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Great Unconformity along
Coal Creek, Northwestern
Le Flore County, Oklahoma

The cover photograph shows an angular
unconformity exposed ~1 ft above Coal
Creek in the SEVaSEVaSEVaSWV4 sec. 18,
T.6 N, R. 23 E,, Le Flore County, Okla-
homa, in the Arkoma basin. Flat-lying,
coarse Quaternary conglomerate rests
upon shales of the Savanna Formation
(Pennsylvanian), that dip S. 34° E. at 4-5".
Imbrication of the clasts exposed in the
stream bank shows that the current flowed
from right to left.

An unconformity is a substantial gap in
the geologic record where a rock unit is
overlain by another that is not the next
youngest in stratigraphic succession.
Approximately 300 million years of time
elapsed between deposition of the two
units shown. This lapse in time is termed a
hiatus. Rocks that would normally be
present in a stratigraphic sequence are
missing either because they were never
deposited or because they were eroded
before deposition of the beds directly
overlying the break. Much of the geologic
record is missing because of nondepo-
sition, but certainly some of the rock
sequence was eroded subsequent to
uplift in the Arkoma basin area.

(continued on p. 62)

Close-up view of the contact shown in the cover
photo. Shovel blade marks the unconformity.
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SOVIET SEISMIC COMPOUND AT THE OGS
OBSERVATORY, LEONARD, OKLAHOMA,
AND SHALLOW SUBSURFACE STRATIGRAPHY
OF THE AREA

LeRoy A. Hemish' and James E. Lawson, Jr.

Introduction

The Oklahoma Geological Survey (OGS) operates a geophysical observatory near
Leonard, Oklahoma, in southern Tulsa County (Fig. 1). The Observatory maintains
a number of sophisticated instruments that measure magnetic fields, solar radiation,
wind velocity, precipitation, cosmic radio noise, atmospheric-pressure fluctuations,
and most importantly, seismic activity. The OGS Observatory at Leonard is one of
three seismic stations in the United States (U.S.) where Union of Soviet Socialist
Republics (U.S.S.R.} scientists will monitor nuclear testing as part of the new pact
signed by U.S. President George Bush and Soviet leader Mikhail Gorbachev on June
1, 1990. Other monitoring sites are in the Black Hills, South Dakota, and Newport,
Washington. Similar monitoring stations will be located in the U.S.S.R. and manned
by U.S. scientists. U.S. nuclear weapon tests are carried out in southern Nevada.

Because geologic knowledge of the area is essential for emplacement of the So-
viet monitoring equipment, a study of the rocks in the vicinity of the Leonard
seismic station was undertaken by the OGS staff. This article provides background
information concerning the U.S.-U.S.S.R. treaty, presents the results of the geologic
study, and describes the Soviet seismic compound.

Background Information
The Treaty

In 1963, the U.S., United Kingdom (U.K.), and U.S.S.R. signed a “Treaty Banning
Nuclear Weapon Tests In The Atmosphere, In Outer Space, and Under Water”
(U.S.,, UK., USSR, 1963). In 1974, the U.S. and the U.S.S.R. signed a treaty
generally called the Threshold Test Ban Treaty (TTBT) (U.S., U.S.S.R., 1974). Be-
ginning March 31, 1976, neither party was allowed to carry out an underground
nuclear weapon test with energy yield exceeding 150 kt (the energy released by an
explosion of 150,000 metric tons [165,300 tons] of TNT). The TTBT was not ratified
until 1990. Energy yields were calculated from seismic P-wave magnitudes (usually
P-waves with periods near one second) and seismic surface-wave magnitudes (Love
and Rayleigh waves with periods between 20 and 50 seconds). The magnitudes
were determined from seismic waves produced by nuclear tests recorded outside of
the testing country.

'Oklahoma Geological Survey.
*Oklahoma Geological Survey Observatory, Leonard.
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Figure 1. Excerpt from Leonard, Oklahoma, 7.5’ quadrangle map showing location of
Oklahoma Geological Survey Observatory and proposed Soviet monitoring site. Study area
shown by “X” on index map of Oklahoma (inset).

Systematic and random errors created uncertainties in the yield calculations from
magnitudes. The statistical uncertainties at one time led the President of the U.S. to
accuse the U.S.S.R. of exceeding the 150-kt (165,300-tons) threshold (Reagan,
1987). However, some scientific studies suggest that the Soviets have been in
compliance (U.S. Congress, Office of Technology Assessment, 1988, p. 124--126).

