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Antioch Earthquake Recorded by
the OGS Digital Seismic System

A magnitude-4.2 earthquake shook
central Oklahoma at 9:52 a.m. CST on
January 18, 1995. This earthquake was
followed by a small after-shock about 3
minutes later. The epicenter was tenta-
tively located near Antioch, ~12 mi west of
Pauls Valley, Garvin County, Oklahoma
(Fig. 1). The Oklahoma Geological Survey’s
seismograph stations, as well as numerous
stations throughout the United States and
Canada, recorded the quake. The digital
recording (on the cover) of the Garvin
County earthquake and after-shock was
made by station FNO (jointly operated at
Norman by the Oklahoma Geological Sur-
vey and the School of Geology and Geo-
physics at the University of Oklahoma).

The earthquake was reported felt in
southeast Tulsa, Oklahoma City, and Mus-
tang, Oklahoma. Some residents near the
epicenter reported pictures falling from
walls and dishes falling out of storage
cabinets. No major damage was reported.

Since 1978, numerous earthquakes have
occurred within a 25-mi-wide by 38-mi-
long fault zone that extends bétween Nor-
man and Pauls Valley, Oklahoma. Of the
~50 earthquakes that occur in Oklahoma
annually, almost half are located within this

fault zone.
(continued on page 84)
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Figure 1. Approximate location of the Garvin County
earthquake, near Antioch, January 18, 1995.
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EFFECTS OF BIAS IN THE OKLAHOMA

EARTHQUAKE CATALOG

John E. DeLaughter*

Abstract

Bias in an earthquake catalog may be
caused by masking events with noise or
by adding events. Phasor plots and rose
diagrams are two independent statisti-
cal tests for the presence of bias in a cat-
alog. In some cases, they may indicate
the cause of bias. Bias, due to masking,
is shown to be present in the Oklahoma
earthquake catalog for low magnitude
events. An apparent bias, due to added
events, may be present for large magni-

tude events, but the apparent bias may

be due to a statistical artifact.

Introduction

For the purposes of this paper, bias -

in an earthquake catalog is defined as a
variation from a statistically random
distribution of earthquake occurrence
times for any magnitude level. This defi-
nition closely follows that of Rydelek
and Sacks (1989). It should be noted
that the presence of statistical bias in a
catalog cannot be taken as an absolute
proof of unexpected behavior. Instead,
it should be used as a diagnostic tool to
identify potential problems in interpre-
tation of a catalog.

The causes of biasing can be divided
loosely into two sets: (1) those that bias
by removing, or masking, events and (2)
those that bias by adding events. Mask-
ing occurs when, in an otherwise stan-
dard distribution of earthquakes with
respect to time, some source of noise
prevents the detection of earthquakes

'Northwestern University, Evanston, Illinois.
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below some magnitude for some period
during the day. This type of bias makes
it appear that there are fewer earth-
quakes than would be expected for a
given time period.

Examples of biasing by masking of
earthquake events are common. Cul-
tural noise (e.g., traffic) and wind noise
create a mask that hides events. Mask-
ing is most severe for events of low
magnitudes; it has little effect on larger
events. In Oklahoma, recording stations
are placed in rural areas as much as
possible in order to minimize problems
due to cultural noise (J. E. Lawson, per-
sonal communication, 1995).

Biasing of a catalog by added events
is recognized less widely, but it, too, can
be a problem. Mine blasts and seismic
exploration can add events that must be
removed from a catalog. In Oklahoma,
quarry blasts are detected by a distinct
train of 1 Hz surface waves (Luza and
Lawson, 1979), while seismic explora-
tion is generally recognized by its semi-
periodic character and the absence of S-
waves. Large storms also are possible
sources of added events (Shurbet and
Keller, 1972), as are tidal forces (Ryall
and others, 1968; Churchin and Penn-
ington, 1987; Rydelek and others, 1988,
1991; Hartzell and Heaton, 1989).

More problematic causes of added-
event bias in an earthquake catalog are
non-self-similar behavior (e.g., after-
shocks and volcanic eruptions) and in-
duced activity (e.g., hydraulic fracturing
of wells), which also can add extra
events over some time period. They re-
quire sophisticated methods of identifi-
cation as they have many characteris-



tics in common with primary (i.e., non-
aftershock) earthquakes.

Rydelek and Sacks (1989) have devel-
oped a method for detecting bias based
on the principle of the random walk.
They begin by assuming a Poisson dis-
tribution of occurrence times (i.e., that
earthquakes occur rarely, indepen-
dently, and with no time preference).
This assumption is good for most earth-
quakes; however, aftershocks must be
removed from the data set as they are
not independent of the primary event.

Rydelek and Sacks (1989) construct a
phasor plot of a walk by treating each
earthquake as a step in the direction of
the hour it occurred, based on a 24-

hour clock; each step is a unit vector, or
phasor. (The occurrence time is the
phase of the earthquake for this type of
analysis.) Thus, for a sequence of earth-
quakes at 1:00 a.m., 6:00 p.m., noon,
and 5:00 p.m., the resultant walk would
step to 15°, 270°, 180°, and 255°. Figure
1A shows the results of a typical random
walk.

The probability of a walk exceeding a
given radius on a phasor plot may be
calculated, or conversely, the radius of
walk for any given probability level
may be found. In the latter method, the
radius of walk is proportional to the
square root of the number of events.
Thus, the confidence level may be

Figure 1. Phasor plots and rose diagrams. A phasor plot is made by plotting each earth-
quake as a step towards the time of its occurrence. If the series is biased, then the plot will
«“walk out” of the circle. A circle with a greater radius indicates a greater confidence level for
a phasor plot; in other words, the larger the circle, the more confident we are that the series
is biased when the phasor plot walks out. In these figures, the confidence level is 95%.
(A) An unbiased phasor plot remains near the center. (B) A phasor plot biased by miasking
daytime events walks out near midnight. (C) A phasor plot biased by adding daytime events
walks out near noon. (D) The rose diagram for A. All petals are approximately the same
length. (E) The rose diagram for B. The daytime petals are shorter than the nighttime petals.
(F) The rose diagram for C. The daytime petals are longer than the nighttime petals.
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drawn as a circle about the origin, with
a larger circle corresponding to a higher
confidence level. This extremely sensi-
tive test is capable of detecting, with
95% confidence, a bias of an extra 12
events in a sample of 120. (In other
words, if each of one hundred catalogs
of 120 events held 12 biased events, the
bias should be detected in 95 of the
catalogs.) Figure 1B shows the phasor
plot of a simulated catalog (DeLaughter,
1993) that has been biased by masking
of daytime events. Figure 1C shows the
phasor plot of the same catalog when
biased by adding events to the daytime.

As may be seen from Figure 1B,C,
phasor plots can detect bias, but not the
cause of bias. The cause may be in-
ferred from the direction in which the
plot gradually “walks out,” but a vector
sum of biasing events may create an ar-
tificial result, or the biasing events may
cancel each other completely. Also, any
single test for bias may show the pres-
ence of bias in cases where no bias ac-
tually exists; therefore, a second test is
desirable.

The second diagnostic that can be
performed is chi-square analysis, graph-
ically displayed as a diagram (essen-
tially a circular histogram) (Hartzell and
Heaton, 1989). The number of earth-
quakes occurring at some hour is
summed and compared to a uniform
distribution by a chi-square test. For
120 events, the least number expected
in any hour is 1, and the greatest is 9.
The mean number expected in any seg-
ment, also called the expected value, is
5. Figure 1D shows the unbiased rose
diagram corresponding to the phasor
plot of Figure 1A. Figure 1E shows the
bimodal distribution typical of bias due
to masked events. Added events are ex-
pected to create a tightly grouped re-
gion of excess events (Fig. 1F). Thus, the
relative lengths of the petals in the rose
diagram generally give some indication
of the cause of bias in the phasor walk.
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Study Description and Results

There have been many analyses of
the Oklahoma earthquake catalog (Luza
and others, 1978; Luza and Lawson,
1979, 1981; Burchett and others, 1985),
but none has included a statistically
reliable examination of the amount of
bias in the catalog. This study used pha-
sor plots and rose diagrams to test the
catalog for bias. With the exception of
one subset (mean magnitude >2.3 M),
all analyses were done at the 95% confi-
dence level. Locations and magnitudes
of earthquakes from the Oklahoma
earthquake catalog for the years 1977—
1991 formed the data set for the study.
Central Standard Time was used for
earthquake occurrence times through-
out this study.

‘The data set was tested first for the
presence of aftershocks, which had to
be removed from the catalog before
phasor plots and rose diagrams could
be used. As the catalog showed a large
deviation from Poisson behavior, it was
assumed that aftershocks were present
(DeLaughter, 1993). For this study, any
earthquake within 20 km radius and 24
hours of a prior event was assumed to
be an aftershock and was removed from
the data set. These parameters closely
approximate those determined by other
methods for regions with similar seis-
mic histories (Bath, 1973; Gardener and
Knopoff, 1974).

Next, the catalog was divided into four
subsets, based on mean magnitude (M).
The mean magnitude for each event is
the arithmetic mean of the magnitudes
given in the original data set. The origi-
nal magnitudes (m) in the Oklahoma
earthquake catalog are reported in
three magnitude scales based on dura-
tion (mDUR), 3 Hz amplitude (m3Hz),
and 1 Hz amplitude (mbLg) (see “Okla-
homa Earthquakes, 1994,” p. 51, this is-
sue). Admittedly, this mean magnitude
is ad hoc; however, it is necessary as no



single measure of magnitude was used
for the entire data set. Fortunately, all
three magnitudes are relatively close, so
the mean magnitude is very close to the
individual magnitude.

The first subset consists of 0.7-1.75
M earthquakes. There are 159 primary
events in this group. The phasor plot
walks out of the circle at 1:00 a.m., and
the rose diagram shows much greater
values from 6:00 p.m. to 6:00 a.m. (Fig.
2). Unlikely high values occur at 9:00,
10:00, and 11:00 p.m., and at 2:00 and
5:00 a.m.; unlikely low values occur at
10:00 a.m. and 2:00 p.m.

Winds are at a maximum from ap-
proximately 9:00 a.m. to 7:00 p.m. in
Oklahoma (Pacific Northwest Labora-
tory, 1981). In addition, traffic flow is an
order of magnitude greater from 7:00
a.m. to 8:00 p.m. than it is during the re-
maining hours of the day, based on an
analysis of Oklahoma traffic patterns
found in the data of the Oklahoma
Department of Transportation (1990).
Therefore, I suggest that at this mean
magnitude there is a masking bias due
to wind and cultural noise.

The second subset is of earthquakes
with 1.75-2.0 M. There are 143 primary
events in this range. The phasor plot of
these earthquakes also walks out near
midnight (Fig. 3A). At these larger mag-
nitudes, the mean magnitude of an
earthquake is more likely to be above
the noise level, and there should be a
lower level of biasing than in the first
subset. The rose diagram (Fig. 3B)
shows that, while daytime values are
still low, they are closer to the expected
values. For 143 events in 24 hours, the
expected value of events is 6. Evidence
for daytime noise bias is not as strong at
this mean magnitude as at the lowest
mean magnitude. However, there are
unlikely high values at 7:00 and 10:00
p.m., and at 1:00 and 4:00 a.m.

The third subset is of 2.0-2.23 M
earthquakes. The phasor plot does not

walk out, and the rose diagram has no
anomalous values (Fig. 4). Both the
phasor plot and rose diagram indicate
that the catalog is unbiased with respect
to time for this mean magnitude range.
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Figure 2. Phasor plot and rose diagram for
0.7-1.75 M earthquakes. These events
show strong evidence of noise bias during
the daytime: (A) the phasor walks out near
1:00 a.m., and (B) the nighttime petals are
much longer than daytime petals. The circle
represents the radius for the 95% confi-
dence level.
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Figure 3. Phasor plot and rose diagram for
1.75-2.0 M earthquakes. (A) The phasor
plot again walks out near midnight, and (B)
the rose diagram still shows longer night-
time petals, but the evidence for daytime
noise bias is not as great as in Fig. 2. The
circle represents the radius for the 95% con-
fidence level.

The final subset of earthquakes in-
cludes all primary events with mean
magnitude >2.23 M. There are 121
events in this category. The phasor plot
does not walk out at the 95% confi-
dence level, but does at the 90% confi-
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dence level, which indicates the possi-
bility of a weak bias (Fig. 5A,B). The rose
diagram (at 95% confidence level) is
even more compelling (Fig. 5C). There
are unlikely high values at noon and
8:00 p.m., and unlikely lows at midnight
and 3:00 a.m. The rose diagram as a
whole shows a bias toward the after-
noon.

The bias could be due to masked or
added events, or it could be a statistical
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Figure 4. Phasor plot and rose diagram for
2.0-2.23 M earthquakes. (A) The phasor
plot does not walk out, and (B) the rose dia-
gram has no unlikely values. The catalog
probably is unbiased for this magnitude
range. The circle represents the radius for
the 95% confidence level.



