic signals. The harmonic tremor possibly might be the
result of "organ pipe” resonance of the stacks under high-volume flow con-
ditions or, alternatively, a pipe hammer induced in a valved feed pipe.
Essentially, this hypothetical model could rationalize all of the seismic
phenomena observed. Flare stacks are known to be located near the impulsive
Rayleigh episode clusters 1, 2, 3 and 5, 9 and 7. Counvincing demonstration
that hypothetical Model I is the rational explanation of the observed seismic
activity requires additional, detailed information about activities at the
chemical plant and observational data which are unavailable at this time.

Model II Hypothesis: The observed seismic episodes are related to subsurface
waste injection at one or more disposal wells.

There are many documented cases where subsurface injection of fluids resulted
in induced microearthquakes. Perhaps the best documented case is that of
injections at the Rocky Mountain Arsenal Well and the Denver earthquakes
(Hollister and Weimer, 1968). It is possible to interpret the ensemble of
seismic event characteristics exhibited by the complex episodes from 6 December
1981 and 25 September 1982 by a hypothetical model which involves intermit-
tent flow of injected fluids controlled by stress—sensitive asperities along a
system of formational discontinuities. This hypothesis would require the
impulsive Rayleigh events to be of earth rather than atmospheric origin.

Since body waves are not observed for these events, a mechanism to justify
their absence is required (see Data Analysis Procedures Surface Wave Data
section). The fact that events of this type, i.e., impulsive Rayleigh events,
have been recorded previously at all geopressured/geothermal design well sites
and that a suite of such events at the Brazoria site appears to collocate with
microearthquakes located using body phases (see figures 27 and 28) would sup-
port the theory that these are also microearthquakes. This hypothesis would
suggest that the orientation and spatial distribution of the impulsive Rayleigh
events comprising the episodes are significant and not an artifact of mislo-
cation and changing atmospheric conditions. Because the epicentral precision
of the swarms of events is extremely good at the 90% confidence level, and,
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collectively, the swarms define two distinct linear trends separated by
approximately six hundred meters within which no events have bee located, it
is necessary to rationalize geologically why these trends could exist. The
mean orientation of these two seismic trends 1s N47°W. Zoback and Zoback,
(1980) have shown that the regional orientation of the horizontal least-
compressive stress for Brazoria County, Texas, is approximately N25°W.
Assuming that this regional trend is correct, the actual stress field in the
vicinity of the chemical plant would be the result of this regional stress
field plus the perturbations superposed by local geological features such as
salt domes and faults. The most-significant perturbation to the regional
stress field in the Chocolate Bayou area would be the injection of the
Danbury Dome and Hoskins Mound salt domes. Although the absolute stress
effect of these iIntrusions 1s not known, the relative effect on the uniform
stress field produced by this type of perturbation has been shown by Jaeger,
(1969, p. 188). Given the relative position of the two salt domes with
respect to the chemical plant, the combined effect would be to rotate the
regional stress trajectories counterclockwise from the unperturbed
orientations. Whether or not these intrusions could cause a 20° rotation of
the stress field is not known. The sense of the rotation is correct, and we
suggest that the linear trends of the observed seismic swarms may be aligned
with the local horizontal least-compressive stress direction. Further, since
specific locations appear to be the sites of repeated activity, e.g., site of
episodes 1, 2 and 3, episodes 4 and 8, episodes 5 and 9, these locations may
constitute asperities along 2 formational discontinuity as defined by Das and
Scholz (1981). This would explain also why the events In any one swarm epi-
sode were so spatially restricted. Extending this hypothetical model
further, comparing the general character of the seismic episodes defining
each asperity suggests that the asperity tends to behave in a repeatedly con-—
sistent manner. Events 1, 2 and 3 are characterized by sequences of
impulsive, high-frequency, Rayleigh-mode events which are temporally
distinct. The seismic records between events during these episodes is
comprised of high—frequency noise with amplitudes two to three times that of
the normal ambient conditions. In comparison, event eplsodes 5 and 9 are
characterized by seismic records between events with high-frequency noise
similar to that described and, in addition, transitory appearances of a 1.38
hertz resonance. In contrast, event episodes 4 and 8 are characterized by
high—frequency Rayleigh-mode events which are superimposed on a very promi-
nent 1.38 hertz, nearly monotone wave train of remarkable amplitude. 1In a
previous report, Mauk (1982) suggested that the origin of this harmonic tre-
mor may be explained by the resonance of a fluid-driven crack as proposed by
Aki, Fehler, and Das (1977) and Chouet (1981) or Ferrick, Quamar, and St.
Lawrence (1982). Essentially, this hypothetical model could also rationalize
all of the seismic phenomena observed; but, without additional information
and data, it too cannot be convincingly demonstrated to be the correct
interpretation.

In coaclusion, nine episodes of complex selsmicity were recorded by the
Brazoria seismic array between 6 December, 1981 and 25 September, 1982. Two
alternative models have been presented which could rationalize the data
equally well. Model I associates the seismicity with effluent from
industrial flare stacks. Model II associates the seismicity with effluent
fluids injected into a geological formation. Other models not presented also
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may account for the observations, and it should not be assumed that either
model presented is necessarily the correct solution. This enigmatic seismi-

clty will require additional information, data and analyses if a solution is
to be found.
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THE PHASE II LONG-TERM FLOW TEST

