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Woodford Shale — Exposure of Woodford Shale in the Arbuckle Mountains. I the wake of the finan-
cial success associated with production of natural gas from the Barnett Shale in Texas (Fort Worth
Basin), eyes are looking northward to the natural-gas potential of the Upper Devonian - Lower Mis-
sissippian Woodford (Chattanooga) Shale of Oklahoma. The main image shows a natural high wall of
the Woodford. The bank-forming resistance of the Woodford is related to the siliceous nature of the
shale, a characteristic that also influences the susceptibility of the formation to fracturing (rod in
photo left of inset is 1.5m in length). The inset (see front cover) shows complex folding and faulting
associated with lateral shortening in the Woodford. The feature is located near the basal contact of
the Woodford with underlying Hunton Group carbonates (note GPS for scale).

Photos by Stanley T. Paxton, U.S. Geological Survey
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Recent Oklahoma Earthquake Activities

The Oklahoma Geological Sur-
vey has been examining data
collected from a number of re-
cent small earthquakes in the
Midwest City/Del City area.
Most of these events have
magnitudes less than 2.0 on
the Richter scale. The Okla-
homa Geological Survey does
not have adequate instrumen-
tation to determine the depths
and precise locations of these
events. Their magnitudes and
associated sonic booms sug-
gest that the origins of the
earthquakes occur at shallow
depths.

There is speculation that some
of these events may be related
to the production of large vol-
umes of fluids being produced

for crude oil and the corre-
sponding re-injection of the
brines into deep formations. At
present, there are no data to
support that theory. The fact
that the brine is being injected
under a vacuum suggests that
that theory is less plausible.
Also, if the locations of the
epicenters are correctly plot-
ted, then the events to date
are some distance away from
the petroleum operation. How-
ever, the data at present are
inadequate to arrive at a con-
clusion concerning the petro-
leum operation.

The Oklahoma Geological Sur-
vey continues to examine the
situation. Additional equip-
ment located in the vicinity of

the petroleum operation will
be used to obtain more accu-
rate epicenter locations and
related information under the
assumption that additional
events will occur in this area.

The Oklahoma Geological Sur-
vey is dedicated to developing
a clear and accurate analysis of
the geology of Oklahoma. We
welcome any and all comments
from the public on this or any
other geological issue.

Charles J. Mankin

Director, Oklahoma Geological Survey

OKLAHOMA GEOLOGICAL SURVEY OBSERVATORY
OKLAHOMA EARTHQUAKE CATALOG 2007

DATE (UTC) TIME (UTC) COUNTY ST MM MAGNITUDES LATITUDE LONGITUDE DEPTH SM
YYYY|MMM |DD |HH |[MM|SS.SS 3Hz bLg|DUR |deg (N) deg (W) km
2007|Jan|os|21|46]02.91 |coaL oK | 3 2.5034.536 |-96.429 | 5.00R|oC
2007|Jan|o9]os|25]02.71 [JEFFERSON | OK 2.2134.033 |[-97.643 | 5.00R|OC
2007|JaN[09]10[32|40, 68 [JEFFERSON | OK 2.1(34.133 |-97.836 | 5.00R|o0C
2007|dan|15]11|16|34.20 [capDO OK 2.5(34.864 | -98.328 | 5.00R|0C
2007|FEB|11]|14|09]05.3 OK| F 1.8 35 =9y
2007|FEB[12]18[32|34.35 [ctEVELAND | OK| F 3.0(35.215 |[-97.271 | 5.00R|oC
2007|FEB|18|18|29|35.90 |JEFFERSON | OK 2.0(33.999 |-97.607 | 5.00R|oC
2007 |MAR[13]11 [11[28.27 [coaLn OK 2.0(34.679 |[-96.155 | 5.00R |oC
2007|MAR |14 |15|54|23.59 [aTOKA OK 2.3(34.245 |-96.147 | 5.00R|oC
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James E. Lawson Jr.
Oklahoma Geological Survey Observatory, Leonard

Kenneth V. Luza

Oklahoma Geological Survey

INTRODUCTION

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

Earthquakes tend to occur in belts or zones. For ex-
ample, narrow belts of earthquake epicenters coin-
cide with oceanic ridges where plates separate, such
as in the mid-Atlantic and eastern Pacific Oceans.
Earthquakes also occur where plates collide and/or
slide past each other. Although most earthquakes
originate at plate boundaries, a small percentage
occurs within plates. The New Madrid (Missouri)
earthquakes of 1811-12 are examples of large and
destructive intraplate earthquakes in the United
States.

The New Madrid earthquakes of 1811-12 were proba-
bly the earliest historical earthquake tremers felt in
what is now southeastern Oklahoma (then part of Ar-
kansas Territory). Before Oklahoma became a state,
the earliest documented earthquake occurred on
October 22, 1882, probably near Fort Gibson, Indian
Territory, although it cannot be located precisely
(Ross, 1882; Indian Pioneer Papers, date unknown).
The Cherokee Advocate newspaper reported that at
Fort Gibson “the trembling and vibrating were so
severe as to cause doors and window shutters to
open and shut, hogs in pens to fall and squeal, poul-
try to run and hide, the tops of weeds to dip, [and]

cattle to lowe” (Ross, 1882, p. 1). These observations
indicate Modified Mercalli (MM)-VIIl intensity effects.
(See the following section on Distribution of Oklahoma
Earthquakes for information about the MM earthquake-
intensity scale.) The next documented earthquake in
Oklahoma occurred near Jefferson, Grant County, on
December 2, 1897 (Stover and others, 1981). The next
kncwn Oklahoma earthquake happened near Cushing,
Payne County, in December 1900. This event was fol-
lowed in April 1901 by two additional earthquakes in
the same area (Wells, 1975) at plate boundaries, a
small percentage occurs within plates. The New Ma-
drid (Missouri) earthquakes of 1811-12 are examples
of large and destructive intraplate earthquakes in the
United States.

The largest known Oklahoma earthquake (with the
possible exception of the 1882 earthquake) occurred
near El Reno, Canadian County, on April 9, 1952. This
magnitude-5.5 (mb, Gutenberg-Richter) earthquake
caused a 50-ft-long crack in the State Capitol Office
Building in Oklahoma City. It was felt throughout Okla-
homa and in parts of seven other states. The total
felt area was about 362,000 km? (Docekal, 1970; Kalb,
1964; von Hake, 1976); Des Moines, lowa, and Austin,
Texas, were at the northern and southern limits. From
1897 through 2002, 1,697 earthquakes were located in
Oklahoma.

INSTRUMENTATION

A statewide network of nine seismograph stations
was used to locate 21 earthquakes in Oklahoma for
2005 (Fig. 1). The network consists of a central sta-
tion (TUL/LNO), four radio-telemetry seismograph
stations (FNO, RLO, SIO, VVO), and four field stations
(ACO, MEO, OCO, PCO). The U.S. Geological Survey
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TABLE 1. — ESTIMATED NUMBER OF WORLDWIDE
EARTHQUAKES PER YEAR BY MAGNITUDE

(Modified from Tarbuck and Lutgens, 1990)

ESTIMATED NUMBER

MAGNITUDE PER YEAR EARTHQUAKE EFFECTS

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

Minor to moderate earthquakes
Often felt, but only minor
damage detected

2.5-5.4 30,000

Moderate earthquakes

5.5-6.0 500 Slight damage to structures

Moderate to major earthquakes
Can be destructive in
populous regions

6.1-6.9 100

Major earthquakes
Inflict serious damage
if in populous regions

7.0-7.9 20

Great earthquakes
Produce total destruction
to nearby communities

1-2

(USGS) established a seismograph station, WMOK, 19
km southwest of the Oklahoma Geological Survey’s
(OGS) station at Meers (MEO). WMOK does not record
continuously. When triggered by moderately strong
ground motion, WMOK transmits a short segment of
data to the National Earthquake Information Service
in Golden, Colorado. WMOK is used mostly for distant
earthquakes, although it somietimes records some of
the larger Oklahoma earthquakes. Because WMOK is
so near MEO, its arrival times do not improve the ac-
curacy of location of Oklahoma earthquakes.