One possible way for reducing the uncertainty was to use a third type of seismic-
wave magnitude based on the propagation of surface waves through the upper
(“granitic”) layer of continental crust (Lg-waves). This magnitude, named mbLg, is
considered independent of P-wave and surface-wave magnitudes. The uncertainty
of a yield based on all three magnitudes is less than the uncertainty on yields cal-
culated from one or two of them (U.S. Congress, Office of Technology Assessment,
1988, p. 121).

There were several political and technical considerations which led to the
negotiations for TTBT verification protocol. The authors are not aware of all con-
siderations, and therefore, are not able to assess their relative importance. However,
Lg waves only travel over paths which traverse continuous continental crust. The
necessity of a continuous continental path for recording of Lg-waves may have been
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a reason for the verification protocol to specify that each party could monitor the
other’s larger (expected yield exceeding 50 kt [55,100 tons]) nuclear weapon tests
at three designated seismic stations within the testing party’s country. The treaty,
with a new 107-page protocol, which Presidents Bush and Gorbachev signed on
June 1, 1990, specified the Oklahoma Geological Survey’s Observatory site near
Leonard as a designated sejsmic station.

The treaty specifies a signal criterion: “[A designated seismic station] shall have
an Lg-wave signal-to-noise ratio not less than nine to one for any test in [United
States] territory having a yield of 150 kt [165,300 tons].” An Air Force Technical
Applications Center Report (unclassified, but available for official use only), based
on the study of many OGS seismograms of past nuclear tests, concludes that the
OGS seismic station at Leonard meets that criterion. From a recent blast, “Bullion,”
at the Nevada test site, June 13, 1990, Lawson and Harben (in press) found a signal-
to-noise ratio of 36 to one for Lg at the OGS location.

Besides the signal-to-noise ratio for Lg, a designated seismic station has only one
other geotechnical requirement: the United States must inform the U.S.S.R. of “types
of rock on which it is located.” Minimal information concerning only surface rocks
was apparently provided before the pact was signed. In order to acquire more data
concerning the shallow subsurface stratigraphy at the designated seismic station at
Leonard, a test hole (B-1, Figs. 1,3,6) was drilled to a depth of 31.1 m (102 ft) in
August 1990. A description of the core recovered is given in the Appendix. Addi-
tional information concerning the subsurface geology is presented in the following
section.

Geology
Location of the Monitoring Site

The Observatory at Leonard is located in extreme southeastern Tulsa County (Fig.
1), ~40 km (~25 mi) south of the Tulsa International Airport in northeastern
Oklahoma. U.S. Highway 64 connects Leonard with the city of Tulsa. A winding
blacktop road ascends the north flank of the Conjada Mountains and leads to the
Observatory site, ~1.6 km (~T mi) south of Leonard. The sandstone-capped Conjada
Mountains lie just southwest of the Arkansas River. They have a maximum relief of
almost 122 m (400 ft) in neighboring Wagoner County. Elevation at the OGS
Observatory is just above 259 m (850 ft). The Observatory is constructed on
property owned by the University of Oklahoma in the NW"s sec. 35, T. 17 N.,
R. 14 E. (Fig. 1).

Geologic Setting

The study area lies within the Claremore Cuesta Plains geomorphic province,
which is characterized by resistant sandstones and limestones that dip gently
westward (generally <1°) away from the Ozark uplift. The sandstones and lime-
stones form cuestas between broad shale plains (Curtis and Ham, 1972, p. 3).
Erosion by the Arkansas River and headward cutting by tributary streams (Snake
Creek and Mountain Creek) have formed the promontory on which the Observatory
is located. Relatively hard sandstone beds cap thick, non-resistant shales that have
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been removed by weathering to form steep escarpments facing the Arkansas River
and its tributary streams (Qakes, 1952, p. 14).