Figure 5. Phasor plot and rose diagram for
2.23-3.7 M earthquakes. The phasor plot
(A) does not walk out at the 95% confidence
level (middle circle), but does at the 90%
confidence level (inner circle). The rose dia-
gram (B) shows an afternoon bias at the
95% confidence level. :

artifact. Since the timing of this bias is
opposite to that at low mean magni-
tudes, masking can be eliminated as a
cause. There is some corroborating evi-
dence for an induced bias: in 1981, Luza
and Lawson noted that hydraulic frac-
turing of a well coincided with a large
cluster of microseisms. It is possible
also that some aftershocks were left in
the data set, due to the crudeness of the
method used to remove them. They
could bias the catalog even in a case

where no real bias is present. If after-
shocks remain in the data set, why
should they be biased toward the after-
noon?

Tidal forces have been suggested by
many authors as a potential mechanism
for inducing earthquakes; however,
tidal accelerations at the time of the
earthquakes in question do not appear
to be either unusually large or small
(DeLaughter, 1993). Oil-field activity is
another possible explanation, but, again,
no corroborating evidence (e.g., loca-
tion or timing of events) has been found
(DeLaughter, 1993). We conclude, there-
fore, that the apparent bias at the high-
est mean magnitudes is probably due to
a statistical artifact rather than to a real
effect.

Conclusions

At low mean magnitude levels (<2.0
M), the Oklahoma earthquake catalog
apparently is biased by some combina-
tion of wind and cultural noise. Based
on the timing of the bias, it is likely that
cultural noise predominates. The ef-
fects of this bias are greatest at low
magnitudes.

At moderate mean magnitudes (2.0—
2.23 M), the catalog appears to be un-
biased. The phasor plot does not walk
out, and the rose diagram shows no un-
likely values. These results agree well
with those of Luza and others (1982),
which indicated reliable detection and
location of earthquakes for all of Okla--
homa for 2.1 m3Hz and above. Their es-
timate of 50% location for 1.5 m3Hz
events also agrees with the results of
this study.

At large mean magnitude (>2.23 M),
this study shows that there may be a
bias due to added events. No physical
cause has been shown to be responsible
for this bias, however, and it is probable
that it is due to unidentified aftershocks
in the data set.
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OKLAHOMA EARTHQUAKES, 1994

James E. Lawson, Jr.;}! and Kenneth V. Luza?

Introduction

More than 930,000 earthquakes occur throughout the world each year (Tarbuck
and Lutgens, 1990). Approximately 95% of these earthquakes have a magnitude of
<2.5 and are usually not felt by humans (Table 1). Only 20 earthquakes, on average,
exceed a magnitude 7.0 each year. An earthquake that exceeds a magnitude 7.0 is
considered to be a major earthquake and serious damage could result.

Earthquakes tend to occur in belts or zones. For example, narrow belts of earth-
quake epicenters coincide with oceanic ridges where plates separate, such as in the
mid-Atlantic and east Pacific Oceans. Earthquakes also occur where plates collide
and/or slide past each other. Although most earthquakes originate at plate bound-
aries, a small percentage occur within plates. The New Madrid earthquakes of 1811—
12 are examples of large and destructive intraplate earthquakes in the United States.

The New Madrid earthquakes of 1811 and 1812 are probably the earliest histor-
ical earthquake tremors felt in Oklahoma (Arkansas Territory) by residents in
southeastern Oklahoma settlements. The earliest documented earthquake in Okla-

TABLE 1. — ESTIMATED NUMBER OF WORLDWIDE EARTHQUAKES
PER YEAR BY MAGNITUDE
(Modified from Tarbuck and Lutgens, 1990)

Magnitude Estimated number per year Earthquake effects

<2.5 >900,000 Generally not felt, but recorded

Minor to moderate earthquakes
2.5-5.4 30,000 Often felt, but only minor
damage detected

Moderate earthquakes
5.5-6.0 500 Slight damage to structures

Moderate to major earthquakes
6.1-6.9 100 Can be destructive in
populous regions

Major earthquakes
7.0-7.9 20 Inflict serious damage
if in populous regions

Great earthquakes
>8.0 1-2 Produce total destruction
to nearby communities

10klahoma Geological Survey Observatory, Leonard.
2Qklahoma Geological Survey.
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homa occurred near Jefferson, Grant County, on December 2, 1897 (Stover and
others, 1981). The next oldest known Oklahoma earthquake happened near Cush-
ing in December 1900. This event was followed by two additional earthquakes in
the same area in April 1901 (Wells, 1975).

The largest known Oklahoma earthquake occurred near El Reno on April 9,
1952. This magnitude-5.5 (mb, Gutenberg-Richter) earthquake was felt in Austin,
Texas, as well as Des Moines, lowa, and covered a felt area of ~362,000 km?
(Docekal, 1970; Kalb, 1964; von Hake, 1976). From 1897 through 1994, 1,130 earth-
quakes have been located in Oklahoma.

Instrumentation

A statewide network of 11 seismograph stations was used to locate 113 earth-
quakes in Oklahoma for 1994 (Fig. 1). The Oklahoma Geological Survey Observatory
station, TUL, located near Leonard, Oklahoma, in southern Tulsa County, records 15
continuous seismic signals from sensors located at five stations. The data are re-
corded, analyzed, and archived on a GSE digital seismic system provided by the
Defense Advanced Research Projects Agency/Nuclear Monitoring Research Office.

Signals are digitized by two Geotech RDAS (Remote Data Acquisition System)
units at either 36,000 or 1,200 24-bit samples per second. The RDAS then applies
digital anti-alias filtering to eliminate frequencies too high for the final sampling
rate. After one to three digital filter and resampling stages, the RDAS produces 60,
40, 20, or 10 24-bit samples per second. The samples are time-tagged by RDAS
clocks locked to very low-frequency Omega Navigation/ Time signal receivers. The
signals are passed by RS422 serial links to an AST 386/25 RTDS (Real Time Data
Server) computer, which has a Lynx™ real-time Unix-like operating system. The
partially processed signals are passed by ethernet to a Sun Sparc 2+ Unix work-
station with 64 megabytes of memory, two 660-megabyte disks, two 2.1-gigabyte
disks, and two 2.5 gigabyte Exabyte™ tape drives. All of the data from the most re-
cent two weeks are retained on disk. Each day, data from the preceding day (167
million bytes) are automatically archived onto Exabyte™ tape. All Oklahoma earth-
quakes, and other selected events, are placed in named de-archive directories. An
Oracle™ data base on the Sun Sparc 2+ keeps track of every second of data on the
permanent archive tapes, the last two or three days’ data on disk, and data in the de-
archive directories. Data analysis is done by Teledyne-Geotech and Science Appli-
cations International Corp. software on the Sparc 2+ workstation.

The digital system signals are from three sensors in the Observatory vault (inter-
national station abbreviation TUL); from three sensors in a borehole on the Obser-
vatory property (station LNO); and from single sensors located at Rose Lookout
(RLO) in Mayes County, at the Bald Hill Ranch near Vivian (VVO) in McIntosh
County, and at the Jackson Ranch near Slick (SIO) in Creek County.

TUL has three (vertical, north-south, east-west) Geotech GS-13 seismometers
which produce 40-sample-per-second short-period signals. A three-component
broadband Geotech KS54000-0103 seismometer in a 120-m-deep borehole pro-
duces seven digital data channels. Three are broadband signals from seismic sig-
nals in vertical, north-south, and east-west directions. From the broadband signals -
the Sparc 2+ workstation derives three long-period signals. A seventh signal, the
vertical earth tides, is recorded from the vertical mass displacement signal from the
KS54000-0103. The broadband signals are archived at 10 samples per second, and
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the long-period and vertical-earth-tide signals are recorded at one sample per sec-
ond. On November 10, 1994, the broadband sample rate was increased from 10
samples per second to 20 samples per second. This increase was for two purposes.
One was to allow the broadband borehole seismometer to record higher frequen-
cies (<8 Hz) characteristic of Oklahoma earthquakes. The other was to make the
signals compatible for the GSETT-3 (Group of Scientific Experts Technical Test-3),
which begins in 1995. GSETT-3 is a prototype international seismic-monitoring
system to detect underground nuclear tests. Data segments will be copied auto-
matically and sent to the International Data Center by Internet without affecting
the recording and analysis of Oklahoma earthquakes.

An Internet gopher server running on a Sun Sparc SLC allows anyone on the
Internet to copy digital data on disk, as well as several documents such as the Okla-
homa Earthquake Catalog in one single list, or a series of two-year lists. The gopher
can be contacted with “gopher (space) wealaka.okgeosurveyl.gov” or using WWW
clients with “gopher:/ /wealaka.okgeosurveyl.gov/”. The broadband signals are sel-
dom used in the study of Oklahoma earthquakes; the long-period signals are never
used. The short-period signals are particularly useful in calculating the direction of
arrival of waves by digital calculation of polarization.

The LNO station has a Geotech 20171A seismometer in a 4.5-m-deep borehole
and two Geotech 23900 (a deep-hole version of the 20171A) seismometers at 432-
and 748-m depths in a borehole that is 1 m away from the 4.5-m-deep hole. The
LNO equipment is provided and partially supported by Lawrence Livermore Na-
tional Laboratories. The three LNO signals are digitized by a second RDAS near the
borehole and recorded and archived at 60 samples per second. This allows record-
ing of higher frequency waves than is possible with the 40-sample-per-second
data. The higher frequencies are particularly prominent in nearby (Oklahoma and
adjacent areas) earthquakes. At frequencies above 10 Hz, the high-frequency back-
ground noise produced by wind and cultural activity is almost absent at the 748-m-
deep sensor. It is particularly important for recording signals from smaller Okla-
homa earthquakes, which are very difficult to see on seismograms from near-sur-
face seismometers.

RLO, VVO, and SIO have Geotech S-13 seismometers in shallow tank vaults. The
seismic signals are amplified and used to frequency modulate an audio tone that is
transmitted to Leonard with 500-mW FM transmitters at various frequencies in the
216-220-mHz band. The signals are received by antennas on a 40-m-high tower at
Leonard, the tones are discriminated to produce a voltage which is proportional to
the remote seismometer voltage, and the voltages are digitized at 40 samples per
second by the vault RDAS.

A fourth radio-telemetry station, FNO, was installed in central Oklahoma on
April 28, 1992. The seismometer, Geotech S-13, is located on a concrete pad, ~7 km
northeast of the Oklahoma Geological Survey’s (OGS) building. A discriminator
converts the audio-signal frequency fluctuations to a voltage output. The voltage-
output is amplified and recorded by a Sprengnether MEQ-800 seismograph re-
corder (located in an OGS display case) at 60 mm/min trace speed.

In the Leonard vault, seven additional seismometers produce analog (wiggly-
line) recordings on paper-drum recorders. Eleven such recordings are produced,
five of which are the proper frequencies to record some aspect of nearby earth-
quakes. One paper recording is produced from each of RLO, VVO, and SIO. There
are no LNO paper records. The paper records are used as a digital system backup,
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and to scan for earthquakes faster than is possible on computer screens.

In addition to the digital and analog seismograms recorded at the OGS Obser-
vatory, seismograms are recorded by six volunteer-operated seismographs. Each
consists of a Geotech S-13 short-period vertical-motion-sensing seismometer in a
shallow tank vault, or in an abandoned mine shaft (station MEO) or large-diameter,
hand-dug, shallow water well (station UYO). A new station, CCOK, opened on Au-
gust 10, 1994, at Camp Classen (YMCA Camp) in Murray County. This station is
operated by Jim Parry and his staff. (Red Rock Canyon station, RRO, has been
closed.) The seismometer signal runs through 200-1,800 ft of cable in surface PVC
conduit to the volunteer’s house or other building. The volunteer has a Spreng-
nether MEQ-800B timing system amplifier-filter-drum recorder, which records 24
hours of seismic trace at 1 mm/min in a spiral path around the paper on the drum.
The times are set by a time signal radio receiver tuned to the National Institute of
Standards and Technology and high-frequency radio station WWV. The volunteers
mail in the seismograms weekly (or more often, if requested).

Data Reduction and Archiving

Seismic traces from the TUL vault vertical seismometer (TUL sz), the deepest
borehole short-period vertical seismometer of station LNO (LNO/sz1) and one
radio-telemetry site (usually VVO) are displayed on a 19-in. monitor on the Sun
Sparc 2+. The traces are band passed through 0.4-4.0-Hz digital filters and are dis-
played in 90-min segments. A fourth, long-period vertical trace is displayed, but it
records only waves from distant earthquakes. The 90-min traces are fuzzy lines
with spikes showing signals above the noise. Distant earthquakes of magnitude
>5.0 are usually identifiable by the shape of the spike and the following long-period
surface waves. Other spikes represent local or regional earthquakes or surface-
mine blasts. There are from 10 to 30 recordable surface-mine blasts each weekday,
two to five on Saturday, and one or two on Sunday.

The monitor display is zoomed on a 60-sec segment surrounding each spike,
and the event is identified by its appearance. If it is a P-wave from a distant earth-
quake, the display is zoomed to 15 sec and the arrival time, frequency, amplitude,
and polarization (direction) are measured, calculated, and recorded for transmis-
sion to international data centers.