Central Station

The OGS Observatory station, TUL/LNO, is about 3.2
km south of Leonard, Oklahoma, in southeastern Tulsa
County. At this site, digital and analog (paper) records
from all stations are analyzed to detect, identify, and
locate Oklahoma earthquakes. Seismometers at the
central station are installed on a pier in a 4-m-deep
underground walk-in vault, and in an 864-m-deep
borehole. The vault is designated by the abbreviation
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TUL, and the borehole has the international station
abbreviation, LNO. In the vault, three Baby Benioff
seismometers and a 3-component Guralp CMG3-TD
seismometer record vertical, north-south, and east-
west ground motion. Each Baby Benioff seismometer
produces signals recorded on a drum recorder that
uses a heat stylus and heat sensitive paper. (The orig-
inal drum recorders used light beams to record on
photopaper. The drum recorders were converted to
ink recording, and later to more reliable recording on
heat sensitive paper.)

The Guralp CMG3-TD ultra-broadband seismometer
senses everything from the solid earth tides with their
mHz frequencies to the high frequencies of Oklahoma
earthquakes, which may approach 100 Hz. The CMG3-
TD seismometer has a Global Positioning System (GPS)
time receiver and digitizers in the case. The three
digitizers each produce 200 samples per second. The
CMG3-TD in the vault is a temporary replacement for
the similar borehole seismometer, which currenttly is
being rebuilt under warranty at the Guralp factory in
the United Kingdom. When the borehole seismometer
is operating again, it will provide the 200-sample-per-
second signals from the central station that are used
to detect and locate earthquakes in Oklahoma.

A Guralp eight-channel rack digitizer records the re-
mote stations (RLO, VVO, and SIO) at 200 samples per
second. Data are digitized and recorded by Guralp
SCREAM software running on a PC. These samples are
assembled into time-tagged data-compressed packets
and transmitted at 38,400 bits per second to the Gur-
alp SCREAM data acquisition software. Guralp SCREAM
software, which runs on a PC, uncompresses the pack-
ets, organizes them into one-hour files on a disk, and
will display one or more windows containing one or
several moving traces. The windows may contain as
little as one second or as much as 24 hours of ground
motion. All digital data are archived on writable CD-
ROMs. About two new CDs are added each week.

SCREAM sends slower packets (20 samples per second,
and four samples per second) to another PC running
SCREAM, and to the University of Indiana via the in-
ternet. From Indiana, the packets are sent continually
or in once-per-day batches to a number of second-
ary schools in the United States. The slower packets
lack the high frequencies characteristic of Oklahoma
earthquakes, but are very useful for studying tele-
seisms (distant earthquakes), which occur daily in the
Earth’s seismic belts. For distant earthquakes above
magnitude 6, packages of the 20-sample-per-second,
vertical, north-south, and east-west signals containing
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about one hour of recording are made at the Obser-
vatory. These are sent by internet file transfer proto-
col to the PEPP (Princeton Earth Physics Project) data
base, which is used primarily by American secondary
schools.

Radic Telemetry Stations

Three radio-telemetry stations, (1) at Rose Lookout
(RLO) in Mayes County, (2) at the Bald Hill Ranch near
Vivian (VVO) in McIntosh County, and (3) at the Jack-
son Ranch near Slick (SI0) in Creek County, have Geo-
tech 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.

Antennas on a 40-m-high tower near the OGS Obser-
vatory receive signals from the three radio-telemetry
sites. These electrical signals are carried 350 m over-
land to the outside of the Observatory building. In
a box on the outside wall, the electrical signals are
converted to optical signals. The optical signals are
sent through ~6 m of plastic fiber into the building,

Oklahoma Geology Notes «

where they are converted back to electrical signals.
This optical link is used to prevent wires from carrying
lightning-induced surges into the building and damag-
ing digitizers and computers.

The radio-telemetry signals are frequency-modulated
audio tones. Discriminators convert the tones back
into a voltage similar to the voltage produced at the
field seismometer. These voltages are recorded on a
48-hour-paper-seismogram drum recorder, one record-
er per station. The paper records are used mainly to
backup the computer system.

The radio-telemetry signals are transmitted to three
channels (one channel per station) on the Guralp rack
digitizer. Each digitizer channel produces 200 samples
per second. The digitizer includes a GPS satellite
receiver. The signals are assembled in memory into
timed packets. The packets are transmitted to a PC
running Guralp SCREAM data acquisition software.

A fourth radio-telemetry station, FNO, was installed
in Norman in central Oklahoma on April 28, 1992. The
seismometer, Geotech S-13, is on a concrete pad,
about 7 km northeast of Sarkeys Energy Center (the
building that houses the OGS main office). A discrimi-
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nator converts the audio-signal frequency fluctuations
to a voltage output. The voltage output is amplified
and recorded by a Sprengnether MEQ-800 seismograph
recorder (located in an OGS display case) at a trace
speed of 60 mm/min.

Field Stations

Seismograms are recorded at three volunteer-oper-
ated seismographs (ACO, MEQ, and PCO). Each station
consists of a Geotech S-13 short-period vertical-mo-
tion-sensing seismometer in a shallow tank vault, or in
an abandoned mine shaft (station MEO). The seismom-
eter signal runs through

leaf notebook. The arrivals then are entered into the
SPARC20 or the SPARC 2+ using a user-friendly flexible
program written in the Nawk language. The program
uses the entries to write an input file with a unique
file name.

From the input files, the hypocenters are located by
Johannes Schweitzer’s (1997) program HYPOSAT 3.2c.
A Nawk program manages the input to HYPOSAT and
puts the output in a single file and writes a line in an
overall catalog file.

HYPOSAT must have a velocity model of the crust and
top of the mantle to calculate travel times of P and
S to each station from each

60-600 m of cable in sur-
face PVC conduit to the
volunteer’s house or other
building. The volunteer
has a Sprengnether MEQ-
800B timing system ampli-
fier-filter-drum recorder,
which records 24 hrs. of
seismic trace at 1 mm/min
in a spiral path around the
paper on the drum. A time-
signal radio receiver tuned to the National Institute of
Standards and Technology and high-frequency radio
station WWV is used to set the time. The volunteers
mail the seismograms to the Observatory weekly (or
more often, if requested). When an earthquake is felt
in Oklahoma, the volunteer operators FAX seismogram
copies to the Observatory so that the earthquake can
be located rapidly.

Station OCO, which contains equipment similar to that
at the volunteer-operated stations, is at the Omniplex
museum in Oklahoma City. Omniplex staff members
maintain the equipment and change the seismic re-
cords daily. OGS Observatory staff help interpret the
seismic data and archive the seismograms with all
other Oklahoma network seismograms.

DATA PROCESSING
AND ANALYSIS

Data are processed on two networked Sun UNIX work-
stations—a SPARC20 and a SPARC 2+. All network digi-
tal and analog short-period (frequencies > 1 Hz) and
broadband seismograms are scanned for earthquakes
in and near Oklahoma. The arrival times of P and S
phases are recorded on a single-page form in a loose-
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Oklahoma earthquake catalogs,
earthquake maps, some seismo-
grams, and related information
are on the Internet at
http://www.okgeosurvey1.gov

successive hypocenter tried
in the program. The nine-
layer-plus-upper-mantle
Chelsea model for Okla-
homa, derived by Mitchell
and Landisman (1971), is
used exclusively for locat-
ing Oklahoma earthquakes.
This model and three other
Oklahoma models are out-
lined on the Observatory
Web site at http://www.okgeosurvey1.gov/level2/
geology/ok.crustal.models. html.

Each hypocenter is usually run in a preliminary form
using the first four or so P and/or S arrivals from about
four stations. Later, after all seismograms have been
read, a final location is determined. The solutions are
added manually to a catalog on the Observatory Web
site at http://www.okgeosurvey1.gov/level2/okeq-
cat/okeqcat.2002.html.

DISTRIBUTION OF OKLAHOMA
EARTHQUAKES, 2005

All Oklahoma earthquakes recorded on seismograms
from three or more stations are located. In 2005, 21
Oklahoma earthquakes were located (Fig. 2; Table 2).
One earthquake was reported felt (Table 3). The felt
and observed effects of earthquakes generally are
given values according to the Modified Mercalli Inten-
sity scale, which assigns a Roman numeral to each of
12 levels described by effects on humans, man-made
constructions, or natural features (Table 4).