Deep Subsurface Stratigraphy

A thick section of little-deformed sedimentary rocks of Paleozoic age overlie
basement rocks in the study area. Denison (1981, p. 34, pl. 1) showed that micro-
graphic granite porphyry of the Spavinaw Granite Group is the basement rock. It
occurs at sea-level depths between —762 and =914 m (-2,500 and -3,000 ft) at the
Observatory. The Wilcox Oil & Gas No. 1 Hulputta Well drilled in the NW/aNW4
NWIsNWVa sec. 27, T. 17 N., R. 14 E. reached basement rock at -839.4 m (-2,754
ft) (Denison, 1981, appendix, part 1). This well is located ~2.9 km (~1.8 mi)
northwest of OGS test hole B-1. The elevation at OGS test hole B-1 is ~260 m {~853
ft). Assuming minor change in relief on the buried basement-rock surface (although
Denison [1981, p. 1] states that the buried topography is rugged), the depth to
granite at the Observatory should be ~1,097 m (~3,600 ft). The age of the Spavinaw
Granite Group was calculated by Denison (1981, p. 12) to be 1,277 = 38 million
years, based on Rb/Sr determinations.

The Precambian basement rocks were peneplaned prior to transgression of the
sea in Dresbachian (early Late Cambrian) time. However, scattered hills with as
much as 549 m (1,800 ft) of relief remained in northeastern Oklahoma (Chenowith,
1968, p. 1670). The study area lies just off the southeastern end of one such buried
ridge, which extends southwest of Leonard for ~48 km (~30 mi), and has >366 m
(>1,200 ft) of relief (Denison, 1981, pl. 1).

Available information (from a test hole drilled by the Jersey Production Research
Co. [JPRCO] in June 1961, in the SEVaSEVaNEYaNWVa sec. 35, T. 17 N., R. 14 E.
[JPRCO 1, Fig. 1], prior to acquisition of the property by the University of Okla-
homa) indicates that dolomite is the rock type present at depths from 682.8 to 775.7
m (2,240 to 2,545 ft ) (total depth). These rocks are Cambrian-Ordovician in age
and belong to the Arbuckle Group. Strata from 775.7 m (2,545 ft) depth to the top
of basement rock are unknown at this site. However, using data from the nearby
Hulputta 1 Well, an additional 290.5 m (953 ft) of Arbuckle Group rocks, underlain
by ~38 m (~125 ft) of Upper Cambrian Reagan sandstone should be present.
“Reagan” is the subsurface term used for a reddish to buff sandstone and quartzitic
sandstone resting on Precambian rocks in most of Oklahoma (Jordan, 1957, p. 164},

It is not the purpose of this article to describe at great length the deep subsurface
stratigraphy in the study area, but the reader should be aware that some information
does exist on the subject. Downhole runs were made in the JPRCO 1 Well, by the
Jersey Production Research Co., that record Spontaneous-Potential, Resistivity,
Conductivity, Sonic, Gamma Ray, and Neutron Log data. Lithology of the bit cut-
tings was described by W. R. Robinson (1961), a geologist with the company. All
of the logs and descriptions are on file at both the OGS office in Norman and the
Observatory office in Leonard.

Stratigraphic picks at the top of units, in depth from the surface, made by W. R.
Robinson (1961) on the JPRCO logs are as follows: Burgen sandstone (Middle Or-
dovician), 660.8 m (2,168 ft); Wilcox sand (Middle Ordovician), 612.7 m (2,010 ft);
Woodford Shale (Mississippian—Devonian), 579.1 m (1,900 ft); Fayetteville Shale
(Mississippian), 499 m (1,637 ft); Pitkin Limestone (Mississippian}, 464.8 m (1,525
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ft); Lower Dutcher sand (Pennsylvanian-Morrowan), 457.5 m (1,501 ft); Dutcher
limestone (Pennsylvanian—Atokan?), 445.3 m (1,461 ft); Bartlesville sand (Penn-
sylvanian-Desmoinesian), 287.4 m (943 ft); and Red Fork sand (Pennsylvanian—
Desmoinesian), 216.4 m (710 ft).

Shallow Subsurface Stratigraphy

For purposes of this report the shallow subsurface stratigraphy at the Observatory
test hole site includes only the rocks that crop out in the Conjada Mountains area
south and west of the Arkansas River. Figure 2 is a generalized stratigraphic column
showing that these rocks are of Pennsylvanian age, in the Desmoinesian Series, and
that they belong to the Cabaniss and Marmaton Groups. Four formations are
mappable in different parts of the Conjada Mountains: the Senora, Fort Scott,
Calvin, and Wewoka Formations. Oakes (1963, p. 33) found that the base of the
Calvin Sandstone is at virtually the same stratigraphic position as is the base of the
Fort Scott Limestone. Both formations pinch out in the study area, as does another
. formation, the Wetumka Shale, which is not mappable in the Conjada Mountains.
The Calvin Sandstone is absent north of the Arkansas River, where the base of the
Fort Scott Formation marks the base of the Marmaton Group (Oakes, 1963, p. 33).
Oakes placed the lower limit of the Marmaton at the base of the Calvin Sandstone
south of the Arkansas River, but Hemish (1990) found several exposures of the Little
Osage Shale and Blackjack Creek Limestone Members of the Fort Scott Formation
in the Conjada Mountains, so the southern limit of the Fort Scott was extended a few
miles south of the Arkansas River where pinch-out occurs.