The Phase II, long-term flow test of the Pleasant Bayou No. 2
geopressured/geothermal design well was reinitiated approximately 27
September 1982 following a shut—in of over fourteen months. In anticipation
that some aspect of the production history may display a causality rela-—
tionship with induced seismicity, we maintailn a computer log of wellhead
tubing pressure and approximate withdrawal rate from the Pleasant Bayou No. 2
well and the wellhead injection pressure for the Pleasant Bayou No. 1 well.
Data for this computer log are provided by Gruy Federal Corp. Data are
entered at hourly increments from 1 October through 23 October 1982. All
subsequent data are entered at daily increments because more detailed logs
were no longer provided to us by Gruy Federal. Graphs of the production
wellhead tubing pressure and approximate brine withdrawal rate and the
wellhead brine injection pressure as a function of time for the period from 1
October through 31 December, 1982 are illustrated in figure 30. Specific
times when flow rate has been altered are indicated by the alphabetic markers
at the bottom of figure 30. The explanations for the identified flow rate
alterations of figure 30 are given in table 6. Except for seven shut-ins,
all other entries indicate times when choke adjustments were made. Although
alteration of choke settings and shut-ins result in some short-term pertur-~
bations of the production and disposal histories, the production pressure
curve generally displays a long—term exponential pressure decline typically
observed for confined aquafers. Similarly, the injection pressure curve
displays a long—term logarithmic increment in injection pressure as a func—
tion of time commonly observed at other injection wells. No seismological
effects attributable to this long-term flow test have been observed in 1982.
It is anticipated that seismicity related to this flow test will initiate in
the first six months of 1983.
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TABLE 6. BRAZORIA EVENT LOG FOR PHASE Il TESTING
EVENT DATE TIME  EXPLANATION ([DURATION) CHOKE SIZE
A 1067 82 07:00 OPEN TEST WELL 8/64”
] 20CT 82 CHOKE ADJUSTMENT 52/64" - 58/64"
c 30cT82 CHOKE ADJUSTMENT 40/64” — 52/64"
o 40cT B2 CHOKE ADJUSTMENT 58/64"
€ 70CT 82 CHOKE ADJUSTMENT S6/64"
F BOCT 82 12:30 SHUTIN REPAIRS (27.5 HRS) 48/64" — 8a/64"
G 90cT 82 CHOKE ADJUSTMENT 24164 — 56/84"
H 170CT 82 CHOKE ADJUSTMENT 40/84" — 50/64"
1 18 0CT 82 CHOKE ADJUSTMENT 56/64"
’ 230CT 82 13:30 SHUT.IN LEAK (4.5 HAS) sn
K 26 0CT B2 CHOKE ADJUSTMENT 60/64"
L 200CT 82 14:00 SHUT-IN MAINTAINANCE
(1.76 HRS) 32/64" — 80/64"
M 310CT B2 CHOKE ADJUSTMENT 56/64"
N 12NOV 82 CHOKE ADJUSTMENT 60/64"
o 18 NOV 82 CHOKE ADJUSTMENT 62/64"
P 25 NOV 82 13:40 SHUT-IN REPAIRS (2.33 HRS) 48/64* — 62/64"
a BNOVE2  13:30 SHUT-IN POWER FAILURE (3 HRS) s
R 14 DEC 82 12:00 SHUT-IN MAINT & CALS (23 HRS) s
s 16 DEC 82 CHOKE ADJUSTMENT 24/64"
T 16 DEC 82 06:00 SHUT-IN POWER FAILURE (20 HRS) 62/64"
u 18 DEC 82 CHOKE ADJUSTMENT 64/64"
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SEISMICITY AND THE PLEASANT BAYOU DESIGN WELL TESTS

The primary objective of the Brazoria seismic monitoring program has been to
assess 1f high-volume brine production and/or disposal induces and/or enhances
seismic activity in the vicinity of the Pleasant Bayou design well. A review
of the design well production history and the data produced by the Brazoria
seismic array from 1979 through 1982 suggests a possible causality rela-
tionship between high-volume brine production and increased seismic activity
in the vicinity of the Pleasant Bayou test well program. The evidence for,
and limitations of, this interpretation are discussed below.

Since the inception of the Brazoria seismic monitoring program, there have
been four periods during which brines were produced from the Pleasant Bayou
design well. These periods of production have been detailed elgewhere
(Hartsock, 1981; Garg, Riney, Fou, 198l; Mauk, 1982) and are briefly sum—
marized in table 7. An implicit assumption to the argument that the observed
local seismicity correlates with brine production from the Pleasant Bayou
design wells is that all activity at other regional wells constitutes an
insignificant perturbation to the local stress field in comparison. The
validity of thils assumption is not known but is certainly suspect considering
that volumes of fluid equivalent to those produced by the Pleasant Bayou No.
2 well are injected daily by the Chemical Plant into wells within one mile of
the Pleasant Bayou No. 1 well.

Excluding the sequences of observed seismic activity in 1982 which locate
near the chemical complex east of the geopressured/geothermal well, the
nature, spatial and temporal characteristics of all other seismicity observed
since 1979 constitute an interesting set of observations. Basically, there
are three distinct types of signals which have been recorded by the Brazoria
seismic array throughout the operational period: (1) events with
distinguishable P and/or S phases (type I), (2) events with indistinguishable
body phase arrivals, but with impulsive Rayleigh wave signatures (type 11),
and (3) events with indistinguishable body or surface wave arrivals which are
identifiable as high—amplitude "noise" bursts traversing the array (type
ITII).

The events with identifiable P and/or S phase arrivals which are either
unquestionably or suspected to be microearthquakes and not explosions have
many common characteristics. P and S waves from these events are rich in
frequencies greater than five hertz, and the seismogram coda tails display
typical exponential amplitude decay similar to those of microearthquakes
observed at other locations.

Determination of P-wave first motions is not unambiguous but appears to be
predominantly dilitational (downward) on most seismograms when discrimination
is possible. This is a characteristic counsistent with a downward local
geological block movement. All of type I events yield hypocentral solutions
which suggest a depth of origin generally between two and five kilometers.