On May 16, a magnitude 2.8 (mbLg) earthquake (event
no. 1815) occurred in northwestern Cleveland County

e V. 66, no. 3 » Fall 2006
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Figure 2. Distribution of Oklahoma earthquakes for 2005. 97 i g5*
Numbers correspond to event numbers in Table 2.
TABLE 2. — Oklahoma Earthquake Catalog for 2005
1812 Feb 6 15 59 14.48 Pushmataha 3.2 3.5 34.238 -95.238 500R C
1815 May 16 22 29 47.61 Cleveland \% 2.8 35325 -97.531 5.00R C
1818 Aug 21 5 55 20.59 Woods 2.7 36.808 -98.765 5.00R C
1820 Sep 29 1 20 55.12 Mclntosh 1.9 35280 -95.986 5.00R C
|
1821 Oct 22 7 29 58.60 McClain 1.3 34981 -97496 5.00R C
1823 Oct 26 2 42 4.28 Garvin 1.6 34.795 -97.468 500R C
1825 Nov 1 5 51 10.04 Coal 1.3 34729 -96.108 5.00R C .
1827 Nov 30 14 27 44.81 Pittsburg 1.6 34.681 -96.067 5.00R C
1829 Dec 8 21 57 17.66 Noble 1.9 36.462 -97.297 5.00R C
1831 Dec 18 6 19 7.35 Johnston 2.2 34279 -96.478 500R C
=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
second. To convert to local Central Standard Time, subtract six hours.
*Modified Mercalli (MM} earthquake-intensity scale (see Table 4).
¢5.00R indicates that the depth was restrained to 5.00 km from the beginning of the calculation.
9C refers to the Chelsea velocity model (Mitchell and Landisman, 1971).
Oklahoma Geology Notes « v. 66, no. 3 « Fall 2006 105




TABLE 3. — Earthquake Reported Felt in Oklahoma, 2005

Event Date and origin time Intensity
no. (urc)? Nearest City County Mm®
1815 May 16 22 29 47.61 4.5 km west of Moore Cleveland \Y

2UTC 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 six hours.

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

about 4.5 km west of Moore (Tables 2, 3) at 5:29 p.m.
local time. The earthquake was felt in Oklahoma City
(64 felt reports), Norman (44 felt reports), Moore (22
felt reports), Del City (six felt reports), Tuttle (two
felt reports), Blanchard (two felt reports), and Yukon
(two felt reports). The OGS received one felt report
from Purcell and another report from Newalla. The
earthquake was felt over 4,600 km?. This earthquake
produced MM-V effects in Oklahoma City, Norman,
Moore, Del City, Blanchard, Purcell, and Yukon (Fig.
3). Felt reports near the epicenter stated: “heard
booming sounds”; “felt a jolt”; “saw water sloshing
in fish tank”.

In 2005, earthquake-magnitude values ranged from a
low 1.3 (MDUR) in McClain County (event no. 1821)
to a high of 3.5 (mbLg) in Pushmataha County (event
no. 1812). Three earthquakes were located in Push-
mataha County in 2005. Other counties that expe-
rienced multiple earthquakes include Coal, McClain,
and Woods.

CATALOG

For both preliminary and final locations, the catalog
of Oklahoma earthquakes is in HTML (world wide web)
format; one HTML page contains all earthquakes that
occurred in one year (a single page lists earthquakes
for multiple years prior to 1977). For absolute unifor-
mity, the catalog is stored only in HTML format. One
copy is on a ONENet server. (ONENet is the network of
the Oklahoma Regents for Higher Education.) The serv-
er copy, at the world wide web address http://www.
okgeosurvey1.goy, is used both for public distribution
and for in-house reference. A second (backup) copy is
on a Sun SPARC20 workstation at the Observatory in
Leonard, Oklahoma.

106

Each event in the catalog is sequentially numbered
and arranged according to date and origin time. The
numbering system is compatible with the system used
by Lawson and Luza (1980-1990, 1993-1994, 1995a,
1995b, 1996-2005), Lawson and others (1991, 1992),
and for the Earthquake Map of Oklahoma (Lawson
and Luza, 1995b). The sequential event number is not
found on the world wide web catalog.

May 16, 2005,
Cleveland County Earthquake
Modified Mercalli Intensity Values

OKLAHOMA 1v (24)
Yukon V (40)
wv@° Oklahoma City
v v (5)Cl;elo Newalla
0
| CANADIAN va) Cly V)
| CLEVELAND IV (10)
o Tutle | ™ O Moore vay | 8
IV (2) g
o Norman IS
GRADY III (3) &
LV (@) IV (16) =
Blanchard V (25) <
B
13: ﬁ“ ' Purcell o
perih V@ ek g
’ McCLAIN

Figure 3. Modified Mercalli (MM) intensity values (Roman
numerals) for the May 16 (UTC time) earthquake (event
no. 1815) in Cleveland County (Tables 2, 3). Numbers in
{)arentheses indicate the number of felt reports for each
ocation.
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The dates and times for cataloged earthquakes 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 dig-
its are the seconds. To convert to local Central Stan-
dard Time, subtract six hours.

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 epicenter. An increase of one unit in the mag-
nitude value corresponds to a tenfold increase in the
amplitude of the earthquake waves. There are sev-
eral different scales used to report magnitude. Table 2
has three magnitude scales, which are mbLg (Nuttli),
m3Hz (Nuttli), and MDUR (Lawson). Each magnitude
scale was established to accommodate specific crite-
ria, such as the distance from the epicenter, as well

Table 4. — Modified Mercalli (MM) Earthquake-
Intensity Scale (Abridged)
(Modified from Wood and Neumann, 1931)

stances.

noticeably.

stop.

Vi

biles.
Vi

ground.
Xl

I Not felt except by a very few under especially favorable circum-

Il Felt only by a few persons at rest, especially on upper floors of build-
ings. Suspended objects may swing.

lll Felt quite noticeably indoors, especially on upper floors of buildings.
Automobiles may rock slightly.

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

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

VI Felt by all; many frightened and run outdoors.

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

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

IX Damage 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.

Xl Few if any (masonry) structures remain standing. Broad fissures in

Damage total. Waves seen on ground surfaces.
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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
derived from the following expression:

m3Hz = log(A/T) - 1.63 + 0.87 log(4),

where A is the maximum center-to-peak vertical-
ground-motion amplitude sustained for three or more
cycles of Lg waves, near 3 Hz in frequency, measured
in nanometers; T is the period of the Lg waves mea-
sured 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, p. 28) modified the formulas for m3Hz. The OGS
Observatory has used this modification since January
1, 1982. The modified formulas have the advantage
of extending the distance range for measurement of
m3Hz out to 400 km, but they also have the disadvan-
tage of increasing 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 located 55.6-445 km from the
epicenter, is derived from the following equation:

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

where A is the maximum center-to-peak vertical-
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ground-motion amplitude sustained 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 ar-
eas. It is defined as:

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 back-
ground-noise amplitude. Before 1981, if the Pn wave
was the first arrival, the interval between the earth-
quake-origin time and the decrease of the coda to
twice the background-noise amplitude was measured
instead. Since January 1, 1982, the interval from the
beginning of any P wave (such as Pg, P*, and/or Pn)
to the decrease of the coda to twice the background-
noise amplitude has been used.

Earthquake detection and location accuracy have been
greatly improved since the installation of the state-
wide network of seismograph stations. The frequency
of earthquake events and the possible correlation of
earthquakes to specific tectonic elements in Okla-
homa are being studied. It is hoped that this infor-
mation will provide a more comprehensive data base
that can be used to develop numerical estimates of
earthquake risk that give the approximate frequency
of 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 information necessary to evaluate insur-
ance rates.
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(Jim Crow) for separate coaches,

waiting rooms, and public schools,

for whites and Negroes. President

Theodore Roosevelt and many
_ congréssional leaders threatened

to withdraw support for statehood
2 if these laws were incorporated
into the state constitution. The is-
sue became the subject of numer-
ous newspaper articles for several
months. p
Oklahoma City’s population was
4,152 in 1890. In 1907 ighe popu-
lation reached 32,452 and almost
doubled by 1910 when the popula-
tion had increased to 64,205 (U.S.
Department of Commerce Bureau
of Census, 1913).

R. E. Stafford was the editor and E.
K. Gaylord was the business man-
ager for the Daily Oklahoman.
It had a daily average circulation
of 17,594 in December 1906, and
cost 5¢ at the newsstand or 45¢
per month when delivered by car-
rier. The newspaper was published
daily except for Monday. Want ads
cost a penmy per word.

0

Tuesday, January 1, 1907, p. 1

¥ NO AVAILABLE LAND
FOR A SCHOOL FUND

CAN’T BE SET ASIDE IN
INDIAN TERRITORY AS THEY
BELONG TO INDIANS

Tahlequah, I. T., Dec. 31—
Every person who has concern
as to the schools of the new state
looks with apprehension upon
the situation that will arise when
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the state government is effec-
tive and three-fourths of the land
non-taxable on account of the
Indian title. It is feared that this
will curtail the school tax to such
a degree that the state will be
unable to maintain a successful
system of rural schools.