Information was developed from a core recovered from a shallow test hole drilled
at the site of the Soviet seismic compound to establish correlations with rocks from
an adjacent test hole and with measured surface sections in the area. An accurate
description of the rocks was needed before emplacement of the sensitive seismic-
monitoring equipment. A description of the core recovered from the test hole (B-1)
is presented in the Appendix. The information from test holes B-1 and JPRCO 1 was
used in conjunction with several sections measured by Hemish (1990, appendix 2)
to construct a cross section (Fig. 3), which correlates several key beds in the study
area. Figure 4 shows the upper part of geophysical logs from JPRCO 1, which record
characteristics of the near-surface strata. They begin in the lower part of the cored
interval from B-1.

The Senora Formation is the sole representative of the Cabaniss Group in the
study area. The contact with the underlying Boggy Formation of the Krebs Group is
not exposed in the Conjada Mountains. The base of the Weir-Pittsburg coal marks
the base of the Senora Formation in adjacent areas to the east (Hemish, 1990, pl. 2).
No evidence was found in the logs of JPRCO 1 to show that the Weir-Pittsburg coal
is present at that site. Using the top of the Red Fork sand (as picked by W. R,
Robinson) as the base of the Senora Formation, the maximum thickness of the
Senora is ~187.5 m (~615 ft) in the Conjada Mountains. The Jower part of the
formation consists of sandy to silty shale, fine-grained to silty sandstone, thin coals,
and a few limestone beds. The Tiawah Limestone with its associated black shales
and Tebo coal bed are the oldest markers that crop out in the Conjada Mountains
area (Fig. 2). The Chelsea Sandstone (Skinner sand of subsurface terminology
[Jordan, 1957, p. 179]) is well exposed in the hills just east of the east-facing es-
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carpment of the Conjada Mountains proper. Thickness of the unit is variable. Oakes
(1963, p. 29) said that the lower unit of the Chelsea is 25.9 m (85 ft) thick where it
extends into nearby Okmulgee County from Muskogee County across the north line
of T.14 N., R. 15 E. Qakes (1963, p. 30) said that the upper part of the Chelsea is
~14 m (~45 ft) thick in the same general area. Evidence for such thicknesses in the
subsurface was not found in the vicinity of the Observatory.

The Mineral coal crops out at the foot of the east-facing escarpment of the
Conjada Mountains, where it is 25.4-45.7 cm (10-18 in.) thick (Hemish, 1990,
appendix 2; pl. 3). Exposures were not found in the vicinity of the Observatory, nor
was coal recorded in the logs of JPRCO 1.

The stratigraphically lowest marker bed shown in Figure 3 is the McNabb
Limestone. [t is a sandy, micritic, fossiliferous limestone that commonly includes
layers of calcareous shale and averages about 2.1-2.4 m (7-8 ft) thick where ob-
served in outcrop (Hemish, 1990, appendix 2).
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The Verdigris Limestone is the next higher marker bed. To the east of the Ob-
servatory, in the east-facing escarpment of the Conjada Mountains, the Verdigris
Limestone and Croweburg coal bed crop out continuously. The coal bed is about
46-56 cm (18-22 in.) thick and occurs about 1.8-2.4 m (68 ft) below the base of
the Verdigris, which is 0.76-0.91 m (2.5-3.0 ft) thick (Hemish, 1990, appendix 2;
pl. 2). The Croweburg coal was apparently never deposited in the vicinity of the
Observatory at Leonard. It was not found in a well-exposed section near Lake
Bixhoma, just south of the Observatory, nor was it recorded in the logs of JPRCO 1.

About 30.5 m (~100 ft) of silty shale with minor sandstone and siltstone beds
separates the Verdigris Limestone from the base of the Breezy Hill Limestone, es-
sentially, the lowest unit cored in OGS test hole B-1 (Fig. 3; Appendix). The Breezy
Hill is 5.3 m (17.5 ft) thick in B-1, and is a micritic, fossiliferous limestone that
grades downward into calcareous shale.

