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ABSTRACT

A  seismic   reflection   study  conducted   in  Rice

County,   Kansas   reveals   local  geology  related  to  regional

Kansas   stratigraphic   and   structural   feat.ures.     The  geo-

logical  history   includes  periods  of  deformation  during

the  ordovician,   Devonian,   and  Mississippian  with  alter-

nating  uplift  and   subsidence,   followed  by  cyclic   sedi-

mentation   through   the  Pennsylvanian   and  Permian.

Regional   tilting   to   the   south   in   the  Pennsylvanian,   to

the  west   in   the  Permian,   and   to   the  northwest   in   the

Cretaceous  produces   a  composite  northwesterly  dip.     Ero-

sion  during  pronounced  unconformities  of   the

Devonian,   Mississippian,   and  Cretaceous,   and   intercyclic

hiatuses  create   further  alterations  of  parallel  strata.

Applications  of   seismic   stratigraphic  principles   indi-

cat.e  regional   features  of  dipping  divergent   reflections

associated  with  development  of   the  Central  Kansas  Uplift

and   the   Salina  Basin.      Superimposed  upon   these   features

of   the  Early  Paleozoic  are  related  local  geologic   ex-

pressions,   which  are   observed  on   the   seismic   section   as

discordant  dipping  and  arcuate   reflections   and  dif frac-

tions  characteristic  of  eroded   folds  and  upthrown   fault

blocks.     The  Early  Paleozoic   sequence  underlies   a   thick

series  of  continuous,   parallel,   high  to  low  amplitude



reflections   characteristic  of  cyclic  shelf   facies.

Seismic   expressions,   constrained  by  previous   geological

and  geophysical   studies,   generate   the  most   informed

interpret.ation  of   the  geology  of  Rice  County.
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I NTRODUCT I ON

The   Salina   Basin,    the   Central   Kansas   Uplift,   and

the   Sedgwick   Basin   Precambrian  basement   features   inter-

sect   near   Rice   Count.y,    Kansas    (F.igures   I   and   2).

Since   the  Middle   Ordovician   Kansas   has   undergone   f ive

periods   of   deformation    (Lee,1956;   Merriam,1963).       In

Rice  County,   along   the   southeasternmost   flank  of   the

Salina   Basin,   deformat.ion   has   resulted   in   complex

folding   and   faulting.      In   general,   thickening   and   thin-

ning   of   formations   as   encountered   in  wells   indicates   the

deformat.ional   events.      Through   reflection   seismology   a

continuous  geologic   cross-section   can  be   constructed   to

reveal   the  part.icular   erosional   and  depositional

sequence,   boundary   relationships,   folding,   and   faulting

for   this   area.

PURPOSE   OF   STUDY

The  purpose  of   this   study   is   t.o   identify   local

structural  and  stratigraphic   features  and  to   interpret

struct.ural  history  associated  with   the   southeastern   edge

of   the   Salina  Basin  using   ref lect.ion   seismology   and   the

methods   of   seismic   stratigraphy.      Ongoing   analysis   of

well   logs   has   resulted   in  questions   about   the   subsurface

geology    (K.D.   Newell,    K.P.    Blair,    pers.    comm.,1984).

Early  Paleozoic   stratigraphic   and   structural   relat.ion-
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Figure  I  -  Present  generalized  structural  features  of
Kansas  basement   topography   (after  Paul,1979).
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Figure   2   -Elevation   of   the   top  of   the  Precambrian
basement   (after   Cole,1976),   with   location   of   Rice
County   seisiTlic   section   (arrow).      Topography   indicates
portions  of   the  Central  Kansas  Uplift   in   Barton,
Ellsworth   and  Rice  Counties,   and  portions   of   the   Salina
Basin   and   the   Sedgwick   Basin   in   Saline   and  Mcpherson
Counties,   respectively.      Scale   I:500,000.
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ships   within   the   Salina   Basin,    the   Sedgwick   Basin,   and

the   Central   Kansas   Uplift  vary  over  much  smaller  dis-

tances   than  well   control   illuminat.es.     The   lat.eral   con-

tinuity  of   a   seismic   section,   controlled  by   the  well

dat.a,    is   needed   for   a  more   correct.   interpretation.

Of  particular   interest   is   the  ext.ent  and  character

of   a   limestone   within   the  Mississippian-Devonian

Chattanooga   Shale.     Wells  have   encountered   the   limestone

at   a  depth  averaging   i,050   meters  below  ground   surface,

and   show  a  maximum   thickness   for   the   unit   of   21  meters

at   the   western   edge  of   the   seismic   section.     Well   log

data   indicate   thinning  or   faulting  out  of   this

Chattanooga   limestone   (Figure   3).      The   seismic   reflec-

tion   survey  conducted   in  Rice  County   for   t.his   study   is

located  over   the   limestone  unit.      It   is   known   (Newell,

in  prep.)   that   the   limest.one   thins   to   the  east   and   is

missing  under   the   eastern   edge   of   the   seismic   section.

Modeling  using   synthetic   seismograms,   and   interpretation

using   seismic   stratigraphic   analysis,   have  helped   to

clef ine   this   and  other   subsurface   features   in   the   area.

SEISMIC    STUDY    LOCATION   AND   ACQUISITON   PARAMETERS

In  an  ef fort   to  better  understand  the   structure  of

the   southwestern   f lank  of   the   Salina   Basin,   MinisosIE

(Barbier   et   al.,1976)    reflection   seismic   data   were
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acquired  by   the   Kansas  Geological   Survey   (KGS)

Geophysics   and  Geochemistry  Section  under   the   super-

vision   of   Ralph  Knapp  during   the   sumlner   of   1983.   The

east-west   line,   located   3.2   kin   (2  miles)   south  of   U.S.

Highway   56    (Lyons,   Kansas),    extended   11.2   kin   (7   miles)

from   I.6   kin   (I   mile)   west   to   9.6   kin   (6   miles)   east   of

Kansas   Highway   96   (Figure   4).      An   earth   compactor   energy

source  provided   the   input   signal.     End-on  common  depth

point   (COP)   geometry  with   twelve-fold   coverage   (Table   I)

was  used.     The   reflected   seismic   energy  was   sensed  by   a

linear   array  of  geophones  on   the   earth's   surface,   and

recorded  by  an   I/0  Dlm   2400   24-channel   recording   system.

GEOLOGICAL   AND   GEOPHYS ICAL   BACKGROUND

The  area   for   this   study  lies  on   the   southeastern

margin  of   the   Salina  Basin   and   is   flanked   to   the   south-

east  by   the  Central  Kansas  Uplift.     The   stratigraphy  and

st.ructure,   therefore,   differ   signif icantly   from  regional

Salina   Basin   geology.      Studies   to  date   (Lee,    1956;   Ehm,

1965;   Bayne   and  Ward,   1974)   have   relied   on  well   cut-

tings,   cores  and  electrical   logs,   and  have  at   times

interpolated  over   spatial  gaps  of   several   square  miles.

Ongoing   research   (Newell,    in  prep.;   Berendsen   and   Blair,

in  press)   is  based  primarily  on   the   larger  present

database  of   electrical  well   logs,   although  gaps   in

ii         `____
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Table   I   -RICE   COUNTY   REFLECTION   SEISMIC   LINE

I)ATA   ACQUISITION   PARAMETERS

Record   length

Sampling   interval

Source

Vertical   stack

Dominant   f requency

Source   interval

Source   array

Receiver   interval

Receiver   array

Recording  geometry

Near  of f set

Far   of f set

Filters:      lowcut

highcut

notch

I   second

2  milliseconds

MinisosIE   earth
compactor

2,000  pulses/shotpoint

80Hz

17   in.     (55    ft.)

Linear,   continuous

17   in.    (55    ft.)

17   in.    (55   ft.),linear
10   receivers,   equally
spaced

End  on,   24-channel,   CI)P

226   in.     (742.5    ft.)

612   in.    (2,007.5    ft.)

55   Hz   (24   dB/octave
rolloff)

125   Hz   (24   dB/octave
rolloff)

60   Hz   (60   dB/octave
rolloff)
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control  must  still  be  extrapolated  according  to  current

geological  models.

STRATIGRAPHY   -   Regional   and   Local

Shown   in  Figure   5   is   the  Type   Log   for  Rice   County.

For  this  study  only  gross  stratigraphic   features   that

can  be   seismically  expressed  will  be  described.     Primary

stratigraphic   references   for   the  Precambrian  are   f ron

Bickford,   et   al.    (1981),   and  Van   Schmus   and  Bickford

(1981);   for   the   Cambrian   through  Mississippian   are   from

Lee   (1956)   and   Zeller   (1968);    for   the   Pennsylvanian

through   Cretaceous   are   from   Lee   (1956),    Zeller   (1968),

and   Merriam    (1963).

Rocks   of   Precambrian   A

Through  core   samples   and  cuttings   the  upper   ten

meters   of   the  Proterozoic   crust  of  Kansas  has  been  dated

by  U/Pb  and  Rb/Sr  methods   and  correlated   to  exposed

Precambrian   rocks   outside   the   state   (Bickford,   et   al.,

1981;   Van   Schmus   and   Bickford,1981).      Their   map   of

compiled  basement   rock   types   for   the  mid-continent

(Figure   6)   shows   an  older  northern   terrane   formed   about

1630   Ma   and   composed   primarily  of   sheared  mesozonal

granite   to  granodiorite  with   smaller   amounts   of  meta-

sedimentary   rocks,   primal.ily  quartzite.      The   northern

terrane   extends   f ron  northern  Kansas   and  Missouri
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Figure   5   (continued)   -Kansas  Type   Log   for  Rice  County,
Kansas,   Sec.    20,   T19S,   Raw,    (from  Harriss,   et   al.,1966).
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through  all  of  Nebraska.     None  of   the   rocks  contain

minerals   indicative  of  medium-   or  high-grade

metamorphism,   alt.hough  extensive   shearing  has   occurred.

A  number  of   anorogenic  granitic  plutons   intruded   the

northern   terrane  between   1380   and   1480  Ma,   and   can  be

correlated  with  the   epizonal  granites  of   the   southern

terrane.     Two  cores   recovered   from   intrusions  were   ana-

lysed  as  part  of  a  scientif ic  drilling  program   (Steeples

and   Bickford,1981).      Gravity   and  magnetic  modelling   of

the   intrusions   indicate   that   they  are  each  roughly  15   kin

in  diameter   and  extend  down   f ron   the  Precambrian   surface

approximately   10   kin.

Extending   f ron  northern  Ohio   through   Indiana   and

Illinois,   cutting  down   across   southern  Missouri   and

Kansas,   through  Oklahoma   and   into   the  Texas  panhandle,

the   southern   terrane  dates   f ron   1470   +   20   Ma   in   the

exposed   St.   Francois  Mountains   of   southeastern  Missouri

to   1380   +   20   Ma   in   basement   cores   f ron  southern  Kansas

and  northeastern  Oklahoma,   and   exposures   in   the  Arbuckle

Mountains   of   southern  Oklahoma.     The   southern   terrane   is

composed  of   epizonal  granitic   plutons   and   extensive

rhyolitic   to  dacitic  volcanic   rocks,   primarily  ash   flow

tuff .     Metamorphism   is   non-penetrative,   consisting  only

of   slight   recrystallization  of  groundmass.      Intermediate

and  maf ic   igneous   and   sedimentary   rocks   are   absent   from
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both  terranes.

From   statewide  gravity   surveys   (Yarger   and  Lam,

1982)   the   southern   terrane   shows   a  broad   30-   to   40-

rnilligal  positive   anomaly   (Figure   7).     This   is   contrary

to   the   low-density  rhyolit.es  obtained   from  core   samples,

and  suggests   an  extensive  high-densit.y  body  at  depth

(¥arger   and   Lam,1982).      The   aeromagnetic   survey  of   the

State   (Yarger,   1983)    indicates   an   abrupt  northwest-

trending  boundary  between   the   northern   and  southern

terranes   (Figure   8).     A  prominent  magnetic   low  under

Wichita   is   shown   in   Figures   9   and   10.      The   low   is   as-

sumed   to  be  connected   to   a   transition  zone  between   the

southern  and  northern   terranes,   but  shows  greater   than

usual  depth   in   the   area  of  Wichita.     The  magnetic   low

extends   into  Rice  County  suggesting   that   the  Precambrian

granites   in   that  area  are   from  a  transitional  or

combined   source.

The  Consortium   for  Continental  Reflection  Prof iling

(COCORP)   has   recently   f inished   a   series   of   deep   seismic

reflection   lines,   using  a  Vibroseis   source,   across

northeastern  Kansas   (Serpa,   et   al.,1984;   Brown,   et   al.,

1983)    (Figure   11).      Below   the   sedimentary   section   the

upper   10   kin  of   Precambrian   crust   shows   few   reflectors,

giving   the   appearance   of   a   thick  homogeneous   layer.

Considering   the  presumed  mechanics   of   crustal   formation,
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Figure  7  -   Bouguer  gravity  map  of   eastern  half  of   State
of   Kansas   (after   Yarger,   et.   al.,1983),   with   .1-milligal
resolution.     High-density  anomaly  associated  with  the
southern  terrane   is   shown   in   the  southeastern  corner.
Scale   I:500,000.
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Figure   8   -Aeromagnetic  fnap  of  Kansas   (from  Yarger,
1983),   reduced   to  pole  and  high  frequency  pass   filtered.
Abrupt  change   in  f requencies  suggests  contact  between
the  northern  and  southern  terranes.     The  solid  line
interprets   this  contact.     Location  of  Rice  County
seismic   section   is   shown   in  center  of   the  State.
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Figure   9   -Aeromagnetic  map  of  Kansas   (from  Yarger,
200      1983),   reduced   to  pole  and  downward  continued   to   850

meters.     Northeast  trending.Central  North  American  Rift
System  and  small  circular   intrusives  are  shown  as
positive  magnetic   anomalies;   Rice  Formation  arkoses   and
large  area  of  transition  zone  granites   in  southeastern
Kansas   are   shown   as   negative  magnetic   anomalies.
Location  of  Rice  County  seismic   section   is   shown   in
center  of  the  State.
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Figure   10   -Aeromagnetic  map  of  Kansas   (from  Yarger,
2001953),   reduced   to  Sole  and  hpward  continued  to   9-kin.

above  sea  level.     Magnetic   low   (Wichita  low)   associated
with  transition  zone  granites  clef ine§   terrane  boundary
in  southeastern  Kansas.     Magnetic  highs  under  Salina  and
Forest  City  Basins   suggest  maf ic   intrusions  which  may
have  caused  zones  of  weakness   and  subsequent  basin
foundering.     Location  of  Rice  County  seismic   section   is
shown   in  center  of   the  State.
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this   "layer"   is   interpreted   as   a  predolninance  of  grani~

tic   materials   emplaced   as   composit.e   plutons   (Brown,   et

al.'    1983).

Keweenawan   rifting,   an   aborted  breakup  of   the  North

American   continental   crust,   occurred   between   1000-1200

Ma   from   the  western   side   of   Lake   Superior   to   central

Oklahoma   (King   and   Zeitz,1971).      The   rift,   designated

the   Central   North  American   Rift   System   (CNARS),   does   not

rest  on  older  continental  crust,   but   is   a  separation  of

the  crust,   as   evidenced  by  an   abundance  of   interst.rat-

if ied   thick  basalt   flows   and   arkosic   sandstones   (Figure

12)    (Brown,    et   al.,1983;    Serpa,    et   al.,1984;   Ocola   and

Meyer,    1973)   which   overlie   maf ic   intrusions   (Somanas,

1984).      In   Kansas   the   rift   is   flanked  by   the   Rice

Formation   arkosic   sandstone.      A  deep  well   in  Michigan

(Sleep   and   Sloss,   1978)    is   thought   to  penetrate   a   south-

eastward   extension   of   the   rift.      Samples   of   Precambrian

redbeds   and  gabbro  were   recovered   f ron   the  well   and

suggest   subsidence   and   sedimentary  deposition  coeval

with   rif ting   and   mant.1e   diapirism.      From   aeromagnetic

data,   the   rifting   is   shown   to  continue   to   the   later

stages  of  vulcanism,   crustal   foundering,   and   terrigenous

sediment  deposition  only   in   the  northcentral  part  of   the

state   (Yarger,1983).      The   Rice   Formation,    indicated   by

the  white  magnetic   low   and   the  gravity   low  around   the

20
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Figure   12-Line  drawing  of  COCORP   seismic   reflection  line   (after
Serpa,   et  al.,1984).     Enlargement  of  section  across  the  Central  North
American  Rift  System  shows   the  asymmetric  basin  of   layered  basalts   and
arkoses   (CDP's   1600-2000,1-3   sec.).     The  basin  underlies   associated
graded  arkoses  which  lap  out  onto  massive  reflectionless  granites.
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CNARS   (Figures   7,   9,   and   13),    is   a   thick  deposit   of

nonmagnetic,    low-density   sediments   (Yarger,1983)

(¥arger   and   Lam,1982).      The   western  margin  of   the  Rice

Formation   intersects   the  Rice  County  seismic   section

(Figure   13;   ¥arger   and   Lam,1982).

Rocks   of   Cambrian   and  Ordovician  A

The  Late   Cambrian   Lamotte   Sandstone   and  Bonneterre

Dolomite  Formations,   like   the   Precambrian   rocks,   are

described   from  wells   on   the  Central  Kansas  Uplift   (Lee,

1956).      The   Lamot.te   grades   from   arkose   to   sandy  dolomite

with  an   average   thickness  of   30  meters.     Above   it   the

Bonneterre   is   a  glauconit.ic  non-cherty  dolomite  which   is

often  erroneously  associated  with  the  Arbuckle  dolomites

(Zeller,1968).     Due   to   erosion   it   feathers  out  on   the

Central  Kansas   Uplift,   and  may  be   as   thick  as   50   meters

in  basin   areas.

The  Arbuckle  Group   spans   the   time  between   Late

Cambrian  and  Middle  Ordovician   to   include  all  units  up

until   Simpson.     Gas   and  oil   accumulations   at   the   top

of   the  Arbuckle  make   it   one  of   the  major  producing

horizons   in   the   State.     The  Arbuckle   is   also  used   for

gas   storage   in   the   area  of   the  Rice  County  seismic

section.   The  Arbuckle   consists   of   six  dolomite   forma-

tions   for   a   total   thickness  of   200  meters.     Many

Arbuckle   formations   contain  chert,   and   the  Roubidoux,    in
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particular,   contains   sandstone.     Continuous   layers  of

sandstones  and  chert  may  give   the  Arbuckle  the  layered

appearance   reflected   in   the  seismic   section.

The  Middle  Ordovician   Simpson  Group  consists,    in

ascending  order,   of  unnamed  beds   of   sandstones   and

shales,   the   St.   Peter   Sandstone   Formation,   and   the

Platteville   F.ormation   (Zeller,1968).      In  Rice   County

the   Simpson   is   composed  of  undif ferentiated   sandstones

and   shales,   and   thin   sandy   limestones   and  dolomites

(Lee,1956).      Unconfornities  define  both  boundaries   of

the  Simpson.     The   interval   thickness   locally   is   rela-

tively  constant   at   18  meters.     The   Simpson   thickens

toward   the  center  of   the  North  Kansas  Basin,   the  basin

which  formed   in   the  area  of   the  Salina  and  Forest  City

Basins   from  Middle   Ordovician   to  Middle  Mississippian

time   (see   section  on  Structural  Background).