Judge ]. H. Shepherd of
south McAlester and A. Grant
Evans of Muskogee are the two
most prominent workers for re-
moval of restrictions on account
of the schodls. Both in Washing-
ton and in Indian Territory, they
have repeatedly called attention,
of senators and congressmen to
the fact that Indian Territory can
not have good schools \;vith the
land non-taxable.

(&2 2.0

January 1, 1907, p. 10

* Overholser Opera House
at 213-219 West Grand presents
Louis James as Falstaff in the
Merry Wives of Windsor.

Prices: Matinee: Adults
75¢-$1.00 Children 25¢-50¢
Evenings: 25¢-$1.50

(G220

January 1, 1907

Many of the Oklahoma
City merchants began advertising
their mid-winter clearance sales
on Wednesday. Baum’s, a wom-
en’s clothing store, on 130 !Vgs}
Main St. offered suits and coats
for $10.00, alteration.s free. Barth
& Myer, men’s and boys’ cloth-
ing store on 122 West Main St.,
has men’s overcoats, raincoats,
and suits from $7.50 to $30.00.
The Enders Co., 221-223 W.

Grand next to Overholser Opera
House, sells furniture, carpets,
rugs, matting window shades,
tilg, and grates. A ten day’intro-
ductory sale starts Wednesday
morning. Housel-Barron, men'’s
and women’s shoe store at 220
West Main St., sale starts tomor-
row. Prices range ffom $2.75 to
$5.00. All their stock is new. No
old shop worn or miss-mated
shoes.

O30

¢

Wednesday, January 2, 1907,
p. 1

NEW OIL GUSHER IS
FLOWING 2000 BAR-
RELS PER DAY

WORLD OF OILY WEARLTH
OPENED BY CROW CO.
AT SAPULPA

Sapulpa, I. T., Jan. 1—An
oil gusher flowing 80 barrels an
hour and exceeding " anything
on record in the Indian Territory
oil fields was brought in within 2
1/2 miles of this city last night by
the Crow Oil and Gas company,
composed entirely of Sapulpa
men. The well is the fourth to
be located in a field, all within a
mile of each other, and in section
five, two miles east and one-half
mile south of Sapulpa.

Of the other three wells
opened in this field within the
last three weeks, two are flowing
5,500 barrels per day each and
the third 1,200 barrels. The well
brought in last night is flowing
approximately 2,000 barrels per ’

ﬂay. &

(G240
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January 2, 1907, p. 5

Local weather data for the
previous day [emphasis added]
was provided by ]. P. Slaughter,
section director of the United
States weather station at Epworth
University (now Oklahoma City
University). Yesterday’s high was
42° and the low was 31°.

(G22-0)

January 3, 1907 S e

Mid-winter clearance sale
continues today and for eigh-
teen more days. Kennedy Dry
Goods Company, 226-228 West
Main St., sacrifice sale of winter
goods begins today, Wednesday,

4

at 8 o’clock™‘Our extensive pur-
chases of new spring goods will
commence to come in about the
middle of this month ahd room
must be made.”

(G240

L

Thursday, January 3, 1907,
p.1
Shah of Shahs 800
Wives Wailing fox
Dying Ruler
No Improvement in
Condition of Shah

Teheran Jan. 2—Muzaffer-
ed-Din, Shah of Shahs, scended
the throne of Persia May 2, 1896,

the day after his father, the fa-
mous Nasr-ed-Din, was assassi-

nated by a religious fanatic.
Reputed to be the wealth-
iest monarch in the world, the

Shah’s reign has been clouded *
by a malady, which would not

yield to medical treatment. The
Shah has been a reformer dur-
ing the ten years of his reign,
and the only concessions, which

the Persians have obtained for

four thousand years, have been
made by him. A reign, which
began most inauspiciously, has
continued in peace and quiet.

Figure 1. Hmstmg lead-zinc ore to the surface from a mine in the Tn State Mining District. (Photo“graph courtesy
Picher Mining Museum.)
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Figure 2. Cable-tool drill rf§s prospecting for lead-zinc ore deposits in thekTri-State Mining District near what is
"~ now Picher, Oklahoma. (Photograph courtesy Baxter Springs, Kansas Heritage Center and Museum.)

f

January 3, 1907, p. 1

CONVENTION
RECONVENES TODAY

TO CHANGE COUNTY
NAMES SLASH ON
OKLAHOMA SIDE

Constitution Makers Reas-
semble after Holiday Recess
and Remainder of Session
Promises to be Marked by
Most interesting Features

WILL LOCATE COUNTY
SEATS TEMPORARILY;
URGES INITIATIVE AND REF-
ERENDUM ACTION

Guthrie, Okla., Jan 2—It

116

-

is learned tonight from a con-
stitutional convention delegate
that an attempt will be made to-
morrow to change the names of
Harper, Alfalfa, and Craig coun-
ties and among the new names
suggested are Vest, Voorhees,
Fields, and Edison. v

< 30
bl

Friday, January 4, 1907, p. 3
TO PROHIBIT SALE OF
MINERAL LANDS *“~

SENATOR NELSQN WANTS
IT HELD UNTIL MINERAL IS

EXHAUSTED

Washington, Jan. 3—Sen-
ator Nelson today introduced a
bill to prohibit the sale of lands
on which are situated beds of
coal, lignite, asphalt, petroleum,
and natural gas in the govern-
ment domain until such deposits
have been exhausted. Provision
is made for leasing for terms not
exceeding one year for the pur-
pose of having them explored.

Persons making explorations .
-and discoveries are to be given

the preference in the right to
lease and work the deposits.

(G 2.0
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Choctaws and
Chickasaws Offering
to Sell Segregated
Coal-Asphalt

Lands t'o State for
Twelve Million

Guthrie, Okla., Jan. 10—
The Choctaw and Chickasaw
Indians are willing to sell to the
new state of Oklahoma the seg-
regated coal and asphalt lands,
according to a statement made
by Boone Williams of Lehigh, a
delegate to the constitutional
convention.

“The Indians have eaf-
fered to sell these lands to the
state,” said Mr. Williams, for
“$122,000,000 ([sic]. They will
take $5,000,000 in cash and ac-
cept three per cent bonds for
the balance.” Delegate Williams
has been advocating the sale of
the coal and asphalt lands so that
the surface might be disposed of
to actual settlers.

"The enabling act, grant-
ing joint statehood to the two
territories, gives to the new
State the sum of $5,000,000 cash
as a school appropriation for In-
dian Territory, offsetting in part
at least the mammoth school

land holdings of Oklahoma Ter-

ritory. The state is at liberty, it is
held by many, to apply*this fund
in purchasing the segregated
lands, if the revenues there-from
are applied to the support of the
schools.

A resolution was intro-
duced early in the session by
Delegate Boone Williams me-

morializings Congress to sell whole a resolution providing for
separately the surface and the the appointmentofacommission
coal rights of the 1and; thus per- of five persons to investigate the
mitting immediate settlemsnt. A value of the lands and enter irto
committee was named to draft negotiations with the proper au-
such a memorial. thorities of the Choctaw and
Chickasaw Nations. They shall
(Note: Before the Choctaw and report as early as practical un-
Chickasaw Indians took their al- der the circumstances the result.
Iotments of land they made a trea- of said investigation and nego-
ty with the Government whereby tiations to the governor.
the land that was underlain with 4
coal/asphalt was segregated or
set apart for the benefit of the Na-
tions as a whole. The coal/asphalt
land could not be allotted by any
individual citizen of either Nation.

The tdétal amount of land segre- WILL FAVOR GRAVITf

30

i/
Tuesday, January 15, 1907, p.

gated was 437,743 acres. This CLAUSE IN OIL
land lies in what are now LEFIOI’G, !NSPECTION LAW
Haskell, Latimer, Pittsburg, Atoka,

Coal and Cartercounties.U.S.De- -Kansas and Oklahoma Oil

partment of Interior, specifically Should be Admitted on Lower
the U.S. Gelological Survey [USGS], Gravity .

was responsible for the manage- Guthrie, OKla., Jan. 14—
ment of these lands. Joseph A. Taff, Prank A. Ashton, territorial oilin-
geologist for the USGS, spent six  gpector, will favor a clause in the
years studying and mapping the gtate oil inspection laws admit-
coal deposits in Indian Territory. ting into the state the Kansas and
His work, which was published in Oklahoma oils at a lower gravity
1901, 1902, 1903, and 1905, and A.  than those of Pennsylvania, Ohio,
H. Purdue (1907) produced some 4n4 Indiana. When the Oklaho-
of the first detailed geologic mj inspection laws were drawn
maps [scale 1:125,000] of whatis and passed by the legislature,

now Oklahoma.J nearly five years ago, there were
in fact two companies operating
(G 4.0 "“%in this territory—Waters-Pierce

of St. Louis and National of Kan-
Sunday, January 13, 1907, p. 1 sas City. The independent com-

and 8 pa}nies, as a rule, have come into
, existence since that time.