The Breezy Hill Limestone is overlain by 0.58 m (1.9 ft) of black fissile shale
(Excello Shale). The top of the Excello marks the top of the Cabaniss Group and the
top of the Senora Formation.
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Figure 5. Plan of the Soviet seismic compound at Leonard.
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At the site of B-1, the overlying Fort Scott Formation is represented by only 0.27
m (0.9 ft) of the fossiliferous, shaly Blackjack Creek Limestone Member, and 0.21
m (0.7 ft) of black fissile shale of the Little Osage Shale Member. The base of the
Blackjack Creek Member marks the base of the Marmaton Group.

The next higher mappable unit is the Wewoka Formation, which, although pre-
dominantly sandstone in the Conjada Mountains area (see JPRCO 1; Fig. 3), does
include in places numerous sandy and silty shale beds in the lower part. These beds
may be equivalent to the Calvin Sandstone and Wetumka Shale in this difficult-to-
map area of pinch-outs and intertonguing relationships. The Wewoka Sandstone
weathers to various shades of reddish-brown and grayish-orange and is the resistant
rock at the surface at the Observatory site. Total thickness is not known because the
top of the formation has been eroded away.

Dissemination of Geologic Data

Copies of this article will be given to United States representatives for possible use
in providing the Soviets with more than the minimum required rock information.
The actual cores will be retained temporarily at Leonard for direct inspection by
contractors and for inspection by the first Soviet verification team. Later they will be
stored in the OGS Core and Sample Library in Norman.

Knowledge of the strata in the vicinity of Leonard also is important to OGS sci-
entists who are conducting borehole seismic research in the area. The OGS, in
cooperation with Lawrence Livermore National Laboratories, is continuing a study
of seismic signal and noise in a borehole 770 m (2,526 ft) deep (Harben and Law-
son, 1990). This borehole is ~390 m (~128 ft) northeast of test hole B-1. Layers of
rock having a seismic wave velocity lower than the seismic wave velocity of strata
above and below may act as waveguides to concentrate undesirable wind and
cultural noise. Because of this effect, borehole seismometers should not be placed
in such low velocity layers, and where possible, should be in layers with seismic
wave velocities higher than the rock above and below. For example, a limestone
formation between shales is liable to have much lower noise than a shale between
limestones. Therefore, knowledge of the rock layers gained from the present study
will provide additional benefits for the ongoing seismic research.

Site Facilities

The Soviet compound at Leonard will be a 102.5- x 22.7-m (338- x 75-ft) fenced
area with a borehole and vault for seismometers at the north end where the test hole
described in this report was drilled, and an office and electronics building at the
south end. The borehole will be 305 mm (12 in.) inside diameter, and will end at
32.3 m (106 ft) depth. The vault floor will be 3.35 m (11 ft) below the surface. The
seismometer pier will extend from 0.71 m (2.3 ft) to 0.61 m (2 ft) beneath the floor.
This will require excavation of up to 2 m (6.6 ft) of the Wewoka Sandstone. The rock
cannot be blasted because of the sensitivity of instruments at the Observatory. It was
the specific wish of the Soviets that their borehole and vault be located close to the
“historic” vault from which all of the OGS past recordings were made. The sepa-
ration of 50 m (164 ft) was agreed upon by both parties in lieu of the TTBT speci-
fication of 100-200 m (328-656 ft). Figure 5 is a plan showing the dimensions of
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the Soviet compound and its position in relation to the existing facilities at the
Observatory. A small facility will be built just south of the Soviet compound for use
by U.S. escorts during times when Soviet scientists will be monitoring nuclear tests.

The Soviet compound will have a status similar to the Soviet Embassy, although
a Soviet team and their equipment will probably be present only 14 days for each