No events have been observed which locate deeper than five kilometers.
Epicenters of the type I events cluster within a kilometer of the projected
15,000-feet deep locations of growth faults on the west and northwest edge of
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the reservoir (see figure 31, locations indicated by large asterisks).
Although a few events appear to associate with the northeast trending fault
near Liverpool and Chocloate Springs, the majority of the epicenters appear
to associate with a north-south trending growth fault which passes near
seismograph stations BEG 5 and BEG 3, and terminates near Chocloate Springs.
Furthermore, the majority of epicenters since 1979 which have computed loca-
tions near this proposed fault are on the east (up—dip) side of the fault.
Since the location precision of most of these events is poor and the locatiomn
accuracy of the growth fault and the epicenters is unknown, little signifi-
cance can be placed on the relative position of the epicenters to the growth
fault, however. The magnitudes of type I events are all small, between 0.0
and 1.5, and there is no obvious functional relationship between the fre-
quency of occurrence and the magnitude of these events. In fact, the
occurrence of this type of event is relatively rare. The largest annual
number, 10, occurred in 1981, while possibly one was recorded in 1982.

Excluding the type II events in 1982 which locate near the chemical complex,
the impulsive Rayleigh events display a similar temporal distribution to that
of the type I microearthquakes. Furthermore, the epicentral distribution of
the type II events is indistinguishable from that of the type I microearth-
quakes (see figure 31, locations indicated by small asterisks), given the
location method discussed earlier. Depths of the impulsive Rayleigh events
are indeterminant, however. The only characteristic distinguishing the type
I and type II events is the absence of identifiable body phase arrivals for
the latter group.

There are three reasonable explanations for this peculiar phenomenon. The
body phases for the type II events may be very high frequency, (i.e., > 50
hertz), highly attenuated by the sediments, and outside the principal magnifi-
cation band of the instruments being used to monitor the region. This expla-
nation is attractive from the point of view that the body phases exist but
are not observed because of poor transmission properties of the earth and/or
poor spectral resolution of the recording system. If this is the correct
explanation for why the body phases of type II events are absent, then the
differences in spectral content of the body and surface waves for these
events differ by over an order of magnitude. The similarity of body and sur=-
face wave spectra for type I microearthquakes, however, would argue against
this explanation.

A second explanation for the absence of body phases for type II events is
that the events occur at a particular depth below a low-velocity layer which
acts as a wavegulde trapping the body-wave energy. Sonic logs from all local
boreholes which were examined indicate the presence of several shallow, low—
velocity layers which could potentially act as leaky waveguides. If this
mechanism for eliminating the body phases of type II events is correct, then
the depth of origin is the parameter distinguishing type I and type II
events. Since body waves are also observed for exploration shots buried to a
depth of thirty meters, this would argue that the depth of the type II events
and the low-velocity layer or layers 1s between thirty meters and two
kilometers. Events at depths greater than five kilometers cannot be con-—
sidered because of the relative excitation of the surface Rayleigh waves.
Although this explanation for the absence of body phases of type II events is
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favored currently, and can be tested with computer modeling, such tests have
yet to be performed. If this explanation is correct, the coincidence of the
type I and type II event populations is fortuitous and possibly not related.

A third possible explanation for the absence of body phases for the type II
events 1s that they are not generated. If these signals are atmospheric in
origin, they are transmitted to the stations as acoustic—-coupled Rayleigh
waves, and there are not body phases to observe. If this explanation is
correct, these events have nothing to do with the release of earth stresses
and are not relevant to the monitoring problem. Although this explanation
cannot be discounted totally, the coincidence spatially and temporally of the
type I and type II events would argue against this possibility.

Although any of these mechanisms could account for the missing body phases of
type II events, it seems likely that either, or possibly both, of the first
two explanations are wost satisfactory. The population of impulsive Rayleigh
events therefore is an extension of the microearthquake population.

Type III events, unlike type I and type II events, are unable to be located.
These events, comprised of two members, rumble and harmonic tremor, have
emergent arrival onsets, generally have variable amplitudes and durations,
and have no identifiable body or surface arrivals. Harmonic tremor signals
are distinguished from rumble signals because they are very monotonic. It is
quite unlikely that the origins of these two signals are the same, and they
are classified together because of the inability to locdate them.
Interestingly, rumble signals display a temporal distribution similar to type
I and type II events; i.e., during years when type I and type II events are
more numerous, so are type III. It seems likely that rumble events are an
extension of the microearthquake population and that harmonic tremors are a
different phenomenon completely.

Figure 32 illustrates the temporal distribution of all seismic events, types
I, IT and TIII, which have been recorded since the beginning of the Phase I
short-term flow test in 1980. Type I and II events appear as solid bars on
the histogram. Type III events appear as hatchured bars. In addition to the
seismic event occurrences, the times of the Pleasant Bayou test productions
are indicated by arrows. This illustration clearly demonstrates the correla-
tion of rumble type activity with events which can be located. In addition,
the temporal distribution of all observed events is obviously peaked in the
latter half of 1981. Although it is not possible to relate the seismicity to
particular aspects of the Phase I short—-term flow test and/or the aborted
Phase II long-term flow test, the seismic activity is unquestionably higher
following the Pleasant Bayou well production periods. If the strain dif-
fusion rate ( 14 m/d) mentioned in the supplement to the 1981 annual
progress report is correct, then we should expect to see a reactivation of
the growth fault seismic activity associated with the new Phase II long-term
flow test, which began approximately 1 October 1982, in May to June 1983.