If a spike is identified as a possible near or regional earthquake, nine traces are
displayed on the monitor (TUL sz, sn, s€; LNO szl, sz2, sz3; RLO sz; VVO sz; SIO sz).
They are then filtered and unfiltered repeatedly to enhance and identify the
phases. One set of filters, developed at NORESS (Norwegian Experimental Seismic
System) is described by Mykkeltveit and others (1990). Using the time interval be-
tween phases, the distance can be determined; the direction is determined from
polarization (using the TUL vault vertical, north-south, and east-west signals). The
distance and direction give an approximate location, which is then improved by
incorporating arrival times from remote sites RLO, VVO, and SIO. At this point, a
short press release is issued from the OGS offices at Norman. Paper seismograms
also are searched for regional and local earthquakes. At times, a small earthquake
may be spotted initially only on the digital system or only on paper seismograms.

The next stage is de-archiving digital data from the nine short-period signals
(listed in the preceding paragraph). These are put in a permanent named disk file
and indexed in the on-line Oracle™ data base.
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TABLE 2. — OKLAHOMA EARTHQUAKE CATALOG FOR 1994

Event Date and origin time Intensity Magnitudes Latitude Longitude Depth
no. (UTC)? County MMP 3Hz bLg DUR degN degW (km)°©
1018 JAN11 01183450 McClain — 2.2 2.6 2.4 34.976 97.416 5.0R
1019 JAN16 200648.31 Major —_ 2.1 2.0 2.1 36.402 98.115 5.0R
1020 FEBO5 045333.11 Caddo — 2.0 1.4 34.946 98.155 5.0R
1021 FEBO06 122824.08 Creek — 1.8 1.4 1.8 35.683 96.370 5.0R
1022 FEB24 17110242 Grady — 1.9 1.9 2.4 35.370 98.063 5.0R
1023 FEB24 234239.48 Grady — 2.1 2.6 2.6 34.773 97.686 5.0R
1024 FEB25 163801.35 Pontotoc — 2.0 2.1 2.3 34.820 96.588 5.0R
1025 FEB25 223716.50 Pontotoc — 1.2 1.8 34.880 96.628 5.0R
1026 FEB25 234758.64 Grady — 2.0 1.8 2.2 34.771 97.680 5.0R
1027 MARO04 224254.65 Roger Mills — 1.8 35.882 99.951 5.0R
1028 MARO06 020012.12 Roger Mills — 1.9 35.824 99.787 5.0R
1029 MAR11 153106.13 Harper — 2.2 . 36.734 99.689 5.0R
1030 MAR24 045301.75 RogerMills — 2.1 35.824  99.834 5.0R
1031 MAR24 111446.47 Custer — 23 35721  98.944 5.0R
1032 APRO5 091447.47 Custer — 2.0 35.547 98.819 5.0R
1033 APRO05 091857.45 McClain — 1.7 1.6 2.0 35.023 97.559 5.0R
1034 APR14 215005.13 Grady — 2.4 2.3 2.3 34.690 97.725 5.0R
1035 APR14 22222025 Stephens — 1.9 2.0 2.2 34.641 97.743 5.0R
1036 APR14 223621.67 Stephens — 2.7 2.7 2.2 34.643 97.733 5.0R
1037 APR14 235555.04 Stephens — 1.9 1.8 34.391 97.774 5.0R
1038 APR15 011952.04 Stephens — 2.5 2.8 2.0 34.643 97.714 5.0R
1039 APR15 023300.11 Stephens — 2.1 1.9 1.9 34.580 97.630 5.0R
1040 APR15 034004.13 Grady — 2.3 2.2 1.7 34.687 97.706 5.0R
1041 APR15 03425227 Seminole — 1.7 35.195 96.626 5.0R
1042 APR15 035419.76 Grady — 2.0 1.3 35.055 98.012 5.0R
1043 APR15 040020.47 Blaine — 1.9 2.1 35.690 98.600 5.0R
1044 APR15 04144858 Blaine — 1.6 1.9 35.844 98.628 5.0R
1045 APR15 041740.38 Carter — 1.6 2.1 34.323 97.507 5.0R
1046 APR15 042052.14 Grady — 2.1 1.9 2.0 34.721 97.741 5.0R
1047 APR15 043826.53 Grady — 1.7 2.2 34.717 97.745 5.0R
1048 APR15 044345.62 Stephens — 2.2 25 2.1 34.670 97.741 5.0R
1049 APR15 052833.07 Stephens —_ 1.9 2.1 2.0 34.651 97.721 5.0R
1050 APR15 064010.25 Stephens — 1.9 1.9 2.3 34.627 97.710 5.0R
1051 APR15 081359.96 Stephens — 1.9 1.8 34.676 97.721 5.0R
1052 APR15 100441.88 Grady — 1.8 1.6 1.8 34.709 97.878 - 5.0R
1053 APR15 115255.26 Grady —_ 1.7 2.1 34.690 97.749 5.0R
1054 APR15 142720.12 Stephens — 2.3 34.648 97.737 5.0R
1055 APR15 163752.73 Grady — 2.3 2.1 1.8 34.682 97.721 - 5.0R
1056 APR15 173214.11 Grady — 2.0 1.6 34.726 97.682 5.0R
1057 APR15 19461443 Stephens — 2.8 1.9 34.601 97.713 5.0R
1058 APR15 22131833 Stephens — 2.3 1.8 34.674 97.710 5.0R
1059 APR15 234045.41 Stephens — 2.0 1.9 34.612 97.710 5.0R
1060 APR16 013556.69 Stephens — 2.1 1.9 1.8 34.565 97.694 5.0R
1061 APR16 04154530 Grady — 1.6 1.9 34.731 97.731 5.0R
1062 APR16 072029.99 Stephens — 3.1 2.9 2.7 34.663 97.713 5.0R
1063 APR26 134507.07 Garvin —_ 2.1 34.823 97.655 5.0R
1064 APR26 151016.32 Grady — 2.2 2.0 1.9 34.862 97.702 5.0R
1065 APR26 164113.13 Garvin — 2.0 1.8 1.8 34.854 97.655 5.0R
1066 APR27 060014.53 Garvin — 1.6 2.1 34.826 97.632 5.0R
1067 APR29 032859.63 GGarfield F 2.8 2.5 36.203 98.052 5.0R
1068 MAYO03 180503.13 Carter — 1.9 1.6 34.190 97.100 5.0R
1069 MAYO04 061425.16 Garvin — 1.6 1.6 2.2 34.737 97.655 5.0R
1070 MAY04 075927.74 Stephens — 1.6 1.7 34.651 97.647 5.0R
1071 MAYO04 084743.32 Garvin — 1.8 1.7 1.8 34.791 97.647 5.0R
1072 MAY04 090526.84 Garvin — 2.0 1.6 1.9 34.787 97.647 5.0R
1073 MAYO04 10184270 Canadian — 1.7 1.6 35.448 98.061 5.0R
1074 MAYO04 163446.58 Garvin — 2.3 34.760 97.632 5.0R
1075 MAY17 170921.65 Garvin — 2.2 2.0 34.659 97.490 5.0R
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1076 MAY 17 19530274 Garvin —_ 1.8 34.662 97.467 5.0R

1077 MAY23 170543.16 Canadian — 22 35565  98.102 5.0R
1078 MAY24 01073402 McClain — 1.6 22 34881  97.635 5.0R
1079 JUN21 031353.45 Carter — 1.4 1.5 34451  97.448 5.0R
1080 JULO4 07282838 Garvin — 28 27 23 34652  97.498 5.0R
1081 JULO8 01232622 LeFlore — 21 22 18 35134 94675 5.0R
1082 JUL13 .140555.29 Pontotoc — 21 16 19 34620 96561 5.0R
1083 JUL19 164436.36 McClain — 2.0 15 34863  97.584 5.0R
1084 JUL20 043758.89 McClain — 15 16 18 35113  97.539 5.0R
1085 AUGO3 114506.63 Johnston — 2.0 15 34403  96.753 5.0R
1086 AUGO08 125546.00 Beckham — 1.8 35159  99.960 5.0R
1087 AUG15 02193294 McClain — 24 18 19 34935  97.268 5.0R
1088 AUG17 012359.40 Tillman — 1.6 34534  99.085 5.0R
1089 AUG24 040350.66 Stephens — 1.4 16 34453  97.651 5.0R
1090 AUG25 044500.47 Garvin — 22 21 20 34679 97473 5.0R
1091 SEP06 14173528 McClain — 23 17 19 34912  97.460 5.0R
1092 SEP23 07223593 Grady — 1.5 1.6 34776  97.682 5.0R
1093 SEP23 092443.65 Grady - 20 34768  97.710 5.0R
1094 SEP23 11423892 Grady — 1.8 34815  97.684 5.0R
1095 SEP23 21365326 Grady — 1.7 34754  97.690 5.0R
1096 SEP24 064714.63 Grady — 1.6 1.6 34823  97.690 5.0R
1097 SEP24 14265338 Grady — 1.7 34815  97.710 5.0R
1098 SEP24 150633.47 Grady — 25 23 16 34831  97.686 5.0R
1099 SEP26 08310552 Carter — 1.4 1.5 34288  96.987 5.0R
1100 SEP30 030730.47 McClain — 22 18 19 34867  97.447 5.0R
1101 SEP30 150102.00 Murray — 1.5 34401  97.147 5.0R
1102 OCT Ol 045446.13 McClain — 27 26 21 34882  97.494 5.0R
1103 OCTO05 08344223 Pontotoc — 1.9 22 34820 96811 5.0R
1104 OCT13 135143.61 Garvin — 1.9 20 34531  97.447 5.0R
1105 OCT13 165446.69 Garvin — 26 25 19 34679 97471 5.0R
1106 OCT15 20394754 Garvin — 2.2 20 34601  97.471 5.0R
1107 NOV13 163326.96 Dewey — 22 35954  99.058 5.0R
1108 NOV15 034249.01 Okfuskee — 16 14 16 35503  96.350 5.0R
1109 NOV30 082927.58 Grady — 20 17 17 34848  97.687 5.0R
1110 DEC13 103206.72 Caddo — 1.4 21 34868 98471 5.0R
1111 DEC20 041222.08 Garvin — 20 34794 97523 5.0R
1112 DEC20 041509.08 Garvin — 1.8 34805 97519 5.0R
1113 DEC20 041939.28 Garvin — 1.9 34830  97.534 5.0R
1114 DEC20 04293896 Garvin — 20 34759  97.538 5.0R
1115 DEC20 044916.15 Garvin — 1.8 34770  97.523 5.0R
1116 DEC20 050619.62 Garvin — 1.8 34792  97.503 5.0R
1117 DEC20 050903.30 Garvin — 1.8 21 34759 97519 5.0R
1118 DEC20 055604.50 Garvin — 22 34778 97531 5.0R
1119 DEC20 060019.43 Garvin — 1.5 1.8 34762  97.531 5.0R
1120 DEC20 06342722 Garvin — 15 1.7 34794 97531 5.0R
1121 DEC20 17330862 Garvin — 1.8 34762  97.491 5.0R
1122 DEC20 22043640 Murray — 16 20 16 34395  97.296 5.0R
1123 DEC21 083826.66 Garvin — 20 17 18 34739  97.503 5.0R
1124 DEC22 033439.81 Garvin — 1.4 1.7 34776  97.521 5.0R
1125 DEC22 141259.63 Garvin — 20 17 19 34692  97.468 5.0R
1126 DEC?22 143726.40 Garvin — 17 34718  97.501 5.0R
1127 DEC22 154316.13 Garvin — 25 34700  97.499 5.0R
1128 DEC23 11410236 Garvin — 17 16 18 34671 97479 5.0R
1129 DEC23 215616.89 Garvin — 25 22 20 34671  97.463 5.0R
1130 DEC30 08264452 Garvin — 21 17 18 34729  97.655 5.0R

aTC refers to Coordinated Universal Time, formerly Greenwich Mean Time. The first two digits refer to the hour
on a 24-hour clock. The next two digits refer to the minute, and the remaining digits are the second. To convert
to local Central Standard Time, subtract 6 hours.

bModified Mercalli (MM) earthquake-intensity scale (see Table 4).

The hypocenter is restrained (R) at an arbitrary depth of 5.0 km, except where indicated, for purposes of com-
puting latitude, longitude, and origin time.
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TABLE 3. — EARTHQUAKE THAT WAS REPORTED FELT IN OKLAHOMA, 1994

Event Date and origin time Intensity
no. (UTC)? Nearest city County MMP
1067 APR29  032859.63 26 km SW Enid Garfield felt

3UTC refers to Coordinated Universal Time, formerly Greenwich Mean Time. The first two digits refer to the hour
on a 24-hour clock. The next two digits refer to the minute, and the remaining digits are the second. To convert
to local Central Standard Time, subtract 6 hours.

bModified Mercalli (MM) earthquake-intensity scale (see Table 4).

Each quarter, paper seismograms from all volunteer stations and from Observa-
tory seismograms are carefully searched for local earthquakes. Arrival times are
measured and added to those already determined from the digital system. As many
as two or three additional earthquakes may be found. These are de-archived from
Exabyte™ tapes for digital system analysis.

