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Kansas refraction profiles

by
DonW. Seeplesand Richard D. Miller
Kansas Geologicd Survey, Lawrence, Kansss 66046

Abstract

Higtoricdly, refractionsurveyshave been conducted in hopesd mgpping digtinct layers within theearth.
Refractionisauseful tool provided itslimitationsand the assumption thet layersincreasein seismic velodity with
increesing depth are kept in mind. A traditiond reversed-refractionprofile was conducted dong a500-km (300-
mi)-long east-west line extending from Concordia, Kansas, to Agate, Colorado. Andydsaf the datashowed an
averagecrugd velocity of 6.1 km/sec (3.7 mi/sec) and an average upper-mantle P, phese velocity of 8.29 kmy/sec
(4.97mi/sec) withaMaoho depth cd culated to be 36 km (23mi) on theeasternend and 46 km (29mi) on thewestern
end. Someevidence suggestsvel ocitiesashigh as 7.2 km/sec (4.3 mi/sec) in thecrust a variouslocationsaong the
aurvey line. The strong east-west regiond gravity gradient d -0.275 mgal/km supports the seismicaly drawn
conclusond athinningdf crustin north-central Kansas. Inorder tosupplement thedatafrom thisrefractionsurvey,
we took advantage d the Kansas earthquakeseismograph network. A crustd sudy using earthquakesas energy
sourcesand aregiond earthquakenetwork as seismometer locationsresulted in acrustal-velocity modd thet will
improve determinationd loca earthquakelocations. A large anomaous body in the upper mantle/lower crust,
assumed to be related to the Precambrian-aged Midcontinent Geophysicad Anomdy (MGA), resulted in early P-
wave arrivasfrom refracted energy from the Moho recorded a Concordia, Sdling, Tuttle Creek, and Milford. An
omnidirectiond postiveP residud zone near B Dorado may be related to the Wichitageomagnetic low. Some
evidencesuggeststhe presenced alower velocity materia on thewesternand essternflanksd the MGA, possibly
representing theRiceFormation. AP, velocity of 8.25km/sec0.15 km/sec (4.95 mi/sec0.09 mi/sec) withthecrust
thinning from west to east and an gpparent thinning from the north and from the south was determined from the 16
regiond earthquakesstudied. Crustd thicknessfrom central KansasthroughwesternMissouri seemsto berdaively
congstent.

| ntroduction

For regional geologic, geophysical, and tectonic
studies, having someideacf grosscharacteristicsof thedeep
crustisuseful. Knowledgeof thedeepcrust and upper mantle
necessarily comes from indirect observations. Since the
deepest borehole in Kansasextendsonly toabout 3.5 km (2.1
mi), geophysical observations made at or near the earth's
surface must be used to infer geologic conditions at greater
depths.

Methods used to model deep crustal structure in
Kansasinclude seismicreflection (Brownet al., 1983; Serpa
et al., 1984; Serpa et a., this volume), seismic refraction
(Steeples, 1976), gravity and magnetics (Yarger 1983;

Yarger et a., 1980), and studies using earthquake waves
(Hahn, 1980; Hahnand Steeples, 1980; Steeples, 1982; L ui,
1980; Miller, 1983). Moredirect information was obtained
by examination of deep-crustal and upper-mantlexenoliths
in kimberlites from Riley County by Brookins and Meyer
(2974).

This paper is a presentation of more complete re-
sults of work by Steeples (1976) and an abbreviation of an
M.S. thesisby Miller (1983). This paperislikely to be most
useful to thoseinterested in earthquakesand tectonicsof the
midcontinent and to thoseinterested in existing and planned
deep seismic-reflection surveysin Kansas.

Geologic setting

Theareaunder investigationiscontained withinthe
Central StableRegion(Snyder,1968,fig. 1). Thegeneralized
continental crustismadeup of asilicic upper layer covering
a mafic lower layer (Pakiser and Zeitz, 1965). The stable
environment of the midcontinent shows a relatively thick
crust (approximately 50 km [30 mi]) with lower crustal P-
wavevelocitiesabout 6.7 km/sec (4 mi/sec) generally repre-

sentative of agabbro. The upper mantlerocks show P-wave
velocitiesinexcessof 8.0 km/sec (4.8 mi/sec) withrelatively
high density (Pakiser, 1963).