In conclusion, a review of the data produced by the Brazoria seismic array
from September 1979 through December 1982 and the subsequent analyses of that
data suggest the likelihood of a causality relationship between high—volume
brine production from the Pleasant Bayou design well and enhanced local
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seismicity. At this time, it remains unknown how the seismicity is related
to the design well test program. It is unknown whether the seismicity is
related to withdrawal or injection of the brines produced, or whether the
induction of seismicity is total volume or volume-rate dependent. Emphasis
in further research should concentrate on the answers to these questions.
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APPENDIX A

Monthly Performance Logs for the Brazoria Array

January through December 1982
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Brazoria County, Texas Seismic Array Monthly
Develocorder Record Performance Log - January, 1982

BEG1 BEG2 BEG3 BEG4 BEGS
Operational efficiency 817% 82% 82% 827 82%
Total operational hours 744 744 744 744 744
Total hours of down time 138 131 131 131 131
Down time due to routine 13 13 13 13 13
changing procedures
Down time due to recording 27 20 20 20 20
system failure
Down time due to telemetry 6 6 6 6 6
failure
Down time due to station 0 0 0 0 0
failure
Other .
* See explanation 92 92 92 92 92
* Explanation
Holidays January 1-4 (86 hours)
Develocorder maintenance (6 hours)
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Brazoria County, Texas Seismic Array Monthly
Develocorder Record Performance Log - February, 1982

BEG1 BEG2 BEG3 BEG4 BEGS
Operational efficiency 97% 97% 977% 97% 97%
Total operational hours 654 654 654 654 654
Total hours of down time 18 18 18 18 18
Down time due to routine 8 8 8 8 8
changing procedures
Down time due to recording 10 10 10 10 10
system failure
Down time due to telemetry 0 0 0 0 0
failure
Down time due to station 0 0 0 0 0
failure
Other

0 0 0 0 0
A-3
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Brazoria County, Texas Seismic Array Monthly

Develocorder Record Performance Log - March, 1982

BEG1 BEG2 BEG3 BEG4 BEGS
Operational efficiency 98% 97% 52% 98% 98%
Total operational hours 732 721 385 732 732
Total hours of down time 12 23 359 12 12
Down time due to routine 12 12 12 12 12
changing procedures
Down time due to recording 0 0 0 0 0
system failure
Down time due to telemetry 0 0 0 0 0
failure
Down time due to station 0 11 347 0 0
failure
Other

0 0 0 0 0
A-4
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Brazoria County, Texas Seismic Array Monthly
Develocorder Record Performance Log - April, 1982

BEG1 BEG2 BEG3 BEG4 BEGS
Operational efficiency 91% 52% 547 58% 91%
Total operational hours 656 377 389 416 654
Total hours of down time 64 343 331 304 66
Down time due to routine 12 12 12 12 12
changing procedures
Down time due to recording 52 52 52 52 52
system failure
Down time due to telemetry 0 0 0 0 0
failure —
Down time due to station 0 279 267 240 0
failure
Other

0 0 0 0 2
* Explanation
Battery charging
A-5
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Brazoria County, Texas Seismic Array Monthly
Develocorder Record Performance Log - May, 1982

BEG1 BEG2 BEG3 BEG4 BEGS
Operational efficiency 92% 92% 927% 92% 92%
Total operational hours 683.5 683.5 683.5 683.5 683.5
Total hours of down time 60.5 60.5 60.5 60.5 60.5
Down time due to routine 13.5 13.5 13.5 13.5 13.5
changing procedures
Down time due to recording 11.0 11.0 11.0 11.0 11.0
system failure
Down time due to telemetry 36.0 36.0 36.0 36.0 36.0
failure
Down time due to station 0.0 0.0 0.0 0.0 0.0
failure
Other

0.0 0.0 0.0 0.0 0.0
A-6
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Brazoria County, Texas Seismic Array Monthly
Develocorder Record Performance Log -~ June, 1982

BEG1 BEG2 BEG3 BEG4 BEGS
Operational efficiency 91% 91% 437 70% 91%
Total operational hours 651.8 652.3 312.8 504.3 652.3
Total hours of down time 68.2 67.7 407.2 215.7 67.7
Down time due to routine 8.2 8.2 8.2 8.2 8.2
changing procedures
Down time due to recording 58.0 58.0 58.0 58.0 58.0
system failure '
Down time due to telemetry 2.0 1.5 2.0 1.5 1.5
failure
Down time due to station 0.0 0.0 339.0 148.0 0.0
failure
Other

0.0 0.0 0.0 0.0 0.0
A-7
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Brazoria County, Texas Seismic Array Monthly
Develocorder Record Performance Log - June, 1982

BEG1 BEG2 BEG3 BEG4 BEGS
Operational efficiency 8L% 80% 0% 52% 82%
Total operational hours 604 596 0 384 610
Total hours of down time 140 148 744 360 134
Down time due to routine 7 7 7 7 7
changing procedures
Down time due to recording 36 36 36 36 36
system failure
Down time due to telemetry 0 0 0 0 0
failure
Down time due to station 0 7 610 219 0
failure
Other - *See explanation 97 98 91 98 91

* Explanation

Shutdown for 4th of July holiday weekend; battery charging
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Brazoria County, Texas Seismic Array Monthly

Develocorder Record Performance Log - August, 1982

BEG1 BEG2 BEG3 BEG4 BEGS
Operational efficiency 65% 65% 0% 65% 6 5%
Total operational hours 480 480 0 480 480
Total hours of down time 264 264 744 264 264
Down time due to routine 5 5 0 5 5
changing procedures
Down time due to recording 53 53 0 53 53
system failure
Down time due to telemetry 0 0 0 0 0
failure
Down time due to station 0 0 744 0 0
failure
Other - *See explanation 206 206 0 206 206

* Explanation

* Develocorder yearly maintenance and parts replacement.
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Brazoria County, Texas Seismic Array Monthly
Develocorder Record Performance Log = September, 1982

BEG1 BEG2 BEG3 BEG4 BEGS
Operational efficiency 67% 68% 0% 68% 68%
Total operational hours 483 486 0 486 486
Total hours of down time 237 234 720 234 234
Down time due to routine 5 5 0 5 5
changing procedures
Down time due to recording 41 41 0 41 41
system failure
Down time due to telemetry 3 0 0 0 0
failure
Down time due to station 0 0 700 0 0
failure
Other - *See explanation 188 188 0 188 188