Arrival times, signal durations, and various signal amplitudes are entered into a
location program running on a Hewlett-Packard 9825T computer. After each loca-
tion is finalized, it is entered into an Oklahoma earthquake catalog maintained by
Hewlett-Packard 9825T and linked 9835A computers. This catalog is used to pro-
duce lists (by date, by county, by latitude-longitude rectangle, and several other
choices), and to produce maps with a six-color Hewlett-Packard 7975A plotter.

Earthquake Distribution

All Oklahoma earthquakes recorded on seismograms from three or more sta-
tions are located. In 1994, 113 Oklahoma earthquakes were located (Fig. 2; Table 2).
One earthquake was reported felt (Table 3). The felt and observed effects of earth-
quakes are generally given values according to the Modified Mercalli intensity
scale, which assigns a Roman numeral to each of 12 levels described by effects on
humans, man-made constructions, or natural features (Table 4).

The felt area for the earthquake listed in Table 3, Garfield County earthquake
(event no. 1067), was probably restricted to a few tens of square kilometers away
from the epicentral location. No damage was reported.

Earthquake-magnitude values range from a low of 1.2 (m3Hz) in Pontotoc
County to a high of 3.1 (m3Hz) in Stephens County. An unusually high number—

72—of earthquakes were located in Garvin (33), Grady (22), and Stephens (17)
Counties in 1994. However, most of the earthquake activity in these counties oc-
curred in three time intervals. From April 14 to 16, 25 earthquakes were located in
northeastern Stephens County and southeastern Grady County. A second earth-
quake swarm occurred in southeastern Grady County between September 23 and
24. Western Garvin County experienced 18 earthquakes between December 20 and
23. Nine earthquakes were located in McClain County; Carter and Pontotoc Coun-
ties experienced four earthquakes; three earthquakes were located in Roger Mills
County; Canadian, Caddo, Custer, and Murray Counties each experienced two
earthquakes.
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TABLE 4. — MODIFIED MERCALLI (MM) EARTHQUAKE-INTENSITY SCALE
(Abridged) (Modified from Wood and Neumann, 1931)

I Not felt except by a very few under especially favorable circumstances.

II Felt only by a few persons at rest, especially on upper floors of buildings. Sus-
pended objects may swing.

III Felt quite noticeably indoors, especially on upper floors of buildings. Auto-
mobiles may rock slightly.

IV During the day felt indoors by many, outdoors by few. At night some awak-
ened. Dishes, doors, windows disturbed. Automobiles rocked noticeably.

V Felt by nearly everyone, many awakened. Some dishes, windows, etc., broken;
unstable objects overturned. Pendulum clocks may stop.

VI Felt by all; many frightened and run outdoors.

VII Everybody runs outdoors. Damage negligible in buildings of good design and
construction. Shock noticed by persons driving automobiles.

VIII Damage slight in specially designed structures; considerable in ordinary
substantial buildings; great in poorly built structures. Fall of chimneys, stacks,
columns. Persons driving automobiles disturbed.

IX Damaged considerable even in specially designed structures; well-designed
frame structures thrown out of plumb. Buildings shifted off foundations.
Ground cracked conspicuously.

X Some well-built wooden structures destroyed; ground badly cracked, rails
bent. Landslides and shifting of sand and mud.

XI Few if any (masonry) structures remain standing. Broad fissures in ground.
XII Damage total. Waves seen on ground surfaces.

Catalog

A desktop computer system, including linked HP-9825T and HP-9835A comput-
ers, hard and flexible disks, and printers, is used to calculate and catalog local
earthquake epicenters. Any earthquake within Oklahoma or within about 100-200
km of Oklahoma’s borders is considered a local earthquake. A catalog containing
date, origin time, county, intensity, magnitude, location, focal depth, and refer-
ences is printed in page-sized format. Table 2 contains 1994 Oklahoma earthquake
data displayed in a modified version of the regional earthquake catalog. Each event
is sequentially numbered and arranged according to date and origin time. The
numbering system is compatible with the system used by Lawson and Luza (1980-90,
1993,1994), Lawson and others (1991,1992), and for the Earthquake Map of Okla-
homa (Lawson and Luza, 1995). ,

The date and time are given in UTC. UTC refers to Coordinated Universal Time,
formerly Greenwich Mean Time. The first two digits refer to the hour on a 24-hour
clock. The next two digits refer to the minute, and the remaining digits are the sec-
onds. To convert to local Central Standard Time, subtract 6 hours.
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Earthquake magnitude is a measurement of energy and is based on data from
seismograph records. The magnitude of a local earthquake is determined by taking
the logarithm (base 10) of the largest ground motion recorded during the arrival of
a seismic-wave type and applying a standard correction for distance to the epi-
center. When the magnitude value is increased one unit, the amplitude of the
earthquake waves increases 10 times. There are several different scales used to re-
port magnitude. Table 2 has three magnitude scales, which are mbLg (Nuttli),
m3Hz (Nuttli), and MDUR (Lawson). Each magnitude scale was established to ac-
commodate specific criteria, such as the distance from the epicenter, as well as the
availability of certain seismic data.

For earthquake epicenters located 11-222 km from a seismograph station, Otto
Nuttli developed the m3Hz magnitude scale (Zollweg, 1974). This magnitude is de-
rived from the following expression:

m3Hz=10g(A/T)-1.63 +0.87 log(A),

where A is the maximum center-to-peak vertical-ground-motion amplitude sus-
tained for three or more cycles of Lg waves, near 3 Hz in frequency, measured in
nanometers; T is the period of the Lg waves measured in seconds; and A is the
great-circle distance from epicenter to station measured in kilometers.

In 1979, St. Louis University (Stauder and others, 1979) modified the formulas
for m3Hz. This modification was used by the OGS Observatory beginning January
1, 1982. The modified formulas had the advantage of extending the distance range
for measurement of m3Hz out to 400 km, but alsd.had the disadvantage of increas-
ing m3Hz by about 0.12 units compared to the previous formula. Their formulas
were given in terms of log (A) but were restricted to wave periods of 0.2-0.5 sec. In
order to use log(A/T), we assumed a period of 0.35 sec in converting the formulas
for our use. The resulting equations are:

(epicenter 10-100 km from a seismograph)
m3Hz = log(A/T) - 1.46 + 0.88 log(A)

(epicenter 100—200 km from a seismograph)
m3Hz = log(A/T) - 1.82 + 1.06 log(A)

(epicenter 200—400 km from a seismograph)
m3Hz = log(A/T) - 2.35 + 1.29 log(A).

Otto Nuttli’s (1973) earthquake magnitude, mbLg, for seismograph stations lo-
cated between 55.6 and 445 km from the epicenter, is derived from the following
equation:

mbLg = 1og(A/T) - 1.09 + 0.90 log(A).

Where seismograph stations are located between 445 and 3,360 km from the
epicenter, mbLg is defined as:

mbLg = 1og(A/T) - 3.10 + 1.66 log(A),

where A is the maximum center-to-peak vertical-ground-motion amplitude sus-
tained for three or more cycles of Lg waves, near 1 Hz in frequency, measured in
nanometers; T is the period of Lg waves measured in seconds; and A is the great-
circle distance from epicenter to station measured in kilometers. ‘

The MDUR magnitude scale was developed by Lawson (1978) for earthquakes in
Oklahoma and adjacent areas. It is defined as:
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MDUR = 1.86 log(DUR) — 1.49,

where DUR is the duration or difference, in seconds, between the Pg-wave arrival
time and the time the final coda amplitude decreases to twice the background-noise
amplitude. Before 1981, if the Pn wave was the first arrival, the interval between the
earthquake-origin time and the decrease of the coda to twice the background-
noise amplitude was measured instead. Beginning January 1, 1982, the interval
from the beginning of the P wave (whether it was Pg, P* or Pn) to the decrease of
the coda to twice the background-noise amplitude was used.

The depth to the earthquake hypocenter is measured in kilometers. For most
Oklahoma earthquakes the focal depth is unknown. In almost all Oklahoma events,
the stations are several times farther from the epicenter than the likely depth of the
event. This makes the locations indeterminate at depth, which usually requires that
the hypocenter depth be restrained to an arbitrary 5 km for purposes of computing
latitude, longitude, and origin time. All available evidence indicates that no Okla-
homa hypocenters have been deeper than 15-20 km.

Earthquake detection and location accuracy have been greatly improved since
the installation of the statewide network of seismograph stations. The frequency of
earthquake events and the possible correlation of earthquakes to specific tectonic
elements in Oklahoma are being studied. It is hoped that this information will pro-
vide a more complete data base that can be used to develop numerical estimates of
earthquake risk, giving the approximate frequency of the earthquakes of any given
size for various regions of Oklahoma. Numerical risk estimates could be used for
better design of large-scale structures, such as dams, high-rise buildings, and
power plants, as well as to provide the necessary information to evaluate insur-
ance rates.
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OKLAHOMA’S FDD OIL RESERVOIR PROJECT

WORKSHOPS SCHEDULED

A series of workshops to be launched
in June 1995 in Norman, Oklahoma,
will feature the findings of the ongoing
Fluvial-Dominated Deltaic Oil Reser-
voir project. This project involves staff
from the Oklahoma Geological Survey
(OGS), the University of Oklahoma
Geological Information Systems, and
OU’s School of Petroleum and Geologi-
cal Engineering. Overall project direc-
tion is provided by Charles J. Mankin,
OGS Director and State Geologist.

Primary funding for the project,
which began in 1993, is provided
through a grant from the Department
of Energy’s Bartlesville Project Office
and by matching State funds. Other
funding has included private contribu-
tions of software and equipment.

For purposes of this project, fluvial-
dominated deltaic (FDD) reservoirs are
interpreted to consist of sandstone that
was deposited in a deltaic or strictly flu-
vial environment. Oklahoma’s FDD
reservoirs are Pennsylvanian in age and
primarily are within the Cherokee
Group. In Oklahoma, light-oil produc-
tion from the nearly 1,000 fluvial-domi-
nated deltaic reservoirs is a major com-
ponent of the State’s total crude oil out-
put and provides an estimated 15% of
the State’s total production.

The project has identified all FDD
reservoirs in the State of Oklahoma and
grouped them into plays with similar
exploration and development charac-
teristics. The project team is collecting,
organizing, and analyzing all available
data on these reservoirs and conduct-
ing characterization and simulation
studies on selected reservoirs in each
play. Lead geologists on the project
team are Rick Andrews, Jock Campbell,
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and Robert Northcutt. The project’s
petroleum engineer is Roy Knapp.

The next phase of the project is a
technology-transfer program to help
the operators of FDD reservoirs use this
information to sustain the life expect-
ancy of existing wells and increase oil
recovery. The elements of the technol-
ogy-transfer phase of the program in-
clude developing and publishing play
folios, holding workshops to release
play analyses and identify opportuni-
ties in each of the plays, and establish-
ing a publicly accessible computer
laboratory.

There will be eight workshops, focusing
on the following plays:

¢ Morrow play—June 1, 1995

¢ Booch play—August 31, 1995

¢ Layton & Osage-Layton play—
November 1995

¢ Prue & Skinner play—February
1996

¢+ Cleveland and Peru plays—May
1996

¢ Red Fork play—August 1996
+ Bartlesville play—November 1996
¢ Tonkawa play—February 1997

The computer lab will contain all the
data files for the plays, as well as other
oil and gas data files for the State, and
the necessary software to analyze the
information. Technical support staff
will be available to assist interested op-
erators in the evaluation of their pro-
ducing properties, and professional
geological and engineering outreach
staff will be available to assist operators
in determining appropriate improved
recovery technologies for those proper-



ties. The lab will be equipped with PCs,
plotters, laser printers, CD-ROM read-
ers, and scanning and digitizing equip-
ment. Geology-related mapping soft-
ware, such as GeoGraphix, ARC/INFO,
ArcView, Surfer, Atlas MapMaker for
Windows and Radian CPS/PC, will be
available for public use. Access to data
will be through menu-driven screen
applications that can be used by com-
puter novices as well as experienced
users. The lab opens June 1, 1995, and

at a future date, it will be possible to ac-

cess the facility from other locations
through remote modems and, eventu-
ally, Internet.

The FDD project has the potential of
assisting several thousand operators in
Oklahoma by providing them with
practical ways to improve production
from existing leases and/or to reduce
operating costs. Currently .
available technologies can im-
prove recovery factors in these
FDD reservoirs if enough in-
formation is available to de-
termine the most appropriate
course of action for the inde-
pendent operator. This proj-
ect will develop the needed
reservoir-level information,
and staff will advise interested
operators about the imple-
mentation of appropriate im-
proved-recovery technologies.

Most FDD reservoir produc-
tion in Oklahoma is by small
companies and independent
operators who usually do not
have ready access to the infor-
mation and technology re-
quired to maximize exploita-
tion of these reservoirs. Thus,
production from FDD oil res-
ervoirs in Oklahoma is at high
risk because individual well
production commonly is low

(1-3 barrels per day) and operating
costs are high. Declines in crude oil
prices or increases in operating costs
can cause an increase in well-abandon-
ment rates. Without positive interven-
tion, most of the production from Okla-
homa FDD reservoirs will be aban-
doned by the beginning of the next
century.