TO APPOINT - In regard to Mr. Ashton’s

COMMISSION recommendations for a gravity

CONVENTION TAKES FIRST clause in the rsinspection laws,

STEP TOWARD BUYING SEG- he shows that the Pennsylvania

REGATED LANDS crude oil, straight run, has a re-

gt Yy A fining gravity of from 45 to 48
Guthrie, Okla,, Jan. 12—  degrees; the Ohio Indiana oil
By adopting in committee of the 3 gravity of 45 to 47; the Kan-

t 3
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Geological Survey

Stafff Profiles

Amie Gibson

If an earthquake occurs anywhere in Oklahoma,
chances are Amie Gibson would be involved in
some way. Amie is a Seismic Research Specialist |
for the Oklahoma Geological Survey working at the
Oklahoma Geophysical Observatory near Leonard,
Oklahoma. If an earthquake is felt in Oklahoma it
generates from 2 to 200 reports on the OGS seismic
website. Amie reads and sorts these reports and
assigns a Modified Mercalli Intensity to each one.
She lists the locations of Modified Mercalli Inten-
sities and makes a map of their locations before
submitting the information to the main OGS office
in Norman.

128 Oklahoma Geology Notes

Before coming to the Observatory, Amie had done
little work with computers, but now she can tear
them apart, rebuild them, repair them, and up-
grade the seismic stations from analog to digi-
tal; all in a day’s work. She learned her skills on
the job with the help of the notes from previous
technicians at the OGO, by reading lots of books,
and with help and guidance from Jim Lawson,
OGS Chief Geophysicist, and James King, another
OGO Seismic Specialist at the OGO. Amie enjoys
the challenge of keeping the equipment running
and traveling to the remote seismic stations, as
well as the peace and quiet of the Observatory and
the outlying sites. According to Amie, none of this
would be possible without liking the people with
whom she works.

To understand the scope of Amie’s job, consider
that she maintains remote seismic telemetry sta-
tions in Oklahoma at the following places: Rose
Lookout Mountain (RLO), Vivian Mountain (VVO),
Slick (S10), and Leonard Observatory (LNO). Main-
tenance includes building and repairing the seis-
mic equipment for the telemetry stations, as well
as for the Observatory and volunteer stations at
Franklin (FNO), Ponca City (PCO), Meers Observa-
tory (MEO), Alabaster Caverns State Park (ACO),
and the OmniPlex in Oklahoma City (OCO).

Part of Amie’s job is to convert analog, volunteer-
operated stations to complete digital upgrades,
replacing the MEQ-800 paper, micro-earthquake
recorder with a digitizer, computer, and near real-
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time internet packet for broadcasting to the Leon-
ard Observatory.

Amie monitors all incoming digital signals on a dai-
ly basis, to distinguish normal ground noise from
local earthquakes and quarry blasts, as well as
earthquakes that occur in other parts of the world.
Using diagnostic tools such as a spectrogram, Amie
determines if there is anything suspicious about the
data, either in the field or at the Observatory. "As
an example,” she explains, “a sharp line showing
up in the spectrogram can mean that 60 HZ power
is somehow leaching into the system.”

Observing the data-gathering computers, Amie
makes sure that the software is running correctly.
Occasionally she has to make the call to complete-
ly reconfigure the computer while it is still running
to solve any problem, and at the same time, avoid
any data loss. She also observes the storage capac-
ity on various disks to ensure that the computer
does not run out of space on any of the data chan-
nels. Another task that allows Amie to demonstrate
her inventiveness, as well as being innovative, is in
the design of equipment connections. She designs,
constructs, and tests cables connecting one equip-
ment module to another.

Public service and public relations is another part
of the job for which Amie is well-suited. She an-
swers numerous questions about earthquakes
from the many emails and telephone calls citizens
make to the Observatory. It is Amie’s responsibil-
ity to prepare and distribute press releases for felt
earthquakes in Oklahoma.

Amie took hold of the job and has made it her own;
she applies an enthusiasm and energy to the job
that is infectious. This is confirmed when you lis-
ten to her talking about her adventures on trips
she makes to remote locations to repair seismic
equipment. The adventures include encounters
with snakes and other “critters” she meets on trail
rides she and her horses make around the state, as
well as when talking about her work at the OGO.

“It is nice that you have the ability to see a prob-
lem and fix it. Jim expects you to solve problems
and take care of things without having to be told. |

like to work that way,” she said.

“It is a great job!” she states emphatically. “I re-
ally like this job.” But if there is a down side to her
job, it is the Oklahoma summer heat. She quickly
tells you about her distaste for ticks and snakes
when it is really hot.

Before joining the OGO staff, Amie was a student
at the University of Tulsa studying geology and eng-
lish, then working for three years as an insurance
agent in the Tulsa area. Then one day someone
told her about the job at the Observatory and Amie
went for an interview. Amie impressed Jim Lawson
with how much she knew about the function of the
0GO, making his hiring decision easier.

Outside of her Observatory activities, Amie is a
confirmed horse lover, and goes on extended trail
rides whenever time allows. She has been riding
since she was four-years-old, and her horses are an
important part of her life. She owns three quarter
horses and a miniature donkey named Nacho. Amie
enjoys taking care of them before coming to work
every morning. ;

Amie recently got married to the “love of her life”,
Marcus, and the couple lives in Bixby, Oklahoma.

She loves to read books too, and reads “anything
that has a true spin to it. | like books based on
facts; and | love Thoreau.” She and Lawson both
are avid readers and have a standing agreement
that keeps them on good terms with the local li-
brary: “We’re just a couple of nerds up here and
we take each other’s library books back!” she says
with a laugh. That special insight helps one under-
stand how Amie adapted and grew into the position
of Seismic Research Specialist.
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AUGUST

28—30 Petroleum Engi-
neering for Non-Engi-
neers, taught by Norman
J. Hyne; Houston, Texas.

Information: The University

of Tulsa, Continuing Engi-
neering & Science Educa-

tion, 600 S. College Avenue,

Tulsa, OK 74104; phone:
(918)631-3088. E-mail:
cese@utulsa.edu.

SEPTEMBER

9—11 AAPG Mid-Continent
Section Annual Meeting,
New Ideas - More Oil &

Gas, Wichita, Kansas. Spon-

sored by Kansas Geological
Society. Information: Ernie
Morrison; EMorrison@
MULLDRLG.com; phone:
(316)264-5368. Website:

ings/midcont07.pdf

11—13 Fundamentals of
Titles, Leases & Con-
tracts, taught by Lewis
G. Mosburg, Jr.; Houston,
Texas. Information: The

University of Tulsa, Continu-

ing Engineering & Science
Education, 600 S. College
Avenue, Tulsa, OK 74104;
phone: (918)631-3088. E-
mail: cese@utulsa.edu.

18—20 Petroleum Engi-
neering for Non-Engi-
neers, taught by Norman
J. Hyne; Denver, Colorado.
Information: The University
of Tulsa, Continuing Engi-
neering & Science Educa-

tion, 600 S. College Avenue,

Tulsa, OK 74104; phone:
(918)631-3088. E-mail:
cese@utulsa.edu.

22—23 Planning and Oper-
ating a Land 3-D Seismic
Survey, taught by J. Bee
Bednar; San Antonio, TX.

_http : ZZ\_Nww.aapg.orQZmeet—

Information: Society for
Exploration Geophysicists,
(918)497-5500; PO Box
702740, Tulsa, Oklahoma
74170-2740; e-mail: web@
seg.org; website: http://
seg.org.

22—23 Seismic Anisot-

ropy: Basic Theory and
Applications in Explora-
tion and Reservoir Char-
acterization , taught by
Ilya Tsvankin and Vladimir
Grechka; San Antonio, TX.
Information: Society for
Exploration Geophysicists,
(918)497-5500; PO Box
702740, Tulsa, Oklahoma
74170-2740; e-mail: web@
seg.org; website: http://
Seg.org.

22—23 Seismic Data Pro-

cessing, taught by Steve
Hill; San Antonio, TX. In-
formation: Society for Ex-
ploration Geophysicists,
(918)497-5500; PO Box
702740, Tulsa, Oklahoma
74170-2740; e-mail: web@
seg.org; website: http://
seg.org.