* Explanation

Develocorder shut down for preventive maintenance and repairs.
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Brazoria County, Texas Seismic Array Monthly
Develocorder Record Performance Log = October, 1982

BEG1 BEG2 BEG3 BEG4 BEGS
Operational efficiency 52% 52% 0% 52% 52%
Total operational hours 390 390 0 390 390
Total hours of down time 354 354 744 354 354
Down time due to routine 3 3 0 3 3
changing procedures
Down time due to recording 101 101 0 101 101
system failure
Down time due to telemetry 0 0 0 0 0
failure
Down time due to station 0 0 744 0 0
failure
Other - #*See explanation 250 250 0 250 250

* Explanation

Develocorder shutdown for weekends.
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Brazoria County, Texas Seismic Array Monthly

Develocorder Record Performance Log — November, 1982

BEG1 BEG2 BEG3 BEG4 BEGS
Operational efficiency 54% 547 0% 54% 54%
Total operational hours 388 388 0 388 388
Total hours of down time 332 332 720 332 332
Down time due to routine 2 2 0 2 2
changing procedures
Down time due to recording 0 0 0 0 0
system failure
Down time due to telemetry 0 0 0 0 0
failure
Down time due to station 0] 0 720 0 0
failure
Other - *See explanation 330 330 0 330 330

* Explanation

Shut down for Thanksgiving Holiday (November 24-29)

TR 83-1

A-12



Brazoria County, Texas Seismic Array Monthly
Develocorder Record Performance Log - December, 1982

BEG1 BEG2 BEG3 BEG4 BEGS
Operational efficiency 18% 11% 6% 14% 18%
Total operational hours 134 79 48 102 134
Total hours of down time 610 665 696 642 610
Down time due to routine 2 2 0 2 2
changing procedures
Down time due to recording 0 0 0] 0 0
system failure
Down time due to telemetry 0 0 0 0 0
failure
Down time due to station 0 55 86 32 0
failure
Other - *See explanation 608 608 608 608 608

* Explanation
Renovation of Develocorder building

Shut down for Christmas Holiday (December 23-31)
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Introduction

Geopressured (pressure gradients more nearly lithostatic than hydrostatic)
geothermal (temperatures exceeding 125°C) brines are contained in Cretaceous
and Tertiary aged high—permeability formations which underlie much of the
Texas and Louisiana Gulf Coast. Early estimates of economically recoverable
energy from these formations has been 3.17 x 1013 k joules (300 quads) of
thermomechanical energy and 8.44 x 1013 k joules (800 quads) of methane
(Weshusing, 1981). 1If the annual per capita energy use for the U.S. in 1971
(1.9 x 10® kjoules) is multiplied by the current Dallas—Ft. Worth metroplex
population (2,974,878), the current annual energy use by the metroplex is 5.7
x 19%% kilojoules. Even considering the downward revision of the estimated
recoverable methane from geothermal-geopressured formations, this slternative
energy source could meet all of the energy requirements of the metroplex at
its current population for as long as forty years. Thus, although this alter-
native energy reserve 1is not as extensive as lignite, for example, it remains
worthy of consideration. The feasibility for economic development of these
resources, however, necessitates both the production and subsurface disposal
of these environmentally_ hazardous brines at volumetric rates for individual
wells exceeding 3.2 x 10343 (20,000 bbl) per day. Such high volumetric
transfer rates can affect significantly the state of local geological stress
and potentially result in ground surface subsidence and/or induced
earthquakes, both of which may be environmentally and economically
undesirable. Because the potential detrimental long—term environmental
impact associated with the development of these resources mav be as important
as the short-term economic benefits, a variety of environmental monitoring
programs has been initiated by the Texas Bureau of Economic Geology and the
Louisiana Geological Survey in conjunction with the operation of design test
wells by the Department of Energy. The locations of the primary design well
prospects and the four design wells which are 1in various stages of ccmpletion
are illustrated in Figure 1. Teledyne Geotech, with the authorization of the
Texas Bureau of Economic Geology and the Louisiana Geological Survey, has
conducted seismic wonitoring programs in the vicinity of two of these design
wells, the Pleasant Bayou No. 2 well in Brazoria County, Texas, (Figure 1,
location A) and the DOW L. R. Sweezy No. 1l well in Vermillion Parish,
Louisiana (Figure 1, location D). The purpose of these monitoring programs
is to assess the effects of design well development on the state of local
geological stress and the potential modes of strain release.

Before proceeding to a description of the monitoring system and results of
the programs, it is worth examining possible displacement scenarios. Figure
2a illustrates a block diagram of the earth with a pre—existing 2zone of
weakness. The arrows Py and Pj indicate the ambient stress loading con-
ditions on the block. With fluid withdrawal or injection, the equilibrium
balance of the stresses P; and P2 may be disturbed resulting in the slip
displacement, S, on the zone of weakness as illustrated in Figure 2b. 1In
this diagram, the dilatant opening of the zone of weakness orthogonal to the
slip surface is assumed to be insignificant. Figure 2c illustrates several
possible displacement time histories to accomplish the total observed
displacement. If, for the sake of discussion, we assume that the total
displacement is relatively large and occurs in one movement with a velocity
approaching that of the shear wave velocity of the medium, then the movement
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FIGURE 2. a, BLOCK DIAGRAM OF EARTH PRIOR TO SLIP DISPLACEMENT
b. BLOCK DIAGRAM OF EARTH FOLLOWING SLIP DISPLACEMENT
ASSUMING NO FRACTURE DILATANCE
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would be referred to as a normal earthquake of relatively moderate magnitude.
If, on the other hand, the velocity of displacement was slow in comparison to
the shear wave velocity of the medium, then the earthquake would be referred
to as a slow earthquake. Alternatively, if the total displacement occurred
in two or more discrete events in time, then the displacements would be
referred to as a multiple earthquake sequence. Finally, if the displacement,
S, occurs over a large length of time, i1t would be referred to as creep,
possibly "noisy" seismically if some elastic energy were radiated in the
process.