Figure 6. Three-dimensional model of the Soviet seismic compound at Leonard (view from
the north). The cut-away view at the north end shows the borehole (left) and vault (center)
in which Soviet seismometers will be located. A sidewalk, drive, and concrete-lined and
covered cable trench connect the vault and borehole to the Soviet electronics office
building (shown with the roof partly cut away). For display purposes, the overall length of
the compound has been shortened by omitting the central part of the fenced area, shown
by the jagged, heavy black line. The U.S. escorts office building is outside the fence (left
background). In final blueprints there are minor changes in the location of the Soviet and
American buildings, drives, and parking. The locations of the vault and borehole are re-
versed. The Soviet borehole is 50 m (164 ft) east of the U.S. seismometer vault. Unlike the
surroundings shown in the model, the Leonard site is heavily wooded.
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blast of 50 kt (55,100 tons) or larger. Figure 6 is a three-dimensional model of the
Soviet seismic compound. The same basic format will be used at all three of the
designated seismic compounds in the U.S. The model is in the headquarters of the
U.S. On-Site Inspection Agency at Herndon, Virginia. Construction on the Soviet
compound is in progress.
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Appendix: Core-Hole B-1

SWYVaNWVaSEVaNWYs sec. 35, T. 17 N., R. 14 E., Tulsa County, Oklahoma. Well cored by
Tulsa Testing Co.; lithologic descriptions by LeRoy A. Hemish, OGS geologist. Drilled in
wooded area ~200 ft east of the Oklahoma Geological Survey Observatory office. (Surface
elevation, estimated from topographic map, 853 ft.)
Depthto  Thickness
unit top of unit
(ft) (ft)
MARMATON GROUP
Wewoka Formation (may include Wetumka Shale and Calvin
Sandstone equivalents in lower part)
Surface material (drilled with auger, cuttings not saved:;
weathered sandstone boulders and sandy clay exposed
At drill SIE) .o e 0.0 6.5
Sandstone, grayish-orange (10 YR 7/4)?, very fine- to
fine-grained, quartzose, oxidized, silica- and iron-
oxide-cemented, grains rounded, noncalcareous,
massive to cross-bedded in part; includes some shale
layers from 9.4 t0 9.7 ft, 12.8 to 13.3 ft, and 21.3 to
21.4 ft; contains minor carbonaceous shale layers and
fossil plant material; liesegang-banded in places .............. 6.5 15.2
Sandstone, light-gray (N 7), with medium-dark-gray (N 4)
bands, very fine-grained, interbedded with silty shale,
laminated to massive, noncalcareous, ripple-laminated
in places; contains abundant black carbonized plant
fragments, some clay galls, and some bioturbation
fEATUTES ..oeieis i TR 21.7 7.0
Shale, medium-gray (N 5), silty, noncalcareous, includes
very fine-grained lenses and layers of light-gray (N 7)
sandstone, bioturbated in part; includes some soft-
sediment deformation features, black carbonized plant
fragments, and small sideritic concretions up to 1 in. in

diameter and 0.25 in. thick ......ooooveeeiireeeoeeeeeoee ) 28.7 9.3
NO FECOVETY ..oimiiiieiiieece e e 38.0 1.4
Shale {(same description as interval from 28.7 to 38.0 ft) ......... 394 7.0

Sandstone, light-gray (N 7), very fine-grained, non-

calcareous, quartzose; mostly massive, but contains

some medium-dark-gray (N 4), cross-laminated, sandy

shale layers up to 7 in. thick that contain scour-and-fill,

bioturbation, and soft-sediment deformation features;

black carbonized plant fragments abundant in unit............ 46.4 4.8
Shale, medium-gray (N 5), noncalcareous, burrowed;

contains rare, small sideritic concretions; is banded

in lower 4 ft of unit and is interstratified with light-gray

(N 7), siltstone and very fine-grained sandstone

containing abundant black carbonized plant

fragments; basal contact sharp .......ocooevivvvooreoeee 51.2 13.1
Sandstone, light-gray (N 7), very fine-grained, silty,

noncalcareous; faintly stratified, with some low-

angle cross-stratification; interbedded with medium-

dark-gray (N 4), bioturbated shale in lower 10 in.

OF LNt ottt e 64.3 1.7
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Shale, medium-gray (N 5), noncalcareous, bioturbated;
includes laminae and contorted layers of light-gray (N 7),
very fine-grained, bioturbated sandstone; contains
numerous, small sideritic nodules ...,

Sandstone, light-gray (N 7), very fine-grained, calcareous,
faintly laminated ...

Shale (same description as interval from 66.0 to 73.2 ft);
contains two 1.5-in.-thick layers of light-gray (N 7), very
fine-grained sandstone ~2.5 ft from base of unit; lower
contact gradational ...

Shale, medium-dark-gray (N 4), very calcareous; contains
abundant small shells and shell fragments in lower 3 in.