Theregion under study contains many major upper
crustal structural features (fig. 1), whose origins are not
clearly understood. It has been proposed that during thelate
Precambrian, anextensiveseriesof geol ogiceventsoccurred
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FIGURE 1 —MAJOBRRUCTURAL FEATURES WITHIN THE STUDY
AREA AS DESCRIBED BY SNYDER (1968).

in the midcontinent (Snyder, 1968). First, long periods of
igneous activity over the entire midcontinent resulted in the
formation of the Keweenawanbasin. Thiswasfollowed by
moreigneous activity and the devel opment of amagjor linea-
ment (Midcontinent Geophysical Anomaly) dividing the
midcontinent. Subsidence, uplift, and erosion continued
throughout the Paleozoic with the gradual formation of the
basinsand arches.

Thissegquenceof eventswas, in part, responsiblefor
the mgjor structural features of the Precambrian basement
distinguished by drill data (Cole, 1976). The Precambrian
surfacein northern Kansasis composed of a wide variety of
igneousand metamorphicrocks, primarily of granitic affin-
ity, except near the center of the MGA as discussed below
(Bickford et al., 1979).

The MGA is the mgjor Precambrian-agedfeature
from a geophysical viewpoint in the Central Stable Region
(CSR). We prefer the MGA terminology as opposed to the
equivalent Central North Americanrift system (CNARS) or
Midcontinentrift becausethe name MGA isdescriptiveand
not interpretive. The MGA extends laterally from Lake
Superior (where the rocks that cause it crop out) through
Kansas and possibly into Oklahoma (Y arger, 1983). It
represents a 60-mgal gravity high flanked by 100-mgal
gravity lowsdissectedin several placeshy possibletransform
faults (Chaseand Gilmer, 1973). In Kansas, the MGA isa
structure with suggested upper-mantlepresencein the form
of low P-wavevelocity (Hahn, 1980). The magneticinflu-
enceof theM GA isseenquiteclearlyashighsof nearly 1,000
gammas and flanking lows of several hundred gammas
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FIGURE 2—PATHSF MAJOR COMPRESSIONAL WAVES THROUGH
THE CRUST.

(Yarger, 1983). A potentia-fieldsmodel of the MGA hy
Y arger (1983) correlatesahigh density and highly magnetic
rock body with bottom-hole basalt samplesfrom the central
part of theMGA (Bickfordet a., 1979).

TheNemaha Ridge isanother of themgjor structural
discontinuitiesinthestudy area. Seismic-reflectionevidence
suggests major uplift during late Mississippiantime which
produced the NemahaRidge, forming the boundary between
the Salinaand Forest City basinsin Kansas (Steeples, 1982,
alsothisvolume). AsidefromtheMGA and NemahaRidge,
the Ozark uplift, Sioux uplift, Central Kansas uplift, Forest
City basin, Anadarko basin, Denver basin, and Salinabasin
arestructural features having someacoustical significanceto
this study.

Investigationof deep crustal structurein the study
area was undertaken by the Consortium for Continental
Reflection Profiling (COCORP) in 1979 with preliminary
interpretationdoneby Brownetal. (1983). Theseismiclines
were chosen in order to sample subsurfacepointsrelated to
significantgeophysical or geol ogical featuresin Kansas. The
structural features of particular interest to the investigators
werethe NemahaRidge, the MGA, and the Humboldt fault.
Deepcrustal structurealso wasaprimary target of the study.

The COCORP investigation in 1979 suggests the
structurebelow 12 km (7 mi) ischaracterized by discontinu-
ous, heterogeneousdipping layerswith varying thicknesses
(Serpacet d., 1984; Brown et d., 1983). In the small area
beingstudied by COCORP, deep-reflectiontechniquesshow
regions with possible large granitic intrusionsand acousti-
cally transparent zones. Below thesegraniticintrusionsare
acoustically significant layers with complex reflection pat-
terns,many of whichareassumedtobefromoutsidetheplane
of thesurvey. Thegranitic-to-gabbroicrock interfacemay be
of sufficient acoustic impedance contrast to cause therela-
tively high reflectivity observed throughout this zoneof ap-
parent complex structure.

The COCORP investigation in Kansas has been
unableto show avivid continuousreflectorfromthe11to 13
sec (34-38km[20-23 mi]) zonewhichistheexpectedarrival
time for the crust/mantle interface (Moho) reflec-



tion throughout the survey area in Kansas. However, the
character of energy returningfrom below theassumed Moho
reflector zone has subtleirregularitiesand trace-appearance
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differences. Theassumptionisthat thesecharacter changes
arein some way related to the Moho (Serpaet d., 1984).