The growth faults in the Gulf Coast are characterized by large geological
offsets, yet there have never been recorded any large-magnitude earthquakes.
This evidence indicates that these displacements must be accommodated either
by a series of smaller events or, possibly, by creep. In addition, because of
the high density of faults in the Gulf Coast, and low yield strength of the
rocks comprising the geological column, it appears that sufficient stress
accumulation in a large volume of rock to result in a moderate-sized
(magnitude greater than 5.5) earthquake is not very likely. For these
reasons, monitoring of fault displacements 1in the Gulf Coast logically takes
two forms: (1) microseismic wonitoring for small magnitude displacements, and
(2) some form of creep monitoring for aseismic displacement. The seismic
monitoring programs at the Pleasant Bayou No. 2 and L. R. Sweezy No. 1 wells
conducted by Teledyne Geotech are of the former type. Attempts by other
investigators to ascertain if creep-type events also are occurring in the
regions have been less definitive due to both instrumencal difficulties and
the short time period over which the observations have been made. Little
information in this area will be included here.

Because the development of these geopressured reservoirs involves high volu-
metric fluid tranfer rates from and into naturally-faulted formatioms, an
alternative fault behavior to shear displacement must also be considered.
Fluid-driven dilatant opening of a fault is illustrated in Figure 3. The
faulted reservoir of Figure 2a has been reproduced as Figure 3a. In this
case, however, the fault can be thought to be a permeability barrier for com-
munication of fluids between the two halves of the reservoir. Either rapid
drawdown or injection of fluids on one side of the fault or the other can
result in a significant stress differential along the fault plane between the
two reservolr segments. Under the right stress conditions, the fault dila-~
tantly opens as illustrated in Figure 3b which permits rapid fluid transfer
between the reservoir segments. Aki, Fehler and Das (1977) estimate that
this type of behavior can be initiated in transfer of magma in volcanoes at a
depth of one kilometer with as little as 9.99 MPa (290 psi) stress normal to
the fault, i.e., hydraulic head. The fault would remain in a dilated state
until the critical normal stress was no longer exceeded, at which time the
fault would return to a permeability barrier. This displacement history is
schematically illustrated in Figure 3c. Repeated opening and closing of the
fracture should be controlled by the permeability of the medium and the
extent of the differential stress over or under pressuring. In summary, this
type of harmonic behavior may be initiated by drawdown of the target reser-
voir or injection into the disposal reservoir. The spectral frequencies of
the harmonic tremors observed at volcanoes and a few injection operations
fall into the same spectral region covered by the microseismic monitoring
systems; therefore, if this type of phenomenon occurs, it will be observable.
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Microseismic Monitoring Arrays

The microseismic monitoring system used at both the Pleasant Bayou site (BEG)
and the Dow L. R. Sweezy site (LSU) is schematically illustrated in Figure 4.
Both arrays consist of five sensor locations, each of which is equipped with
a Teledyne Geotech S$S-500 seismometer, Model 42-50 amplifier, and voltage-
controlled oscillator (VC). The seismometers are mounted at the bottom of
one~hundred feet deep boreholes. All associated electronics are at the
surface. The signals from all of the sensors are multiplexed together and
transmitted to the Teledyne Geotech Laboratory via continuous telephone
telemetry circults. At Garland, Texas, the signals are demultiplexed using
Teledyne Geotech 46.12 discriminators. The individual continuous signals
then are recorded simultaneously on the magnetic tape and l6-millimeter film.
The film records are the only permanent data archive. Magnetic tapes are
only used to reproduce events of interest.

The layout of the BEG and LSU arrays is illustrated in Figures 5 and 6
respectively. The seismograph sensor locations are illustrated in both
figures as solid triangles. The locations of the test wells are illustrated
as divided circles. The locations and sense of motion of local growth faults
at a depth of appr-ximately 4573 meters (15,000 feet) are illustrated as
shaded lines on botl: maps. The seismograph system frequency response at both
arrays 1s illustrated in Figure 7. This response is particularly suited for
observing microearthquakes in the magnitude range O to 3. Magnification fac-—
tors of the amplifiers permit recording (without distortion) of any earth
movement within six kilometers of any station which has a displacement ampli-
tude greater than 5 x 10”2 peters and less than 5 x 107® geters and vibration
frequencies between one and twenty hertz.

Data generated by the monitoring systems are analyzed using standard micro-
seismic data analysis techniques to yield basic information about the origin
times, locations, and magnitudes of observed events. The 16-mm film
seismograms are reviewed carefully to detect any microseismic event that may
occur. When an event is detected, the analyst measures the amplitude, period
of vibration and arrival times of the P (compressional), SV (vertical mode
shear) and LR (surface Rayleigh) waves from the event. Desired accuracy of
arrival time picks is less than + 0.01 seconds. If this degree of accuracy
is not attainable utilizing the film records, the analyst may choose to play
back the analog tape of the event with selected filtration to enhance the
signal-to~noise ratio or increase the recording speed to enhance time
resolution. Since two of the three principal factors determining the preci-
sion of locating explosions or earthquakes are the quantity and quality of
the arrival time data, it is very important that the time picks and phase
identification be as accurate as possible.