The  Middle  Ordovician  Viola   Limestone   Formation   is

a  variable   sequence  of   limestones   and  dolomites   and

discontinuous   chert  zones  with  unconformities   existing

at  both  upper   and   lower  boundaries.     The  Viola  also

thickens,   although   irregularly  due  to  erosional  and

structural   relief ,   northeastward   from  Rice  County   into

the  North  Kansas   Basin.      Thickness   ranges   from  0   to   15

meters   along   the  Rice  County   seismic   section.
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The   Upper  Ordovician  Maquoketa   Shale   Formation   in

Rice  County   includes   a  basal  dolomite   and  an  upper

dolomitic   shale.     The   top  of   the  Maquoketa   is  unconfor-

mable  with   the  Devonian-Mississippian  Chattanooga   Shale

Formation   as   a  consequence  of   the  erosion  of   the  pre-

Chattanooga  Mcpherson  Valley  and   its   tributaries.     `rhe

Mcpherson  Valley   is   a   local  erosional   feature   extending

through  parts   of  Mcpherson,   Marion,   Reno,   and  Rice

Counties   (Figure   3).      Thickness   for   the  Maquoketa   ranges

f ron  0   to   12  meters   along   the  Rice  County  seismic   sec-

tion,   and   regionally   ranges   from  10   to   40  meters,   the

variation  due  primarily  to   relief  on   the  surface

underlying   the  Viola.

Rocks   of   Silurian   and  I)evonian  A

The  Hunton  Group  consists  of   limestones   and  dolo-

mites  deposited  during   the  Silurian  and  Devonian,   before

deposition  of   the  Chattanooga.     Although  these   rocks

reach  a   thickness  of   150  meters   in   the   center  of   the

North  Kansas  Basin,   pre-Chattanooga  erosion  of   the

Mcpherson  Valley  has   resulted   in   their  complete  removal

in   the   area  of   the  Rice  County  seismic   section.

Rocks   of   Devonian   or   Mississi ianA

The  Chattanooga  Formation   lies  between   rocks  of

clef inite  I)evonian   age   and  clef inite  Mississippian   age
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(Zeller,1968).      It   consists   of   the   basal   Misener

Sandstone  Member,   over  which   the  black-to-grey   sequence

of  Chattanooga  Shale  ef fectively   f ills   in  pre-

Chattanooga  erosional   features.     The  Misener   appears   to

be   thickest  near  where   the  Chattanooga   laps  onto   the

Simpson  Group,   and   is  probably  derived   from  the   Simpson

(K.D.   Newell,   pers.   comm.,1984).      The   Chattanooga   lime-

stone  unit  separates   the  lower  and  upper  shale  units   and

is  limited  to  the  western  margin  of   the   tributary  to  the

Mcpherson  Valley   (Figure   3).      It   thins   as   it   extends

into   the  valley  and  may  eit.her  wedge  out  or   terminate

abruptly.     Thickness  of   the  Chattanooga  limestone   ranges

i ron  0   to   20   meters   across   the   Rice  County  seismic

section,   and   reaches   75  meters   in   the  deepest  parts  of

the  Mcpherson  Valley   and  North  Kansas   Basin.

Rocks   of   Mississippian   Age

Episodically  during  Late  Mississippian   time   and

continuing  until   Late  Pennsylvanian,   the  Central  Kansas

Uplif t   and   the  Nemaha  Anticline   rose,   creating  between

them   the   Salina   Basin   (Rascoe   and  Adler,    1983;   Kluth   and

Coney,1981;    Lee,1956).      Mississippian   formations   pre-

sent   in   the   Salina  Basin  consist   in   ascending  order  of

the  Boice   Shale  Formation,   and  carbonate   rocks   of   the

Kinderhookian,   Osagian,   and  Meramecian   Stages.   Thickness

in  the  center   of   the   Salina  Basin   averages   100   meters,
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although   in   the  area  of   the  Rice  County  seismic   section,

erosion  after   the  uplift  of   the  Central  Kansas  Uplift

caused   removal  of   the  Mississippian   formations   and

bevelled   the  top  of   the  Chattanooga.

Rocks   of   Penns lvanian  A

Both  Pennsylvanian   and  Permian   rocks   consist  of

complete   and  partial   sequences  of   cyclothems.     Composed

primarily  of   alternating   limestones   and  shales,   each

intact  cyclothem  represents  a  transgression  and  regres-

sion   of   the   sea   (Merriam,1963).      Subaerial   exposure   of

limestone  units   resulted   in   intercyclic  erosion   (Lee,

1956),   creating  channels   within   the   limestone  which  were

f illed   in  with  fluvial   sandstones  and  transgressive

deposits   of   shales.     Many  of   the  Pennsylvanian   lime-

stones   are  argillaceous   and   interf inger  with  shales   in

southern  Kansas.

Throughout   the  Early  Pennsylvanian,   episodes  of

folding  similar   in  trend   to  those  at   the  end  of

Mississippian   time  deepened   the   Salina  Basin  and   raised

the  Nemaha  Anticline   and  Central  Kansas  Uplift   above   sea

level.     As   a   result  during   the  Middle  Pennsylvanian  only

the  Pennsylvanian  basal  conglomerate  was  deposited  over

the  pre-Pennsylvanian  unconformity   in  the   area  of   the

Rice  County   seismic   section   (Lee,1939),   although   the
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Cherokee   and  Marmaton  Groups   of   the  Middle  Pennsylvanian

I)esmoinesian   Series   average   120   meters   in   thickness   in

the  center  of   the     Salina  Basin.     The  Pennsylvanian

basal  conglomerate   ranges   in   thickness   from  featheredge

to   30  meters   across   the  Rice  County  seismic   section.

Missourian   Sta e--The Pleasanton  Group  begins   the

Late   Pennsylvanian   (Zeller,   1968)   and   is   composed   in
\

Rice  County  of  undif ferentiated   shales   and  sandstones

(Lee,1956).      The   group   average   thickness   in  Rice   County

is   15  meters,   and   is   slightly  less   in   the  center  of   the

Salina  Basin.      It   thickens   toward   southeastern  Kansas

and  wedges  out  over   the  Central  Kansas  Uplift.

Above   the  Pleasanton,   the  Kansas  City  and   then

Lansing  Groups   include  cyclothems,   and   are  composed

primarily  of   thick  limestones   separated  by  thin   shales

that   show  a   f requent  occurrence  of   intercyclical  ero-

sion.     Thickened   limestone   lenses   and  oolitic   shoals,

representing  a  marine   slope   environment,   are  scattered

throughout   the  Upper  Kansas  City  and  Lansing.     As  do   all

the  Late  Pennsylvanian  groups,   the  Kansas  City  and

Lansing  Groups   thicken   to   the  southeast   in   response   to

the  Ouachita  Orogeny  and   the   related  subsidence  of   the

Anadarko   Basin.      Movement   along   the  Nemaha  Anticline   and

Central  Kansas   Uplif t   slowed  during   the  Missourian.   The

upper  units   of   the  Kansas   City  and  all  units   above
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succeeded   in  covering   the   tops  of  both   features.     The

thickness  of   the  Kansas  City  Group  averages   70  meters   in

the  center  of   the  Salina  Basin  and   in  the  area  of   the

Rice  County  seismic   section,   and   is   loo  meters   at   the

saddle   to  the  south  between  the  Salina  Basin  and  the

Sedgwick  Embayment.      The   Lansing   attains   a   thickness   of

20   meters   in  Rice   County,   compared   t.o   12  meters   in   the

center  of   the  Salina  Basin  and  40  meters   in  southeastern

Kansas .

Virgilian  Stage--The   f irst  group  of   the  Virgilian,

the  Douglas  Group,   consists  of   several   thick  shale  mem-

bers  often  with   interbedded  sandstones   and  coal  beds,

and  minor   alnounts   of   limestone.     An  unconformity   sepa-

rates   the   two   formations  of   the  group,   the  Stranger

below  and   the   Lawrence   above.     Considerable   topographic

relief   resulted   from  the  depositional  hiatus,   which  was

f illed   in  by  the   shales   and  sandstones  of   the  Lawrence

Formation.     I)ue   to  the   erosional   relief ,   thickness   for

the  Douglas   ranges   f ron  30   to   130  meters   throughout

eastern  Kansas,   and   averages   50  meters   along   the  Rice

County   seismic   section   (Lee,1956).

The   Shawnee  Group  consists  of   four   limestone   forma-

tions   separated  by  three  shale   formations,   each  con-

taining  multiple  cyclothems.     The   Shawnee   is   similar   in
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lithology  to  the  Kansas  City  and  Lansing  Groups,   having

thick  limestones  with  shales   interstratif ied.     The

shales  are  black  and  radioactive  and  a  pattern  exists  of

dense   fusulinid   limestone  beneath  each  shale  and   fos-

siliferous   cherty   limestone   above.     The  Oread  Limestone

Formation  at   the  base  of   the  Shawnee  Group  contains   four

cyclothems   and   is   easily   identif ied   in  electrical   logs

and  cores   by   the   3-meter  Heebner   Shale  Member.     The

shales  within   the   Shawnee  Group,   and   to  minor  extent   the

limestones,   thicken   to   the   southeast.     The   thickness  of

the   Shawnee  Group   ranges   i ron  90   to   loo  meters   in   the

Salina   Basin.      Thickness   is   80   meters   on   the  crest   of

the  Central  Kansas  Uplift,   and   averages   Ilo  meters   along

the  Rice   County   seismic   line.     By  Virgilian   time   the

Salina  Basin  had  developed   into  a  structural  embayment,

opening   to  the  north,   with  all  units   thickening  to  the

southeast.    (Lee,1956).

Cyclothems   of   the  Wabaunsee  Group,   the   top  group  of

the  Virgilian,   are  separated   into  twenty-eight   forma-

tions  composed  of   alternating,   nondistinctive,   thin

limestones   and   thicker   shales.      Limestones   form  only

twenty  percent  of   the  group,   averaging   2  meters   each   in

thickness.     The   shales   commonly  contain  discontinuous

sandstone   and  coal  beds.     Many  of   the   thinner  units

appear  discontinuous  due   to   intercyclical  erosion  or



depositional  patterns.     Overall   thickness  of   the

Wabaunsee   is   Ilo  meters   in   the  central   Salina  Basin,   loo

meters  on   the  crest  of   the  Central  Kansas  Uplift,   and

140  meters   along  the  Rice  County  seismic   line.

Rocks   of   Permian  A

Cyclothems   composed  of   alternating   limestones   and

shales   continue   into   the  Lower  Permian.     Shale  units

undergo  a   transition   from  black  and  grey  to   red,   and

cyclothems  yield  to  siltstone  redbeds   and  evaporite

deposits   in   the  upper   two   stages  of   the  I.over  Permian.

The   Permian   in  Kansas   is  divided   in   ascending  order   into

the  Wolfcampian,   Leonardian,   and  Guadalupian   Stages,   and

is   separated   f ron  the  Pennsylvanian  below  and   the

Quaternary  above  by  angular  unconformities.

Wo I f c am ian   Sta e--The  Admire Group,   the   lower   in

the  Wolfcampian,   is   dominated  by  shales  with   few  t,hin

limestones,   similar   to   the  Wabaunsee  below.      Formations

below  the   Falls  City  Limestone  Formation  serve   to   f ill

in  the  minimal  erosional   relief   resulting  from  the  post-

Pennsylvanian  unconformity.     Thickness   of   the  Admire   is

a  relatively  constant   30  meters   across   the  Central

Kansas   Uplift,   the   Salina  Basin   and   the  Rice  County

seismic   section,   indicating   lit.tie  uplift  or   subsidence

through  Wolfcampian   time.

31
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The  Admire   is  overlain  by   the  Council  Grove  Group,

which  consists  of  alternating   thin   shales   and  limestones

in  equal  proportions.     Shales  are  grey  to  red  and  often

calcareous.     Some  limestones  are  argillaceous  and   inter-

stratif ied  with  thin  shales.     Average  thickness   for

Kansas   and   across   the   seismic   section   is   100  meters.

The  Chase  Group   is  composed  of   thicker   (10-30

meters)   limestones  and  shales   in  equal  proportion  and

represents   the   last  of   the  Kansas  cyclothems.     Lime-

stones   are  commonly  cherty  and,   where   they  crop  out,

provide   the   flin.t  of  Kansas'   Flint  Hills.     Shales   are

variegated,   but  predominantly  red,   indicating  the  tran-

sition   from  cyclothems   to   redbeds.     Average   thickness

for   the  Chase   in  Kansas   and  along  the   seismic   line   is

Ilo  meters.

I.eonardian   Sta e--The   lower  of   the  Leonardian

groups,   the   Summer  Group,   contains   interstratif led  anhy-

drite  and   shale  beds  under  a  salt  unit,   the   100-meter-

thick  Hutchinson  Salt  Member.     The  Hutchinson   Salt

underlies  very  thick  beds  of  red  and  grey  siltstones  and

shales  of   the  Ninnescah  Shale  Formation.     A  thin  anhy-

drite  unit,   the  Stone  Corral  Formation,   tops   the  Sumner

Group.     Where   the  salt   exists,   group   thickness   averages

365  meters   in   southern  Kansas   and   300   meters   in  Rice

County.      Thickness   where  Hutchinson   Salt  has  been



33

dissolved,   to  the  north  and  east  of   the  study  area,

averages   200   meters.

The  Nippewalla  Group,   above   the   Sumner,   is   repre-

sented  by  the  lower   formations  only,   as   the  hiatus

before   the  Cretaceous   stripped  away  upper  Nippewalla  as

well  as   the   entire  Guadalupian  Stage   in  Rice  County.

Lef t  below  the  unconformity,   red  sandstones  and  shales

of   the  Nippewalla  average   50  meters   in  the  area  of   the

Rice  County   seismic   line.

Rocks   of   Cretaceous   to  Quaternary  Age

Cretaceous   rocks  up   to   300  meters   thick  cover   the

western  margin  of   the  Salina  Basin,   although  the  rest  of

the  Permian   in  the  basin   is  covered   in  part  by  Tertiary

and  Quaternary  alluvium  to  depths  of  up  to  50  meters.

Quaternary  alluvium  covers   the  Rice  County  seismic   sec-

tion   to   5  meters   in   the  Cow  Creek   floodplain.

STRUCTURE   -   Regional   and   Local

Structural  history  of  Rice  County  and  Kansas   re-

quires   a  general  overview  of   the  entire  North  American

midcontinent   tectonic   sequence  of   events.     Epierogenic

movements,   as   well   as   periods   of   no  movement,   wit.him   the

State  were  of ten  related   to   tectonic  events   that  took

place   at   the  boundaries   of   t.he  North  American  continent.
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During   the  Middle  Proterozoic,   at   about   |380  Ma

(Figure   14),   emplacement  of   southern   terrane  plutons

occurred   in   the  northern   terrane   in  Kansas.      1380  Ma   is

the  age  of   the  southern   terrane   in  Kansas  and  may  be  the

age  of   accretion   t.o  the  northern  terrane   (Van  Schmus   and

Bickford,1981).     Gravity  and  aeromagnetic  data  suggest

the  delineation  of   the  terrane  boundary  through  Kansas

(Yarger   and   Lam,1982;   Yarger,1983)    (Figures   7   and   10).

During   the   Late   Proterozoic,1100  Ma,    (Figure   15),

Keweenawan   rifting  occurred   from  the  Superior  Basin   into

Kansas   along   the  Central  North  American  Rift   System

(CNARS)    (King   and   Zeitz,1979).      Related  deposition  of

basalts   and  of  Rice  Formation  arkosic   sandstones   f illed

and   surrounded   the   rift   zone   (Yarger   and  Lam,   1982;

Yarger,1983).

During   the  Cambrian   through  the  Early  Ordovician,

(Figures   16   and   17),   a   stable  craton  with  subsiding

shelves  and  aulacogens  developed   in  the  midcontinent

area   (Sloss,1980).      The   Cambridge  Ar'ch   and  Central

Kansas  Uplif t   emerged  as   a  southeastern  extension  of   the

Transcontinental   Arch   (Merriam,1963).      The  Anadarko

Basin,   considered   a  Precambrian   aulacogen   (Brewer,   et

al.,1983),   extends   into  Kansas   as   the   SoJthwestern

Kansas   Basin   (Sloss,1980).      The   Anadarko  Basin   at   this

time  was  possibly  a   flexural   subsidence   (Sloss,1980),
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Arbuckle  Formation  lsopach  Map
\

Figure   17   -   Isopachous  map  of   top  of  Precambrian   to   top
of  Arbuckle  Group   (after  Merriam,1963).     Countour
interval   is  250   feet.     Structure  of  Southeastern
Nebraska  Arch   is   indicated  by  thinning   in  northeast
Kansas,   and   structure  of   Southwestern  Kansas  Basin   is
indicated  by  thickening   in  southwestern  Kansas.
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which  might   account   for  contemporaneous  uplift  of   the

Southeast  Nebraska  Arch.     Erosion   remnants   of   granite

porphyry  of  Proterozoic   age   formed   the  Ozark  I)one

(Sloss,1980).

From  the  Middle  Ordovician   to   the  Middle

Mississippian   (Figures   18A  and   19),   intracratonic  basins

and  domes  developed.     The  earlier  positive   features  of

the  Transcontinental  Arch  and  Ozark  I)one  subsided,   and

the  Anadarko  Basin  continued   to   subside   (Sloss,1980).

The  Chautauqua  Arch  was   an   extension  of   the  Ozark  Dome

during   the   Middle   to   Late  Ordovician   (Jewet.t,1951).

Episodic  uplif t   from  the  Middle  Ordovician   through  the

Middle  Mississippian  extended   the  area  of   the  Central

Kansas  Uplift   southeastward   (Lee,1956).      Subsidence  of

the  Southeast  Nebraska  Arch   into  the  North  Kansas  Basin

started   in  Middle  Ordovician   time.      The  Ozark  Dome   sub-

sided   to   form  the  Ozark  Basin  during  Devonian   time.     The

area  was   again  uplifted   in   the  Mississippian  as   the

Ozark  Uplift   (Lee,1956).

I)uring   the  Late  Mississippian  through  the  Early

Pennsylvanian   (Figures   188   and   20),   collision  of   South

America-Af rica   into  the   southern  margin  of  North  America

produced  epeirogenic  uplif t   in  Kansas  of   the  Central

Kansas  Uplift   and  Nemaha  Anticline,   and  associated   sub-

sidence  of   the   Salina   and  Forest  City  Basins.     Related
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orogenic   activity  along   the  Ouachita   fold  and   thrust

belt  began   in  Late  Mississippian   and   reached  a  climax   in

Early  Pennsylvanian   (late  Atokan)   or  Middle

Pennsylvanian   (early  Desmoinesian)   time.     Rapid   subsi-

dence  of   the  Anadarko  Basin  and  uplift  along  the  nearby

Wichita  Uplift  were  caused  by  shearing  along  the  earlier

aulacogenic   fault  zone.     Continental  margin  subsidence

produced   the  Arkoma  Basin  and   its   extension   into  Texas,

the   Fort  Wort.h   Basin   (Kluth   and   Coney,1981).

From  the  Middle  Pennsylvanian   through  the  Early

Permian,    (Figure   21),   southwestward  migration  of   oro-

genic   activity   in   response   to  the  collision  of   South

America-Af rica   into  North  America   resulted   in   continued

thrusting   in  the  Ouachita  belt  and   initial  thrusting   in

the  Marathon   fold  and   thrust  belt   in  southwestern  Texas.

During   the  Middle  Pennsylvanian   activity  slowed   in

Kansas   as  upthrust.ing  of   the  Ancestral  Rocky  Mountains

developed   rapidly.     From  Late  Pennsylvanian  to  Early

Permian,   movement   slowed  along   the  Ancestral  Rocky

Mountains   and  Ouachita   fold  and  thrust  belt   (Kluth  and

Coney,1981).      Movement   along   the   Central   Kansas   Uplift

and  Nemaha  Anticline  ceased  by  Late  Pennsylvanian,   and

regional   tilting   into   the  Anadarko  Basin  began   (Lee,

1956).      Development   of   the  Wolfcampian  Hugoton

Embayment,   as   a  northward   extension  of   the  Anadarko
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Basin   (Rascoe   and  Adler,   1983)   caused   regional   tilting

of   Kansas   strata   to   the   west   (Merriam,1963;   Lee,1956).