Reversed-refractionstudies

TheU.S. Geologica Survey (USGS) shot reversed
seismic-refraction profiles between Agate, Colorado, and
Concordia, Kansas,in 1965 (fig. 3). Thissectionof thepaper
reportstheauthors' interpretationof therecord sectionsfrom
those profiles. The uninterpreted record sectionsare shown
by Warren (1975). The USGS seismic-refractionrecording
system is described by Warrick et a. (1961), and field
proceduresare outlined by Jacksonet al. (1963).

Severd refraction surveys have been performed
previously in central North America. Jacksonet a. (1963)
calculated crustal thickness of 48 km (29 mi) and upper-
mantle P-wavevelocity of about 8.0 km/sec (4.8 mi/sec) for
an unreversedprofilefromeastern Col oradoto southwestern
Nebraska. Stewart and Pakiser (1962) calculated a crustal
thicknessof 51 km (31 mi) in eastern New Mexico from an
unreversed profile obtained from the Gnome explosion.
Tryggvasonand Quails(1967) determinedacrustal thickness
of 51km (31 mi) and anupper mantle-vel ocityof 8.32km/sec
(4.99 milsec) for a reversed northeast-southwestrefraction
profilecentered near OklahomaCity. Stewart (1968) calcu-
lated an upper-mantleP-wavevel ocity of 8.0 km/sec (4.8 mi/
sec) and acrustal thicknessof 40 km (24 mi) for areversed
east-west profilein northern Missouri.

Little work has previously been donein Kansason
either crustal thickness or deep-crustal and upper-mantle
velocities. Ewingand Press(1959) estimated thecrust to be
35-41km (21-25 mi) thick from phasevel ocity of Rayleigh
waves. Steinhart and Woollard (1961) estimatedfromgrav-
ity dataand the assumptionof isostasy at 96 km (58 mi) that
thecrust thickenstoabout 48km (29 mi) at thewest endfrom
about 39 km (23 mi) at the east end of the present profile.
Herrin and Taggart (1962) showedaP velocity of 8.1km/sec
t08.3 km/sec (4.9-5 milsec), with the higher vel ocity occur-
ring near the east end of the present profile.

Data

ShotinformationisreproducedfromWarren (1975)
in table 1. Figs. 46 show typical records reduced for a
velocity of 6.0 km/sec (3.6 rnilsec). Reduced smply means
that arotationof thedistance-versus-timecoordinatesystem
was madesuch that waveswith avelocity of 6.0 km/sec (3.6
mi/sec) arriveparalldl tothedistanceaxis. Thisallowsquick
analysis of the dataand allows more datato be plottedin a
small space. Note that thefirst arrivals have a velocity of
approximately 6 km/sec (3.6 milsec) out to a distance of
about 180 km (108 mi). Fig. 5 showsthat close-inarrivals
indicate at least two different sedimentary vel ocitiesabove
the6-km/sec (3.6-mi/sec) layer. Fig. 6 showsarrivalsbeyond

200 km (120 mi) that have phase velocitiesin excessof 8.0
km/sec (4.8 rnilsec). Thelinear least-squaresfitsof linesto
thefirst arrivalsbeyond 200 km (120 mi) are shown below:

Eastward Westward
T=1059 +--X_ T=825+-2-
8.43 8.16

I nter pretation

Thefollowingassumptionsaremadeintheinterpre-
tation:

1) Thedistinct seismic velocitiesare associated with
gently dipping layers separated by discontinuities.

2) Thelayer(s) beneath the granitic (5.99-6.15 km/sec
[3.59-3.69 milsec]) material arelaterally homoge-
neous.

3) The measured first arrivalsarethe truefirst arrivals.

4) The compressiona wave velocitiesincrease with
depth.

Several of the record sections show two distinct
arrivalsout to adistanceof about 15 km (9 mi). Theearlier
set of arrivalscommonly exhibitsavelocity of 3.0t03.9km/
sec (1.8—2.3 milsec) and are hereinterpretedto representthe
arriva sthrough the OgallalaFormation, a Tertiary molasse
deposit. The second set of arrivals has a phase velocity of
4.4-4.5 km/sec (2.6-2.7 mifsec) and isconsidered to bere-
fracted arrival swith the velocity of the Paleozoicsediments
except on the Stockton profile. The4.4-kmlsec (2.6-milsec)
arrival isfirst and direct at Stockton because the Ogallaa
Formation has been eroded away at the shotpoint.