22—23 3D Seismic Attri-

butes for Prospect Iden-
tification and Reservoir
Characterization, taught
by Kurt Marfurt; San Anto-
nio, TX. Information: Soci-
ety for Exploration Geophys-
icists, (918)497-5500; PO
Box 702740, Tulsa, Okla-
homa 74170-2740; e-mail:
web@seg.org; website:

http://seg.org.

22—23 Migration Without

Math (OK Maybe a Little
Greek Math) , taught by
Andreas Cordsen and Pe-
ter Eick; San Antonio, TX.
Information: Society for
Exploration Geophysicists,
(918)497-5500; PO Box
702740, Tulsa, Oklahoma

74170-2740; e-mail: web@
seg.org; website: http://
Seg.org.

23—28 Society for Explora-

tion Geophysicists (SEG)
International Exposition
& 77th Annual Meeting,
San Antonio, Texas. Spon-
sored by Kansas Geological
Society. Information: 8801
S. Yale, Tulsa, OK 74137;
phone: (918)497-5538, Fax:
(918)497-5557; website:

http://meeting.seg.org/.

OCTOBER
3—6 2007 Precious Metals

Symposium, Tucson, Ari-
zona. Information: website:
http://www.smenet.org/
meetings/.

6—9 AAPG Rocky Mountain

Section 56" Annual Meet-
ing, Exploration Discov-
ery Success, October,
Snowbird, Utah. Informa-
tion: website: http://www.
aapg.org/meetings/index.
cfm#sections.

11—12 Basics of Well Log

Interpretation, taught

by George R. Bole; Tulsa,
Oklahoma. Information: The
University of Tulsa, Continu-
ing Engineering & Science
Education, 600 S. College
Avenue, Tulsa, OK 74104;
phone: (918)631-3088. E-
mail: cese@utulsa.edu.

17—28 Appraisal of Oil &

Gas Properties, taught by
John Gustavson & Ed Moritz;
Houston, Texas. Informa-
tion: The University of Tulsa,
Continuing Engineering &
Science Education, 600 S.
College Avenue, Tulsa, OK
74104; phone: (918)631-
3g88. E-mail: cese@utulsa.
edu.
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23—25 Problems and Pit-

falls in Joint Operating
Agreements, taught by
Lewis G. Mosburg, Jr.; Hous-
ton, Texas. Information: The
University of Tulsa, Continu-
ing Engineering & Science
Education, 600 S. College
Avenue, Tulsa, OK 74104;
phone: (918)631-3088. E-
mail: cese@utulsa.edu.

28—31 Geological Society
of America, Annual Con-
vention, Earth Sciences
for Society — Beginning
of the International Year
of Planet Earth, Denver,
Colorado. Information: Geo-
logical Society of America,
P.O. Box 9140, Boulder, CO
80301; (303)447-2020;

fax (303)357-1071; e-mail:
meetings@geosociety.org.
Website: http://www.geoso-
ciety.org/meetings/2007/.

NOVEMBER

6—9 14th Annual Interna-

tional Petroleum Environ-
mental Conference, Hous-
ton, Texas. Information: The
University of Tulsa, Continu-
ing Engineering & Science
Education, 600 S. College
Avenue, Tulsa, OK 74104;
phone: (918)631-3088. E-
mail: cese@utulsa.edu.

13—15 Petroleum Engi-
neering for Non-Engi-
neers, taught by John
Farina; Houston, Texas.
Information: The University
of Tulsa, Continuing Engi-
neering & Science Educa-
tion, 600 S. College Avenue,
Tulsa, OK 74104; phone:
(918)631-3088. E-mail:
cese@utulsa.edu.

The Oklahoma Geological Survey thanks the Geological Society of America
Jor permission to reprint the following abstracts of interest to Oklahoma
geoscientists. The following abstracts are of papers presented in the Tar
Creek symposium at the South-Central GSA meeting in March 2006.

HISTORY OF THE PICHER MINING FIELD

KEHELEY, ED, Keheley & Associates, Inc, 2020 South 640 Road, Qua-
paw, OK 74363, keheley@datalinkok.com

The Picher Mining Field is located in southeastern Cherokee County,
Kansas and northeastern Ottawa County, Oklahoma. Approximately 45
sections in T28N-29N, R22E-R24E, contain mine workings in the Okla-
homa portion of the field. Up to 30 percent of the mining field in Okla-
homa was located on restricted Indian lands requiring lease arrange-
ments managed by the U. S. Department of the Interior (DOI). DOI
lease restrictions required more mine shafts and mills to be construct-
ed than was necessary to remove and mill the ore. During the mining
period 1891-1970 U. S. Bureau of Mines records show that 181,048,872
tons of crude ore were removed from the mines producing 8,879,818
tons of zinc and 1,679,222 tons of lead concentrates. The remaining
170,500,000 tons consisting of mine and mill tailings were spread over
approximately 7,000 acres.

Mining practiced in the Picher Mining Field is commonly referred to as
random room-and-pillar mining where rooms were excavated and pil-
lars were left to support the mine roof. Approximately 1,200 vertical
mine shafts between 90 and 350 feet were sunk to intercept the main
ore horizons. Milling depended primarily on specific gravity methods,
including jigs and tables. In the 1920s the flotation process became
the primary means for extracting concentrates from the finely ground
ore remaining from the initial milling process and remilling tailings.
By the late 1920s, 227 mills were operating in the mining field. By
the late1930s most of the higher grade ore had been mined and most
tailings piles remilled. Several central mills were built to replace the
smaller, less efficient mills in order to extend the life of the field.

The amount of ore mined annually continued to decrease in the 1950s
and 60s until 1970 when all mining ceased and all pumps were re-
moved from the mines. The abandoned mine workings continued to
fill with water until 1979 when the entire underground workings in the
field were flooded.

GEOLOGY OF THE PICHER FIELD IN OKLAHOMA

LUZA, KENNETH V., Oklahoma Geological Survey, University of Okla-
homa, Energy Center, 100 E. Boyd St., Rm. N-131, Norman, OK 73019-
0628, kluza@ou.edu
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The rock formations exposed at the surface in the Pi-
cher mining field include Mississippian and Pennsyl-
vanian units that are nearly flat, with a low regional
northwest dip of about 20-25 ft/mi. At a few places,
sharply defined structural features are accompanied
by appreciable dips (up to 70 degrees). The Miami
Trough, Bendelari Monocline, and Rialto Basin are
three prominent structures that dominate the main
part of the Picher Field.

Mississippian rocks units, principally the Boone For-
mation, are host for most ore deposits. The Boone
is composed of fossiliferous limestone and thick beds
of nodular chert. This formation, which is 350-400
ft thick in the Picher area, is subdivided into seven
members (in ascending order): St. Joe Limestone,
Reeds Spring, Grand Falls Chert, Joplin, Short Creek
Oolite, Baxter Springs, and Moccasin Bend. Beginning
with B near the top of the Moccasin Bend and ending
with R in the Reeds Spring, 16 beds are distinguished.
The Quapaw Limestone (Meramecian) locally overlies
the Boone. The Chesterian Series, represented by the
Hindsville Limestone, Batesville Sandstone, and Fay-
etteville Shale, forms a disconformable contact with
the Boone and/or Quapaw Limestone. Both the Hinds-
ville and Batesville are mineralized locally.

Pennsylvanian formations of the Krebs Subgroup (low-
er division of the Cherokee Group) were deposited
on a post-Mississippian erosion surface. The forma-
tions consist of alternating terrestrial fine-grained
sandstone, shale, and thin coal beds and include the
McAlester Formation, the Savanna Formation, and the
basal Bluejacket Sandstone Member of the Boggy For-
mation.

Ore deposits in the Picher Field occur mainly in the
upper half of the Boone Formation. A majority of the
mine workings are within the M bed. Other impor-
tant ore zones occurred within the K, G, H, and E
and Chesterian beds; and sheet ground (or low-grade
blanket deposits) occur within the Grand Falls Chert
Member. Stope heights varied from 10-20 ft. to over
100 ft. The main ore minerals were sphalerite and ga-
lena; the zinc to lead ratio for the ore, based on total
production from the field, was about 4.1:1.