During   the  Cretaceous,    (Figure   22),   the  Denver

Basin,   a   foreland  basin   formed  during   the  Sevier

Orogeny,   caused  regional   tilting  of  Kansas  strata

northwestward   (Merriam,1963;   Lee,1956).

sum4ARy   -   LocAL   GEOLOGy

The   area  of   the  Rice  County   seismic   line   contains

complex  I lank  structure  between   the  Central  Kansas

Uplift   and   the   Salina  Basin   (Figure  2).     Superposed  upon

t.his,   the   local  geology  reveals   trends   similar   to  those

regional.     Formation   thicknesses  are  generally   inter-

mediate  of   those  reported  for  the  Central  Kansas  Uplift

and   the  Salina  Basin,   although  unconformable  basal  con-

glomerates,   which  are   locally  flank  deposits,   are

thicker,   as   expected.     The  Chattanooga  Misener   and   the

Pennsylvanian  basal  conglomerate,   in  particular,   are

thick  flank  deposits,   thinning  to  featheredge   in  the

Salina  Basin   and   terminating  due   to  nondeposition

against   the  Central  Kansas   Uplift.

Although  no  wells  along  the  reflection  prof ile

penetrate   the  Precambrian,   aeromagnetic   and  gravity  data

suggest   the  presence  of   shallow  gradational  arkosic

sandstones  of   the  Rice  Formation  under   the  eastern  one-
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Figure   22   -Struct.ural   features   of   the  Midcontinent:
Cretaceous .
*  =   location  of  Rice  County   seismic   section.



half   of   the   seismic   line   (Figures   9   and   13).     A  magnetic

low,   indicating  a  much  deeper,   and  less  magnetic   source

in   the  Precambrian  underlies   the  entire   line   (Figure

10).     This  material   is   considered  a   transition   zone

between  the  rocks  of   the  northern  and  southern  terranes

of   Van   Schmus   and   Bickford   (1981)    (Yarger,    1983)   and   a

deeper  seismic   investigation  may  give  a  greater  under-

standing  of   the  Precambrian  mechanics   involved   in  this

type  of   suture  zone.

Through  Ordovician  and  I)evonian   time  uplift  of   the

Central  Kansas   Uplift,   and  erosion  of   the  Mcpherson

Valley,   resulted   in  erosion  of   the  Hunton  Group.     The

crest  of   the  Central  Kansas  Uplift  begins  just  west  of

the  cross-section   in  Figure   23,   and   the  Mcpherson  Valley

begins   east  of   the  unnamed  anticline   located  between

CI)P's   600   and   700   in   Figure   23.      From   the   pre-

Chattanooga   subcrop  map   (F.igure   24)   a   few  of   the   series

of  en  echelon  anticlines  parallel   to   the  Central  Kansas

Uplift   expose   the  Viola  beneath  the  Chattanooga.     Fur-

ther   to   the  west  Maquoketa  Shale  crops  out  against  the

Central  Kansas  Uplift.      In   the   extreme  eastern  part  of

the  map   the  Viola   is   also  exposed  due   to  erosion  of   the

Mcpherson   Valley   (Lee,1956).

Accelerated   tectonic   activity   in  Mississippian   time

produced  continued   folding  on   the  unnamed   en  echelon

L17
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Figure   23   -Geologic   cross-section   along  Rice  County   seismic   section.     Wells
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Figure   24   -Subcrop  map  of   pre-Chattanooga  unconformity
(aft.er   Newell,1984).      Erosion  of   Chattanooga  valley   in
east  half ,   uplift  of   unnamed  anticline   to  expose  Viola,
and   nondeposition  of   Chattanooga  on  Central  Kansas
Uplift   are   illustrated.      Location  of   t.he   seismic   line   is
shown   in   T20S.      No   deposition  of   Chattanooga   Shale   in
hachured   area.
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anticlines.      In   the   subcrop  map  of   the  pre-Pennsylvanian

unconformity   (Figures   25   and   26)   a   regional   outcrop

pattern  of  progressively  older  strata   from  east   to  west

shows   the   extent  of   the   f lank  of   the  Central  Kansas

Upi i i t .

A  closer   look  at   the  unnamed   anticline   (Figure   27)

indicates  variable  dip  to  the  east  of  less   than  two

degrees  of   all  beds  below  the  Pennsylvanian  basal  con-

glomerate.     Reverse   faulting  on   the  west   side  of   the

anticline   (Dan  Rush,   pers.   colnm.,1984)    forms   a   cuesta.

The  nose  was   eroded   along   the   fault  plane   into   the

Simpson   to   form  a   river  valley.     During   the  Middle

Pennsylvanian   folding  had  ceased   and   the  valley  was

f illed  with  Pennsylvanian  basal   conglomerate.     Thinning

above   the  nose   is   evident   f ron  Middle   through  Late

Pennsylvanian   time   and   indicates  dif ferential   compaction

and   the  probable   existence  of  a   river  valley   f ron  Middle

to  Late   Pennsylvanian   time.

Also   shown  on   the  pre-Pennsylvanian   subcrop  map

(Figure   26),    the   Chattanooga   limestone  unit   crops   out

onto   the  Central  Kansas  Uplift   and   reveals   a  pattern  of

folding  parallel   to   the  Central  Kansas  Uplift.     An   ap-

proximat.e   location   of   where   the   Chattanooga   limestone

ceases   to   exist   to   the  east  below  the  pre-Pennsylvanian

unconformity   is   shown.     The  exact  original   extent  of
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Figure   25   -   Subcrop  map  of   pre-Pennsylvanian  unconformity
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Central   Kansas   Uplift.      F'olding   in   flank   structure   is
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County   seismic   section   crosses   the  middle   ant.icline.
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Figure   27   -  Geologic   cross-section   along  part  of  Rice
County   seismic   sect.ion   showing  detail   of   unnamed
anticline.      Five   times   vertical   exaggeration.
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this   limestone   is  not  known,   but   it   is  considered   to

have  been  eroded  both  to  the  west  as   it  crops  out

against  the  Central  Kansas  Uplift,   and  to  the  east  where

it  was  replaced  by  siltstones  during  deposition  of  the

Upper  Chattanooga   Shale   (K.D.   Newell,   pers.   comm.,

1984)  .

From  Upper  Pennsylvanian  through  the  Quaternary

local  structural  activity  is  absent.     Cyclic  deposition

dominates   local  as  Well  as   statewide  geology  during  the

Pennsylvanian  and  Permian.     Regional   tilting,   f irst  to

the  south  in  response  to  a  combination  of   southeastward

and  southwestward  subsidence  during  Pennsylvanian  and

Lower  Permian  time,   and  then  to  the  vest  and  north

toward  the  Hugoton  and  Denver  Basins  during  Permian

through  Cretaceous  time,   is   indicated  by  thickening  of

beds.     Regional  and  local  sedimentary  deposition  are

most  evident  as  cyclothems  of   transgressive  marine  lime-

stone  and  shale  deposits   followed  by  regressive   lime-

stone,   1agoonal   shale  and  channel  sand  deposits.     Facies

are  generally  consistent  throughout  the  area.
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RICE   COUNTY   REFI.ECTION   SEISMIC   PROFILE

PROCESSING

Initial  processing  consisted  of   the   following  se-

quence  of  steps.     All  processing  of   the  data  was  con-

ducted  on   the  Kansas  Geological  Survey's  Data  General

MV8000   computer.     The   sof tware  used  was  predominantly

Seismic   Processing  Executive   (SPEX)   from  Sytech,    Inc.,

Houston,   TX,   supplemented  by  programs  of   the  author

(Appendix  a),   T.   Ready   (1984),   and  R.   Knapp  of   the

Kansas  Geological  Survey.     Although  seismic  data   is

unique  to  the  area  of  acquisition,   all  prof iles  follow

the  same   initial  processing  sequence,   and  therefore

brevity   in   its  description   is  justif ied.

I)     Reformat  of  raw,   demultiplexed  data  to  standard

reel  and  trace  header  format.

2)     Initial  edit  of  bad  f ield  records  and  traces.

3)     I)ata  entry  of   line  geometries   and  sorting   from

shot-gat.hered   to  COP-gathered   (common  depth  point)

traces .

4)      Secondary  edit  of  CI)P  gathers.

5)     Initial  elevation  statics  corrections  to
"flatten"   surface   topography  to   504  meters   (1654   feet)

above   sea   level.
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6)      Initial  velocity  analysis  using  COP  traces

stacked  at  constant  velocity  to  determine  stacking

veloc i t i es ,

Af ter  applying  the   initial  velocity  functions  of

step  6,   a  brute  stack   (Figure   28).  is  produced,   and   the

seismic  processor  and   interpreter  can  evaluate   for  the

f irst   time  the  potentials  and  problems  of  the  seismic

section.     The  brute  stack  and  other  similar  i igures  are

scaled  to  one  hundred  COP  traces  per   inch,   producing  a
"squash  plot".     The  ratio  of  horizontal  to  vertical

distance  gives  an  approximate  vertical  exaggeration  of

f ive.     This  type  of  plot  is  most  useful  for  structural

interpretation,   and   is,   for  this  particular  line,   also

convenient   for  page-size  reduction.     The.traditional
"wiggle   traces"   have  been  removed  and  variable  area

shading  alone  has  been  used  with  white   indicating  a

negative  trough.

At   this  point   the  Rice  County  line  shows  great

potential  with  numerous  continuous  and  discontinuous

reflectors   throughout.     Most   importantly  the  unnamed

anticline   is  easily  seen  as  a  gradual  dipping  and  thin-

ning  of   ref lectors  over  a  wide  expanse  to  the  lef t  of

center  between   .6   and   .8   seconds.

Many  problems   are  also  evident.     The  velocity  of

the  weathered  layer  used  to  correct  for  elevation  sta-

tics  has  produced  an  undulation   in  all  reflections  east
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of   center.      The   velocity   used   (2,743   in/sec,    9,000

ft/see)   is  much   too   fast   and   is   not  producing  a   large

enough  correction,   however  determination  of   the  correct

value   is  dif f icult.     Because  of   the   large  distance  be-

tween   the   shot  point   and   the  closest.   geophone,   the

direct   arrival  of   energy   through  the  weathered   layer   is

masked   in   the   f ield   records  by   faster-arriving   refracted

and   reflected  waves,   and   its  velocity  cannot  be  calcu-

lated.      Instead   a   rough   estimate   of   610   in/see   (2,000

ft/sec)    is  obtained  by  dividing   the   time   shift  needed  at

several  points   in   the  data   into  the  depth  reduction

determined   from   the   elevation   survey   (Figure   29).

Another  obvious  problem   is   the   fading  out   and

replacement  by  noise  of   ref lectors   in   large  blocks  of

COP   traces.      Lateral   changes   in  velocity,   problems   with

statics   and   the  weathered  layer,   diffractions,   or   random

and  coherent   noise  may  be   held   account.able.      Improve-

ments   in   stacking   velocity   functions   (Appendix  A),   trace

editing,   and   further   statics  corrections  helped   to

resolve   many   areas.      However,    it   is   the   opinion  of   the

author   that   although  great  care  was   taken   in  all   acqui-

sition   components   to  obtain   the   optimum   resu,ts,   over-

heating  of   the   f ield  computer   system   resulted   in  dile-

terious   system  noise   that   secondary   and   tertiary   trace

editing   could   not   remove   from   CI)P's   1130-1200   and   1400-

1517.      Part   of   the   noise   could   be   attributed   t.o
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weathered   layer  problems   f ron  the  small  hill   that  can  be

seen   in   the   statics   shifts   (Figure   30).     However,   the

hill  consists  of  massive   red  and  grey  shales  of   the

Nippewalla  Group,   and  ref lections  over  portions  of   the

hill  are  noise-free   for  acquisition  conducted  when   the

system  was   apparently   functioning  properly.

With  the  secondary  processing  applied,   the   ref lec-

tion  prof ile  reveals   several  new  and   interesting  fea-

tures   (Figure   30).     The  unnamed  anticline  displays   asym-

metry  with  beds  dipping  and  pinching  out  on   the  east

flank   (CDP's   700   to   750,    .620   to   .650   ms).      The   beds

abruptly   terminate   on   the   crest   (COP   675   to   680,    .620

ms);   caused  possibly  by  a  series  of   interfering,   fault-

related  diffractions.     To  the  the  west  the  expression  of

a  large   fault  with  sharply  dipping  beds   is   evident

(CI)P's   580   to   625,    .620   to   .700   ms).      Directly   above   the

anticline  a  single  discontinuous   flat   layer  under  seve-

ral  domed   layers  yields  an   interesting   interpretation

(CDP's   655   to   800,    .540   ms)   of   a  possible   carbonate

mound  and   subsequent  draping  of   sediments.     Further   to

the  east  many  of   the   reflectors  are  uplifted,   dipping

west   in   an   apparent   recent   thrust   fault   (CI)P's   loos   to

1075,     .250    to    .800   ms).

Up  to  this  point  all  processing  and   interpretation

had  been  conducted  without  reference  to  detailed  geolo-

gical  dat.a   from  well   logs   and  cores.     The  cross-section
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of   Figure   23     was   subsequently  made   from   sonic,   gamma

ray,   and  neutron   logs  close   to   the  seismic   line   (see

Figure  4   for   locations),   and   the  author  was  properly

startled  by  the   realization  t.hat   the  dome  above   the

unnamed  anticline  was   actually  a  basin,   and  that   seismic

evidence   for  a   recent  west-dipping  thrust   fault  was

misleading.      Pennsylvanian   and  Permian  beds   show  minimal

deviation   from  horizont.al   (Figure   23).     The   source  of

error  was   still   in  the  statics;   this  time  apparently

caused  by  lateral  velocity  changes  within  the  Permian

redbeds.     Lateral  variations  within  a   few  hundred  meters

are   typical   for   the  Permian  shales  and  siltstones,   and

are  primarily  due   to  zones  of  oxidation   (Berendsen   and

Lambert,1981).     To  correct   the   statics  problem,   shifts

of   individual  CI)P   traces  were  measured   and  applied   to

several  Upper  Pennsylvanian  strata  to  ref lect  bed  atti-

tude   as  determined   in  well   log  data   (Figures   31   and   32).

Each  trace  was   shif ted  to  correctly  align  the  Upper

Pennsylvanian   reflectors   according   to   the  geologic

cross-section  of   Figure   23.

Although  several  attempts  and  subsequent   failures

at   further  data  enhancement  were  made,   this   series  of

static   shifts   represents   the   f inal  stage  of  processing

and  best  possible  data   resolution   for  seismic   interpre-

tation.
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SEISMIC   STRATIGRAPHY

Seismic   stratigraphy   is   the   study  and  analysis  of

lithologic  changes   that   are   seismically  expressed.   Seis-

mic   stratigraphic   analysis  of   a  seismic   sequence,   a

subset  of   ref lections  within  a  seismic  section,   and

analysis  of   seismic   facies   reveal  unique  patterns

yielding   information  on  bed  attitude,   sedimentary  struc-

ture,   direction  of   sediment   transport,   facies,   depo-

sitional   environment,   and   sequence  of  geologic   events.

Seismic   stratigraphic  analysis  of   ref lection  character

examines   the   ef fect  of  changes   in   rock  and   interstitial

fluid   type,   porosity  and  pressure  on  density  and   seismic

velocity,   which   in  turn  alter  the  reflection  character

or  reflectivity  at   lithologic  boundaries.     Forward  seis-

mic  modeling,   the   construction  of   synthetic   seismic

traces,   implements  well   log  data  under  the  constraints

of   seismic   resolution   to  determine,   through  models,   the

range  of   acceptable  geologic   interpretations.     Together

seismic   sequence   and   facies   analysis,   reflection  charac-

ter  analysis,   and   seismic  modeling  constitute   the  basis

for   seismic   stratigraphic   interpretation.     These   analy-

tical  methods   in   conjunction  with  previous  geophysical

and  geological   studies   are  used   to   interpret   the  Rice

County   reflection   seismic   section.

All   seismic   stratigraphic  methods   rely  on   the  prin-

ciple   that   seismic   reflections   represent   time-
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stratigraphic,   or  constant   time  boundaries   (Mitchun,   et

al.,1977a).      It   is   not  geologically  possible   to  have   a

continuous  boundary  exist  between  one   lithology  and   the

next  correlatable  lithology  strictly  on  the  basis  of

time-transgressive   rock-stratigraphic  boundaries.     As   an

example,   a   lateral   facies  change  cannot  be  correlated  by

lithology  but  does   represent   synchronous  deposition.

The   later   facies   change  will  be   represented  as   a  change

in   acoustic   impedance,   reflection  amplitude,   polarity,

and  wavelet  character.     The   reflection  cannot   skip  up  or

down   to   the  next   similar   lithologic  boundary  as  does   a

rock-stratigraphic  correlation.     Of   special   interest,   an

unconformable   surface   represents   the  depositional  hiatus

during  which   the  depositional   environment  will   change,

of ten  creating  an  abrupt  change   in  lithology  and  a

larger   than   normal   reflection   amplitude.     The   seismic

section   consequently  represents   the   rock  conf iguration

and  depositional   sequence   in   time,   and   through  well   log,

core,   geochemical,   or  paleontological  control  can  be

dated  and  displayed  as   the  continuous  geologic  cross-

section.

Seismic   Se uence  Anal

Seismic   sequence   analysis   examines   the  geometrical

relat.ionships  of  depositional  sequences   through  ref lec-

tion   terminations   (Vail,   et   al.,1977).      Sequence  boun-
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daries   are   either  concordant   (no   termination  of   reflec-

tor)   or  discordant,   and  will   indicate   sequence  conformi-

ty,   erosion  or  nondeposition   (Figure   33).     Concordant

reflections  within  a  sequence  can  most   easily  be   traced

from   the  point  of  discordance   into   the  depositional

sequence.     Concordance   indicates  uninterrupted  deposi-

tion  or,   if   the  boundary   is  continuous   into  discordance,

nondeposition.     Three   types  of   terminations,   the  discor-

dant  boandaries,   toplap,   onlap,   and  downlap,   indicate

nondeposition.     Onlap  and  downlap   indicate  basin   f ill

and  one   component  of   the  direction  of   sediment   source.

Toplap  suggests  deltaic  or   submarine   fan  complexes.

Erosional   truncation,   in  which  older  beds   show  termina-

tion   instead  of  onlap  of  younger  beds,   obviously  dis-

plays   an   erosional  hiatus.

Usually  the   seismic   sequence  consists  of  units

deposited   in  a   similar  geologic   environment,   and   the

sequence  boundaries   represent  changes   in   the   environment

and  will   therefore  be  discordant   and  often  erosional.