Thethicknesscal cul atedfor the sedimentsin Colo-
rado (Hale East) is 2.6 km (1.6 mi) compared to a known
thicknessof 2.5 km (1.5 mi) fromdrill evidence. At Stockton
the sedimentary thicknessis calculatedto be 2.0 km (1.2 mi)
compared to a known sedimentary thicknessof 1.3 km (0.8
mi) . The discrepancy isdueto an increasein sedimentary
thickness westward from the Stockton shotpoint to the re-
cording sitesand because the OgallalaFormationis present
at therecording sites but absent at the shotpoint. Thesetwo
effects cause a larger intercept time and, hence, an errone-
ously large cal cul ated sedimentary thickness.

The arrivals commonly assigned to granites (5.9-
6.15 km/sec [3.5-3.7 rnilsec]) arrivefirst from a distanceof
about 5-6 km (3-3.6 mi) to adistanceof more than 180 km
(108 mi; seefigs. 6aand 6b). A somewhat gradual increase
inthevelocity of thegraniticlayer ssemstooccur withdepth,
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TABLE 1—SHOTNFormATION FROM WARREN (1975).

Nameand nmber May 1965 date Time, Mountain Daylight Size, Ibs LatitudeN. Longitude W.
Agate 1 11 07:00:00.27 20,000 39°33.95' 103°44.86'
Hde1 6 07:00:00.27 150 39°34.4]" 102°07.31'
Hde2 6 11:30:00.53 500

Brewder 1 6 06:30:00.34 500 39°35.03' 101°25.61'
Brewder 2 6 12:00:00.36 150

Brewster 3 7 07:00:00.35 150

Brewder 4 7 11:30:00.35 500

Brewdter 5 9 20:50:00.16 1,000

Brewder 6 10 07:20:00.30 1,500

Brewder 7 10 12:00:00.29 2,500

Brewder 8 10 17:00:0031 4,000

Sddenl 7 06:30:00.45 500 39°34.40' 100°41.90'
Sdden2 7 12:00:00.44 150

Sdden3 9 20:00:00.44 150

Sdden4 10 07:40:00.57 500

Lenoral 6 06:30:00.45 4,000 39°34.79' 100°04.45'
Lenora2 6 11:00:00.09 2,500

Lenora3 7 06:00:01.04 1,500

Lenora4 7 11:00:01.09 1,000

Lenoras 9 20:30:00.41 500

Lenora6 10 08:00:00.36 150

Lenora7 10 12:40:00.41 150

Lenora8 10 17:20:00.34 500

Stockton 1 10 12:20:00.46 510 39°34.97' 99°20.82'
Stockton 2 10 17:40:00.56 150

Concordial 12 05:00:00.63 20,000 39°31.22' 97°54.67"

soasingleleast-squaresline wasfit to the dataprovidingan
averagevelocity. The thicknessof thegraniticlayerishighly
dependent upon whether theinterpretationincludesadeeper
mafic (6.7-7.2 km/sec [4.0-4.3 milsec]) layer. Theevidence
for this layer is not overwhelming or necessarily unique,
thoughit hasbeen used by mostinvestigatorsinthemidconti-
nent (Stewart, 1968; Tryggvasonand Quails, 1967; Jackson
et a., 1963). While clear evidence of these intermediate
crustal velocitiesexists, clear evidencefor acontinuousl ayer
or layersdoesnot. COCORPstudiesin the northeasternpart
of Kansassuggest thesehighervel ocitiesarecaused by mafic
plutons intruded into the lower crust (Brown et a., 1983;
Serpaet d., 1984). If interpretation is done using a deep
crustal layer of 6.7 to 7.2-km/sec (4.0-4.3-mi/sec) velocity,
theeffect isto makethecrust seemabout5 km (3mi) thicker.

Some evidence of a Moho reflectionin fig. 6b is
found at adistanceof 130to 155km (78-93 mi). Thisevent,
if itisareflection, suggestsan averagecrustal velocity of 6.2
km/sec (3.7 milsec). This interpretation implies a Moho
depth of 40km (24 mi) near themiddleof therefractionline.

Fig. 6¢ showsthe P-arrival datafrom a distanceof
230kmto410km (138-246mi) westward from the Concor-
diashotpoint. Theleast-squaresfit of 8.16 kmy/sec (4.89 mi/
sec) isshownon thefigureto highlightthefirstarrivals. Fig.
6d similarly displaysthedatafrom 220kmto430km (132 mi
to 258 mi) eastward from the Agate shotpoint, with thefirst
arrival phase-velocity of 8.43 km/sec (5.06 mi/sec) high-
lighted.