OF U e et e e e e
Shale, black (N 1), noncalcareous; burrowed ..........cccocvveenn.
Shale, dark-gray (N 2), calcareous ........cccccccoviiiiiiiiiiininin
Sandstone, medium-dark-gray (N 4), very calcareous, very

shaly, churned from drilling or bioturbated .......................

Fort Scott Formation

Shale, black (N 1), fissile, noncalcareous (Little Osage Shale
MEMDET) ..o e

Limestone, very light-gray (N 8), shaly, subtly stratified;
contains abundant fossil fragments and crinoid columns
up to 0.5 in. in diameter (Blackjack Creek Limestone
MEMDET) 1ottt

CABANISS GROUP
Senora Formation

Shale, grayish-black (N 2), noncalcareous, fissile; contains
rare laminae of fine-grained limestone (Excello Shale
MEMDET) i

Limestone, medium-light-gray (N 6) to light-brownish-gray
(5 YR 6/1), very fine-grained, micritic, impure in lower
2 ft; contains scattered fossil shells concentrated in thin
layers in places; irregularly laminated; cross-laminated
in part; vugular in places; grades into medium-gray (N 5),
calcareous shale in lower 1 in. of unit (Breezy Hill
Limestone Member) ......coooviiiiiiiiiieiee e

Shale, medium-gray (N 5), very calcareous..........cccccvienininnne

Total depth

66.0

73.2

73.4

79.4
79.9
80.0
80.3

80.8

81.5

82.4

7.2

0.2

6.0

0.5
0.1
0.3
0.5

0.7

0.9

1.9

17.5
0.2

102.0

'Letter and number designation in parentheses refers to standard color classifications used in the Munsell

color system (Rock-Color Chart Committee, 1948).
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OKLAHOMA EARTHQUAKES, 1990

James E. Lawson, Jr.!, Kenneth V. Luza?, and Dan Moss'

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 aver-
age, 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

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

'Oklahoma Geological Survey Observatory, Leonard.
2Oklahoma Geological Survey.
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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 his-
torical earthquake tremors felt in Oklahoma (Arkansas Territory) by residents in
southeastern Oklahoma settlements. The earliest documented earthquake in Okla-
homa occurred near Jefferson, Grant County, on December 2, 1897 (Stover and
others, 1981). The next oldest known Oklahoma earthquake happened near
Cushing 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) 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 1900 through 1990, more than 840 earthquakes have
been located in Oklahoma.

Instrumentation

A statewide network of 12 seismograph stations was used to locate 37 earth-
quakes in Oklahoma for 1990 (Fig. 1). The Oklahoma Geological Survey Obser-
vatory station, TUL, located near Leonard, Oklahoma, in southern Tulsa County,
operates seven seismometers, three long-period and four short-period. The seismic
responses at TUL are recorded on 12 paper-drum recorders. Accurate timing is
assured by a microprocessor clock that is continuously locked to the National
Bureau of Standards cesium-beam clocks by low-frequency radio transmissions
broadcast by WWVB (Lawson, 1980). Seven semipermanent volunteer-operated
seismograph stations and three radio-telemetry seismograph stations complete the
Oklahoma Geological Survey’s seismic network. The operation and maintenance
of 10 of the stations is partially supported by the U.S. Nuclear Regulatory Com-
mission (Luza, 1978).

Each of the seven volunteer-operated seismograph stations consists of a Geotech
S$-13 short-period vertical seismometer; a Sprengnether MEQ-800-B unit, including
amplifier, filters, hot-stylus heat-sensitive-paper recording unit, and a clock; and a
Kinemetrics time-signal-radio receiver for high-frequency WWYV time signals. Each
radio-telemetry system consists of one Geotech S-13 seismometer and one radio-
telemetry unit. The telemetry unit amplifies the seismometer output and uses this
output to frequency-modulate an audiotone. The signals are transmitted to Leonard
in the 216- to 220-MHz band with 500-mW transmitters and 11-element beam
antennas, giving an effective radiated forward power of 12.9 W. Transmission path
lengths vary from 50 to 75 km. Seismograms from the radio-telemetry stations are
recorded at the OGS Observatory.

Station QOCO, which contains equipment similar to the volunteer-operated sta-
tions, is located at the Omniplex museum in Oklahoma City. Omniplex staff mem-
bers change the seismic records daily as well as maintain the equipment. OGS
Observatory staff help interpret the seismic data and archive the seismograms with
all other Oklahoma network seismograms.
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