In  Kansas   major  unconformities   separate   the  Phanerozoic

section   into   seismic   sequences.     The  pre-Chattanooga

unconformity  serves   as   the   top  boundary  of   the   lower

Paleozoic   sequence,   predominantly  of  dolomites   and   les-

ser   amounts  of   sands   and   shales.     The  pre-Pennsylvanian

unconformity  demarkates   the  base  of   the   thick   sequence

of   Upper   Pennsylvanian   and   Lower   Permian   cyclothems.
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Figure   33   -Types   of   boundary   terminations   (from  Mitchum,
et   al.,1977a).      (A)   Terminations   at   top  of   sequence  may
be  either  discordant,   showing  erosional   truncation   (I)
or  deltaic   toplap  deposition   (2),   or  concordant   (3),
suggesting  continuous  deposition  or  paraconformity.      (a)
Terminations   at  bottom  of   sequence  may  be   either
discordant,   showing   low  energy  onlap   (I)   or   angular
high   energy  downlap   (2),   or   concordant   (3),   suggesting
continuous  deposition  or  paraconformity.
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Seismic   Facies   Anal

Seismic   facies   analysis   examines   the   reflection

conf iguration,   continuity,   amplitude,   frequency,   and

interval  velocity  within  each  seismic  sequence   to  deter-

mine  depositional   environment   and   lithology   (Mitchum,   et

al.,1977b).     Within   a   seismic   sequence   the   reflection

conf iguration  type  may  be  parallel,   divergent,   wavy,

lenticular,   chaotic,   reflection-free,   etc.     Reflections

that  diverge   indicate  gradual  subsidence  or  uplift

during  deposition.     Other  patterns,   such  as  contorted,

chaotic,   and  oblique  or  missing  toplap  in  progradational

sequences,   represent  high  wave  or   flow  regime  energy.

Within   the  Rice  County  seismic   section  ref lection  conf i-

gurations  are  highly  to  moderately  continuous,   and

either  parallel  or  divergent.     Using  the  classif ication

scheme   of   Brown   and   Fisher   (1979)    this   indicates   a

geologic   environment   supporting   interbedded  high   and   low

energy  shelf  deposits  of  alternating   fluvial   to  marine

sandstones,   shales   and   limestones.     All  parameters   ex-

cept   true   reflection  amplitude,   which   is  not  recoverable

from   the  MinisosIE   recording   system,   are  considered

together   to  obtain   an   interpret.ation  of  environmental

setting,   depositional  processes,   and  lithofacies

estimates    (Sheriff,1980).

69
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Ref lection  Character  Anal

Reflection  character  analysis   is  the  study  of

changes   in   the  waveshape,   such  as   amplitude,   polarity,

frequency,   and   timing,   which  are  produced  by  lithologic

and   interstitial  fluid  changes.     Modeling  using  syn-

thetic   seismograms   is   essential   in  this  analysis   to

determine   the   seismic  waveshape   expressions  of  boun-

daries  and   facies  as   they  change   laterally.     All  seismic

stratigraphic  analyses,   and,   in  particular,   reflection

character   analysis   and  modeling,   must  work  within   the

constraints  of   seismic   resolution   (Anstey,   1977;

Sheriff,1980;   Neidell,1981).

Resolution  limits--Horizontal  or spatial  resolution

limits   are  clef ined  by  the   f irst  Fresnel  zone   (Figure

34).     Assuming   a  point   source  of   energy  and,   therefore,

spherical  divergence,   most  coherent,   in-phase   informa-

tion   is   ref lected  from  an  area,   the   f irst  Fresnel  zone,

which   increases   in  proportion   to  velocity,   and   the

square   root  of  wavelength  and  distance  to  the  ref lecting

boundary   (Anstey,    1977;   Sheriff ,1980;   Neidell,    1981;

Xnapp   and   Steeples,    in  press,   b).     Using   the  dominant

MinisosIE   impulse   response   frequency  of   80   Hz,   an

average  velocity  of   3,650  in/sec,   and   a  distance  of   1,000

meters   to  the   top  of   the  Chattanooga  limestone,   the

Fresnel   zone   radius   is   151  meters,   creating   an   area



71

#(1524 in )

-.5000'

T
ONE    Ff]ESNEL    ZONE

75#„m)iou:`.:r#3:
(22.9m)              iooo.           2ooo.          !ooo'

AMPLITUDE     t00%

1''11'1                '                I                (                I                I

\LlllL`L'L.hllLLtL|

4000.          SOOO'           6000'           7000`           0000'        9000.

5 5 ®/®

Figure   34   -Fresnel  zone   theory   (after  Neidell,1981).
Spherical  wave front  of  point   source.     Area  of   reinforced
amplitude   is  dependent  on  velocity  and  the  square-root
of  wavelength  and  distance  to  the  reflector.



easily  detected  by  surface  sensors   spaced  at   16-meter

intervals,   but  with  the  undesirable  potential  to
"average  out"   boundary   irregularities  smaller  than  the

Fresnel   zone.

Vertical  resolution   is  limited  by  the  shape  and

length   in   time  of   the   impulse  wavelet,   deter.mined  by  the

wavelet's   frequency  bandwidth  and  phase   spectra   (Knapp

and  Steeples,   in  press,   b).     Frequency  filtering,   pre-

dictive  deconvolution  and  dephasing  will  sharpen  or

contract   the  wavelet  by  broadening   its   frequency  band-

path  and  zeroing   its  phase   to  better  separate  a  reflec-

tion   from  the  ones   above   and  below   it.     The   result   is

greater   accuracy   in  p.icking  correct  times,   determining

polarity,   and  understanding  the   interference  patterns  of

closely  spaced   reflectors   and  multiples.     Although  wave-

let  extraction  was  not  attempted,   the  wavelet  of   the

MinisosIE  data   shows   an   acceptable   agreement  with   a   90-

degree  phase  delay,   mixed-delay  character  wavelet   that

was  used   in   the  modeling.     The  dominant   frequency  of   the

MinisosIE  bandpass   is   80   Hz,   which  provides  much  greater

resolution   than   lower  dominant   frequency  sources   such  as

Vibroseis,   dynamite,   and  airgun   (Knapp  and  Steeples,    in

press,   a   and  b).     Both   frequency   filtering  and  predic-

tive  deconvolution  were   attempted  on   the  data.     Both

added  noise   and  camouflaged   the   reflections.     The   fre-

quency  f iltering  did  so  because  of  unresolved  software
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problems.     The  predictive  deconvolution   failed  due   to

the  non-causal  characteristics  of   the  Minisos[E  wavelet

(R.   Knapp,   pers.    comm.,1984).

Both  horizontal  and  vertical  resolution  are  set  by

f ield  parameters,   source   energy,   recording  geometries,

instrument   limitations,   and  the  earth  f ilter.     Through

processing,   these  original  parameters  can  be  only

f initely  enhanced,   and  resolution   is  conf ined  by  these

I imi tat ions .

Interference atterns--In general  all  ref lections
seen  on  a   seismic   section  are   the  combination  or   inter-

ference  of   two   and  generally  more  wavelets  plus   noise.

The  wavelets  can   interfere  destructively  to  cancel  their

combined  character  or   they  may   interf ere  constructively

to  boost   their  combined  wavelet  amplitude.     The   simplest

example  describes   the   interference  pattern  of   reflec-

tions   from   the   top   and   bottom  of   a  wedge   (Widess,   1973;

Neidell,1981),   which  models   the   thinning  of   a   stratum

(Figures   35   and   36).     As   the  wedge   thins   the   reflections

f ron  both  the   top  and  bottom  can  be  observed  until   they

are  separated  by  one-quarter  of  a  wavelength  or   less.

One-fourth  of   the  wavelength   is  clef ined  as   the   resolv-

able   limit.      If   the   reflections   are  opposite   in  polarity

at  a  separation  of  one-quarter  of   the  wavelength,   the

combined  character   is   "tuned"   to  constructively   inter-

fere   as   a   single,   larger-than-normal   reflection   (Figure
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35).     The   single-wavelet   reflection  then   fades  until   the

detectable   limit   is   reached  at  about   I/30th  of   the

wavelength,   af ter  which   the  wedge  does  not  give   a

reflection  discernible   from  noise.     For  wedge   reflec-

tions  of   the  same  polarity,   resolvable  and  detectable

limits   are  still  one-fourth  and  I/30th  of   the  wave-

length,   respectively,   although  cancellation   instead  of

tuning  occurs  near   the   resolvable   limit   (Figure   36)

(Anstey,1977).

Forward  Modeling   -   the   Synthetic   Seismogram

Forward  modeling   involves   construction  of   synthetic

seismograms   from  well   log  data,   correlation  of   the  syn-

thetic   seismogram  to   the  data,   and  ultimately  modeling

with   the   synthetic   seismogram  to  create  seismic   expres-

sions  of  geologic  possibilities.

Synthetic   seismogra(it  manufacture  consists  of   seve-

ral  steps  before  a  correlation  can  be  attempted.

Initially  a   sonic   log,   which   records   P-wave   transit   time

through  the   rock  unit  adjacent   to  the  borehole,   is

digitized   in  one-foot   (.3-meter)    intervals.     The  digiti-

zing   program  of   Ready   (1984)   was   used  which   employs

slope  calculations  by  the   trapezoidal   rule   to  determine

the  average   transit   time  value  over  each  one-foot   inter-

val.     Once  digitized   the   transit   times   are  converted  to

velocities   for   each   foot.     Density  logs  were  available
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bht  not  used   for  several  reasons:     1)   density  logs   are

noisy  and  sometimes  give  unreliable  values,   introducing

and  compounding  errors;   2)   density  only  af fects  wavelet

amplitude  and  polarity  and  then  not  to  the  degree   that

velocity  does;   and  3)   density  plays  no  part   in  the

depth-to-time   conversion   (Thomas,   1977;   Durschner,

1958).      Seismic  data   is   sam.pled   in   equal   time   intervals

rather  than  equal  depth  intervals,   and  thus  the  next

step   involves   conversion  and   resampling  of   the  sonic   log

to  one-half  millisecond,   two-way  time   intervals.     This

is   an   average  depth   sampling  of   I.4  meters   (4.5   feet).

Interval  velocities  are  averaged  over  each  half-

millisecond  step  and  reflection  coef i icients  calculated.

The   result   is   a  reflection  coeff icient  series   (Figure

37A)   which  grossly   represents   the   impedance  contrast  of

the   earth's   layers.     Next,   transmission   losses   and  all

multiples  except  surface  multiples  are  calculated   (sub-

routine   initially  written  by  Vargas,   1983)   and  added   to

the   reflection  coeff icient   series.     Transmission   losses

are  counteracted  by  short-path  multiples,   which  add  to

the  downgoing  energy  but  with  a   response   slightly

delayed   in  time.     This   results   in   stretching  of   the

wavelet   to   lower   frequencies,   and   causes   either  con-

structive  or  destructive   interference,   depending  on  bed

thickness   (Widess,1973;   Neidell,1981).      A  bandpass

f ilter   is  next  convolved  with  the   reflection  coef i icient

77



=

£`.-,I...-i...I,....=....,i....`L=,...,-I.'..-i..'.=,...({(((((((

((({t((({{

ril,||LL,LL|L

.:.-.'     `:._`...,   `...   I........   `..
I.  r.-,  `''

''''''',I
1'11111111

-`''.  '-''`.``-'.``.'`  `-'FfF-
..'.,..I.,..I,t..'t..'.t.I.I...,...,..,..,-Li. Li. i. i - _ i_. - - --rFr,,rr,T,`--

c`' E'' E'` Z`` -,`' -,`` Z'' ='` 7.' I.' -LLLLLLLLLL

\\ttt,\,t|C_| _{.I {'. _ {. . ,`._{.` CL

78



79

series   to  produce   a   zero-phase   synthetic   seismogram.

The   synthetic   se`ismogram   is   then   resampled   to   2  milli-

second   intervals,   the  sample   rate  of   the  actual  data.

The  bandpass   is   representative  of   the  dominant   fre-

quencies  of   the  MinisosIE  source.     Further   attempts   at

various  bandpass   and  phase   f ilters   (Knapp,   1981,   1983)

result   in  obtaining   the  best  correlation  when  a  90-

degree  phase  delay  f ilter   is   applied.

Correlation  of  actual  and  synthetic  data   (Figure

38)   shows   areas   of   good  matching,   areas  of   good  matching

if   the  synthetic   is   slightly  shifted,   and  areas  which

show  no  matching.     The  correlation   is   centered  for   an

exact  match  at  the  reflector  at   .5   seconds,   which   is   the

Pennsylvanian  Howard   Limestone.     The   synthetic   seismo-

gram  appears  shortened,   and   if  slightly  stretched  would

make   a  better  correlation   (Figure   39).     Although  theore-

tically  the  correlation  should  be  perfect  unless  seismic

processing  has  been   inadequate,   several   reasons  have

been   proposed   for   the  discrepancies   (Thomas,   1977;

Sheriff,1980;    Stewart,   et   al.,1984).

I)     Dispersion,   the  variance  of  velocity  with   fre-

quency,   will  cause  higher   frequencies   to  travel   faster

than   lower   frequencies.     This  may  cause   the  higher   sonic

frequencies   (10   kHz   to   30   kHz)   to   t.ravel   faster   than   the

lower   seismic   frequencies   (10   to   100   Hz).
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2)   The   rock  volume   sampled  by  the   sonic   log   is   only

the   few  cubic  meters   adjacent   to   the  well  and   is  often

altered  by  drilling  and   invasion  of  mud.      In  contrast,

the   rock  volume   sampled  by` seismic  waves   is  much  greater

and   lateral  variations   in   rock  properties  may  occur

between   the  downgoing   and  upgoing  waves.

3)   Often   the   sonic   log   is   not  complete   and  will  not

have   recorded   t.he  velocity  of   the  near   surface   rocks.

This  will   lead   to   incomplete  calculation  of   short-path

multiples.     As   an   example,   with  all  short-path  multiples

calculated,   a   reflector  at  a  depth  of   10,000   feet  can  be

delayed   24.5   ms   from   its   two-way   time   with  no  multiples

calculated   (Schoenberger   and   Levin,1979).     Also,    inac-

curate  correlation  with  the  seismic   section  may  occur

with  no   sonic   logging  of   the   shallow  geology.

4)     The   logging   tool  may  record  a   short   transit

time   (i.e.,   high  velocity)   by   triggering  on  noise  before

the   sonic  waves   arrive.     Another   logging   tool  problem,

having   the  opposite   effect,   is   cycle  skipping.      In   this

case   the   sonic  wave  produces   a   lower   than  normal   ampli-

tude   that   is   not   sensed.     The   logging   sonde   instead

triggers  on   the   second  or   third  cycle  of   the  sonic  wave.

Cycle   skips,   and   at   times   noise   triggers,   can  often  be

detected  by   comparing   the   sonic   log  with  either  gamma

ray  or   resistivity  logs.
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Regardless   of   the   inaccuracies   involved   in   the

forward  modeling,   synthetic   seismograms   remain   a  most

important   tool   in  seismic   stratigraphy.     With   the   syn-

thetic   seismogram  the   seismic   section  can  be  correlated

to  the  stratigraphy  and  ref lections  can  be  given  unique

chrono-stratigraphic  meaning   (Figure   40).

SEISMIC    INTERPRETATION

Based  on   the  principles  of   seismic   stratigraphy  and

contrained  by  previous  geological  and  geophysical

st.udies,   the   following   interpretation   is   the  most  accu-

rate  picture  of  Rice  County,   Kansas  geology  produced

within   the   limits  of   seismic   resolution.

Seismic   Ex ressions   of   the   Precambrian

The   Precambrian  underlies   an   average  of   183   meters

(600   feet)   of  Arbuckle  Group  dolomites.     The   contact

between   the  Precambrian  granites   and  the  Arbuckle  dolo-

mites   cannot  be   seen   seismically.     Using   an   average

velocity  of   4,267  in/sec   (18,000   ft/see),   this   places   the

Precambrian  greater   than   90  milliseconds   (two-way   time)

below   the   top  Arbuckle   reflector   (Figure   41).     Conse-

quently,   the   seismic   record  extends   about   610   meters

(2,000   feet)    into   the  Precambrian.     Several  parallel

reflections,   fading   in  and  out  with  the  data  quality,

are   seen  within   the  Precambrian.     The   ref lections   gene-

rally   follow  the  Paleozoic   sequence   and  may  be

i                    ___ _LJ-
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Figure   41   -   Large   scale  detail  of  Rice  County  seismic
section  with   interpretation  showing  parallel
conf iguration  of  Chatttanooga   through  Simpson  Groups.
Discordance   of   west-dipping  Arbuckle   and  Precambrian
ref lectors   indicate  west   f lank  of  unnamed  anticline
during   the  Proterozoic   through  Ordovician.
Pennsylvanian  basal  conglomerate   is   shown   to  thin   to  the
west  as   its   reflection   fades.
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multiples,   however,   the  high  slacking  velocities  neces-

sary  for  these  events  refutes   this   interpretation

(Appendix  A).     The   top  of   the  Precambrian   is   expected   to

be   arkosic   sandstones   of   the  Upper  Keweenavan  Rice

Formation  which,   according   to   the  COCORP  data,   should

contain  very   few  good   reflectors   (Brown,   et   al.,1983;

Serpa,   et   al.,1984).     Gravity  and   aeromagnetic  data

suggest   this   sequence   thins   in  Rice  County  to  expose

igneous   rocks  of   a  transition  zone  between  the  northern

and   southern   terranes   (Yarger,   1983;   Yarger   and   Lam,

1982).     The   transition  zone   should  be   expressed  seis-

mically  as   reflectionless   (Serpa,   et   al.,1984;   Brown,

et  al.,1983),     although,   the  discontinuous   layering

shown   in  Figure   31   implies   a  consistent   stratif led   rock

type   throughout   the  study  area.     However,   layering  of

the  Precambrian   in   the  central  part  of   the  seismic

section  does   not   appear   to   extend   as  deep   (CI)P's   340   to

1180,    .750   to   I.0   sec)    (Figure   31   and   42),   and   instead

upwarping  of   a  dif ferent   rock   type   into   the  unnamed

anticline   is   evidenced  by  thinning  and  onlapping  of   the

Arbuckle  onto   a   raised  Precambrian   surface.

Assuming   two  dif ferent  Precambrian   rock   types

exist,   Figure   42   shows   thinning  of   a  Precambrian  Rice

Formation   layer  due   to  upwarping   and   erosion   (CI)P's   770

to   885,    .800   to   .840   sec).      This   implies   existence   of

the  unnamed   anticline  during   the   Late  Proterozoic,   and



Figure   42   -   Large   scale  detail  of   the  Rice  County  seismic
section  with   interpretation.     Uplift  of   the  unnamed
anticline   is   indicated  by  dipping  and   thinning  of
ref lections   in   the  Precambrian  Rice  Formation.
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t.hat   the  uplift   is  possibly   related   to  Xeweenawan

rifting.

Seismic   Ex ressions  of   the  Cambrian   and  Ordovician

Except   for   reflections   from  CDP's   185   to   290,   the

character  of   the  Arbuckle  sequence  appears   as   continuous

high-amplit.ude  parallel   reflections.     To   the  west,

(CDP's   185   to   290,    .700   to   .800   sec)    (Figure   41)    and   to

the   east   (CDP's   730   to   1450,    .680   to   .800   sec)    (Figure

43),   reflections  diverge   indicating  uplift  of   the

unnamed   anticline  during   the   time   the  Arbuckle  was  depo-

sited.     The  westward  dip  and  divergence  of   reflectors

between   CI)P's   185   and   290   contrasts   with  westerly   thin-

ning   and   eastward  dip  of   the   Simpson   through   Shawnee

Groups.     This   suggests   an  earlier  opposing  deformation,

of   subsidence   to   the  west   into   the  Southwest  Kansas

Basin.      Discordance   in   the   form  of   erosional   truncation

under   a   series   of   horizontal   reflections  occurs   within

the   Arbuckle   Group   (CI)P's   200   to   250,    .680   to   .740   sec)

t.o   indicate   a  period  of   no  uplift  along   the  unnamed

anticline  prior   to   renewed  activity  during   the

Ordovician   to   Early  Pennsylvanian.