Discussion

Fig. 7 showsacross sectional mode of therefrac-
tiondata. The resultingcrustal thicknessin eastern Colorado
(46 km [28 mi]) isacoupleof kilometersthinner than previ-
ously calculated for an unreversed profile by Jacksonet al.
(1963). The calculation of a 36-km (22-mi)-thick crust in
north-central Kansasat thewest edge of the MGA isthinner
than might have been expected on the basis of previously
mentioned resultsin Missouri and Oklahoma. This number
is reasonable, however, asdiscussed | ater.
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TheP_velocity at thetopof theupper mantleishigh
enough that it deservesspecid attention. The phase veloci-
tiesof P, are 8.16 km/sec (4.90 milsec) for the westward
direction and 8.43 km/sec (5.06 milsec)for theeastward di-
rection. Thisinitsalf showsthat thecrust must thickentothe
west. When the problem is solved for the general dipping
case, atrueP, velocity of 8.29 km/sec (4.97 milsec) results
while the dip angleis 103 westward for the crust-mantle
interfacemeasuredfrom thetopographicsurface. Thishigh
velocity isnot caused by pickingerrorson theseismograms,
sincesucherrorsusuallyinvolvelatepicks, resultingin lower
apparent velocities.

TheP_ velocity reported hereis nearly equal to the
highestP_velocity reportedinthe United States(8.32km/sec
[4.99 milsec] in Oklahomaby Tryggvasonand Quails, 1967)
and the 8.43 km/sec (5.06 milsec) P, phase velocity for the
eastward profileisthe highest reported. Someinvestigators
have shown P, phase velocitiesin excess of 8.4 km/sec (5.0
mi/sec) at distances exceeding 445 km (267 mi) in Canada
(Mereu and Hunter, 1968; Eider and Westphal, 1967),but
datain the present work are not recorded beyond about 440
km (264 mi).

Gravity data

Fig. 8 showsregional gravity dataexcerptedfroma
USGS gravity map of the United States. Note the regional
gravity increasessteadily eastward. The gradient is almost
exactly parallel to the seismic profileof this study whichis
onereason thelinewasshot at thisl ocati onwith theeast-west
orientation. A least-squaresfit of a linear gradient to the
observed gravity contours along the seismic profile shows
the Bouguer anomaly to increaserather uniformly eastward
by 0.27 mgal/km. Thus a direct comparisonof the gravity
model and the seismic dataisrelatively smple.
The gravity modeling was done using the approxi-
mation presentedby Nettleton (1976, p. 201-203) asfollows
Ag=41.93LTtan9 (1)
where Ag isgravity differencein milligals, L isthedistance
in kilometers, 9isthedip angle between points A and B, and
T isthedensity contrast between layers. For 6 of about 11°
thisapproximationintroduceserror of only 3%, sotheerrors
arising herefrom theapproximationshoul d bel essthan 0.3%

because9isabout 1° for themodel discussed. Gravityfields
may be calculated for individua dipping layers, then
summed to producethegravitational effectsfor each model.

Most of the observed 120-mgal change in the
Bouguer anomaly must be due to deep structure, as only
about 6 mgal could bedue to changeswithin the sedimentary
cover (Woollard,1959). Asmentionedearlier, Steinhartand
Woollard (1961) assumed isostatic compensation at 96 km
(58 mi) depth to estimate crustal thinning of 10 km (6 mi)
along thisseismic profile. On the basisof Bouguer anoma-
lies, they estimatedacrustal thicknessof 48km (29 mi) at the
westendand 39km (23 mi) at theeast end of theprofile. That
estimateisconsi stentwiththecombinedgravity and seismic-
refraction resultsfrom the present study, although our com-
parable numbersare 46 km (28 mi) and 36 km (22 mi), re-
spectively. Thedensity contrast between thecrust and upper
mantleneededto satisfy the10km (6 mi) of crustal thinning
is0.32gm/cm?3. Thisisareasonablenumber —possiblya bit
lower than might be expected.

Agate Concordia,
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FIGURE 7—CRoss SECTION SHOWING CRUSTAL THCKNESSAVERAGE VELOCITY OF THE CRUST, AND VELOCITY OF THE UPPER MANTLE. ThiS
crosssectiondirectly corrdatesto the regiond gravity-gradient plot of fig. 8.
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FIGURE 8—THEREGIONAL GRAVITY GRADIENT WASMEASURED ALONG THE PROFILE FROM CONCORDIA, KANsas, To AGATE, COLORADO.
The gravity data agree quite wel with the reversedrefraction profile-derivedcross section.