The FDD Reservoir Project, through
its technology-transfer workshops,
publications, and computer lab, has the
potential to assist several thousand op-
erators in Oklahoma by providing them
practical ways to improve production
from existing leases and/or to reduce
operating costs. Successful implemen-
tation of appropriate improved-recov-
ery technologies could sustain produc-
tion from FDD reservoirs throughout
much of the 21st century.
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GS Puplication

GEoLoGIc MAP GM-35. Earthquake Map of Oklahoma,
by James E. Lawson, Jr., and Kenneth V. Luza. One sheet, folded
in envelope, scale 1:500,000. Price: $6.

A complete listing of known Oklahoma earthquakes and their intensities and
magnitudes, keyed to map locations, is presented in this 63%- x 38%%-inch, four-
color map, printed at a scale of 1:500,000 (1 inch equals ~8 miles). Earthquake epi-
centers are arranged into four color-coded groups according to their intensity val-
ues and the time periods in which they occurred. Each time period represents a
major change in seismic instrumentation that resulted in improved earthquake de-
tection and location accuracy; the period beginning in 1977, when a statewide net-
work of seismograph and radio-telemetry stations was put in place, shows the
greatest amount of earthquake activity. Out of 1,015 earthquakes recorded since
1897, 888 occurred between 1977 and 1993. One of the most active areas in the
State is within a zone situated between Norman and Pauls Valley.

A 44-page booklet, the “Oklahoma Earthquake Catalog,” accompanies the map
and contains a listing of all recorded Oklahoma earthquakes, with intensities and
magnitudes, through 1994. The booklet also offers information on Oklahoma’s tec-
tonic setting, seismic network, data reduction and archiving methods, distribution
of earthquakes, and a glossary of terms.

From 1882 to 1994, 132 Oklahoma earthquakes were reported felt. The earliest
earthquake able to be located in Oklahoma occurred near Jefferson, in Grant
County, on December 2, 1897. The largest known Oklahoma earthquake occurred
near El Reno, Canadian County, on April 9, 1952, and was felt as far away as Austin,
Texas, and Des Moines, lowa. Each year, approximately 50 earthquakes are located
in Oklahoma; of these, only one or two (on average) are reported felt.

Currently, 11 widely separated locations in Oklahoma record ground motion.
The main recording and research station, the Oklahoma Geological Survey Obser-
vatory at Leonard, near Tulsa, was built in 1961 for Jersey Production Research Co.
(now Exxon). Since July 1, 1978, the Observatory has been a part of the Oklahoma
Geological Survey’s research program.

Authors of the map and booklet are James E. Lawson, Jr., chief geophysicist at
the OGS Observatory, and Kenneth V. Luza, OGS engineering and environmental
geologist. The map provides basic data to help evaluate the State’s earthquake
potential, which is especially useful in determining selection of sites for major con-
struction projects.

GM-35 can be purchased over the counter or by mail from the Survey at 100 E.
Boyd, Room N-131, Norman, OK 73019; phone (405) 325-3031 or (800) 330-3996;
fax 405-325-7069. Add 10% to the cost of publication(s) for mail orders, with a
minimum of 50¢ per order. '
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ON NEW PUBLICATIONS

Hydrogeology of the Chickasaw National Recreation Area,
Murray County, Oklahoma

Prepared in cooperation with the National Park Service, this 86-page USGS re-
port by Ronald L. Hanson and Steven W. Cates presents an assessment of the water
resources in the Chickasaw National Recreation Area and vicinity. The park was es-
tablished in 1902 to preserve freshwater and mineral springs that flow into Rock
Creek and its principal tributary, Travertine Creek, but over the years the discharge
from the park’s springs and wells has declined substantially. Because of the appar-
ent continued decline in the spring flows and possible future stresses on the hydro-
logic system by ground-water pumping, this study was undertaken to compile and
appraise information about the hydrogeology of the CNRA and adjoining areas.
The scope of the study included an evaluation of the quantity and quality of stream
flow, spring flows, and artesian well flows; it also evaluated the effect of local
ground-water pumping on the hydrologic system.

Order WRI 94-4102 from: U.S. Geological Survey, Water Resources Division, 202
N.W. 66th St., Bldg. 7, Oklahoma City, OK 73116; phone (405) 843-7570, fax 405-
843-7712. A limited number of copies are available free of charge.

Steady-State Simulation of Ground-Water Flow in the Blaine
Aquifer, Southwestern Oklahoma and Northwestern Texas

The Blaine aquifer, which supplies water for the irrigation of ~200,000 acres in
Oklahoma and northwestern Texas, is the subject of this USGS open-file report,
written by D. L. Runkle and J. S. McLean. The Okahoma Water Resources Board re-
quires information on the ability of the aquifer to sustain development. The USGS
worked in cooperation with the Oklahoma Water Resources Board and the Okla-
homa Geological Survey to define ground-water flow in the aquifer. As part of the
study, a generalized finite-difference ground-water flow model was prepared for
the Blaine aquifer and is available for use and modification. The study area in-
cludes the most productive parts of the Blaine aquifer, covering ~4,400 mi? in all or
part of Harmon, Jackson, and Greer Counties in Oklahoma, and all or part of
Hardeman, Collingsworth, and Childress Counties in Texas.

Order OF 94-387 from: U.S. Geological Survey, Water Resources Division, 202
N.W. 66th St., Bldg. 7, Oklahoma City, OK 73116; phone (405) 843-7570, fax 405-
843-7712. A limited number of copies are available free of charge.

New OGS Publication List Available

The Oklahoma Geological Survey has recently updated its List of Available
Publications. The list can be obtained free of charge by contacting the OGS
Publication Sales Office at 100 E. Boyd, Room N-131, Norman, OK 73019; |

L phone (405) 325-3031 or (800) 330-3996; fax 405-325-7069.
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OKLAHOMA Rock CLUBS

Ada Hardrock & Fossil Club

923 E. 34th St.

Ada, Oklahoma 74820

Meets 2nd Thursday, 7:30 p.m.
Place varies

President: Doug Kreis

(405) 436-1655

Enid Gem & Mineral Society
2614 W. Oklahoma
Enid, Oklahoma 73703
Meets 1st Thursday, 7:30 p.m.
Hoover Building
Garfield County Fairgrounds
President: George Salwaechter

(405) 237-9525

McCurtain County Gem & Mineral Club
406 S.E. Ave. “E”
Idabel, Oklahoma 74745
Meets 3rd Tuesday, 7:30 p.m.
Idabel Public Library
President: Cephis Hall

(405) 494-6612

Mount Scott Gem & Mineral Society
44 N.W. 29th St.
Lawton, Oklahoma 73505
Meets 4th Friday, 7:00 p.m.
Lawton Town Hall
5th St. and “B” Ave.
President: Richard Robinson

(405) 355-9081

N.W. Arkansas Gem & Mineral Society
Route 1, Box 288A

Colcord, Oklahoma 74338

President: John Moose

(501) 524-4027

Oklahoma Mineral & Gem Society

P.O. Box 25632

Oklahoma City, Oklahoma 73125

Meets 3rd Thursday, 7:30 p.m.
Will Rogers Garden Center
3400 N.W. 36th

President: Paul Cinnamon

(405) 751-4967
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Osage Hills Gem & Mineral Society
P.O. Box 561
Bartlesville, Oklahoma 74005
Meets 3rd Thursday, 7:00 p.m.

First Presbyterian Church

5th and Dewey
President: Dave Kennedy

(918) 333-9709

Shawnee Gem & Mineral Club
10 Donna Lane
Shawnee, Oklahoma 74801
Meets 1st Tuesday, 7:30 p.m.
Northridge Church of Christ
President: Willogene Morris

(405) 386-2314

Stillwater Mineral & Gem Society
1116 S. Gray
Stillwater, Oklahoma 74074
Meets 4th Thursday

First United Methodist Church
President: John Osborne

(405) 377-4288

Tahlequah Rock & Mineral Society
P.O. Box 932

Tahlequah, Oklahoma 74465
President: Betty Ruth Adams

(918) 456-5827

Tulsa Rock & Mineral Society

P.O. Box 2292

Tulsa, Oklahoma 74101

Meets 2nd Monday, 7:00 p.m.
Tulsa Downtown Library

President: Wayne Mouser

(918) 582-8700

State rock of Oklahoma, the barite rose.

We advise calling in advance to verify meeting times.



AAPG SOUTHWEST SECTION CONVENTION
Dallas/Fort Worth, Texas * June 3-7, 1995

Hosted by the Dallas Geological Society, the theme of this year’s AAPG South-
west Section Convention is “Discoverers of New Wealth.”

The program calls for papers and posters to be presented in technical ses-
sions dealing with hydrocarbon fundamentals, petroleum geology and eco-
nomics, environmental perspectives, geophysics, well-logging techniques, and
surface exploration and remote sensing.

Two field trips are planned. Par-
ticipants in the first trip will observe
sequence stratigraphy of Dallas
County; the second trip will visit the
dinosaur tracks of Glen Rose, Texas.

Five short courses are offered: (1)
integrated stratigraphic analysis, (2) ‘Bl
workstation techniques, (3) evalu- B A
ating carbonate reservoirs, (4) the SOUTHWEST SECTION
geologist as entrepreneur, and (5)
personal computers and geology.

For further information about the meeting, contact Robert W. Richter, En-
serch Exploration, Inc., 4849 Greenville Ave., Suite 1200, Dallas, TX 75206;
phone (214) 987-6304, fax 214-987-7706. The preregistration deadline is April 30.

.

OKiahoma Gity, Okahom, June 11,190

Sponsored by the Rocky Mountain Federation of Mineralogical Soci-
eties, Inc., and hosted by the Oklahoma Mineral and Gem Society, this
year’s show will be at the Oklahoma State Fair Park. |

For more information, contact Dan McLeﬁhaﬁ, Show Chalrman, Okla- |
homa Mineral and Gem Society, P.O. Box 26523, Oklahoma City, OK
73126; (405) 525-2692. . e R 8 W
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NG Weeting.s

5th ARCHIE Conference, “Visualization Technology to Find and Develop More
Oil and Gas,” May 14-18, 1995, The Woodlands, Texas. Information: American
Association of Petroleum Geologists, Education Dept., P.O. Box 979, Tulsa, OK
74101; (918) 584-2555, fax 918-584-0469.

Basement Tectonics, 12th International Conference, May 21-26, 1995, Norman,
Oklahoma. Information: M. Charles Gilbert, School of Geology and Geophysics,
810 Sarkeys Energy Center, University of Oklahoma, Norman, OK 73019; (405)
325-3253, fax 405-325-3140.

SEG International Field Conference on Carbonate-Hosted Lead-Zinc Deposits,
June 3-6, 1995, St. Louis, Missouri. Information: Martin Goldhaber, U.S. Geo-
logical Survey, MS 973, Box 25046, Federal Center, Denver, CO 80225; fax 303-
236-3200.

35th U.S. Symposium on Rock Mechanics, June 4-7, 1995, Lake Tahoe, Nevada.
Information: Jaak Daemen, Mining Engineering, MS 173, University of Nevada,
Reno, NV 89557; (702) 784-4309, fax 702-784-1766.

Clay Minerals Society, Annual Meeting, June 4-8, 1995, Baltimore, Maryland. In-
formation: Patricia Jo Eberl, Clay Minerals Society, P.O. Box 4416, Boulder, CO
80306; (303) 444-6405, fax 303-444-2260.

American Society for Surface Mining and Reclamation, Annual Meeting, June 5—
8, 1995, Gillette, Wyoming. Information: Gerald E. Schuman, Program Commit-
tee, 8408 Hildreth Rd., Cheyenne, WY 82009; (307) 772-2433, fax 307-637-6124.

Mine Development, Planning, and Operations Conference, June 6-8, 1995, Pitts-
burgh, Pennsylvania. Information: George Roman, Maclean Hunter Publishing
Co., 29 N. Wacker Dr., Chicago, IL 60606; (312) 609-4333, fax 312-726-4103.

American Society of Mechanical Engineers, Annual Meeting, June 11-15, 1995,
Kansas City, Missouri. Information: June Leach; phone (212) 705-7795, fax 212-
705-7856.

American Nuclear Society, Annual Meeting, June 11-16, 1995, Atlantic City, New
Jersey. Information: ANS, 555 N. Kensington Ave., La Grange Park, IL 60525;
(312) 352-6611.

7th International Symposium on the Ordovician System, June 12-16, 1995, Las
Vegas, Nevada. Information: Margaret Rees, Dept. of Geosciences, University of
Nevada, Las Vegas, NV 89154; (702) 895-3262, fax 702-895-4064.

Rapid Excavation and Tunneling Conference, June 18-22, 1995, San Francisco,
California. Information: Meetings Dept., Society for Mining, Metallurgy, and
Exploration, P.O. Box 625002, Littleton, CO 80162; (303) 973-9550, fax 303-979-
3461.