TAR CREEK OKLAHOMA SUPERFUND SITE
AND ITS MANY CHALLENGES

LUZA, KENNETH V., Oklahoma Geological Survey, Uni-
versity of Oklahoma, 100 E. Boyd St., Energy Center,
Rm. N-131, Norman, OK 73019-0628, kluza@ou.edu

The Tar Creek Superfund Site is in Ottawa County,
northeastern Oklahoma, near the Oklahoma/Kansas
border. The site consists of approximately 43 square
miles (27,520 acres) and is part of the Tri-State Min-
ing District which includes parts of northeastern Okla-
homa, southeastern Kansas, and southwestern Mis-
souri. Five small mining communities, Picher, Cardin,
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Quapaw, Commerce, and North Miami are within the
superfund site.

More than 2,500 acres are underlain by underground
lead/zinc mines in the Oklahoma part of the Picher
field. When the mines were abandoned in 1970, they
filled with water. In 1979, acid mine water containing
high concentrations of heavy metals began discharg-
ing into Tar Creek from natural springs, boreholes, and
open mine shafts. In 1980, Governor Neigh of Oklaho-
ma established a Tar Creek Task Force to investigate
the drainage of acid mine water into Tar Creek. The
Task Force requested the site be added to the Nation-
al Priorities List in 1981; the site was listed in 1983.
From 1984 to 1986, dikes were built to divert surface
water around collapsed mine shafts and 88 abandoned
deep wells were plugged to prevent migration of acid
mine water into the Roubidoux aquifer.

Significant quantities of mill waste were generated
by processing lead/zinc ores. The mill waste, chiefly
composed of chert fragments 0.75 in. or less in di-
ameter, was referred to as “chat” by the miners. The
chat was used for railroad ballast; a base for roads,
parking lots, and concrete slabs; and concrete and
asphalt aggregate. Studies by the Oklahoma Depart-
ment of Environmental Quality and University of
Oklahoma reported high concentrations of lead, zinc,
and cadmium in the smaller particle sizes of chat. In
1995, U.S. Environmental Protection Agency began
to remove chat from yards, streets, and dirveways in
the five mining communities in response to elevated
blood-lead levels in children.

In 2000, Governor Keating of Oklahoma created a task
force to develop a comprehensive remediation plan
for Tar Creek. In 2003, a plan was developed to in-
clude stream restoration, maximum chat utilization,
land remediation and restoration, and mine-hazard
attenuation. Some of the many challenges for the
Tar Creek Superfund Site include size, legal issues,
ownership, health and safety issues, data availability,
land use, and the potential for subsidence.

SUBSIDENCE EVALUATION OF TAR CREEK
SUPERFUND SITE

MARTELL, JIM, Tulsa, OK 74128, James.Martell@
usace.army.mil

The Picher Mining Field of northeastern Oklahoma was
the location of extensive lead-zinc mining from 1904
to 1970. Mine waste accumulations and acid mine
drainage from the now-abandoned lead-zinc mines
have become an environmental issue that has been
the focus of environmental restoration activities since
1979. The area was designated by the Environmental
Protection Agency (EPA) as the Tar Creek Superfund
Site in 1983. Extensive underground openings left
from the historic mining activity have also resulted
in surface subsidence that presents a serious hazard

e V. 66, no. 3 « Fall 2006



to public safety, the environment and current and fu-
ture land use. The subsidence problem has not been
systematically addressed as part of the environmen-
tal restoration activities. In 2000 Oklahoma Governor
Frank Keating established the Tar Creek Task Force to
develop a holistic plan for addressing issues identified
for the site. Mine subsidence was identified by the
Tar Creek Task Force as a major concern; however, no
funding was provided to implement recommendations
of the Tar Creek Task Force. In June 2004, Oklahoma
Senator Jim Inhofe requested that an evaluation be
conducted to assess the potential for future major
subsidence in the area. The U.S. Army Corps of En-
gineers was designated to be the lead agency on the
subsidence evaluation project. A technical team was
assembled in August 2004 to begin the subsidence
evaluation. The evaluation is nearing completion and
will be the largest scale subsidence evaluation ever
undertaken to date.

Public safety implications of mining related subsid-
ence have been a concern of residents in the Tar
Creek Superfund Site for many years. Shaft related
and non-shaft related subsidence events have oc-
curred in the Picher Mining Field since the beginning
of mining operations and continue to occur. The Tulsa
District Corps of Engineers is actively addressing pub-
lic safety issues associated with extensive historical
mining through an aggressive mine shaft plugging pro-
gram as well as an unprecedented subsidence evalu-
ation of the area.

SURFACE-WATER AND SEDIMENT QUALITY
IN TAR CREEK, NEOSHO RIVER AND SPRING
RIVER, NORTHEAST OKLAHOMA, 2004-05

DEHAY, KELLI L., Tulsa, OK 74133, kdehay®usgs.gov

The Picher mining district in northeastern Oklahoma
was the site of extensive zinc and lead mining from
about 1900-1970. Open mineshafts and fully exposed
“chat” or “tailings” piles subject the area’s surface
water to potential trace metal contamination. The
Grand-Neosho River Basin carries water from the min-
ing district directly into Grand Lake O’ the Chero-
kees, raising concerns about the water quality of
Grand Lake. The United States Geological Survey, in
cooperation with the Oklahoma Department of Envi-
ronmental Quality, the Seneca-Cayuga Tribe and the
Wyandotte Nation, collected high flow water-quality
and bed sediment data from Tar Creek, Spring River,
and Neosho River to characterize water and sediment
quality entering Grand Lake O’ the Cherokees. Wa-
ter samples were analyzed for physical properties,
major ions, and dissolved and total metals. Sediment
samples were analyzed for metals only. Unfiltered
water-quality samples contained concentrations of
lead ranging from less than 10 to 152 micrograms per
liter and zinc concentrations ranging from 7 to 3,100
micrograms per liter. Cadmium concentrations were
below detectable limits in most of the samples col-

lected from the Spring and Neosho River sites, but
ranged from less than 5 to 15 micrograms per liter at
the Tar Creek sites. Bed sediment samples contained
larger concentrations of aluminum, iron, zinc and
manganese than other constituents. Lead concentra-
tions in the samples ranged from less than 10 mil-
ligrams per kilogram to 262 milligrams per kilogram.
Fourteen sediment cores were also collected from the
Tar Creek floodplain at Tar Creek near 22nd Street
Bridge, Miami, OK. All of the core samples had detect-
able concentration of aluminum, barium, chromium,
copper, iron, lead, magnesium, manganese, nickel
and zinc. Twelve sediment cores had mean lead con-
centrations of 15 to 29 milligrams per kilogram but
two cores, collected near a slough on the west side of
Tar Creek, had mean lead concentrations of 147 and
518 milligrams per kilogram.

ELEVATED BLOOD LEAD LEVELS IN SMALL
gHil!:_DREN AT THE TAR CREEK SUPERFUND
IT

OSBORN, MARK, Integris Baptist Regional Health Cen-
ter, 2019 Birnamwood Drive, Miami, OK 74354, Mark.
Osborn®@integris-health.com

Elevated blood lead levels in small children have been
shown to cause learning disabilities and loss of intel-
ligence quotient (cognitive function). Blood lead data
collected by the Indian Health Service at the Tar Creek
Superfund Site between February 1992 and May 1993
indicated that 35 percent of the children tested had
blood lead levels greater than or equal to10 ug/dL.
The actual source(s) of the lead exposure for the chil-
dren with elevated blood lead levels was unidentified,
but several possible sources were noted, including liv-
ing in proximity to mill tailings (chat) piles and lead-
based paint in homes. Investigations of mining waste
indicated that the levels of lead, zinc and cadmium
found in chat and flotation pond sediments posed a
significant risk to human health and the environment.
The investigation also found that blood lead levels
were significantly higher in the population exposed to
mining waste compared to the control group.

From August 1994 to July 1995, the EPA conducted
sampling of soils in high access areas (e.g., day care
centers, school yards, and playgrounds) and residen-
tial properties in the 43 square mile Tar Creek Su-
perfund Site. On August 15, 1995 the EPA issued an
Action Memorandum which called for the excavation
and on-site disposal of lead-contaminated soil in high
access areas.

Remedial actions of the residential areas originally
began in June 1996 as an emergency removal and
continued into 2005 as a remedial action. Over 2,000
residential yards have been remediated up to a depth
of 18 inches in five small communities in the super-
fund site. Concurrent with yard remediation, an ed-
ucation awareness program was developed to teach
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appropriate hand-to-mouth behavior in children. A U.
S. Housing and Urban Development Agency lead-based
paint abatement program was also initiated as a re-
sult of the large number of older homes containing
lead-based paint in the area. Blood lead levels have
declined at the site; however, the exact contribution
of yard remediation has never been fully evaluated.
The yard remediation program was expensive and
many complaints resulted from poor contractor work-
manship.