Regiona earthquaketravel times

In the previous section of this paper, reversed-
refraction profileswith amaximum sourceseparationof 500
km (Concordia,Kansas,to Agate, Colorado) wereused tode-
velop crustal modelsfor western Kansas. In this section of
the paper, analysis of compressional wave arrivals from
regional (epicentral distance greater than 250 krn [150 mi])
earthquakesei smogramsis used to study thecrust and upper
mantlein eastern Kansas.

The use of earthquakes as the energy source for
refraction profiles has not been extensively investigated.
Earthquakes in the midcontinent typically occur severa
kilometers beneath the earth's surface, whereas explosive
sources necessarily occur very near thesurface. Much of the
travel-time variation from regiona distances can occur
within the upper few kilometersof thecrust.

Receaver network

The earthquakenetwork in K ansasbegan operation
at ahigh level of sensitivity in December 1978. The nine-
station network was designed and installed to locate mi-
croearthquakes along potentially active geologicfeaturesin
eastern and central Kansas(fig. 9). The network possesses
the sensitivity necessary tolocate events with durationmag-
nitudeaslow as1.5intheeasternhdf of Kansas(Sheehanand
Steeples, 1983). Fundingf or thestationswasprovided by the
United States Nuclear Regulatory Commission (NRC) and
the Kansas City District, U.S. Army Corpsof Engineers.
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Resduals

As a head wave propagates across the network, it
interactswith anomal ousvel ocity zonesthat originateand/or
terminatewithin the network. If heterogeneitiesof thissort
exist, energy propagationacrossthe network will be nonlin-
ear intime. Thesizeof thetimevariation (At) is dependent
onthesizeand orientationof theanomal ous(At) zoneand the
velocity contrast between zones(V, V)

_Ah(V2-V))
(V2+V1)

At (2)

P_arrivals, by definition, penetrateal | layersof the
crust. Any major anomalouszone between the crust/mantle
interfaceand theground surface(withinavolumedefined by
the areal extent of the network and the critical angle of the
crust/mantle interface) should result in a deviation in the
actual from theexpectedarrival timeof ahead wavethrough
a homogeneous medium. The residual values are directly
related to thedeviationin actual arrival timefrom expected.

The calculation of residualsis implemented with
one assumption. The |least-squaresdetermined slope of the
line intersecting the first-break times at the proper source/
receiver offset is the true apparent velocity for the layers.
Then with the use of the equation for a line, residuasare
calculated by thefollowing equation:

Epidistance -I ntercept
Velocity

3

Residual =Arrival Time—

From the travel-timeresiduas (i.e. the amount of
timeaphasearrival deviatesfrom the straight-lineapproxi-
mation of theapparent velocity of propagation),acharacter-
isticdirectional delay or early arrival for each station can be
identified. Certain stations show consistently late or early
arrivals, depending on crust and upper-mantle anomalies.
Usingastatistical approachof determiningdirectional delays
enabl esinterpretationof vel ocity anomaliesand apparentun-
conformities within the subsurface of the sampled area.

Data analysis

Picks of impulsive first-break energy (P ) inher-
ently carry moreintegrity than picks of energy arrivalslater
inthewavetrain (Pakiserand Steinhart, 1964). Therefore, all
analysis of earthquake energy on seismograms will be re-
strictedto thefirst arrivals. Eventschosenfor thisstudy had
sufficient energy to arrive at a mgjority of the receiver
stationsasan impulsivefirst arrival. For most stations, this
would amount to an instantaneous change in amplitude of
approximately20dB. Events8, 9, 10, 11,and 12 werelocated
by theOklahomaGeophysical Observatoryand havegeneral
progression patternsfrom south-southwestinto the network
with epicentral distancesranging from 365 km (219 mi) for
the closest station to about 900 km (540 mi) for the most

distantstation withdiscerniblephasearrivals. Thefivesouth
events are plotted with a vertical tick indicating time and
amplitudedf each interpreted phasearriva (fig. 10). Events
8 and 9, originating within Oklahoma, show very similar
wave-train character (fig. 11). An apparent velocity of 8.35
km/sec+0.15km/sec (5.01 mi/sec+0.09 mi/sec) for thecrust/
mantleinterface recorded by these two eventsis within the
experimental error of previously obtained values
(Tryggvason and Quails, 1967). Events 10, 11, and 12
originated from the Texas panhandleregion. Event 12 has
features that closely resemble the two Oklahomaevents (8
and 9). The dight variationin values might be associated
with subtle regional changesin crustal thicknessand upper
crustal heterogeneities. Comparison of events 8, 9, and 12
givesa modd with alarge subsurfacesampling area. This
model, however, would not show the proposed Moho low in
central Oklahoma(Warrenand Healy, 1973).