Above   the   Arbuckle  Group,   the   Simpson  Group  main-

tains   a   constant   time   thickness   and  has   a  noisy,

negative-polarity  reflection  character.     The  noise   is   a

result  of   the   interbedding  of   shales,   sandstones   and

dolomites  within   the  group:      It   is   easily   identif ied  by
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the  strong  positive  peaks  of   the  Viola  above  and

Arbuckle  below,   and   is  distinguished   from   the   lower

Chattanooga  shale  by  the  clean,   relatively  noise-free,

negative   amplitude  character  of   the   lower  Chattanooga.

Well   log  data   indicate   that.   the  Simpson  crops  out  on   the

crest   of   the   unnamed   anticline   (Figure   43)    (CDP's   595   to

620,    .620    to    .650   sec,    and   CDP's   685   to   710,    .620

to   .660   sec)   and   that   it   thins   just  east  of   the  major

reverse   fault   (CI)P's   595   t.a   620,    .620   to   .650   sec),

possibly   to  expose  Arbuckle   in  the  area  of  multiple

diffractions    (CDP's   620   to   650,    .610   to   I.0   sec).      The

dif fractions  are  caused  by  either  tight   folding  or  a

series  of   faults   and  mask  all   ref lections  below  the

Pennsylvanian   sequenc:e.     Unlike   the   straight-line  geo-

logic   interpolation  of   Figure   23,   the  Simpson   is   folded

down   into   a   river   valley  between   CDP's   650   and   700   (.640

to   .660   sec)   and  underlies   weathered  deposits   of   the

Viola   in   the  valley  center.     The   abrupt   termination  of

Arbuckle,   Simpson,   and  Pennsylvanian  basal   conglomerate

ref lections  on   the  west   side  of   the  valley  suggests  a

fault   scarp  on   the  west  valley  slope.

The   velocities   of   t.he  Maquoketa  Group  are   interme-

diat.e   between   those  of   the   lower  Chattanooga   shale   and

Misener   Sandstone   above   and   the  Viola  below.      This

results   in  a  transitional,   stretched,   positive   reflec-

t.ion   combining   the  Maquoketa   and   the  Viola,   and
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Figure   43   -  Large   scale  detail  of  Rice  County  seismic
section  with   interpretation.     Structure  related  to  Late
Mississippian  -Early  Pennsylvanian  deformat.ion  of
unnamed   anticline   is   shown.     Tuning   and  cancellation  due
to   interference  of   thinning  beds   indicates  an  erosional
f lank  outcrop  pattern.
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seismically  the  groups  must  be  considered  together.     The

groups'   reflection  character   is  one  of   the  strongest

positive  peaks  on   the   section  and   is   easily  identif led

as   the   f irst  peak  below  the  even  stronger  positive  peak

of   the  Chattanooga   limestone.     The  general   trend   from

west   to   east   shows   thinning  or  dimming  of  both  the

Chattanooga   limestone   and  Viola-Maquoketa  ref lectors   in

contrast  to  a  brightening  of   the  underlying  Arbuckle

reflectors.     As   the   layers  move   into   the  Mcpherson

Valley   (Figure   44)   much  of   the  Maquoketa  has   been

eroded.     The  Viola-Maquoketa   thins  over   the  unnamed

anticline  and  the   reflection   is   lost,   possibly  the   re-

sult  of  one-quarter  wavelength  cancellation  of   similar

polarity  thinning  beds   as  previously  discussed.

Seismic   Ex ressions   of   the  Devonian   and  Mississi

The  major  unconformity  that   exists   above   the

Maquoketa   (Figure   44)   does  not  produce  either   the   angu-

lar   terminations  or   the  high-amplitude   reflections

necessary   for   seismic  detection.      It   is  doubtful   that

thinning  of   the  Maquoketa  would  have  been  noticed  with-

out  geologic  control.

The   lower  Chattanooga  shale  contains   the  basal

Misener   Sandstone   as   it   approaches  both   the  Central

Kansas   Uplift   and   the   unnamed   anticline.     The   ref lection

character   is  consistently  a  broad  negative  polarity
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Figure  44   -  Large  scale  detail  of  Rice  County  seismic
section  with   interpretation.     Stratigraphic
relationships  of  Arbuckle   through  Wabaunsee  Groups   are
shown.      Fading  out  of  Chat.tanooga   limestone   reflector
indicates   a  short   interval   in  which   it   is   replaced  by
siltstones   or   shales   (CI)P's   1350   to   1360).      Channel   sand
of  Kanwaka  Shale  Formation   shows  erosion   through  several
units  down   to   the  Oread  Limestone  Formation.
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which  does   not   change   to   indicate  when   the  basal  Misener

is  present.     Throughout   the   section   the   lower

Chattanooga   shale   remains   a  constant   time   thickness

except  where   it   is   thinned  by  erosion  beneath   the  pre-

Pennsylvanian  unconformity  and  crops   out.   against   the

unnamed   anticline.      There   it   shows   an   excellent   example

of   tuning   in   an  opposite  polarity  wedge   interference

pattern.

Well   log  data   show   that   the  Chattanooga   limestone

unit   thins   to   the  east   and  passes   into  siltstones  by  the

east   edge   of   the   seismic   section.      In  many  parts   of   the

seismic   section   the  Chattanooga   limestone   is  by   far   the

brightest  positive   amplitude   reflector.     To   the   east  of

the  unnamed   anticline,   the  width  of   the  peak   thins   but

does  not   terminate  within   the   areas  of  good  data  quality

(Figure   43).      One   zone   of   apparent  partial   siltstone

replacement   can   be   seen   between   CDP's   1350   and   1360.       In

this   area  data  are  of  good  quality,   and  all   ref lectors

except   the   limestone  have   a  bright,   noise-free   charac-

ter,   which   suggests   the   limestone  has   either   thinned  or

has  been   replaced  by  a   lower  velocity  material   to  pro-

duce   only   a   nominal  positive   kick.      As   the   limestone

thins   over   the  unnamed   anticline,   cancellation   is   ob-

served    (CDP's   715   to   735,    .630   see)    and   the   limestone   is

not  detectable   to   the  west  until   it  merges  with   the  pre-

Pennsylvanian  unconformity   to   strengthen   its   amplitude
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at   CDP's    724   and   725.

The  upper  Chattanooga   shale   is   expressed  as   a  broad

negat.ive-polarity  reflection  above   the  bright  positive-

polarity  Chattanooga   limestone   reflection.     Eastward   the

shale   thickens   dramatically  by  COP   1330   (Figure   44).

This   is   the  major  diverging   layer   in   the   seismic   section

and   indicates   subsidence  of   the  Mcpherson  Valley.     As   it

thins  over   t.he   anticline,   tuning   is  observed  between

CDP's   750   and   760    (Figure   43).      Note   the   similar-ities   in

t.hickness   between   the  upper   and   lower  Chattanooga   shales

where   tuning   occurs.

Seismic   Ex ressions   of   Earl Paleozoic   Structure

The   general   eastward  dip  of   the  Early  Paleozoic

sediments   ref lects   the   location  of   the   seismic   section

to  be  on   the   flank  of   the  Central  Kansas  Uplift.     Paral-

lel   ref lectors   in   the  Pennsylvanian     indicate   that

deformation   along   the   Central   Kansas   Uplift  had   ceased.

The  more   predominant   local   structure   of   the  unnamed

anticline   can  be  described   in  greater  detail.     Continu-

ity  of   the  Chattanooga   limestone  and  other   layers  be-

tween   Simpson   and   the  upper  Chattanooga   shale   indicate

that   the   unnamed   anticline  was   not   active  during   the

time  of   their  deposition,   and   that   not  until   Late

Mississippian  did   it   again  become   active.      Abrupt   term-

ination  of   all   strata   f ron  the  Arbuckle   through  the

Pennsylvanian   basal   conglomerat,e   easily  clef ines   the
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fault  plane   and   suggests   a   reverse   sense  of  displacement

along   the   fault  between  CI)P's   610   and   620.     Relative

dating  of   the   fault   is  Late  Mississippian  due   to  preser-

vation  of   the  Upper  Chattanooga  Shale  on   the  downthrown

block.     Evidence   that   the  Pennsylvanian  basal   conglom-

erate   is  cut  by  the   f ault   suggests   renewed   fault  move-

ment   after   the   Late  Mississippian   to  Early  Pennsylvanian

deformation.     Structure   in   the   area  of  diffractions

(CDP's   634   to   664,    .600   to   I.0   sec)    is   undecipherable,

although   t.he  dif fractions   are  caused  by  structural

deformation   in   the   form  of   tight   folding  or   faulting

contemporaneous   with   the   Late  Mississippian   to   Early

Pennsylvanian   deformation.

Seismic   Ex ressions   of   the   Penns |vanian

The  unconformity  at   the  base  of   the  Pennsylvanian

produces   a   low-amplitude,   discontinuous   reflection,

which   is  most   easily   identif ied  by   the   angular   erosional

truncations  underneath.     Except   for   the   river  valley   in

the   small  down fold  of   the   anticline,   the   land   surface   in

the  Middle  Pennsylvanian  had  been   f lattened   and   the

reflection  of   the  unconformity  can  be   somewhat   easily

t.raced   across   the   seismic   section   at   approximately   650

milliseconds.      The   Pennsylvanian  basal   conglomerate

reflector   fades   between  CDP's   185   and   250,   probably  due

to   thinning.      General   thickening   from  west   to   east   of
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the  Chattanooga  below  this  horizontal  ref lector  and

absence   of   Silurian   and  Devonian   rocks   are   evidence   of

f lank  structure  between   the  Central  Kansas  Uplif t   and

the   Salina   Basin.

Cyclothems   of   the  Kansas   City,   Lansing,   and  Douglas

Groups  display  a   similar   reflection  conf iguration  of   low

continuity  and   amplitude,   parallel   to   folded  bedding.

According   to   Brown   and   Fisher   (1979)   this   indicates

dominantly  non-marine  clastics  deposited  by  river  cur-

rents   and  associated  marginal  marine   transport  pro-

cesses,   which   is   in   agreement  with   the  known   strati-

graphy.     Channel   sands   and   shelf-margin   limestone   lenses

and  oolite   shoals   frequently  occur  within   these   lower

cyclothem  units.      Synthetic   seismograms   suggest  moderate

amplitude   ref lections   should  occur   f ron  Middle   to  Late

Pennsylvanian   cyclothems,   although  when  placed  next   to

each  other   for   correlation,   the   synthetics   from  dif-

ferent  parts   of   the   study  area  show  little  consistency

(Figure   45).      Well   log  data   indicate   the   Kansas   City   and

Lansing   Groups   are   composed   predominantly  of   limestones

with   shales   thin   enough   to  be   less   than   the  detectable

limit.      In   contrast,   the   Douglas   Group   is  made   up   almost

entirely  of   shales   and   channel   sands.     Marine   limestone

mounding,   undetectable   shales,   and   extensive   erosional

hiatuses   combine   to  produce,   in  general,   only  nominal

reflections   for   interpretation  of   the  Kansas  City,
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Figure   45   -Comparison  of   synthetic   seismograms   at  CDP's
660,   740   and   800   to  display  noncorrelation  of   reflectors
in  Kansas   City,   Lansing,   and  I)ouglas  Group.     Arbuckle
through  Chattanooga   ref lectors  do  not   show  correlation
due   to   erosion  over   the  unnamed  anticline.     Note  changes
in   interference  patterns  of   Lower  Permian   reflectors.
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Lansing,   and  Douglas  Groups.

The   Shawnee  Group  displays   seismic   expressions   of

two   limestone   formations,   the  Topeka  at   the   top  of   the

group,   and   the   I.ecompton   near   the  center   (Figure   44).

The   thickness  of   the   intervening  Calhoun  Shale  varies

across   the   section,   indicating  moderate  erosion  and

f luvial  channeling  during  the  hiatus  before   its  depo-

sition.     One   area  of   interest   and  high  data  quality

within   the   Shawnee   Group   between   CDP's   1330   and   1410

exhibits   a  potential  hydrocarbon  prospect   in  a  stream

channel   fill   of   Kanwaka   Shale   (Figure   44).     Although   the

Heebner   Shale   Member   at   the   base   of   the   Shawnee   is

highly  visible   in  well  logs   and  cores,   its   six-foot

thickness   is   only   3/100th's   of   a  wavelength,   making   its

seismic   expression  virtually   invisible.

Within   the   Wabaunsee,    two   limestone   formations

exhibit  high  amplitude  continuous   reflections.     The

Howard  near   the  base   and   the   Stotler  near   the   top  both

possess   abrupt   lithologic  boundaries   that  produce  high

reflection  coefficients   (Figure   46).      These   reflections

are   the  most   continuous  of   the   cyclothem   sequence   and

were   used   as   a  guide   for  much  of   the   statics   correction
"flattening".      The   Severy   Shale   Formation   immediately

below   the   Howard   shows   the   greatest   thickness  variation

of   all  units,   suggesting  an  undulating  erosional   surface

on   top   of   the   Topeka   Limestone   Formation   (Figure   44).
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Figure   46   -  Correlation  of   synthetic   seismogram  with
sonic   log  near   CI)P   800.     High  positive   amplitude  with
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Limestone  Formation  creates   a  contstant-amplitude
reflector   across   the  Rice  County   seismic   section.
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Between   the  Stotler  and  the  Howard  appear  several

ref lections  of  laterally  varying  character  and  ampli-

tude.     The  sonic   log  shows   these  reflections   to  be

composed  of   several   thin   limestone  and  shale  units  which

have   interfered  constructively  to  appear  as  a  single

unresolvable  reflection.     From  the  stratigraphy,   these

beds   are  often  discontinuous,   resulting   in  variable

reflection  character.      In  other  areas,   such  as   the

Shawnee  Group   in   the   area  of   the  Heebner,    interference

is  destructive  and  produces  cancellation  of  unresolvable

beds .

Seismic   Ex ressions   of   the  Permian

The  Admire,   Council  Grove   and  Chase  Groups   of   the

Lower  Permian  produce   ref lection  conf igurations   that   are

similar   to  the  high-amplitude,   continuous   reflections  of

the  Wabaunsee   (Figure   47).     Reflections   are   often   the

result  of   interference  of  unresolvable   thin  beds,   which

are   laterally  constant  enough   in  thickness   and  ref lec-

tivity  to  maintain  a  continuous   reflection  across   the

seismic   section.      The  Admire  Group,   Foraker,   Grenola   and

Win field   Formations   are   good   examples   (Figure   48).

Within   the  Chase  Group   thickening   shale  units   between

the  Grenola  and  Foraker  change   laterally   to   show  at

times  minimal  velocity  variations   and  give   a   ref lection-

f ree   character   associated  with  a  more  or   less   homoge-

neous  unit.     The  Nolans   Formation  also  varies   laterally



Figure   47   -   Large   scale  detail  of  Rice  County   seismic
section  with   interpretation.     Stratigraphic
relationships   of  Wabaunsee   through  Council  Grove  Groups
are   shown.      Interference  patterns  of   thin   shales   and
limestones  create  variable  amplitude   and  character
ref lectors   of   the  Admire  Group  and   Foraker   Limestone
Format.ion.     The  Nolans   Limestone   illustrates   a   stretched
amplitude  due   to  a   transitional  boundary.
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Figure   48   -   Correlation  of   synthetic   seismogram  with
sonic   log  near  CI)P   800.      Interference  patterns   of   thin
limestone   and   shale  beds  of   the  Admire  Group  and  Foraker
Limestone   Formation  create  variable  alnplitude,
continuous   ref lectors  across   the  Rice  County  seismic
section.



108

and   is   at   times  a  gradational  transition   from  limestone

to  shale  which  results   in  a  stretched-out  pulse.

The   Sumner   and  Nippewalla  Groups   are  not   seen   in

this  particular   reflection  seismic   section,   although

other  Kansas  Geological   Survey   seismic   studies   in  nearby

locations  describe   these  upper  units   in  detail   (Miller,

et   al.,1984,   a   and   b)

CONC LUS I ON S
r2

Although  the  Rice  County   reflection  seismic  prof ile

generally  conf irms   the   straight-line   interpolations  of
well  geology,   by  seeing  beyond   and  below  the   f irst

dimension  of   the  borehole,   reflection   seismology  has

added   the   following  contributions   to  greatly   improve

area  stratigraphy  and  structural  history.

1)      Layered   reflections   of   the  Precambrian  Rice

Formation   are  present   and   thin  onto   the  unnamed   anti-

cline.     The   reflection  character  of   the  Precambrian

beneath   t.he  unnamed   anticline  differs   from   the   layered

ref lections   in   the  Rice  Formation,    implying  a  dif ferent

rock   type,   possibly  granite  of   the   terrane   transition

Zone .

2)     Unlike   reflectors   of   the   Lower  Paleozoic

(SilTipson   through   Shawnee   Groups),   which  diverge   from   the

Central  Kansas  Uplift,   Arbuckle   reflectors   show  diver-

gence   f ron   the   east   and  west   f lanks  of   the  unnamed

anticline.     This   indicates  uplif t  of   the  unnamed  anti-

•EL------------L=---
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cline   and  subsidence   in   the   area  of   the  Central  Kansas

Uplift  during  Proterozoic,   Cambrian,   and  Early

Ordovician.      The  unnamed   anticline  during   this   time  was

a  much  larger   feature,   possessing  a  west-dipping   flank

rather   than  a   terminating   i ault  as   in  the  Early

Pennsylvan i an .

3)      The  unnamed   anticline,   known   to  exist   from  well

data,   is   accurately  clef ined   through  reflection   seismo-

logy.     The  valley   in   the   "nose"   of   the  anticline,   is   a

deformational   rather   than  erosional   feature,   caused  by  a

small   synclinal   fold,   and   terminated  on  the  west  by  a

fault   scarp.     Diffractions   to  the  west  of   the  river

valley   imply  tight   folding  or   faulting,   and  culminate   in

a   reverse   fault  with  over   200  meters  of  vertical  dis-

placement.     Terminations  of  pre-Pennsylvanian   strata  on

the   east   f lank  can  be  precisely   located.     The  unnamed

anticline   is   now  redef ined   as   a   larger,   symmetrically

folded,   Proterozoic,   positive   feature.      It  was   eroded

during   the  ordovician,   and   reactivated  during   the  Late

Mississippian   to  Early  Pennsylvanian   as   a   smaller,   asym-

metrical,   highly   folded   and   faulted,   positive   feature.

4)     Within   the   areas   of   good  data  quality,   the

Chattanooga   limestone  unit   is   continuous   across   the

seismic   prof ile.     Gradual   thinning  develops   from  west   to

east,   and  partial   replacement  by  lower  velocity  litho-

logies   (siltstone   or   shale)   occurs   between   CI)P's   1350
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and   1360.     Further  seismic   studies  extending  east  of   the

present   seismic   section  would  determine  where  complete

replacement.  occurs.

5)     Most   resolvable  Pennsylvanian  and  Permian

cyclothems  display  constant  seismic   facies   throughout

the   seismic   section,   although  bed   thickness  can  be

highly  variable  due   to   intercyclic  erosion.      In  parti-

cular,   the   Lecompton   Limestone   -Calhoun   Shale   and

Topeka   Limestone  -   Severy  Shale  boundaries  continuously

change   thickness  over  distances   far  outside  well   log

resolut ion .

6)     The  potential   stratigraphic  play  observed   in

the   Kanwaka   Shale   Formation  would  have   only  been   seen

through   tight  well  spacing  of  expensive  Arbuckle  dry

holes .