Heavy Oil, International Meeting, June 25-27, 1995, Calgary, Alberta. Information:
Society of Petroleum Engineers, Meetings and Exhibitions Dept., Box 833836,
Richardson, TX 75083; (214) 952-9393, fax 214-952-9435,

SEPM Research Conference, “Tongues, Ridges, Wedges: Highstand Versus Low
Stand Architecture in Marine Basins,” June 25-July 1, 1995, Thermopolis and
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Casper, Wyoming. Information: Beth Foyle, Dept. of Oceanography, Old Do-
minion University, Norfolk, VA 23508; (840) 683-4937, fax 804-683-5303.

International Union of Geodesy and Geophysics Meeting, July 2-14, 1995, Boul-
der, Colorado. Information: TUGG General Assembly, c/o American Geophysical
Union, 2000 Florida Ave. N.W., Washington, DC 20009; (202) 462-69300, fax 202-
328-0566.

American Association of Petroleum Geologists, Rocky Mountain Section Meeting,
July 16-19, 1995, Reno, Nevada. Information: Larry Garside, Nevada Bureau of
Mines and Geology, University of Nevada, Reno, NV 89557; (702) 784-6691.

Animal Wastes and the Land/Water Interface, Interdisciplinary Meeting, July 16—
19, 1995, Fayetteville, Arkansas. Information: Patti Snodgrass, Arkansas Water
Resources Center, 113 Ozark Hall, University of Arkansas, Fayetteville, AR 72701;
(501) 575-4403, fax 501-575-3846.

Energy Conversion Engineering Conference, July 31-August 4, 1995, Orlando,
Florida. Information: Marisa Scalice, American Society of Mechanical Engineers,
Meetings Dept., 345 E. 47th St., New York, NY 10017; (212) 705-7793, fax 212-
705-7856.

Ground Control in Mining Conference, August 1-3, 1995, Morgantown, West Vir-
ginia. Information: Syd S. Peng, Dept. of Mining Engineering, West Virginia
University, Box 6070, Morgantown, WV 26506; (304) 293-7680, fax 304-293-5708.

Soil and Water Conservation Society, 50th Anniversary Meeting, August 6-9, 1995,
Des Moines, Iowa. Information: Tim Kautza, Soil and Water Conservation Soci-
ety, 7515 N.E. Ankeny Rd., Ankeny, IA 50021; (800) 843-7645, ext. 12.

SEPM Congress on Sedimentary Geology, “Linked Earth Systems,” August 13-16,
1995, St. Petersburg, Florida. Information: Society for Sedimentary Geology,
1731 E. 71st St., Tulsa, OK 74136; (918) 493-3361 or (800) 865-9765, fax 918-493-
2093.

GSA Penrose Conference, “Fault-Related Folding,” August 22-27, 1995, Banff,
Alberta, Canada. Information: David Anastasio, Dept. of Earth and Environmen-
tal Sciences, Lehigh University, Bethlehem, PA 18015; (610) 758-5117, fax 610-
758-3677.

The Society for Organic Petrology, Annual Meeting, August 27-30, 1995, Houston,
Texas. Information: John R. Castafio, DGSI, 8701 New Trails Dr., The Wood-
lands, TX 77381; (713) 363-2176, fax 713-292-3528.

American Association of Petroleum Geologists, International Meeting, September
10-13, 1995, Nice, France. Information: AAPG Convention Dept., P.O. Box 979,
Tulsa, OK 74101; (918) 584-2555, fax 918-584-0469.

American Association of Petroleum Geologists, Mid-Continent Section Meeting,
October 8-10, 1995, Tulsa, Oklahoma. Information: Jean R. Lemmon, 1524 S.
Cheyenne, Tulsa, OK 74119; (918) 582-8904.

Rockhounds Workshop, October 28-29, 1995, Oklahoma City, Oklahoma. Infor-
mation: Kenneth S. Johnson or Neil H. Suneson, Oklahoma Geological Survey,
100 E. Boyd, Room N-131, Norman, OK 73019; (405) 325-3031or (800) 330-3996,
fax 405-325-7069.

Geological Society of America, Annual Meeting, November 6-9, 1995, New Orleans,
Louisiana. Abstracts due July 12, 1995. Information: GSA Meetings Dept., Box
9140, Boulder, CO 80301; (303) 447-2020 or (800) 472-1988, fax 303-447-0648.
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ﬁomﬂ ABSTRACTS

The following abstracts were presented as part of the Geology Section program
at the Oklahoma Academy of Science 83rd annual meeting, Norman, Oklahoma,
November 12, 1994.

The Relationships of Textures and Geochemistry of the Feldspar
Phases in the Mount Scott Granite, Wichita Mountains, Oklahoma

JONATHAN D. PRICE, JOHN P. HOGAN, and M. CHARLES GILBERT,
School of Geology and Geophysics, University of Oklahoma, Norman,
0K 73019 .

The Cambrian Mount Scott alkali feldspar granite of southwestern Oklahoma exhib-
its a variety of textures over a very limited range in bulk-rock composition. There are
five distinct feldspar populations in the rock texture: (1) early-crystallizing, ovoid-
shaped anorthoclase-K (now perthite); (2) abundant ovoid-shaped anorthoclase-N (now
antiperthite); (3) plagioclase rims on alkali feldspar (rapakivi); (4) anhedral to euhedral
plagioclase grains; and (5) late-crystallizing alkali feldspar. These comprise five geo-
chemical groups (Fig. 1). Large (1-5 mm), pink, ovoid-shaped perthites comprise 2—-6%
of the mode, varying greatly in composition from sample to sample (Orgoy9). Gray,
ovoid antiperthites (1-4 mm, 4-13% mode), many with pink rims, darken the rock.
Their geochemistry varies between Or,, and Or;s and are more ternary than their perth-
ite counterparts. Many ovoid crystals have plagioclase rims (~200y, Anyq »), that exhibit
an increase of plagioclase component from An,, ;, on rim margins, to An,;_, in the cen-
ter of the rim. Pink alkali feldspar (Orgy g0, 20-36% mode) and quartz nucleated around
the rims of the ovoids. Small plagioclase crystals (Ang ;5) are a minor phase and are
more abundant in microgra-
nitic samples.

Primary feldspar composi- An 50
tions have been altered by
susolidus re-equilibration. Ex-
solution of the anorthoclase-A
and anorthoclase-N crystals re-
sulted in perthite and anti- &
perthite grains. Results of two <
feldspar equilibration geother- P29

. Anorthoclase-N
¢ / Bulk CIPW

/ Norm Compostion

crans JH U 848

mometry data indicate un- : % Aﬂx Late K-spar

mixing continued until ~640°C. ) /

Readjustment of the feldspar Ab Anorthoclase-K Or

components may have pro- Fi . -

- . gure 1. Mount Scott feldspar geochemical compositions
c!uced th‘? comp OSIPOHal varia- plotted on a partial feldspar ternary diagram (An = Anor-
tion seen in the plagioclase rims. thite, Ab = Albite, Or = Orthoclase). Bulk composition (%¥)
Oxidation of trace amounts of jngicates the low Ca concentration of the system. The
iron in feldspar produced _the Mount Scott granite is comprised of five geochemically
color change from gray to pink.  and texturally distinct feldspar populations: anorthoclase-

The textural and geochem- N (#), anorthoclase-K (A), plagioclase rims (m), plagio-
ical diversity of the feldspar clase grains (), and late crystallizing K-spar (®).
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phases point to a complex history. Early crystallization of substantial amounts (about
10-20% crystals) of feldspar and quartz, with lesser hornblende, biotite, magnetite, apa-
tite, titanite, and fluorite occurred at depths of about 6-8 km. Anorthoclase-N precipi-
tated as the primary phase; anorthoclase-K precipitated as a coexisting feldspar as the
system approached equilibrium. The magma then rapidly ascended to ~0.5 km, intrud-
ing along or near the base of coeval Carlton rhyolite. The rapid ascent resulted in re-
sorption of the early phases, producing the ovoid feldspar shapes. Plagioclase rims sur-
round some of the ovoid grains and precipitated as a result of magma decompression
during adiabatic ascent (e.g., Nekvasil, 1993). Plagioclase crystallization terminated af-
ter depletion of Ca. Alkali feldspar crystallized as the system reapproached equilibrium
crystallization. The geochemistry and textures have allowed interpretation of this com-
plex crystallization history, but the conditions and domains of equilibration among
these distinct phases are problematic.

Paleomagnetic Investigations of Mount Sheridan Gabbro,
Wichita Mountains Igneous Province, Oklahoma

GLENN BIXLER, JOHN P. HOGAN, DOUGLAS ELMORE, and
DEBORAH BARR, School of Geology and Geophysics, University
of Oklahoma, Norman, OK 73019

The Southern Oklahoma Aulac-
ogen formed during Cambrian (
breakup of the Laurentian Super-
continent. Extension was accom-
panied by voluminous bimodal
magmatism. Mafic magmatism in
the rift consists of an extensive
substrate (3—4 km thick) of anor- o
thositic layered gabbro, the Glen
Mountains Layered Complex, and 1) |om
a suite of younger gabbroic plu-
tons, the Roosevelt Gabbros, of
which the Mount Sheridan gabbro m ol
is a typical example. The Roosevelt

Gabbros are internally differenti- 3 - ° | x =
ated and have a pronounced pri- S 5 | g
mary igneous lamination. The pres- 2

ence of late primary biotite and

amphibole, as well as numerous
pegmatite dikes and pods, attest to
the intrinsically hydrous nature of
these gabbros in contrast to the
Glen Mountains Layered Complex.

Figure 1. North American apparent polar wander path
(Van der Voo, 1989) with the paleopoles calculated
. from the WS (%, found in gabbro samples only) and
The presence of a widespread Per- g (g ‘tound in pegmatites and some gabbro samples)
mian conglomerate throughoutthe  components. Positions for additional interpreted Cam-
Southern Oklahpma At.ﬂacogen IN-  prian paleopoles are also indicated (Spall, 1970, *;
dicate that uplift during the late  French and others, 1977, e; Deutsch and Rao, 1977,
Paleozoic Ouachita Orogeny and m; Brown and Van der Voo, 1982, ¥; Dankers and
subsequent erosion in the Permian  LaPointe, 1981, O, 3, Q).
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had previously exposed the igneous floor of the rift.

Paleomagnetic investigation of Mount Sheridan gabbro and cognate pegmatite re-
veals two components of magnetization. One component has southwesterly declina-
tions and shallow-moderate down inclinations (WS). The WS component is present
only in gabbro samples and is removed by thermal demagnetization to 580°C. A pole
position for WS at 3°N, 163°W is in the vicinity of other interpreted Cambrian pole posi-
tions (Fig. 1), and is compatible with the Cambrian age determined forthe Mount Sheri-
dan gabbro (U/Pb zircon, Browning and Hoppe, 1982). Thus, this component is inter-
preted to record a primary magnetization residing in magnetite. The second compo-
nent has southerly declinations and shallow down inclinations (S). The S component is
present in some gabbro samples and is the only component in pegmatite samples. This
component is removed during thermal demagnetization by 580°C. A pole for the S com-
ponent plots at 48°N, 84°E, suggesting remanence aquisition during the Triassic (Fig. 1).

' This component is interpreted as secondary in origin and to reside in magnetite.

The Triassic age for this remagnetization coincides with final stages of tectonic over-
thickening in the Anadarko Basin, adjacent to the Wichita Uplift (Gilbert, 1992). Alterna-
tion of gabbro and pegmatite along fractures and joints is evident in the field. Second-
ary alteration minerals are observed in both gabbro and pegmatite, but appear rela-
tively more abundant in pegmatite. Numerous secondary fluid inclusions are present
along healed fractures in quartz from pegmatite. These results suggest that the S com-
ponent represents a chemical remagnetization related to alteration of the primary igne-
ous mineral assemblage by fluids. Fractures within the Mount Sheridan pluton appear
to have provided conduits for fluids related to subsidence of the Anadarko Basin. A low
modal abundance of mafic minerals (including magnetite) in pegmatite, relative to the
gabbro, may have resulted in an increased susceptibility of pegmatite to chemical re-
magnetization.
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Magnetic Anomaly in the Mount Scott Granite Drill Core
from the Ira Smith Quarry, Indiahoma, Oklahoma

JAMES PAYNE, JONATHAN D. PRICE, JOHN P. HOGAN, and
M. CHARLES GILBERT, School of Geology and Geophysics,

University of Oklahoma, Norman, OK 73019

Approximately 300 ft of continuous granite
core was retrieved from the A-type Mt. Scott
Granite of the Wichita Mountains Granite
Group. The core is relatively uniform over its
length with respect to grain size and texture. A
preliminary magnetic susceptibility survey of
the core, at 10-ft intervals, defined a substan-
tial increase in magnetic susceptibility read-
ings beginning at approximately 70 ft below
the surface. The origin of this magnetic anom-
aly is the focus of this investigation. Two pos-
sible origins were considered: (1) The mag-
netic anomaly is intrinsic to the granite’s mag-
matic origin and possibly reflects processes
such as gravitational settling of magnetite.
(2) The magnetic anomaly is a secondary chem-
ical overprint of the primary mineralogy due to
fluid-rock interactions during the complex
burial and uplift history of the Wichita Moun-
tain crustal block.