RESIDENTIAL EXPOSURES TO METALS IN
?IQ_EEAES NEAR THE TAR CREEK SUPERFUND

ZOTA, AMI', SCHAIDER, LAUREL A.", BRABANDER, DAN-
IEL J.%, WRIGHT, ROBERT 0.', OSBORN, MARK?, and
SPENGLER, JOHN D.", (1) Environmental Health, Har-
vard School of Public Health, Landmark Center West,
Room 409, 401 Park Drive, Boston, MA 02215, azota®@
hsph.harvard.edu, (2) Geosciences Department,
Wellesley College, 106 Central Street, Wellesley, MA
02481, (3) Integris Baptist Regional Medical Center,
Miami, OK 74354

Metals, such as lead, arsenic, and cadmium, are com-
mon contaminants at many hazardous waste sites and
may pose a particular risk to young children due to
differences in behavior and their increased suscepti-
bility for neuro-developmental impairment. However,
few studies have collected systematic data on con-
current exposure to multiple metals during the early
stages of life or accounted for potential interactions.
As part of the Center for Children’s Environmental
Health and Disease Prevention Research at the Harvard
School of Public Health, we are conducting a longitu-
dinal, multi-media exposure assessment study at the
Tar Creek Superfund Site, a mining-related Superfund
site contaminated by metal-enriched mining waste.
Our objective is to evaluate the relationship between
environmental exposures to metals and biomarkers of
absorbed metals dose (as measured in blood and hair)
in young children living proximate to the site. The
residential environments of 50 children under 1 year
of age ultimately will be sampled twice at 6 months
intervals. From each home, we will collect samples
of respirable, airborne particles (PM, ), house dust,
drinking water, yard soil, and food. Samples will be
analyzed for: lead, zinc, arsenic, iron, cadmium, cop-
per, and manganese.

From July 2005 — December 2005, exposure media in
35 residential homes with children under 9 months
of age in Ottawa County, OK were sampled. House
dust samples were collected with a portable vacuum
cleaner, sieved to <125um size fraction, and analyzed
using XRF. Metal concentrations in dust varied consid-
erably across all homes sampled (Range(ppm)): Pb (10-
530), Zn (190-4600), As (9-65), Mn (50-470), Cu (12-
1200), and Fe (940- 22000). Zinc dust concentrations
were significantly higher (p<0.05) in homes located
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closest to the mining waste piles (1700 + 1300 ppm
vs. 880 + 500 ppm). Lead dust concentrations were
highly correlated with zinc concentrations (spearman
correlation coefficient r5=0.82, p<0.0001) and also
showed modest correlations with dust concentrations
of As (rS=0.54, p<0.001), Cu (r5=0.56, p<0.001), and
Fe (rS=0.67, p<0.0001) suggesting that these met-
als originated from common sources. Additional data
from other environmental media as well relationships
between various media will be evaluated as part of
this ongoing study.

METALS AND HUMAN HEALTH: THE CHARAC-
TERIZATION OF TOXIC METALS FROM MINE
WASTE AT THE TAR CREEK SUPERFUND SITE
AND ASSESSMENT OF EXPOSURE TO THE TAR
CREEK COMMUNITY

MCCARTHY, KATHLEEN D.", SCHAIDER, LAUREL?, BRA-
BANDER, DANIEL', SENN, DAVID?, and SHINE, JAMES?,
(1) Department of Geosciences, Wellesley College,
106 Central Street, Wellesley, MA 02481, kmccarth@
wellesley.edu, (2) Department of Environmental
Health, Harvard School of Public Health, 401 Park
Drive, Boston, MA 02215

The mine waste (chat) piles at the Tar Creek Super-
fund Site in Northeast Oklahoma contain high con-
centrations of lead, zinc, and cadmium. Wastes from
the mines impact the surrounding ecosystems and
continue to pose a potential risk to human health in
the area. The objective of this research is to deter-
mine the concentration of toxic metals in the mine
waste piles, characterize the mineralogy, determine
the chemical inter-variation and intra-variation of the
chat piles, and assess the risk of exposure of toxic
metals to the surrounding community. To meet the
objectives, samples of chat have been extracted from
the site and analyzed using X-ray fluorescence (XRF),
and X-ray diffraction (XRD) techniques. XRF is used
to measure the total concentrations and XRD is used
to characterize the mineralogical phase of lead, zinc,
and cadmium in the chat pile samples. XRD will aid in
the explanation of the bioavailability of these met-
als. Chat pile samples were taken from a 2-4 cm layer
below the surface of each pile (in six piles located
throughout the Tar Creek Site.) Two to four locations
at each pile were sieved into eight different size frac-
tions ranging from >4 mm to <0.037 mm. XRF results
demonstrate that the intrapile range in concentration
of zinc (approx. 4000-15000 ppm) varies less than the
interpile range in concentrations (approx. 5000-25000
ppm.) The results demonstrate consistent increase
in Zn, Pb, and Cd concentration with decreasing par-
ticle size. In many cases, the metal concentrations
in the <0.037 mm fraction were at least an order of
magnitude greater than those present in the >4 mm
size fraction. The chat in the <0.037 mm size fraction
is respirible and important for exposure assessment.
Initial XRD results suggest that Galena, Sphalerite,
Cerrusite, Hydrozincite and Hemimorphite are some
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of the mineralogical phases of the metals of inter-
est present in the chat piles at the <0.037 mm size
fraction. Further research will focus on determining if
the variation in metal concentration is due to primary
mineralogical differences or is the product of differ-
ential weathering and other environmental factors.
The XRF and XRD data will inform the cooperative
project testing soil, water, food, crops, and house
dust for exposure assessment.

MINE WASTE PILES AS A SOURCE METAL
CONTAMINATION AT THE TAR CREEK SUPER-
FUND SITE

SCHAIDER, LAUREL A.", SENN, DAVID B.", BRABANDER,
DANIEL J.?, HOLTON, MICHAEL W.", MCCARTHY, KATH-
LEEN D.?, SERDAKOWSKI, MARY C.", and SHINE, JAMES
R, (1) Department of Environmental Health, Harvard
School of Public Health, Landmark Center West, 401
Park Drive, Boston, MA 02215, Ischaide@hsph.harvard.
edu, (2) Geosciences Department, Wellesley College,
106 Central Street, Wellesley, MA 02481

The Tar Creek Superfund Site in northeastern Okla-
homa is heavily impacted by decades of lead and zinc
mining in the Tri-State Mining area in the early 1900s.
A notable feature of this area is the presence of mine
waste piles (locally called chat piles) that contain el-
evated concentrations of Zn, Pb and Cd. Runoff from
these piles, together with acid mine drainage (AMD)
originating from abandoned mine shafts, contribute
to metal loading into Tar Creek. As part of a broader
investigation of potential children’s health impacts
from exposure to metals in mining materials, we as-
sessed metal concentrations and speciation in chat,
the contribution of chat pile runoff as a source of met-
al loading into Tar Creek, factors affecting in-stream
mobility of metals, and the potential mobilization of
metals from chat piles by wind.

Variations in metal concentration and speciation as a
function of particle size were assessed using XRF, XRD
and sequential extraction techniques. Total concen-
trations of Zn, Pb and Cd were found to increase with
decreasing particle size (up to 10% Zn and 2% Pb by
mass and 200 ppm Cd in the <37 pm size fraction), in-
dicating that particles most likely to be mobilized by
wind are highly enriched in these metals. Sequential
extraction experiments revealed that the Zn, Pb and
Cd in these particles were fairly labile (40-80% solu-
bilized in pH 7 1M MgCl2 or pH 5 acetate buffer solu-
tions) and thus potentially bioavailable for uptake by
plants, animals and humans. Additional column leach-
ing experiments will explore the kinetics of metal dis-
solution, the effect of pH and contact time on metal
mobilization, and the potential re-adsorption of mo-
bilized metals as they move through the pile.

Field measurements confirm a high degree of aqueous
mobility of Zn, Pb and Cd from chat piles, with sur-
face runoff from chat piles containing highly elevated

concentrations of these metals (up to 40,000 ppb Zn,
450 ppb Cd, and 25 ppb Pb). Preliminary mass load-
ing estimates along a 500-m stretch of Tar Creek im-
pacted by chat piles and AMD indicate that chat piles
contribute the majority of Cd and Pb to the creek
and a substantial portion of Zn, while AMD contributes
most significantly to Fe and Zn loading. Once in the
creek, metal mobility was related to affinity for ferric
hydroxides, which are abundant in the creek.
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