In  addition,   the   following  contribution  to  Kansas

ref lection  seismology   is  of  great   importance   to   indus-

trial   as   well   as   academic   applications:

A)      In  detail  correlation  of   area  geology  with

ref lection   seismology  has  been  determined,   and  ref lec-

tion  character  of   all  prominent   strat.a  are  described   and

correlated   in   time   from   the  Precambrian   into   the   Lower

Pe rm i an .
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FURTHER   RESEARCH

Additional   seismic   studies  using  a  deeper-

penetrating   source,   and  executed  parallel  and   1.6   to   3.2

kin   (1   to   2  miles)   north  of   the  present   line  would  pro-

vide  a  more   three-dimensional  structural  picture  and

should  probe  deeper   into  t.he  crustal  conf iguration  of

Kansas.     An  eastward   extension  of   the  present   seismic

study,    including   reacquisition  of   CI)P's   1400   to   1517,

would  greatly  enhance  the  present   interpretation,   and

would  determine   conf igurat,ion  of   the  Mcpherson  Valley

and  Chattanooga   limestone  unit.
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APPENI)IX   A

FINAL   STACKING   VELOCITIES   AND   RELATEI)   PROCESSING
PARAMETERS   FOR   RICE   COUNTY   REFLECTION   SEISMIC   SECTION

First   arrival  mutes:
Of f set  distance

All   cI)P's                 time    (ms)                  (ft)                     (in)

120                                       745                      227
280                                     2010                      613

Stacking  velocities:

310

Velocitie
time   (ms)              (ft/s)

7740
9070
9700

10070
10940
13660

6300
6577
7240
8103
8310
8945

10083
11205
12080
12800

7370
8425

10070
10940
14710
16050

6680
8440
9535

10070
10710
12117
14200
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Appendix  A   (continued)

Stacking  Velocities   (continued)
Time
(ms)

435

Velociti
( I t/s )

6940
8100
9370

10070
10940
12800

6450
7710
9700

10480
11470

6680
8800

10070
10940
12080
14710

6680
8310
9700

10480
11470
16050

6350
6940
9335
9700

11470
12080
14200

6450
6940
9178
9700

10070
11470

i
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Appendix  A   (continued)

Stacking  Velocities   (continued)
Time

(ms)

720

( f t/s )

6940
7900
8310

10480
12080
14710

6940
7710
9070
9370

10070
12080

6680
7900
9370
9700

10070
12080
12800

6940
7740
9700

10070
10940
12080

6810
7710
9370

10700
10840
12800

6680
10070
10840
11470
13860

Velocities
( in/s )

2115
2350
2765
2856
3069
3682

2036
3069
3304
3496
4225
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Appendix  A   (continued)

Stacking  Velocities   (continued)
Time

(ms)

1040

( f t/s )

6570
8310

10480
12080
14710
17820

6680
7710
9370

10070
12080

6810
8310
9070

10070
14710

7220
8670

12080
13660
16050

6840
8100
8800
9700

10480
12080
13660

7220
8540

11470
12800
14710
17820

velocities
( in/s )

2036
2350
2856
3069
3682



Appendix  A   (continued)

Slacking  Velocities   (continued)
Time

cl)P                                          (ms )

1325

1360

Velociti
( f t/s )

6570
8310
9730

10940
13660

6450
6940
7340
9070
9700

10480
14710

6450
7710
9700

10070
11470
14710

6450
9070
9700

10480
11470

Normal  moveout  --   eliminating  stretched  amplitudes
greater  than  four/thirds  of  the
Original.

Automatic   gain  control   scaling  --   50  ms  window,   based  on
absolute  value  of
largest  amplitude   in
window.

Common  depth  point   stacking.
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APPENDIX   a

COMPUTER   PROGRAMS

SOURCE   CODE
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ijuTpur      ls      iN     TH[     FriRM     t)
Tl+=       OUIDUT      :;FRF=.-S      :3lt{)lJL
;lr)tJTINr       TC      ipt`or;UC.I      TH=

6 i. i L ti 6 -I c A I  ~ c 6 ni i `1 i, b R

U;L
NV
LF: 1``:''     M0uf`L.

DEPTH-VL:lcc[TY     PA|H'`     Mur;T     !i          IN     F12.I.     F(]RprAT.
THi-`:      u:S±-a       I.a      [x+-rcTf  i)     Ti)      3`j[>i'i.y      '-Nou`r"      Ihifof+.Mt`TloN     ioii'iJT      TH
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EA`£i''us=k:`irjFp[IEb`..,5t=-iii-v.T`i=E,ctTt-'±+';]iEtj:     ..~`'-`~-~     -+-.   -`---'-
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LIST     0F     VARIAfiLES
*** * * *  \ *  * * ** \ ** * * *  , * * \  \ * * * * * *  * * *  ** * **  * * **  *  ** * * *+ .* *+ *, + * *  **  \  +  * * *  *

25  ,101)  '

C/2 0/ . ls I Z/ 4/ .  IHFC/ :2/ . IHPF: /23 /

I`lITIALIZE     GRFMAh     PLOTT.[NG     RuUTINE
I * I * I * ,I, + * * * * I I , I -I t ** * ( I * * I *  I * * ** I * *  * I * * I  ** I * ** **1 +I *** *t  *  , * * I .*

r)PEN     (IIFC,
OPEr\l     (ICFC,
8
OPEN     (]IiFC,
a
Opt.N    (IHiJFc.
a
CALL     i3HCIItl
C.'`LL     t;P'3INI

•'.     RECFM=''DYN4"'IC'')

ui     ACCESS=ttL)IR=CT''I
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CALl_      tzAPUF      (ANt})
If     (aNs      .f!':.      ..N..I      CALL      INfJIJT

7Ertc     ALL      ItlL     At{t{Ays.
*  *  \  ,  \  *  , *  *  *  *  *  *  \  *  *  **  *  * * *  *  *  *  *  *-*  *  *-,  *  ,*  *  ,  *  * * -*  *  *  * *  * * *  *  *  * *  * *  *  \  \  * *   *  *  *-,-*  L

call     InlT      tcDp.     I+=pTH.      I-c,     v.:L,      v!L-LIN,     OEplN,      c,      T`p:2.     T``±t[:i

SFT     up     ,`r]RAys     FOR     OipTH    AND    vt~LOclTI=s
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RIT
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0)
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* * *  * * *  I  *  ,I -I  * I  I *  * .I I  *  *  * *  I  I 1 *  *  + A  11, ., * *  I  + I  I  *  I  *  I  * *  I * -I * * **  * *  *  *  *  * *  1  , +  I .*  I

Is     I:iE     fill.    NAME    FOR     THE    ri'EXT    D{--PTH    vs.     vELcclTy    sitlEs7w
ERE    Al{L    N0    Ml)RE.     TYPE      .J\l ..---     n
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UPPLIED    0L-PTH-V=LOC.[TY
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MILIISSC0ho     f.AMPLE     INT=,`{VAI     ANJJ     TIS.LVE-FOL[    STacKr.-r)    Cr)P     Tr{Acrrs.
* t* I t I  , , + 1  I 1 I  * 1* * I  * *** I ** I *** * * I ** I **  * * I * i ** * I **  *** ** * ** **  I *** * I



Sut}HOUTINE      T0      CtlANr]r      rll,r:      Tl<f`Ci-Lf.NCTH      Ahc      NUMt}[R     0F      '`;AMPLt=';
T0      THAI      ipLclflEC      E!y      THr      u;i     i.          MAxlMi,rt,      hirii!rL{     of     jA``Ji;JL--'3      lJF+`
TR\lL      IS      ,l'Ji)0.

*  **  +  *  \  \  *  *  ,1  *  ,  *  *  ,  +  *  *  *  **  *  *  *  *  *  *  *  **  ,  **  *  *  \  ,*  *  *  *  **  ,  *  ,  *  \  *,  *\  *  *  *  ,,  \   \.*  *  *  1

SU,3ROUIIN:     OUT      (TRHOUT.      TApf;?.     R.     L}
INTEGEHJ:?          TRH()lJT{1:?!]).      L
|NTr:3Efi.4          1\
RE-AL      TAP:2(R}
tJF}ITE      (1}     L.      TRHOUT.     TA+'[2
i f: T U i N
END



r'L()I      t{Cl,I.IN:`-taylLl      +.Lr)r       :'}rH     ij:PTH      `Nij       Two-W'Y      T[IIL     LINr_      I)I`AhlNljs
I)I.`       lH-I       3t.=ISMIC      l100t-L.

*  I,  I  **  ,  I  ,  ,  I  *  *  *  I  *  I  *  ,  ***  *  **  *+I  a  +  +  I  I,*  *  I  +  *  **  *  I  +*  *  *  t  ,  I  I,  I.  **  *  **  ,  *  t*  ,  *

Sll,t),L{OuTlhE      £'LOT(CO

i3 M  ,       ,`S  I  (i  `i. ,?  i,  (  I  11  0  )

TSTRLNG

1) , P , C . 0 t_ ,,  I N , J ,
MINI      IHFC.      IH}'FC)

V
CCD)MA

r
WRITE      (*i.}     ''WHAT      IS     THf     TITLE     FOR     THIS     MODL-L?''
READ     (l.ioo}     STRING

loo         FORM,AT      (A)
r

RFA0     TITLE      STRING      INTO      CHAf{ACTFR     ARRAY-
C                      **'*`*`*`I********[*..**L**Jr****+.+******.***********f  ***L*****-**+*
C

DSTRIN.C    =     iiDEFTH    rioDEL     -I.//sTR|NG//w/"
DO     505     I     =     1,100

s'TF3€RR(I)     =     OsTRINr,(I:Tl
505        CON'INlj`:

C
C
I
C

PLOT     0:FTr.     MOoi_-L
\**  \**  * 1 *  * 1* * *****  * * **  ,  *, *+* *  ***  ** *** * * ** *-*******\* *t ***  *\  *  ,***  *

I T r ;I M a,I,

5 0 . ')

sF.T    up     sci]r[N     ulNcO:I    AN{i    vl;`Ti)`l    tilNDol.
+ * *  * *  *  1  \  1 + * * * * .* *  * * * * .* \  * * *  * * * *  * * *  * * *-1 -*  * * -* * * *+ .* * * *  * **  ** *.* * -* *  *  * * * * +



r'
C
C
r`

Cr
C
C

r
(;
J-

J

GH:SwhLi      (NNN4,      NNrj:i`      NNf\ji.      ^iNNi)
Cy Hr\t,      (CcDPMIN|       L}t}Tt       L`.C'L)}JtlAxi       TCL;)

!{:r)NvrRT     FROM      INT}=GrR      T\)     '?iAL.

CHAr``GE     I)EPTH     VALUEs     Tt)     NECA}'iv[      VALU[s     so      THAT     y-AXI`3     :`;TAt-its     Ar
I_Ol-=R     l&lu`S     iNrj     Gfjr_-.     Trl     HI'jH=`r``      VfLU[S     (C[PIH      ixIS).
I *  t  +  * *  ,  *  I  I  Jr **  *  * *  * I  I I  **  * I  ,  *  + ,  *  **  *  **  I  *  I  I *  *  *  I  * I  *  I  I *  ***  **  **  *  **  I  ** *+  *

E0E1

C
9        CON'I

c:, 2 1

511

PIIT     PLCTT]Nr,     I.INES     +-0-{      ,J=!JTll     M()r,I:L     INTO     EIFf.f}1.
I * * Jr I *  1 1  a  * * I * * I I a I I I + 1  I I * + * *. *  * I  I -* * * I *  * I * + I  I I I * t I +- I I I * + I * * I  *  * I I I I

DO     ill     -I      =     1.Lj.\MFLNIJtJI
cALi      GWHr]Mi)
CALL     CHiJVCR     {Ccll).      NEfiof_-P{.I.I))
D0    i21    k    =     .?.,P

GALL     GMBvr,R     tcctKj,     Aif_GD[Fj(K,[ji
C 0 N  '  I N u i_

C 0 N I I N 1` £

pLnT     DEFT+     MODLL    LINEs.
*** \ **  * * *  \  * *-* * ** **  * *** *  ** * * *+  ** * ** ***  * * * * *  *, * * **  **+ **+ \ * **  \  + * * * *

GALL     GprEPLT     (NtlAIT}

PLOT     TITLE:     fort     E€PTH    M0u=L
-* .* *  * * * * \ * * * * * * * * * *  * * * *  * * * * * * *  * *  * i * * * * * * * -+ * * * * * * * * * * .* * * \ + * *  *  * * * *  \

CALL     Gtlc€Hr;
CALL     GPSWNO     (NNNlt      rJNN1,     NNNt'],     NNN7}
CALL     GruwhB     {o.o,     a.a,1uorj.rj,     75i}.o}
cALi    G r  T  I 1i.{ a .  ,.725 . ,-1 .  ,-I.  ,  [j  Tit  i Ra , I T ERM .10. i 0 . ,  I c,-;=r ,  ljt I a  Ev, I HF C t  IHPFC  )

PLOT     uhlT     VALUES     FOR    AXAF=S     -jJEPTH     Woof
* **  *  ,  *  1  *  *  1  *  *** **  **  *  ***  *  ***  * \*  *L  * *****  ***  *  *  ****  **  ***** \  *\ *,  *  1***-*



•       NNrl].       NNN`}l
I  ('P'

pLoi    HcqlzoNrAL    Axls    -cijp    (rftACE)     NukBE.Rs
* ** * **  \  *  \  *  * * *  * **  *  ,  * ** \  *  * * *  ***  **  *  **  *  ,+  *  *  \  *  * ***., ** ***  \*  *+-* **  *  +*** *

•     NNN?.     NNN7}
.Oi     CCOPHAX.    750.0)M

N
C

7'
X.''TRACE     Nu\'1BtRS'')

A

I,
(

Gpf.VMOV      (0.0,1`],0)

I)r_.Tr.-RHINE     HOW     OFTEN    CoPIS     S,HiJULr}    r3£    LAEELLE0    0N     X-A`[S.
*  * \ * * *  1-1  *  * * I  *  \ **  * *  * + **  *  * **  ***  * *  * ** * * *  * -1 * * *  ***-* * * ***  * * -I *  *  * * *  * 1* * *

20'     V    =    1'jot.AI`jD,.((CcpprAx-t:OPMIN)     .L=.     6i])I    v=4
•.AND.({CDPMAX-CDLtMIN)      .L[.     ,2TJO)}      V=lq
0(1'      V     =    .loo
IN),     V

N

0 I N I , 4 ,I . 0 , I P 0 I N I '

P L  T ( N '.i A I T )



C
Cr

HAVE       HA,`L}       CO['Y       MAT)A+        ()f -..-;Ci{`_-r',tl        rMA.'tr=.
+  I +  *  *  *  1  *  I  +  ,  ,  *  I  I  +  *  *  I  I  * ,  I  ,  I  *  *  +  +  * I  *  -* *  *  +  *   I  *  ,  I  +  *  *  +  *  *  *  *  J *  *  *  *  I  *  , I  I  I  +  I  *  *

CALL     GycHcl'

CA`Ll     I;t'S'.Ji\0      (NNNI|      NNN1.      NNN...i      NIJN7)
CALL     Glu:d^[)     (0.a.      0.0,       I?oo.(}.     7f_-io.r))
r:A-LL      GprviYOV      (0.0.2f).n)
WRIIE     t*.I)     uoo    You    a;`Nr    THis     Mr)DrL    pi_oTT[rj    IN    Tuo-WAY     TIH[?    ---
F{EArJ      (I,500)      ANr,
Cjll     Z£Fuf      (AN.CS}

rRASE     SCQELN.
***  tf I  *  *  I  *  ***  *  +*  **  *  +**  I  **  *+,*  +*  *  **  **  +  **  **  I  f****  *  *  **  ***+*  **  I  ****  I

CALL      GrcEF\A
IF     (,,`NS     .Eij.     ''Nu)      firTut{N

PloT     Tbo-LAY     TI.HE     MOL)i-L
* \ * * * +  1 *  , \  * ** * ** * * ** ** * *** * * * -**  *** \*+  * *+ * * *\  * * * * *.*L ** * * *  **  *  ****  \

Tr);I     =     -ITH.1N
E!OT     =     -TTHf`X     -50.0
CALL     i^ipc6HD
CALL     GHsh'^D     {NNN4tNf`JN5.NNN:?.TJNNi}
fall     r,rv]r\n     (CCEPMIN,     BOTt     Ccr];'MAxt     TOPI
CALL      8FCGNr]
CALL     GPVFRM,      (X}

Pur     Tlpr£     HODEL     PLOTTING    LIN[s     INTo     BUFFEB.
* I * * * *  * I  *  *  * * I  * f  I.I * *  I * I  * I I + I A  I  * * I  I * I I I  * I  I *  *  * I * *-* .* I -* A I *  * * * **  *  ) * * i *

A ti P L N U M

N i : (; T I 'q (  1 ,  I  ) ,

( CC{  K  )  i  NEGT  IM (  Ki  I } )

PLOT    BiFFER    CONTEN.Ts    ro    sct3E[N.
* * * * \ *  , -* * , * * * * * .* * * * * * 1  \ * * \ * * * * * * * * \ * * * * * * *  \ * * . * -* ** * . f + * ,* * .I  \ * * * *

cALi    GprBpiT     (NWAIT}



F~,T4

=j75
581

Ei=L
r`f
C

PLOT      TITLE     FofJ      IwO-`iAy       TiML     Noi)rL.
* * I  t  t  1  ,  ,  I  +  I  I  *  *  ,  I  I  *  *  *  *  I  *  I  J,  1  ,  *  I  *  *  +  1  I  *  1  *  *  I  *  .  *  * *  *  *  * I  1 .I +  A  I  I  I  I   , *  ,+  I I  *  *  I

CALL     GrccHD

TSTRINr,     {I:Li

r)0.())
r, '  I ,++ ri|NG I  I r' I u

C A L L     t; P  I  I  I L (  0 .  . 7 2 5  .  , -1.  o -i,.  i  i T it` 4 R rt  , I  r E k #  ,10 . , 0  . I  I C 3 I.=T ,  I I  , I  D  r V i  I H F C i   I H F F 1`: )

PL0l     U^IT     VALULS     FO}{    AXLr:S     -Trf{)-HAY     Tlt/i:     M0l)i
+**  * I I  t  ,  * I  ,  ***  * *  *-I  + ++*  I  t* **  I I  **  *  **  *** *  *  *  *  I  ** , ***  ***  **  I  ** *t  I  I I L+ +

CALL      GprcGri
C

r
HR
F8!?

FO
CONTIN

lJl) :} ) - 8 '

PLOT    HcalzoNTAI     AXIS    -      T`alo-ul,iT     TIME    M0r.=L
*** * -, *  * *  *  * *  *  * -* -* .*  * *  * * * *  * J\ * .* * * * *-*  *  * * * * *  * + * +  *  * * * * * * * ** ++ * * *  * *  *  , * * *  *

N
C

4          NNN17      NN?`J?I      NN`d7)I IN|     0.0.     CCDPMAX.    750.0}
|ico'

DPMlr„,    V



C
r
(:r

(:

r)OIh'       =       IP()rNT
CALL      tMVNuit      tpoINr,4   t.0,I{Jolr\jri

r.,87         CoN'|N|Jt
N,1I'      =      1

CALL      Grli]pLl-{NWAIT)

H,av-Ha`{`?       L`OiJY      MAr3r=      OF        JCI+I-N       FIAt``If_.
*  ,\  1,  *  ,*  \  *  ,  **  *  *  *  **  **  **  *  1*  *  *  \  *  *\  *  **  **  *  *  *  *  *  *  **  *-***  ***  *\  *  *  ,  +\  *  +*  **  +

call     CHrHO;
P A U S i-

F.1`SC     SciE{N     iNf:     RfjTurlN     T0     nl|N     Prtotr,;<AM.
1**  ,  *t  ,  ,  I  I  *  **  **  A  I  ,  *  **t  ***  **  **  **  +  +*  ***  ***  I  *-**  I  t**  ***  **  *  **  **  *  1*+*  I

r¢L|     Gprcf:a4
R r T IJ R N
ENO



T!il;S       Sui,{CUrlN-ct?,i+\rr`.;       rHi          t`l-:-I.      H~r`Oit`            ANi_I      Tr`f`c+:      H-:i(ji.-R`,
roR     STAckElj     CotJ      TRAct_.C`>      -TWILvr      foLij.       T}lE      THACL:`,     C)WSIST     0r-
Tnt:     REF{.I-CTloN     CoEFrlclLNTr,.          ii:~tlTl£N     iJy     H[-_Auy,      igi3't.          Mt)i)iFIEi)
ilY      io-:hLi      1`?84.