The location procedure used is the Geiger least—-squares error analysis tech-
nique in which a trial location and origin time are specified with a given
velocity structure and arrival times for given station locationms, and, through
an iterative process, relocates the trial location and origin time to best fit
the observed arrival times. The precision of the final solution is deter-
mined by the dimensions of the observed minus predicted arrival time errors
and is translated into an error ellipse of specified semi~axes lengths at a
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particular probability confidence level. We choose to set the confidence
level at 90%, although other investigators may use alternative limits. The
generalized P-wave velocity structure used in the location inversion proce-
dure is 1llustrated in Figure 8. The specific P-wave velocity structures for
the BEG and LSU projects are determined from sonic logs from local wells and
vary slightly from the illustrated, generalized structure. In general, com-
parable shear-wave velocity structure is not available, so S-waves are treated
as pseudo P-waves via the relationship:

1
vp/ (1 - ——)1/2

s = 1-2¢

where: Vg = Shear wave velocity
Vp = Compressional wave velocity
0 = Poisson ratio (0.25)

Frequently, the body phases (P and S) are indistinguishable from the ambient
noise; however, the Rayleigh wave arrivals are very prominant. Location of
these events is also possible using a modified Geiger inversion which simul-
taneously determines the appropriate half-space velocity and least-squares
error of location. Because this procedure is less constralned than the com-
parable body-wave technique; “the source locations are less confidently
constrained. Source depth, for example, is nearly unconstrained in these
surface wave solutions.

Microseismicity Recorded During 1981

Although both the Brazoria and Parcperdue seismic arrays have been operational
for several years, for brevity, only the seismicity for 1981 will be
discussed. It is important to realize that neither geopressured/geothermal
test well had been produced at the volumetric rates porposed at the onset of
the program. The Brazoria test well had a few short-term tests and the
Parcperdue well was untested by the end of 198l. Thus, the seismicity
reported here can be considered to be more representative of ambient con-—
ditions prior to withdrawal than under the conditions of full production.

In the introduction, several alternative mechanisms of fault behavior were
outlined. Many of these have been observed at both test wells and are
illustrated in the following figures. An example of a normal microearthquake
recorded at the Parcperdue array is illustrated in Figure 9. Note the high
frequency character of this event, the clear impulsive arrival of the P-wave
and the typical exponentlal decay of the coda. Three or four of these events
are recorded each year at both arrays. They always have location solutions
at the depths of a few kilometers and tend to occur near locations of mapped
growth faults. An example of a "slow” microearthquake, i.e., an earthquake
whose rupture velocity is significantly slower than shear-wave velocity, is
illustrated in Figure 10. This event, recorded at the Brazoria array, is the
only occurrence of this type of event which has been observed to date.
Comparing Figures 9 and 10 clearly illustrates the difference in character of
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these types of earthquakes. The "slow" earthquake has a much lower frequency
P-wave and S-wave than the comparable energy normal earthquake. The reason
for the lower frequency phase arrivals is related to the much longer period
of time over which the movement occurred. This event, like the normal
earthquake, locates at depths near known growth faults.

Figure 11 illustrates a relatively common event recorded at both arrays.
These events are classified as impulsive Rayleigh events because they lack
any distinguishable body (P or S) phases and are located using Airy phase
Rayleigh mode velocities. Depth discrimination of this type of event is very
poor in normal Geiger solution schemes. During and post well production
periods at the Brazoria, Parcperdue and Sweet Lake prospects (see Figure 1),
there has been an increase in the number of these events which occur.

Because of their character, however, additional studies must be performed to
determine whethet these events are related to the withdrawal or injection
process. At this time, it cannot be specified with which process these
events tend to be produced. Figures 9, 10, and 11 constitute the three event
types recorded by the two test well monitoring networks which have arrival
times capable of being inverted to an origin location. Before discussing the
relationship of the recorded seismicity to known tectonic features, I would
like ©. illustrate two additional frequently occurring event types which are
nonlocatable.

One of rthese atypical microseismic events 1s illustrated in Figure 12. 1
refer to this event type as rumble. It characteristically has an emergent
onset precluding normal hypocenter calculations, a duration which is variable
but ranges from ten to eighty seconds, and incoherent phases across the
array, zlthough all stations will be affected by it. Since these events are
atypical of normal seismic signals, I can only speculate as to their origin.
I believe that the phase incoherence across the array is an indication that
these signals are generated by the coalescence of the phase arrivals from a
large number of very small microearthquakes which are distributed over some
finite area. Thus, this type of signal may be what oue should expect from a
"noisy"” creep as illustrated in the introduction. These may be typical
signals generated during episodes of subsidence. An interesting experiment
would be to see if the occurrences of these events correspond with long-
period tilt and/or strain steps locally.

A second type of signal which has been observed several times (all subsequent
to the Phase II testing of the Pleasant Bayou No. 2 well) I refer to as har-
monic tremor. The reason for this unomenclature comes from studies of volca-
noes where harmonic tremor is commonly observed prior to eruption. The
characteristic of harmonic tremor which is easily identified is a nearly
purely monotonic vibration which is regionally pervasive. The source of
these signals at volcanoes is still debated, but it is strongly argued that
these signals are generated by fluid transport through a complex conduit
system. An example of this phenomenon is illustrated in Figure 13b. Figure
13a illustrates the normal ambient condition for comparison. Characteristic
ambient spectra at the Brazoria array for 8 August 198l are illustrated in
Figure l4a. Fourteen-minute time segments which were free from cultural
and/or natural events were selected for analyses. The data for stations
BEGl, BEG2, BEG3, and BEG5 were analyzed using a Hanning filter window with
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linear summation of the eight-second block spectra for 105 blocks. The RMS
amplitude spectra for the frequency range O through 3 seconds are 1llustrated
in Figure 15a. All of the channels except BEG2 display RMS amplitude spectra
in this frequency range which are approximately -50 dB. The general ampli-
tude decrease with decreasing frequency is a characteristic of the instrumen-
tal frequency response. The higher amplitude lobe of energy on BEG2 at
frequencies less than one hertz is caused by local drilling operations near
that station. In comparison, the spectra displayed in Figure 14 were
obtained for a fourteen-minute analysis period beginningl2:19 UCT on 8 August
during the time of the harmonic tremor. A boxcar filter window was used
rather than a Hanning filter window to improve the amplitude accuracy. This
filteving sacrificed the spectral resolution slightly which explains the more
rounded appearance of spectra in Figure l4b compared with those of l4a. Note
that the RMS amplitude of the harmonic tremor is 20 dB (10 times) above the
ambient noise. The dominant frequency is 1.24 hertz, and the bandwlidth is
extremely narrow (indicating high selectivity of resonance or high Q,
attenuation, away from the dominant resonant frequency). The offset of the
spectra from BEG5 is due to higher magnification of this tape recorded chan-
nel and does not have any natural significance. The high—-amplitude, narrow-
frequency band spectrum is also characteristic of harmonic tremor observed at
volcanoes.