The upper crustal structure between the eastern
eventsand the recording network is very complex (Stewart,
1968). Events 2, 3, and 4 were used as indicative of the
subsurfaceto theeast (fig. 12). These eventsshow good P,
velocity agreement within themselves, with an average of
8.21 km/sec £0.15 km/sec (4.93 mifsec+0.09 mi/sec). They
alsoall haveepicentersintheMississippiembayment. Earth-
quakesthat originatefromoutsideaconcentratedgroupingin
northeasternArkansasl ack regional consistencyand areused
predominantlyfor station residual determinations.

Event 6, originating in Kentucky, contained suffi-
cientenergy to saturatetheanal og recorders. All significant
informationbeyondexcellentfirst-breakenergy wasclipped.
Event 6 has an epicentral distance greater than any other
studiedhere. Afterrejectionof LAK and EDK fromthedata
set due to poor correlation to the least-squares line, an
apparent P_ velocity of 8.87 km/sec H.15 km/sec, was
obtained at offsets from about 1,000 to 1860 km from the
source. Thisobservationisdiscussedin more detail laterin
this paper.

Events13, 14, and 15 arethe northerndataset (fig.
13). These three events have calculated epicenters with
horizontal separation betweenevents 13 and 15 of approxi-
mately 580 km (350 mi) and betweenevents13and 14 of 150
km (90 mi). Event 15 has an emergent P_ arrival and
thereforewas not used to determinetheP_ velocity fromthe
north. Events 13and 14 haveapparent P_ vel ocitiesthat show
good consistency, very little deviation, and were cal culated
from picksof impulsivefirst breaks. For thosereasonsthe
apparentP_velocity for thenortherncrustisformulatedusing
events13and 14. TheapparentP, velocity fromthenorthis
8.38 km/sect0.15 kmy/sec (5.03 mi/sec+0.09 mi/sec).

As characteristic of many seismic-refraction sur-
veyswhen applying statistical techniques, lack of sufficient
data posesa sizeabledifficulty in interpreting dataon travel
curves (Borcherdt and Healy, 1968). This problem was
encounteredin dealingwith energy arrival soriginatinginthe
west. Only one event falls within the guidelinesfor data
acceptance. From event 16, an apparent P, velocity of 8.59
km/sec H.15 km/sec (5.15 mi/sec+0.09 mi/sec) was calcu-
lated.
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Discusson

Using earthquakesas the energy sourcefor refrac-
tionsurveysrestrictsmuch of thecontrol over thedataset that
is present on conventional refraction profiles. Since the
stations are concentrated in eastern Kansas in a somewhat
circular array (fig. 9), refraction-type studies, usng the
stationsas receivers, lack the two-dimensional precision of
conventiond refraction sudies. However, by using agreat
circle technique of sation dignment, regiona features
should have only minor distortion (assuming proper sam-
pling). Thus, by comparing several good-qudity events
ariving a the network from the same genera direction,
certainacoustic propertiesand apparent structural anomalies
of thecrust and upper mantlecan be identified.

An anomal oushigh-vel ocity crust inthenorthwest-
em portionof the network can beinterpretedfrom P, residu-
as (fig. 14). The presence of such a velocity anomay hes
been suggested in previous studies (L ui, 1980; Serpaet d.,
1984). Good correlationcan befound between thepotential-
fieldsmodd and the seismic-velocity delay modd (Y arger,
1983). Transtionof aP-wavefrom agraniticcrust, whichis
commonly accepted as the predominant crustal rock typein
the area, into a basdtic environment could give veocity
residuals similar to those observed here. The size of the
residud, of course, also is dependent upon height of the
anomal ousrock column. Exact determinationof theanoma:
lousbody's boundariesusing theexisting station array is not
possible. Boundaries can be estimated using the stations
within the anomalous material as control pointsfor a mini-
mum affected area. In general,theanomaloushigh-velocity
areaincludes CNK, SNK, MLK, and TCK (fig. 14). Also,
localized patchesof anomalouscrust arefoundin thecentral
part of thestation array many timesonly observedon oneor
two stations.