1  *,*  ,  *  ,,  ,  *,1,1  *  1  *  ,  +  *  ,+  +  **++  a  ,I,  *  **  1  **  *  **  ,1*  *  *  1  *  *  *1,  ,  **  ,  *.  ,  *  +  ,  *  **   *   ,  **+**  *

C
N

R,i NS

0 ',

T{t2o          F[LNAM

i)P  i P  i `J  i S A P! P 1 h' u t'  i  0 i Nu M )
i)(

J,       `3AMf
00n'
NljM.      fui       I?tt      E.      `'..       i`.      NllM

I fi U 0 1  . R I I L 2 { ? a 0 )  i T R h 0 U T 1  i 2 I-j  )

MOEr-L/ TT (  25  ,  I ou )

WP`[TE      (..1}      aLHAT      L``)     YOU     |'ANI      Yr)UC{      SPEX     [ATA     FILE    NAul£:[J'.>     ---0
Rr`f)     (I.8101     FILhAM

810         FORM,AT(A:0)
0 r' I N     (  1  . S I A T u S = a N E 'J " . I  E C F M = . 1) Y N A M I C t' i  F `1 L E = +- I L N A M t F 0 ,i ul = u U N F. 0 i M A  I 1 i- I a  i tl 0 r} r-. = '' tj I N I t=( Y a }

D     [S     THE      TRAC=     lENGTH     IN    MILLISECONr)S      {IF     LENGTH     IS     GREATER     THAN
0R     EQIJAL      101000     MILLlif_-CONL)S)     Of}     HICROSEC(}NDS     (IF    L[N6TH     IS
Lfss     TL.1N     1000     tf,ILLIS:C()NDS)-
* * I * * I 1 * * I * I I * t I I * * I * + I ** * I I * * I i I * I I + * * * I * I * * * I I I-** * , I * ,I * * *  * * I .f *

loot)'     D     I    0/L000
#YOU     HAVE     ''i     NUMi      fl     SA#PLES      IN     EACH     TRACE."
uHtll'     MAf`lY      S;MPL=S     nt?     YOU     LANT     P<=R     TRAC=?     ---''

WRITE      lHt:     t?Fr.I     HEACL='10^.T,4     INTO     ARh/+Y     aFrL2    FROM     U`3-=t-r;.JFclf lED
SAttpL[     INTERVAL      (D}     AND    NUMliLR     0F     TRAct_S{R}.
•\ * * * * *  1 *  ,  ,  * * * * * *  * *  * * * * * * * * \ * \ \ *  *  * * * * *  * * -*  * .\  ** * * * * * * *  * * * * * * *  * + .* * * *



C

Wl{II,I_-rir[L      tlLA[)!=r(S       TD      r)tr_      `f,p_x      r|ijr.
*  ,I  ,  **   ,  ,I  *  1  *  +  *  *  *  I  I  I  ,  *,  *   ,  *  *  I  **  *  A  *  **   I  I  A   I  ,1  I  *   ****  ,I  ***  **  I  *  *  *,   ,   ,1,  *  *

W R  I  I tr:  (   1  ) |  t  }` !-I L  i  I K  . R I  L L  J'_

C.`l.rlJLI'jlr:        Ill+:.      Nlpr,Of     i     i~)F      i}yr       i      N`.-._~0<`)      foi<      f.4(`H      THjL`=      (|Ni:LurEr;
THi:     rR¢cf-h±:Aofri).
**,  ***  \  *  *  *  *  ,  *  **  *  1  *  \*L*  *  *  1  ***\  \*  *  1*  *  *\  *  \  *  *  *  1+  +  \  *.,  **,  **  *  ,  *  *  L  *  ****  *

L=     I?0     .     (R*,?I
T=|
00    ,HIlf    (I.L'=,.J'

INITIAII.?€     ARRAY      TAP,=2.
+  **.I  **  I  *  *  I  *  **  ***  *  I  I  ***  *  f t+  ***  **  **t*|*  A  1  **  *  **  ***1  ***  **  +*t  *+  I  ****  *

C0     h     =     1,     4000`'AtJE2(N)     =     0.0

-:Nf    rc

HRITE      i`iAcr:     DATA    FR{)M     ,2-D     T,tAci=     ARi]Ay      INTo     1-D     TAt.'E?    ARiAy.
**\  ***  *  \  *  1  * **  * *  *  * *  * *  **  *  **\ *  \  *  ** *  **  *  *  +  * *  \ **  ** ,  * ** *  \*  *** **  **  *  ****  *

DO      A     =      1,R
TAPE?{T\)      =    TRIct'-:(I.N)

€N0     I:0

ilp|T€      Tt]4f;I     HEA[.Ej``s     INTf)     I-i,i     Ail..F`Y      TRHt)UT-
\** \ * *  * *  +  * ** * * * ***  ** ,I *  * ***-**  ** * *\*** ** * * *  ** * * **  **\  ,* ** *  *+  *  I * ** *

I rt H C u I  ( `± ) = I
TRHCU  T  (41=1
I R H C U I  { f` t =  I
')-tHCIT(8     )=L
TRHCuT  {  I?)=COP{  I  }
T `` H 0 I  I  {  1 4  ) = i
1 R H C 1,  T  (  1 5 )  = '1
T i? H C U I  (  I  7 ) = 1 2
I R H C U T  ( 1 f} ) = 1
I R H C I  T  { 5 8  ) = I?`
T R H C u I  (  fj `) } = D
T RH C U  T  (  !}{1  )  =  1
I R H C tj  I ( cj 2 ) = I
TAPE2(i}     =     .ooonl]1
TAPE,?(fi)     =     .000001



CALL      (JUT       (Tt{H0uTt      TAPL.1o      i{,      |`)
I     I    I     +    i

r'jo    0')
CLOIE      (1)
R F-  r u H N
rNl?



iJi31NG     [LplH     AND    VLLncITy

ALrjo     wRiTl[N      To     TriF      TIM,=
`'{AY      WILL      CONTAIN     ?[f+OES

THAT      R£`FL[CII0tl

***  +**  ,  *  ,  **  *  **  *  ***  ****  *  ***tt,  *1  *  ***  **  ****  *  I,*  *  ,*  ***  **+**  **   *   ****  *

SU:')ROUTINE      Tij'OwAV      {0=pTH,VEi_,I,`,AMtJLNUH,Rc,n,TRACE,N.'jM)
QF.`L          CF,PTH(25.loo).Y-=L(?Cit1t)0)iT`|MfiFC{25i]00)iTf+`C-I(2`T:tt40C0)
INTEt3EF          t,N,J,SApr,PLtj`JM,NUM,S,r).FLAt;,  INT
COMHON/MO[EL/T  I  (  25  .1UO   )

(M    ,LE.     J)

ME       =       OcO
WHILE     {N     .LE.     ,5AMPLNUM)

rll_CuL+`l=     THE     TWO-w`y     TIMc-lN     MlcROSEC0h`DS     DOwN     AN:)     t}ACK     FRtM
THE     rcp     OF     THE     NTH    LATER.
***  * * *  ,  * *  **+, *  * *  *1  \ * \* *  **  * ,**** *  *** * ,  * 1 * **  *** **+* **  *\* *  *.*\  ,  \***  *

1It?,E     =     .TIHE     +     {(20onitUEPTH{H,IU-CEFTt{(Mil3-1})/v[=L(Mih-1))      *      1000)
TT{H.N)      =      TIME_

INCREMEhT      THE     SAMpl.ING      IP:JT[RVAL      {INT)      AND      THE     COUNTER     iNUM      TC
THE     P{{CFEfi     TIME     (Ai{RAy     POSITION)     THAT     C0fiRESPONDS    T0     THE
TWO-.AY      TIME     JuST     C-`LC`JLQTEr).
*+* *** I *  \ * * **  * **  **  \ \ **  *  **** ** ** *** * * *  * * * * *  ** ** ** *** ** *** **  *  ++ **  *

Ct)     lH.[Lr~     {TIM:    .:;T.     INT+l{I/?)}
INT    =     INT     +    a
^IJM     =     NUM     +     1

FNrJ     00
IF     {(TIME     .LE-.    TNT+a/?}     .Arlo.     (TI"[     ,.GT.    TNT-a/2}i     THE.N

cH=cK      TO      s[=     IF     TNT.HAs     BL-EN     'INCREM=NT£-0     I?::Foi`r     As`3I-,wlN3     Tr`{=
NEW     TI`VE      VALUE.          IF      IT     HAS     fJi)T     f}EE.N     INCREtlE.-_NTED.      THE:N     THE     SAttpLE
INTERVAL      ]S    NOT     FINE    ENt3u3H,      ArjD    USL-R      [s     ASKS-o     FOR    A     SMALLEF
SAMPLE      [NTEilvAL.



]1=       'FLAG
IF(T

HF(

EN
ENDI

[().        INT.l       TllL_N
M TT'

AmJ LAR`;l=      FOR      YOUR      CAIA      S[`:I.''
;A,y!JLE       INTErtvAL.''

IN    MICR:)SI=ccrjDS .---     "

I-LAG    `=     [NT
If     {Rc{H,Ni      .Ni=.      {].n)      TQACE-{",NiM)=`C(MiN)

ENl)     IF

INci{+=M€itT      THE      DEPTH     AJ`D     V::Lr)c[T¥     art.iAts      T0      THE     NEXT     D=t=DE:1       [Ayf_R
* * I  t * +  I I  I  ,  * I * * I * , I I * I I * * I f * -* * * I t I * * JL *  * * 11  I * I I I I J  * ** I * * * * * * *  , t * * I

h=N+1
END     00

INcr`EMEh'T       THE      TaACE      NIJMr-_j=ft.
** * \  **  1  * *  1 * *** * * **  * **,  * \* * 1 * *  *** .** + +*  * * \*  ***** **  ***** * \ * **  *  ****  *

»    =     pr     +      1
END     D0
M=1

RE0IMENSI0N    TINE     AQ\tAY     FROM    M.Icr?Osi=CONOS     T0    MILLIS[CONDS     FOF
rASIER    DISPLAY    AND    FAST,r=R    C"nlpR[HENSIC'N.
***  * * *  \ *  *  * * ** * * ***  * * \* * * * \ * * *  ** + j** * * *  * * * * *  ** *-* ** * **  *\ * * , *+  *  , ** * *

00    WHILE     (H    ®L£,     J'
L=L
00    LH{Lr.     {L     .LE.    sAMPLNijMi

lT(W.L}      `=     TT(i`1.L}/LOCI).0
L      =     I,.     +      1

END     E0
H     =     H,     +     1

FNJ    D0
RETURN
rN1



subroutiiic     ZAf'UP

Last    u[cldt{,`:         5/24/t}4

force    the    {ilphdbetic    cti,]ractcrs    in   a    string    [o   rjL.   uD()t:r    cdsc.

A     KANSAS      13E.OL0l;ICAL     `tjuRV£Y     IIl!RARY     l`Oll[NE

subroutin€    £APUP    (S)

implicit    rione

i,1te,|er    N
charact``:r.(I.}     S

intrin
intr'n
intrin

do    N   =     I,     len(S)
if     {S(N:N).t)€.qat'    .ari;I.    3(N:N}.lL..dz.)    S(N:N)    =    char(ich€r{S{N:N))-jL?)

end    Qo
return

end



s`/;}H{OuTINE      cHArvG[

REAL
P
I

r,
r`

I.i        ','      C[lAN(',:-I)I_),rl,

THi_     syruTH[rlc     `3L=Is,'itlc      rGOI~L.
Tio^    Or{     u[L=TION     iF     i_AyF-Fs.

IN.      TTIN.      TTHAX.      Ct      Pi      `:4MPLNut.
MA X I)I P  I M I Not P  .COP "I N tc i)P MA X  . I  H F C . I  HPFC  J
I)in,     TTI^(:iiior,')i      TTMAX

A L  IJr
C L` P M I N . C I P M A X  . L  .  I  . N U CrJ P . N U L A Y  F  f]

DI'SPLAY      ALL     VALUES     SUPPLIEL)     +}Y      THE     IJSFH     (EFPTH-VELOCITY     PAIFS}
**+  *  *  11*  *  1  +  +  *  *  *  ,  *,  ***\  ,**  *  ***  **  +  **  ***  \  *+  *  *  *********  **  *  *  ,  **  *  1***  *

'`
CI
r,

DP    NUWIEft`    =        ''ic(I)

Lt,-:PTH                           vELOclTy               ,?-`ulAy     TlrEii

)  .  VE:LIN(   I  .L)  .  TTIN(  I  . L)

ASK     F0ft     uli-JCH     COP     AND    LAYER    AHC     T0    BE     CHANGE-D.•*  \ *  \ * *  *  + *  , * * *  *  * * -* *  *  * * *  *  * * * * * I  * *  * -\ * * * *  * .* * *  *  * * * *  * * * * \  * *  * * *  + *  *  , * * *  *

i}     "Tvp€     .cop,LAVERI     Foi3    polNT    To     BE    CHAN6Er)ti
)     .IF     N0     M0r(I     CHANi;=S     it?I    N=€C;:r,i     T¥P;~=     10,0 ....      n

FAD      11      +J      NuCOP.      NULAY{--=R
IF NuC

Ft

ErJD

P     .NE.     0}     .THEN

(I
1=

®NE®
+1
121

NUci]P)    TH[r\t                           !SET    I     SUBScRIPT     To    f3E    C+ANr,EO.

ASK     USE`'i      lHE-.THEi{     D[`OTH     .:)Q      Vt-L0r:ITY     IS      T0     Elf     CHANGE)1.
+ * \  * \ *  *  *  *  *  * * * * + * * * -* * * \  *  * * \ * * * * * -* *-* * * *  * * + * * * * * * * * * * *  * * * * * **  *  * * * * *

tjRITE(I.I)      uTypE     .D.     Fo;t.    N=i     D{:i=TH     or{      TypL-.V.     rot+`     N,=±     VELOCITY      .      .      .      ''
R[A[     (+.130}     ANS



13n

141

151

r
C
Cr

C

THr       Nf  `4      V|`.l!.L_`?      .       .       .      `'

r.All:lJl£I'.:      N'i    I      i;-:i:TH     r.`N0      TLO-clay       TIH--j      lf      Cf  ['TH      IS      ro     i)i=     `:HahLE[).
I  1  * 1  I  I  ,  ,  I  ,  1  A  *  I  I  I  I I  I I  I *  I  I I  *  I I I  A I  *  I *  ,  * *  I *  I  I -I  I  * *  I  I *  , * I  I +  I * Jt  I *  a  I I I I  A

(N
141
TIME
ITIN

=,

PI  A(  I  i X )-8 [F' I N(  I  iK-1 )  ) /V[L  I  A(  I iK-I }  J

CO A '  I NU£

cALcijLAT[     N[-_tl     vELOclry     AND     Tdo-.iAy      TIMii     IF     vrLot:ITV     ls     TO     riE     cH4Nc.-:c.
* * *  *  *  *  *  1  1  ,  , * *  \ * * ± *  *  * -* *  *  A *  * *  * *  * *  * * *  * * *  * * * *  * * * * * * * * * \  , * * * -+ * *  *  1 * * * +  * + *  * *

Elsa
W::LIN{I.l`lJLAYER)       =     VALUE
l[ME     =      TTIN(I.NUL`}YEft}
[C      I:`+jl     K    =     (NULAYfi+1).     ¢;AMPU^lut`

I.IMF    ..=    .TIME    +     {2ooo*lD[Plh([tK)-orplN(I,K-iti/vELlh(Iit{-ltt
iTrN     {IiK7     .=     Titi`=

C8 N  I I NUE
+T'N0       IF

CHA,NGE     MAx.[MUM     TL'o~`dAy      TiM[    Fort      TRACEs     IF      IT     Is     INCREAt`>Eo.
* \ * J, * *  * I  *  1  *  * * * * *  * *  * \ -* *  *  * * -* * * *  * * * * \  * * *  * * * -* .*  * * * * * *  * * *  * ,  * * ,  * *  *  * * * *  *

IF     (1Ir£     .GT.      TTMAx}     TTMAx     =     TIP,i

LO{]P     BACK     UP     To     ASK     USER    I-uP`     TH+:     N[xT     Ch'ANr]E.
* * *  * * *  + *  * -* * * \ *  * *  * * \***  \  \*  * * *  \ *+ *  ** * * *  * 1 * * * * , \ * * * * **  * +* * +** .*  \ * ** *

GO     '0      101
END     [F
Rr'URN
END



r
C
C

•C

I
0'

M|N/.L      |Nfor`M[||ON     I:4L:|JLAT_D
TI[Si      TWO-WAY      TIME_Si     AfU

.=\ C  , C P  ,  J  , ::  A y  PL N U M '
C I  2 r=J  I  I  0  0  )

I.I)0      You     WANT     T0     Sf i     ANy     or-     THE     INTERpnLAT€=o    TP.ACE     OATA?    ---''
0)      ANS

(i
Go    ro    *oo                              !AriJo    wf3ITE    output    To    FILE

asK     uS€`l     FOR     THE     TRf\C=s     To    lji     D.rspL`Y£0.
I * I I I I  -1 Jt  I *  * * I I I * * I  I * * I I I * * I * * * *  * I * * + *  * I I I I * * * * I *  * I t t. I  I * *  I I  *  , * * * 1

MANY     T!{ac[-,j`..---     tl

RACE      NIJMEL'{      =     ?          `'

WRITE     THE     TRACE     DATA    R[OIJEST[O     T0     THE     TFRHlhiAL.
* * 1 * * *  , I * *.** * * * +* \  * *** * ** * *-*.\  **  * **  ** * * * *  * *  **** ** ***  **  * \ *  *+  *  , * * *  *

1 , ,\ U *, a E R

THEN
u<BFL>TRACE:     NUMBEf]    ".    T{I).     "    NOT    F0uN;I.'.

Cop(Kl}      TH.FN

wRIT€      iAFLr    HEAOINGs    TO     THE    scpFEN.
* * *  , -I  I  ,  I  t  I  I I *  I * .I  I .J  * * , * * I * * I I A  * I- * * * .I a *  1 I * * I  I .* I * * *  * I I  I I  * + + .+ t  *  * * * *  I

M=l
Wti[TE(*..)"COUNT     DEPTH
W  F\ '1  T  E   (  *  ,   +  '  W

VfLOCITY
FT,SIC

2-WAY      T.[M[
M I L L I S I: C "

f;fF.     CO=r.n



Wh[TF_(I.*)       CDF'{K)

u}ilii::       iNTr.\}JOL^`Ifo      L!.=iJTH.       ytL`]clTy.      TLu-I,`y      TIM,_.      `Nii      tt{.`FLL:CTION
COCFL-Iclrr\TS      T0     THE     SCRt-.r=rj.
+  ,  +  *  *  *  1,  ,  ,  I,  *  \  *  *  ,  *  1  *  *  *  *  *  * *  \  *  *  ,  * *  \  **  *  I  *  *  ,  * *  *  \ \  *  *  * *  *  * ,  \  +  *  *  *  * *  *  ,  ,  *  *  *\

rjo     wHliE      tM     .LL.     sA.uipLN`jMt
Lt{ITt-(+,722t     orpTHi^.Mt,vELiK,M).Ti(tt,M),ictK,Mi
r o 1 ,i ,^`  I     ( 6 x . F i 2 . 5 , f 1  ± . ' i t F 1  `2 . 5  i F  I 2 . £j )
t'     =     M     +      I

ENL)       UO
I: 1 S E

H=K+1
I.i]      TO      '1tJ

£N0     IF
P a I j S !':

fu i ^f N u i

?.??