During the duration of the main episode of harmonic tremor on 4 August 1981,
two trains passed the array. The station nearest to the tracks is BEGL.
Figure l4c illustrates the spectrum of the train passage at BEGl for com-
parison with both l4a and 14b. Note that the passage of a train generally
increases the amplitude throughout the frequency band from O to 3 hertz
without producing a pronounced spectral peak at 1.24 hertz. I believe that
this is additional evidence that the harmonic tremor is naturally and not
culturally produced. Similarly, no teleseismic events nor Gulf of Mexico
turbulence has been reported which might account for these signals; thus I
conclude that these harmonic tremors which appear on all Brazoria stations
are of local, natural origin.

A period of harmonic tremor on 2 October 1982, may have provided a key obser—
vation to understanding the origin of the harmonic tremor. Three microearth—
quakes occurred during the episode of harmonic tremor. Shortly following
these three locatable microearthquakes, the harmonic tremor episode ceased.
Although this may be purely coincidental, I believe that the two phenomena
are related. The occurrence of these three events evidently changed subsur-
face conditions which caused the source of the harmonic tremor to stop
emitting energy.

Returning to the events which can be located using standard techniques with
body waves, 1t is interesting to note their distribution with respect to

known tectonic features, i.e., growth faults. The six microearthquakes in
1981 located under these constraints at the Parcperdue, Louisiana, array are
illustrated in Figure 15. Similarly, eight events at the Brazoria, Texas,
site are illustrated in Figure 16. Note in both cases that the events have
centroids which locate on or near growth faults. In the case of Parcperdue,
events apparently are distributed on all growth faults surrounding the

DOW-DOE L. R. Sweezy No. 1 well. At Brazoria, on the other hand, the seismic-
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ity clusters about only one regional growth fault, and the fault closest to
the Pleasant Bayou No. 2 well does not appear to be active. Again, it is
worth a precautionary note that this seismicity is dominantly ambient and not
related to well production. Nevertheless, at Brazoria, the increased activ-
ity located using surface waves which are apparently related to production
also clustered on this same fault. This strongly suggests that enhanced
seismicity induced by well production will most likely associate with growth
faults which are exhibiting unstable behavior during ambient conditions. 1In
addition, induced seismicity at the Brazoria, Parcperdue and Sweet Lake
Prospects (T. Statton, personal communication) are displaying temporal delays
from gradients in production history which suggest a strain diffusion mecha-
nism similar to hydrodynamic diffusion effects.

In conclusion, the results to date suggest a variety of types of fault behav-
lor in the Gulf Coast. Both shear and dilatant behavior have been observed.
There is an ambient seismicity related to growth faults movement in the
absence of geopressured/geothermal well production. The number of events
annually is six to ten, and the maximum magnitude observed has been 1.5.
Development of the geopressured/geothermal wells results in increased seismic-
ity approximately doubling or tripling the number of recorded events. Event
magnitudes are all less than 1.5 indicating that conditions in the Gulf Coast
sediments are such that strain accumulation sufficient to generate a large
damaging earthquake is unlikely. Monitoring of the low-level activity,
however, may provide important information about subsidence effects which in
the long term are a more serious environmental and economical hazard of
geopressured/geothermal well development as an alternative energy source.
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Published in E.0.S., vol. 63, no. 45, p. 1044 (abstract) American Geophysical
Union Annual Meeting San Francisco, California, 7-15 December 1982.

Seismicity Induced by Geopressured/Geothermal Well Development
in the Texas and Louisiana Gulf Coast

FREDERICK J. MAUK (Teledyne Geotech Geophysical Research Department, 3401
Shiloh Road, Garland, Texas 75040)

R. ALAN DAVIS (Same as above)

Geopressured/geothermal brines, which may constitute an important future
energy alternative, are contained in Cretaceous and Tertiary—aged high-
permeability formations underlying the Texas and Louisiana Gulf Coasts.
Economic development of these resources necessitates production and subsur—
face_disposal of the brines at individual well volumetric rates exceeding 3.2
x 103p /day). Such high volumetric transfer rates can alter substantially
the state of local geological stress and potentially result in induced
selsmicity. To evaluate the potential cost/benefit of developing this
resource, the DOE in conjunction with state agencies in Texas and Louisiana
has been analyzing prototype development of a few design wells. Associated
microseismic monitoring with these well development proprams has provided the
opportunity to analyze seismicity both prior to and post test production.

The results of these studies at the Pleasant Bayou, Texas and Parcperdue,
Louisiana design wells indicate that there is an ambient backbround of five
to ten events between magnitudes O and 2.0 per year. The frequency of
occurrence and characteristics of the events changes dramatically in post
production periods. Events prior to and post production periods cluster in
the vicinity of the same growth faults suggesting that high volume production
of wells in the Gulf Coast tends to enhance movement along faults which nor-
mally are active. Aspects of amblent and enhanced seismicity at these design
wells will be discussed.
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