Approximately 90 ft of core was isolated for
detailed investigation of the magnetic anom-
aly. This segment included 30 ft of core above
the magnetic susceptibility increase, 30 ft of
core over which the increase occurred, and 30
ft of core below where magnetic susceptibility
readings stabilized. Diagnostics for the inves-
tigation included measurements of (1) grain
texture, (2) rock color, (3) color index, (4) frac-
ture density, and (5) magnetic susceptibility
readings at 0.5-ft intervals.

Beginning at =70 ft the magnetic suscepti-
bility of the core gradually increases from val-
ues around 2-5 miliTesla (mT) to a value of 25—
28 mT at =100 ft, where it then remains rela-
tively constant (Fig. 1). Changes in fracture
density, the presence of secondary mineraliza-
tion, and alteration of magnetite to hematite
closely correlate with changes in magnetic sus-
ceptibility readings as a function of depth. The
abundance and density of fractures decreases
markedly below 90 ft. Petrographic observa-
tions of thin sections at 52.5 ft, 61.75 ft, 64.5 ft,
65.5 ft, 67.5 ft, 76.45 ft, 78.0 ft, 90.13 ft, 113.0 ft,
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Figure 1. Variation in density of fractures
which transect core (M), those which do
not transect core (A), and magnetic sus-
ceptibility (®) as a function of depth
within the interval of 40-130 ft below the
surface in the Mount Scott Granite core
from the lra Smith Quarry, Indiahoma,
Oklahoma.
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114.4 ft, and 150 ft reveal a significant decrease in the abundance of secondary hematite
replacing magnetite. At depths below 75 ft, and low magnetic susceptibility values,
magnetite is nearly entirely replaced by hematite and exhibits a “martite” texture. With
increasing depth (75-95 ft), and increasing magnetic susceptibility, secondary hematite
replacing magnetite is restricted to the margins of grains and the margins of through-
going fractures that cut magnetite grains. At depths greater than 95 ft primary magne-
tite exhibits the least amount of alteration, secondary hematite is scarce, and magnetic
susceptibility readings are high (=28 mT) and stable.

The order of magnitude decrease in magnetic susceptibility of Mt. Scott Granite re-
flects oxidation of primary titanomagnetite to secondary hematite and hemoilmenite as
a result of fluid-rock interaction. Brittle fractures provided conduits for fluid-flow
~ through this crystalline rock. Thus the extent of alteration of the primary igneous min-
eral assemblage and subsequent change in magnetic susceptibility is a reflection of the
fluid/rock ratio which in turn was controlled by fracture density. Extensive(?) move-
ment of fluids appears to have been restricted to depths less than 90 ft below the pres-
ent erosional surface.

Satisfying the Diverse Needs of Majors Versus Nonmajors in
Introductory Geology Courses

VERNON P. SCOTT, School of Geology, Oklahoma State University,
Stillwater, OK 74078

Geology majors and nonmajors are both in need of understanding the basic systems
that govern the natural world, but for different purposes—majors need to function
within the professional community whereas nonmajors need to function as literate
members of society. Large geology departments may meet these differing needs by of-
fering separate courses or sections for nonmajors, but smaller departments, particularly
those in junior colleges, are usually forced to compromise by offering a single course for
both. This paper examines the needs of both groups of students and suggests how
courses, either separate or composite, can be improved.

General curricular issues must first be decided: breadth vs. depth, theoretical vs.
applied, minds-on vs. hands-on, grouped vs. individualized, qualitative vs. quantitative,
inductive vs. deductive sequencing, etc. As presently constituted, nonmajor offerings
tend to be broader in coverage, sometimes including other earth sciences such as as-
tronomy and meteorology; they tend to be socio-applicatory in design, emphasizing
environmental hazards and resource usage. Nonmajors prefer, perhaps justifiably, less
mathematics, although this does not obliviate the need to think in quantitative terms or
engage in problem-solving strategies. Nonmajor laboratory work, if it exists at all, tends
toward the descriptive, is rarely experimental, and may utilize computer-assisted in-
struction in specific circumstances. Are these trends justified when offering separate
courses? How could this diversity be accommodated in a composite course? I have sug-
gested some guidelines to help departments answer these questions.

Once a department has outlined their general approach, individual instructors need
to look at specifics as to what might be included, excluded, or modified for majors vs.
nonmajors. Making such judgments should be objective, but is more likely to be influ-
enced by what and how the instructor taught in the past—new rationales rarely change
old habits. For example, pertinent labs for nonmajors would best be limited to one lab
on mineral identification and another on rock identification, with an additional lab for
mineral resources and one for energy resources. But research geologists and T.A.s (who
are always majors) find anything less than three rock labs appalling and are stressed to
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teach material they never encountered when they were students. Differentiating what is
essential for the profession vs. the citizen is particularly troublesome when teaching
terminology. Technical terms such as “aphanitic” are a must for majors, but all terms
that lack reinforcement outside the profession will invariably be forgotten, so why waste
a nonmajor’s time? And why generate animosity having nonmajors memorize the full-
blown geologic time scale when their need is to appreciate the vastness of geologic time
and recognize only names they might encounter in a museum or television program?
Similarly, geomorphic and structural terms can be limited when a nonmajor’s needs
only include appreciation of scenery seen on a vacation or avoiding building near geo-
logic hazards. Similarly, enthusiastic detailing of plate tectonics should be reserved for
majors, although nonmajors find rudimentary tectonics to be a useful paradigm on which
to organize their ideas of how Earth operates. Nor should one attempt to make a course
too “applied.” A pure environmental course taught outside the context of planetary
processes results in sloganeering of environmental issues rather than critical analysis. I
have taken an extensive list of topics covered in introductory courses and examined
what aspects majors and nonmajors find pertinent or interesting. Although instructors
will inevitably disagree with portions of my assessment, it will hopefully stimulate a
fruitful dialog for improving instruction at the introductory level.

Shoreline Carbonate-to-Clastic Facies Changes: Chase Group
(Early Permian) in the Midcontinent, U.S.A.

JAMES R. CHAPLIN, Oklahoma Geological Survey, Norman, OK 73019

Siliciclastic-dominated mixed carbonate/siliciclastic sediments of the Early Permian
Chase Group were deposited in epicontinental marine, marginal marine, and continen-
tal environments in the Midcontinent region of North America. The Chase Group in-
cludes a predominantly marine, carbonate-dominated lithofacies in southeastern Ne-
braska and Kansas and a dominantly marginal marine to continental siliciclastic-domi-
nated facies in northern Oklahoma. There is a pervasive north-south facies change from
a dominantly marine carbonate platform, shallow water open-marine subtidal facies in
Nebraska and Kansas, to restricted marine/marginal-marine subtidal to peritidal, and
continental facies in north-central Oklahoma. In central Oklahoma, the carbonate units
merge into, and disappear within, a thick wedge of dominantly fluvial/ continental red-
bed siliciclastics. '

The Chase Group in northern Oklahoma is a depositional sequence (340 ft) charac-
terized by clastic-dominated units in recurring carbonate/clastic couplets. The carbon-
ates and clastics of the couplets are correlatable to both major transgressive and regres-
sive surfaces, respectively. Regressive parts are characterized by a thicker (40-125 ft),
more clastic-rich marginal marine/continental facies consisting of reddish-brown,
greenish-gray, and maroon mudstones/shales locally capped by exposure surfaces and
poorly developed paleosols. Transgressive parts consist of a thinner (3-60 ft), more car-
bonate-rich marine/marginal marine facies dominantly composed of shallowing-up-
ward units of coated-grain, fossiliferous wackestones, packstones, and grainstones.

Thin (1 ft to <1 ft) nodular carbonate units characteristic of the southernmost facies
in Noble and Payne Counties, occurring in similar stratigraphic positions as the thicker
carbonate intervals in the northern outcrop belt, are interpreted to represent intertidal
to supratidal depositional settings on carbonate tidal flats; however, these nodular
dolomudstones/dolodismicrites may represent pedogenic features of poorly developed
paleosols formed during periodic subaerial exposure of a paleodepositional surface.
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Rose Rock Revival!

DAVID LONDON, School of Geology and Geophysics,
University of Oklahoma, Norman, OK 73019

The barite-sand rose was adopted in 1968 as the official rock of the State of Okla-
homa. It is a fitting symbol, because barite-sand roses, a.k.a. rose rocks, are virtually
unique to the State. They are found in exposures of the Permian Garber Sandstone in
central Oklahoma. Late Paleozoic to early Mesozoic red sandstones are common glob-
ally but lack barite mineralization as is found in the Garber. This fact implies some un-
usual geologic processes that operate(d) in the Garber but not in similar rock types else-
where in space or time.

Rose rocks consist of mostly quartz sand grains cemented by barite. Like the Garber
Sandstone they form in, the sand is nearly pure quartz, with only traces of other mineral
phases (Baker, 1951). The barite cement also is nearly pure BaSO,, with only trace Fe-
oxide and clay minerals. Fe-oxide, which constitutes the cement of the Garber and gives
rose rocks their outward brick-red color, is not usually included in the barite. Barite
crystals form radial divergent sprays. Radial aggregates shaped like ribbed walnuts con-
sist of any number of tabular barite crystals that intersect along a common axis. The
true rose shapes arise from intersections of two pairs of crossed crystals, with each cross
rotated 90° to one another (it is not yet known if the opposed pairs are related by twin-
ning). Quartz sand makes up approximately 55 vol% of the barite roses and the Garber;
from very preliminary modal mapping using backscattered electron signals, there is no
measurable difference in the volumetric abundance of quartz in or outside of the roses.
Strontium concentration is low in the one rose mapped to date, and occurs as small
patchy highs within barite crystals, not dispersed along growth zones in the barite. One
of the most interesting features of the barite rose texture, and indeed the Garber Sand-
stone as noted by Baker (1951) is that, although chemically mature and well sorted, the
quartz grains are angular. Baker (1951) suggested that the angularity might stem from
overgrowths, but optical or chemical evidence for overgrowth has not been recognized.

The origin of barite roses is problematic. Barite possesses a very low solubility of
0.01-0.1 mmoles/kg H,O over a range of salinity and low temperature. This low solubil-
ity makes transport of Ba and SO, together in a single solution an unlikely means of cre-
ating a concentration of barite, unless very large fluid quantities are involved. In addi-
tion, once saturated, a fluid would remain saturated in barite and might be expected to
precipitate barite along areally extensive horizons of fluid flow. Not only are the barite
rose rock horizons isolated in their distribution, but they lack any apparent control by
bedding or fractures. Two other means of forming barite that potentially require less
fluid and would produce more focused precipitation of barite include (1) mixing be-
tween two different ground waters—one a source of Ba and the other a source of sul-
fate; or (2) changes in the chemistry of a single-source fluid, as for example along an
oxidation front or a sharp pH boundary. Oxidation fronts are common in sandstones
and siltstones within Oklahoma, e.g., in the redbed Cu deposits of Paoli, Oklahoma, in
association with barite nodules. Some barite roses from Noble are covered by colliform
masses of Fe-oxide that resemble former pyrite framboids.

At four of the better-known and extensively worked barite rose localities in Noble
and Slaughterville, the roses occur within 1 meter of the surface, mostly in soil and
down a few centimeters into weathered rock. Some roses retain the fine cross-bedding
of the Garber, so they at least formed within the sandstone. Overall, however, the barite
rose bodies form discontinuous lenses in soil that parallel the modern surface and are
discordant to bedding within the Garber, and roses are not found in subsurface samples
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(Charles Mankin, personal communication, 1994). These exposures raise the possibility
that the roses do not represent an early strata-bound diagenetic event within the Garber
(Ham and Merritt, 1944), but rather have formed in contemporary times, e.g., by near-
surface evaporation or oxidation of isolated ground-water springs. The source of Ba
remains enigmatic, but several water wells in the rose-rock provinces of the Garber in
Cleveland and Oklahoma Counties contain >1 mg/L of dissolved Ba, which almost
surely makes these solutions barite saturated (Parkhurst and others, 1994).
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The Role of OGS in Solving Stratotype Problems in Oklahoma
LEROY A. HEMISH, Oklahoma Geological Survey, Norman, OK 73019

The designation of a stratotype (type section) is an essential requirement for the def-
inition of most formal geologic units. One of the main problems with Oklahoma’s strat-
igraphic nomenclature is that the literature abounds with names for long- and well-
established geologic units for which a type section never was specified. In many in-
stances, a type locality was indicated, but lithologic descriptions are poor. In other
instances, units can’t be located in the field, or the existing type section is unrepresen-
tative of the unit. ,

Other problems are that nomenclators frequently violate the North American Strati-
graphic Code in naming new units. Lithostratigraphic units are occasionally defined
incorrectly in a chronostratigraphic sense. New names may be proposed unnecessarily.
At times, names of old, established units are changed without adequate justification.

The Code encourages the establishment of supplementary reference sections for de-
fined units, but little work has been done in this area.