Consgtently late arrivals a EDK from regiona
eventscould be related to ageophysical anomay previoudy
detected and itsbordersdefined by an aeromagneticstudy of
Kansas(Y arger,1983). Theanomaly isrepresented by alow
of 600 gammas centered near EDK. A continenta collision
zone has been given as a possible explanation for the low
(Yarger, 1983). Rock typesat thePrecambriansurfacein the
arealack any evidencefor the presencedf thisaeromagnetic
low (Bickford et al.,1979). However, some type of plate-
convergence process, which could have been operationa
during mid-Proterozoic time, has been suggested (Van
Schmus and Bickford, 1983). Local-event residuals do not
suggest the presence of low-velocity materia in the upper
part of thecrust. Thearriva-time patterns observed there-
fore are consistent with both the shdlow Precambriangeol -
ogy of Bickfordetd. (1979) and Van Schmusand Bickford,
(1983) and thehypothesi zedcollisionzoned Y arger (1983).

Examinationdf first-arrival P-wave residualsfrom
event 6 (from Kentucky) reveal s possibleevidencefor alow-
velocity upper mantle near the MGA. An gpparent P-wave
velocity of 8.87 km/sect0.15 km/sec (5.32 mi/sec+0.09 mi/
sec) was calculated for a 1,000 km to 1,860 km (600-1,116
mi) source-to-receiver offset. Previous studiesin the mid-
continent have documenteda 328-km (197-mi)-deepve oc-
ity discontinuity with a9.27 km/sec+0.05 km/sec (5.56 mi/
sec+0.09 mi/sec) vel Ocity a asource/receiver offsat of 1,700
km (1,020 mi) (Masse, 1973). Assuming the documented
velocity isrepresentativeof themidcontinentat theindicated
offsets, the dower velocity observed herea similar offsets
could betheresult of alow-ve ocity upper mantlebeneaththe
network. Theobserved velocity and suggestion of alower-
velocity upper mantle is consistent with observations and
conclusionsdrawnfromtel esel smicP-wavearriva sby Hahn
(1980). Only event 6 hed sufficient source/receiver offset for
thefirst arrivasto berefractionsfrom a sub-Moho velocity
discontinuity.

Within the crust, complex reflection patternsfrom
COCORRP data have been hypothesized to be the result of
either gneissicbanding, interlayering of graniteand restites
relaing to anatexis, or maficintrusions (Serpaet a., 1984).
Complex gtructure results in multiple interactions with
anomalous velocity zones, complicating the interpretation.
Refracted waves originating from within this complicated
structurewould lack good continuity and arrival consistency
fromonesurfacelocationtothenext. Therefore, interpreta:
tion of intermediate-layer depthsand vel ocitiesfrom secon-
dary compressional-wave phase arrivas is speculative at
best. Thisappliestoboththereversed-refractiondataand the
earthquake-arrivad data.

Exact determination of a crustdl mode using the
earthquake data set has not proved to be totally successful.
However, from analysisof P_ energy incident on the network
fromdifferent directions,specific characteristicsof thecrust
and upper mantle can be identified. Certain characteristics
(amplitudedf intermediate arrivals, frequency of impulsive
head waves, etc.) of the P-wave arivas studied showed
dependence on loca geology and direction from which the
energy originated. Assuminggrosscons stency incharacter-
istic velocities, approximate trendsin layer dip and direc-
tional-station delays can be determined. From the four
apparent P, wave velocities determined for each direction
dataset, theMohodipsaway from thestudy areato thewest,
north, and south, and seems to leve off to the east. The
velocity of the upper mantleis approximately 8.25 km/sec
10.15 km/sec (4.95 mi/sect0.09 mi/sec). Station delays
couldindicateanomal ousvel ocity zonesor crustd heteroge-
neitiespossi bly representativedf previoustectonicactivity or
vulcanism.
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Conclusion

Reversed-refraction profiles show that the crust-
mantleinterfacehasan apparent dipof 1L=westwardalong the
profileinfig. 3. Thelinear gravity gradient showninfig. 8
isvirtually parallel to therefraction profile, suggesting that
the1°dipvalueisprobablytruedip. Crustal thinningof about
10 km (6 mi) occurs between eastern Colorado and north-
central Kansas. Density contrast of 0.32 gm/cm?® at theMoho
simultaneously fits the gravity dataand the seismic-refrac-
tion data.

Earthquake P, wave residuals were used to postu-
late the presence of several anomalous velocity areas (fig.

14). EarthquakestationsCNK, BEK, TCK,andMLK clearly
define an anomalous zone in the crust with a high-velocity
center flanked by low-velocity borders on the east and west
(high and low velocities are qualitative with respect to the
average crustal velocities over the entire network). This
strengthens the results of Lui (1980) and Serpaet al. (1984)
that ahigh-velocity crust exists beneath the MGA. Consis-
tent delaysintheP wave at EDK may result fromthe same
anomal ous zone that causes a strong aeromagnetic low cen-
tered near EDK previously identified by Y arger (1983).
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