The role of the Oklahoma Geological Survey (OGS) is to commence to establish neo-
stratotypes (principal reference sections) for those well-established stratigraphic units
for which a type section never was specified, or has been destroyed, covered, or other-
wise made inaccessible. Supplementary reference sections can be designated to illus-
trate the diversity or heterogeneity of a defined unit. Through core-drilling, the OGS can
demonstrate the equivalence of named surface units with subsurface units, and can es-
tablish reference wells in type areas of named stratigraphic units. The OGS can also pre-
vent the development of nomenclature problems by ensuring compliance with the
Code through the careful review of reports by non-OGS geologists prior to publication,
and by working with authors on pending stratigraphic papers.
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Kinetics of Blaine Formation Gypsum Dissolution

MICHAEL A. RAINES and TOM DEWERS, School of Geology
and Geophysics, University of Oklahoma, Norman, OK 73019

Solids and liquids interact through a five-process procedure: (1) transport of reac-
tants from the bulk solution, (2) adsorption of the reactants on the surface, (3) chemical
reaction at the surface, (4) desorption of the products, and (5) transport of the products
to the bulk solution. The slowest step in this process is the rate limiting step. Gypsum is
generally considered to be a transport controlled reaction. Its slowest step is the transfer
of Ca** and SO,? ions through a diffusive boundary layer to the bulk solution.

Two groups of factors control the transfer of ions through the boundary layer: hydro-
dynamics, and thermodynamic or chemical conditions. The geometry of the system
(surface area of reacting gypsum, and the volume of fluid passing that surface) and the
fluid velocity or flow regime (in terms of degree of turbulence) define the hydrodynam-
ics of a system. When pressure and temperature are not changed, the bulk solution’s
saturation state (the concentration of Ca?* ions in solution, [Ca?*], relative to equilib-
rium concentration, [Ca?*]*d, and ionic strength (a measure of electrical charges in solu-
tion) define the thermodynamics. The [Ca?]® of Blaine Formation gypsum in distilled
water is =15.09 mmolal, and increases slightly with ionic strength over the salinity range
of interest.

Current experiments at the University of Oklahoma examine gypsum dissolution
kinetics as a function of fluid flow rate, flow regime (laminar vs. turbulent) and satura-
tion state of fluids flowing past gypsum using a mixed flow-rotating disc reactor. The
gypsum discs are reacted with a flowing solution and [Ca?*] is monitored with a Ca?*
specific electrode until the solution reaches steady state. Flame atomic adsorption anal-
ysis confirms initial and final [Ca?*], which are used, along with knowledge of the flow
rate through the reactor, to determine dissolution rates at steady-state.

When flow is laminar (spin rates, o, less than 900 rpm or Reynold’s Numbers, Re,
less than 10800), dissolution rates increase linearly with (0)'/2. However, as the system
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Figure 1. Gypsum dissolution rates vs. relative saturation state. Trends
are shown for selected values of w.
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approaches turbulence (@ >900 rpm or Re >10800), dissolution rates jump above the
linear trend.

A series of initial solutions which are far from equilibrium ([Ca?*] less than 10
mmolal) define a linear trend of decreasing dissolution rates with increasing initial
[Ca?*] (Fig. 1). This is consistent with transport control. A second series of solutions
which are closer to equilibrium seem to follow a different trend, and may reflect a tran-
sition from transport to surface-control as the bulk reactor fluid approaches saturation
with gypsum. For example, changing o from 300 to 1000 rpm in initial solutions of dis-
tilled water results in a dissolution rate change of =4 x 10 mol/cm?*s. The same ®
change for waters with initial [Ca*] = (.7)[Ca*]* yield rate changes of only =0.25 x 10™*
mol/cm?s. Runs for ® = 300 rpm suggest that this decrease in transport control with
increasing [Ca?*] may be a linear function of solution saturation.

Future experiments will be directed to assess this transition from surface to transport
control, effects due to changes in ionic strength, and comparing laboratory-delineated
rates with those determined in situ in a Blaine Formation karst aquifer.

Geological Archive of Peat Deposits from the Postglacial Lake Erie
Basin Lakes, Ohio, U.S.A.

XINYU LIand R. P. PHILP, School of Geology and Geophysics, University
of Oklahoma, Norman, OK 73019

Three types of wetlands from the Lake Erie Basin were selected to investigate the
ecological and climatic evolution of the area by an interdisciplinary study involving
geology, palynology, organic geochemistry and diatom analysis of the sediment core
samples. One of the wetlands discussed in detail, Springville Marsh, is 64 km south of
Lake Erie. The vegetation of Springville Marsh is typically associated with swamps,
marshes, fens, and bogs. Springs that carry Ca, Fe, and S support the fen community,
which is characterized by obligate calciphile plants, with the pH of the water in the
marsh ranging from 6.5 to 8.5. Geological mapping indicates that Springville Marsh may
have begun in an estuary of Glacial Lake Maumee I. As the lake receded around 14,000
B.P., the river entrenched into calcareous estuarine sands and was then abandoned.
Carbon-14 dating and pollen analysis of a 250-cm core show that by 12,850 B.P., highly
calcareous organic muck was deposited in an open-water marsh that may have been
surrounded by a spruce forest. The overlying peat was deposited in an environment
that had become an inland fen which supported tree species that still grow locally in the
modern wetland. Diatom analysis indicates alkaline conditions throughout the history
of the wetland. High-Performance-Liquid-Chromatography analyses of pigments and
gas chromatography (GC) and GC-mass spectrometry analyses of hydrocarbons, al-
cohols, and fatty acids in the organic sediments suggest continuous source input from
higher plants and algae.

Paleoecological analysis of the 250-cm core shows that aquatic species, particularly
diatoms, were more abundant in the lower (100-200 cm) part of the core. The distribu-
tion of algal carotenoids suggests the same trend. Geochemical parameters reflect a
relatively higher input of algal materials compared to higher plants in the lower part of
the core. Therefore, the wetland has probably evolved from an open area with higher
water level to a closed terrestrial system. Pollen diagrams suggest that the climate of the
area was colder at the earlier stage and has experienced a warming trend as in the other
areas of Ohio.

81



Geological and Geochemical Studies of Hot-Spot Related
Oceanic Basaltic-Trachytic Series Rocks from Ascension
Island, South Atlantic Ocean

ADITYA M. KAR and BARRY L. WEAVER, School of Geology and
Geophysics, University of Oklahoma, Norman, OK 73019

Hot-spot related volcanism, especially that located in the interior of oceanic plates,
is one of the best means to study the composition of the mantle of the earth. These vol-
canic rocks, called ocean island basalts (OIB), are derived directly from the mantle and
are uncontaminated during their ascent from the mantle through the thin oceanic
lithosphere to the surface of the earth. Zindler and Hart (1986), Hart (1988), and Weaver
(1991a,b) have reported three distinct OIB sources (HIMU, EMI, and EMII) that exist in
the sub-oceanic mantle. Sr-Nd-Pb isotope systematics of Ascension volcanic rocks in-
dicate that the magmas were derived from a mantle source which might be a mixture of
N-MORB-HIMU components with a EM-type component.

Ascension Island, situated at 7°56’S and 14°22’W in the South Atlantic Ocean, is a
hot-spot related volcanic island. It is located about 80 km west of the Mid Atlantic Ridge
on oceanic crust which is 5-6 million years old. The island rises about 4000 m from the
bottom of the ocean floor and a little less than 860 m of the island is exposed above sea
level. The aerial extent of the island is 98 sq km. Ascension is a composite volcano with
close to 50 scoria cones scattered over the island. The island comprises alkali basaltic-
trachytic series lava flows, trachytic flow domes, scoria cones, and pyroclastic deposits.
Pyroclastic (pumice and scoria) deposits cover about 43% of the surface area of the is-
land. In our present work we geochemically characterized the voluminous scoria, pum-
ice, and airfall deposits, and defined their spatial relations to the lava flows and the tra-
chytic domes. Trachyte is common in the central to eastern parts of the island, and is
genetically linked to the pumice. The trachytes mostly form flow domes, with some hav-
ing explosive centers. Other than the pyroclastic deposits and the trachytes, most of the
island is covered by lava flows. The flows, wherever traceable, are found to emanate
from a scoria cone. Some of the smaller scoria cones are associated with tongue-shaped
flows of small spatial dimensions. After preliminary geochemical studies it was found
that these flows range in chemical composition from alkali basalt through hawaiite and
mugearite to benmoreite. Alkali basalt flows are more common than any other variety
of flows. Hawaiite flows are also common. Some of the youngest geological features of
the island are hawaiite flows (1,000 years old). A benmoreite flow at the furthest eastern
part (South East Head) of the island is also one of the youngest features on Ascension.

A plot of (Na,0+K;0) vs. SiO, shows that Ascension rocks are alkaline and show a
continuous fractionation series starting from alkali basalt, through hawaiite, mugearite
and benmoreite, to the highly fractionated products of trachyte and rhyolite. The abun-
dances of SiO,, Al,03, Na,0, and K;O increase while abundances of MgO, CaO, P,0s,
TiO,, and Fe,0; decrease in the more fractionated rocks compared to the basalts. Frac-
tionation of olivine, clinopyroxene, plagioclase, titanomagnetite, and apatite can ac-
count for the decrease of these oxides in the more evolved rocks.

A group of incompatible trace elements which include Nb, Zr, and Ta are termed the
HFSEs (High Field Strength Elements). Zr/Nb for OIBs are extremely useful in interpret-
ing partial melting and fractional crystallization processes of mantle derived magmas.
Data gathered show that a wide variation in Zr/Nb exists for the Ascension rocks. The
mafic samples analyzed fall within a Zr/Nb range of 4-6. There are three distinct suites
of basalt and hawaiite flows and scoria: (1) in the SW part of the island the volcanic
rocks have Zr/Nb of 4.1, (2) in the southern and the SE of the island the Zr/Nb ratio var-
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ies between 5.6 and 6.1, and (3) for the rest of the island Zr/Nb is 4.7-5.4. The more dif-
ferentiated Ascension rocks have a range of Zr/Nb between 5 and 8. High degrees of
fractional crystallization or partial melting cannot strongly fractionate ratios of incom-
patible trace elements. The variation in Zr/Nb observed for the mafic Ascension rocks
could be generated by titanomagnetite fractionation, by very low degrees of partial
melting of the mantle source in the generation of the basic magmas, by magmas being
tapped from different sources with variable Zr/Nb, or a combination of these processes.
The REE data show variable degrees of LREE enrichment with respect to the heavy rare
earth elements (HREEs). The alkali basalts and scoria show strongly enriched LREE
abundances compared to low concentrations of HREEs. Continuous crystal fraction-
ation involving olivine, plagioclase, clinopyroxene and magnetite increases the total
REE content of more evolved magmas but does not produce any inter-element fraction-
ation. The characteristic shape of the less differentiated basaltic REE pattern is main-
tained in the more evolved rocks while the absolute abundances increase. Substantial
plagioclase fractionation lead to the development of a negative Eu anomaly.
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Antioch Earthquake (continued from page 42)

TABLE 1. — OkLAHOMA EARTHQUAKES WITH MAGNITUDES >4.0

Event Origin time Nearest Intensity. _Magnitudes  1at,  Long.
no. Date (UTC)? County town MM? 3Hz blg DUR °N °W
23 1952 Apr09 162915 Canadian El Reno 7 5.0°¢ 354 97.8
20 1939 JunOl 0730 Hughes Spalding 4 4.4 35.0 96.4
12 1926 Jun20 1420 Sequoyah WMarble City 5 43 35.6 94.9
52 1959 Junl17 102707 Comanche NE Faxon ~6 4.2 34.5 98.5
— 1995 Jan18 155139.90 Garvin Antioch 6 41 4.2 34.676 97.413
50 1956 Oct30 103621 Rogers Catoosa 7 4.1 36.2 95.8
59 1961 Apr27 0730 Latimer Wilburton 5 4.1 34.9 95.3
13 1929 Dec28 0030 Canadian El Reno 6 4.0 355  98.0
51 1959 Junl5 1245 Pontotoc Ada 5 4.0 34.8 96.7

838 1990 Nov15 114441.63 Garvin Lindsay 6 40 39 3.0 34761 97.550

*UTCrefers to Coordinated Universal Time, formerly Greenwich Mean Time. The first two digitsrefer to the hour
on a 24-hour clock. The next two digits refer to the minute, and the remaining digits are the second. To convert
to local Central Standard Time, subtract 6 hours.

bModified Mercalli (MM) earthquake-intensity scale (see Table 4, p. 60, this issue).

“The El Reno earthquake had a Gutenberg-Richter magnitude (mb) of 5.5.

The Antioch earthquake was the Those who felt the Antioch earthquake
strongest Oklahoma earthquake in nearly are encouraged to write James Lawson at
36 years (Table 1). The largest known P.O. Box 8, Leonard, OK 74043. He would
Oklahoma earthquake happened near El like to know what they felt, heard, and
Reno, Canadian County, on April 9, 1952, saw during the event. These reports help
This magnitude 5.5 (mb, Gutenberg- scientists to determine the size and
Richter) earthquake was felt in Austin, intensity of the earthquake.

Texas, as well as Des Moines, Iowa, and
covered a felt area of ~362,000 km2. Kenneth V. Luza
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