Af±K    usrR     IF    Nfhi     FILf:s     OF-ANT     OF     THE-INTERpoiATED     uArA     sHOuL[    BE
CR€ATEC.
* * * -1 -* \  * *  *  , -*  *  * * * +  * *  * * * *  * \ i , * * * * * *  * *  * * *  * -*  *  * *  + *  \ * * * -* * ,  * *  *  *  *  * *  1  \ * + -*  *

LIANT     ANY     ilF      THE     INTEflpoLATED     TRACES     MADE      ]NTO''
VEl()CITY     FILE`..;?.I

* r T U '\ N

HANTF_I.     TYPE     .99L)31  .---      f[

0    you    uANr     THE-D£-.p.iii-vELOclTy     FILE     NAMED?

8EATE     FILE     AND     WRITE     T!]    IT    DEprH    AND     vELOclTy     vALUFs     FROM
HE     INl=RFOLATED     SEISMIC    DATA.
t* * I I  * 11 I I * I * I * * * I I I . f * * I ** I ** * ** * I I + I * * I I I I * * * * *.+ + I * * I *+  I, * I * I

ILE=FILNAMt     ST,4Tu:i.=ur|=ua,     rtECF#=.r)sn}



r!r)     Lt`)of:      TC     +JLf`roRM     slMPL[,      cjTRAl(,hT-LIN!-INI£RPoLAI   I)N.
CdLLi-0     fjy     jufjR\iuTIN:     I.fvrLrtp      ro     ljo      lrtt=      AL`TUAL     INTL}{.OLATI\lN.

* * *  I  * *  *  I  J  I, *  *  *  I I  I *  I * * I  *  * *  *  ,  *  *  I *  I  * I,  * I  , *  *  I  *  * *  *  * I  *  *  *Jr  I A  I * -*  t*  *  I I + I  I

Fr,      .j+-i>Ttt,      K,       H,      L,      .INTvi.      ``/t=L,      Lci
VF_L(25tloo)i     Rclt?5¢1do)

Su}3ROUIINE     CALCULAT[S     VALUFC,     Bf  TUFEN     USE:R      INPUT     VALut:St      AND     DOES
Nor     ALTER     USE:R     INpuT     VALUF.-s.
**t  I  +*  ,  ,I  I  I  I-*  * I  I  **  I  ,* *  I  I *  *  I  A  *  **+I.+ *  **  t  * *  I  I  *** , **  ,1*  +* *  . *  **  *  *  ***  *

-!JLPTH(KiMJ)/lNTVL

+(DIFF*N)



3l!`3rlol'lINE      INlr      WILl_     INITli.`LL7r        ALL     ARRAys      T0     ZtRO    VALuf:S

*  *,  ,  *  1,  I  ,A  *  *  *  *  *  *  I  I  ,  ,**  *  **  I  *  ,  *  **  *  **  I  *  I  I  I  *  *  *  *  I  I  *  tt  **+  **  *  **  **  I  ,  ,  +*  *

PJ N .  C  .  TAP i:2  .  TH  AC E  I

()).      TR``C;:{2'3i400C}
1 C  ( ?;i  ,1  :)  0  )
: ? I N ( f ) , I  0 n

C P i  i) F I]T H  i t{ C  i V

'    =    0.0

•=     I,     4880
(I'    =    0.0

1,2€
(J,I)    =   8.0



c:ij,,}iiouliNE      To     TAKE     I/i[-rt     off.Tit-vrLi)Clrv     rAli.:``,     I.h.`rjM     I++:      r`-.`Ml^£l
I.N)      INPUT      THE      VALu[S     INTo     ri.?.[`t     FnRMATTf_-D     FILE.c,`..

I  **  *  *1,1  I  ,  *  *  I  *  *  I  1,  *  ***  **  ,  .  +*  I  **  I  **  *  **  I  I  **  *  **  t  +  **  ***  I+  *  I  ,  .,I  *   ,I  *  11

INPUT
VEL

'l=R|1          AN3
|ELil50     FIltjAM

•      ®'wHAT     DU     YOU     WANT     YOult     I-Ill     NAMED?n
I)     FILNAM

IIE=FILNAMi     STATuS=..N[Wtt.     RECFr.=nDsl'.     ERR=,202)

SU`BROUIINE     PROMPTS     USER     T0     lNPUT    ONE     0EPTL.     VELOCITY    PAIR     PfR    LINE
*  ,* * * *  1  *  *  * *  * *  * *  *-1* ****  * ** * *  * *  \+  * **  ,**  * *  *  *  , .*\ * * *+  ***  \* * \ *  ,+  *  ****  *-* * *

WRITE(I.I)     '.TYPE     IN    DEPTH.V[LOC.[TY    PAIRS;     ONE     PAIR    0+-VALUES    PER     LINE.."
}     uT0    EhD     INPUTi      TYPE     .1.1'"

1'     uD()

ELOCITy    #    u,|2.I.    _~_ui

{VLL    .I.Q.1.0})     G0    T0150

OU    WANT     TO    CREATE     ANCTHEf}     FILE     0F     D[:PTH,     VELOCITY      PAlr},S?     ---I.

EQ.      ®Y®}     G0    TO     loo

•..)     .P?`OBLEMS     I.ITH     r!tYING     T0     OFF_h     FILE    FOR    IJSER     INPITn



Sul)!{Oul[N=       T0       INTERP`)LAT`=      11`=PTtl       VAI_Ur=S      ALCN\`p      ST}{Alu+tr      LINr=ri
r`,[NG       ]h,+_Ct{MAT]oN      Fit,,,`,      t,f;f_,\      `,U[`t,L[._,,      [ff,Tt..      VL:L,.,L`]Ty     f[Lr:.;.

PrFLrct['jN     cfj[+-Flcli-NTr.    ARE     THrrj    AS<j[G^LE     Fi-jt{     lAy{:R     iiou;PloARIES.
VELoCIT[1's     ARE-Net      [NTt:RP,`iLAlr.D.

P.I_-FL[cll\1^     COE+`FICILNTS     Mu:`,r     8L      FiECALclLAT!T)     Fo,.:      TH;:     DIFFr=`{rNT
Typrs     cF     Gf`-r)LOGlc     Gf[ijM[TRI[-s     wHicH    MAT     i.iE     ENcOuNT£Rci)     (rf„      plNCH
O{JTS.       CISCORDANT      I)CuNL)ARIES).
INT[t?POLAll(}N      IS     CALCULATE_D    +-pf)M     Tf)p      T0     BOTTOM    Fr)R     A     .``,Ii`jr,Lr
rNr.Rv¢L.         THE      IhT[RpOLATION     THf-N    pROGRLss[s     TO    TH`=     N[xT     cup
I N I i+. R v 4 I  .

** *  * **  1  *  +  *  ,  \  *  +  *  *  **  * * ,* *  ** *  **  +  **  ,  ** * 1*  *\  **  1-****  *J\  * ,*  **  **+  **  *  1***  *

ION     {J.DEPTH.VEL.f}Ctc+PtcDPMIN.VELIN.DEPINtsAMFLNUH.CD£)
PM[Ni     L.      M.      INTVL.      K.      SAMPLt^luM

L(23il0o}i    r]C(25,loo),     0{FF
N ( f3 ,  L  0 0  )

FILL     lh    O^[-OIMENslnNAL    Cop    Ai{iiAy.

FILL     Ih     O€PTHt     VELOCITY     AND    RC    ARRAYS     WITH     INITIAL    USER-SUPFLIFD    DATA.
* * * *  *  * *  \ * * * ** *  **  * * \ ,  * \* ****  ** * ** * * *  * \  ** *  * *** * * **\  * ** * *  \*  *  * *,* *  * * * *  ** * **

=1,P
ILE     {cr]P(H}     .NE.     c(I}}

+,    =     H    +     i
0CO
L(H,
P'H(
(r,1

119

OE
C(H

2    -VELl}/tvEL2    +    VELl)



<09
30S

:SIS

'514

V_L]        I-V.;Lf
r: r) N   '  I  N  U !

C r) N  I  I  A  1  t:

FILL      1^     REST     0r     CEPT(i,      v.=LoCITy.      AND     RC     ARRAys     wlTH     INrt--.RpoLATr-i      VALUE:3.
I  *t  ,  *1,I,  ,  +Ill  *  I  I  I  **  ++  *  ***  I+t  **  ***  I  L*   I  ,1  *  +  **  **  ,*  I  +t  **  +++  ++  ,  ,1**  I  *  ,11  **  +I

K.=1
1=1
r)0    ill     I     =     I,     (P-|)

H     COP      INTEHVAL      HET*EEN     IJ{`iE:R-Sl`t`'PLILD     D[-_PTti-VELOCITY
lvL)       ,I,`NE      INCRE.M+=NT     I(      1-N{)     L     COUNTERS     To     THESE      cr)P

IF     (COP(K)     .NE.     CII)I     THLN
It     =     K      +      I
C0     10    31i

EN0     IF
IF     {COP(L)     .NE.     C(I+1))     THEN

L     =    1     +     i
C0      TO     314

END      IF

M     IS     THE     LAYER     COUNTF-R     I,JHIcll      IS     SET     T0     ZERO    HERE     AND     IS
IrjcilEM=hTEr)     Af TrR     €4.CH     INTL`irfoLATI0N     IN     THE    DolNTflr
S U a r{ 0 U '1  I N i .
•* * \  1  * \  * *  , -I *  * *  * * *  * *  * +  * *  * * \ * * * *  * *  * **  * * *  * *  * *  *  * + , * * * * **  \*  * * *  **  *  * ** * *

-K
.Eta.     1}    f.0    TO     31.1

SAttpLNIJM)     Gr)     TO     `111

COMi]ARE     TWO     AOJACENT     DEPTH     VALUES     (REFERRED    T0     AS    TOP     AND
80TloM}      Aci'OSS     THE     C,DP     TNT;.-RVAL.
*** +**+*  1  *  * ** * ** *** ***  * ***1 ** *** ** *** **** * ** *******  ** ***+*  *  ****  *

DETERMINE     `dHICH     RC     VALui=S     St]OUL0    BE     ZEROEU      [F     BOTH    PAIRS    0F     TOP     AND
BOT`roM     DEPTH    vALUEs     ARE     THE    SAME.
* * *  * * .,  +  *  * -1  * * * * * * * *  * * *., .* k * * .*-, * .* *  \  * *  * *  *  * *  * * *  ** * * *.* * **  **  *  * *  * *  \  , * * *  * *  * *

I F {  ( 0 I i  I H ( K  , M ) . I !`} . D E: p T H ( rt  , M + 1  ) )  . A N 0 .  { D I p T H ( L . M } . I `] . D i- p T H  ( L  . M + 1  } }   }  I H I N
^OL!Y     =      M
STARTK     =     K



I__0,      0,0'       rHEr\
tl''710Th    PAIHS     LiluAl.     FlitsT     IF     rsTAL=i`1rNT.

•f  (I.      o.i))       rHfTN

L_I,       ,]®0)       THi_r\,

0

rirTI`MIN=     wHlcH    Rc     V4Lu`T`S     SHouLr)    BE     ~7r.ROE0     IF     THE    FIRST     PAIF
OF    TOP     Ahic    B0TT0tfi     DEPTH    VALUES    ARE    DIFFERENT.     AND    THE     S=CON[     PAIR
ARE     THE     SAME.
* * * * * *  11 * -* * * * * * * * *  * \ * *  \ * * * * * * * * * ** * , * -** * * *  * *  * ,  *  * * **  * \ * I *  * *  *  , * * * *

ELSE      IF      (Oi-PTli{K.M)       .EO.     LjEP.TH(K.M+`,I.))     TLIEN
c`LL     f]OINT€Rp     ti:ilFFti-jrtJTH,K.M,L,.IitTVL,VFL,Rct
CIFfl    =    ABS{DIFF}
CALL     I)oINTERp    tDIFFii)rpTH,K,NtL,INTVL,VFL,RC}



C

tlFF.t     =     Aiis(DIFr   i

lr       IHL-`=LctJi_-(jv[R      Ttlr:      [NTtl{vAL      IS     GR[LAILl<      ACROSS      TH:I     ;+!OIT`)M
Lf.yi    ..       lH[N     ZL..io      TH.`-FI,.<ST     r'ili\      {10TTOP      tlc       ViLIJ[-
sfT      TH+=     RE`sT     OF     TH[     itoTroH     LAyL!{     Rr     vAiu[s     LOuAi      TO     rH[:
SECOND     rJAIP     B0rTCM     itc      VAL(JL-
***  ,  t*  I  I  *  ,I  *  **,*  *t  *+*1  t  I  ,*  *  *  *  **  *  **  *J  I  I  A  A  *  I  +*,***  ***  ***  *  ,+I  *  ***  ,I

If     (DIFF .GT.     DIFFi.)      rHLN
-1)    =   0.8

342    r\'    =     I,      INTVL-I
RC{K+N.M-1)     .=     RC{liM-l)

ELS

7fR0     TCP      RC
i/AluES    '0    I

.i D[.PTH {K  i H-2  )  I RC (K  .M-2J  =0 . 0
)      THEN

(M     .NE.     SAMPLNU#}     N     =     M    +     1

E     0,I    FIRST    PAIRi     AND     SET    REST    0F     TOP    RC
ND    PA,IR     1-UP     QC     VALIJE.

-2'    =   0.i)
=    i,     {NTV|-1
aM-2}    =    RC{Liu-2)

. [: a . n r= F T H { K  . M-i )  ) i? C  { K . M-I  ) =0  . 0
NOLAY}     f70    TO     :3E

E      tr'HICH     RC      VaLUL.,rj     SHf)ULD     8[     ZEt{OE0     IF     Tt{£~     TO:.      A`NO
a i p i ri -a i-L uE s ' OF iriE -§E 65 ii D` ' FAi i`  I 6 i i.    i riE -s. i ME I

* .,  *  ** * * *-* *  ** * *  * * * * ** *  * *  *  *\ * **  + * *  * *  * *  *  * * * -* **  * \ * * *  * *  *  , * * *  ±

ELSE      IF     (DE-PTH(LtM)      .EQ.    IJEPTH(L."+l}}     THEN
CALL     D0INTERP     IDIFF.Uf:!JTH.K.M.L.Ih'TVL.VELiRCJ
[IFFi     =     ABS(nlFF)
CALL     D0INTERP    {DIFF|D}=PTH.KiHiLilt\|VLivEL.RC`)
CIFF2    =     AHS(OIFF)



|f         TH'-;LC(Jr       OV;_-t31W;~       IrjT`r-I.V\L       r(1R       Ttl[       Top      LIY[f(           [S      GRr_+ATrF
THAN      Tti!--`      SI_oP[`      OVER      rHC     iioTTOM     LAy[k.      ?i_R0      THL      TotJ     Ri?      V`LUE      or-
THE      iEci,]N(3     f'AIl-`'.
**L  **,  I  L  +  ,  I  ,  **  I  I  **  ,  +**  t  ******  **  *  **  I  i  I  **  ,  *  *  **  ****  +**  **  *  *  ,  **  +  ****  *

IF      ti?iFFi     .GT.     LiiL+-2i     rHf-ri
'1r(|,M-2)     =    0,,)
IF     (D[PTH{LiM).EQ.I)E`PT}i(LtM-1)JRC{L.11-I)=0.0

tND     IF

IF      THE      '3LCPL-OVER     T+1t=      [NTERVAL     FOpt      THE     HCTTfJM     LAYER      IS     Li-SS
THAN     OR      F.GOAL      TO     TiiE     sLiipf.     i'3vL+i      THE      TGp     LAyfR\.      7ERO      THE     BOTTOM
RC     V;\Ll::      Cf      THE      SECONl)      `'',.`Ilt.
* .* *  * * *  *  *  *  ,  * *  * *  * * * *  * * * ,  * + * * \ \  *  * *  *  * *  * *  *  * *  * *  *  * * * * + *  +  * *  * * *  * * -* *  ,  * * * *  *

H(L,M

IFF2)      .I-HTL:N
D

•EQ. `)I PTH {L  .M-1  }  )f] C  {L  iH-2  }.=0 .8

SIHPLy     [r`jT€RPOLATE     +}ETwr`.EN     THE     TWO     TOE     VALUES     IF     N`-=ITHER     0F     THE
top     AN[     BCTTOM    DEPTH    VALUES    Ati[     Enl:AL.
\** ***  * \ * * ** * * * ***  * *** *\*+ * * * **  * ** * **  * * *± ** * * *** * ** **+ * , *, * * ***  *

CALL     D0INTERP     {DIFF®OEl'JTH.A.M.L.INTVL.VEL.ftc)
C-a     Tfl     321

END      IF
CONTINUE

CHAN!3E     REFL{:CTI0N     COEFF[CliNTS     AT     B0Uh`OARIES     WHERE    A    LAYER      IAS
BEEN     DELETED.
+ * \ * * *  11 *  * * * * * + * **  * * **  * * * * * * * ** *  **  , * *  * * *+ * * * * + * * +-++ .** * *+ *\  *  * \* \ *

=1,J

•EQ.     0.IJ}     THEN

•NE.    0.8)     THEN
+ i ) =  ( VE 1 ( .'! i  I + .1  )-V E L t {j .I-N I ) / ( V i-L(  !} t  I + 11 + V E L ( (I  t I -N  )  }



•       fjAMPLNUM)      (;()      Ti)      `'i      1



V:i        rc      ;`:+L-r;T[)i`l     `1`1-rTlf|lNT
_       IrofH[li-i)      liuLlll.JL[_:;      Al{r
tic)t{ZCNTALLY      IJ\lI,=0,'J`iY      Itv

|rF.N      PY       V+``Pr...i-,1'jt3j,

*  ,  ,  *   ,  ,   I   ,  ,  *  *  *  *  *  I  A  I  *  *  *  *  t  *  *  I  I  *  *  *  i   * I  *  +  *   *  I  A  ,  *  I  I  I  *  *  ,  1  I *  + *  *  I  A   * I   I   I  -Jt  *  *  ,-

sU}t{oull,\=      MULrlpLti     (rt{ACE:,     Nui`'J!i     `Ji      o)

RF-AL            IRAC{`(25i4000)i       A(40Ul)Jo      Lil{10!!OJi      Pi      Cxi      CY.      MUIT{40(3C}
INT[3E!i         J.     NUMi     I.     L.      LEN
CHAJ`AC]='`{11      AN``

WRIT`E(..I)''r)0      YOU     hAi`Jr      TRAN,rj,`il``-;`-.[ON`j      loss[S     AND     MULTIPLE:S     CjLCul.AT~
qEAO     (,,€)     ANS

DO     8    K     =      I,     J

RE  TIJ R N

!iJ0     CALCULATION    f-OR      E{`CH      IRAC=

INIT[ALIzi=      'J|,{|&PLr.L:
***  1**  1  *  *  ** ** *+  ***  +***  *  ** ,  *  *  *  ** * **  **  *  ***  *  *+* * *** *+\  \*  ,**  **  *  .*+* * +

r

tNUM

SrT     INITIAL     Pr)LYNONIAL
I-I . I I *  I I I *  I I * * * * * I  * I + I I I * * * , -I  * I *. * * I I  *  * * * I * * * * * * * * t-I I I  * * * * *  I  I * * I  I

A{l}     =      1/(1+T`RACF(K.I)}
R(1)     =     fRAci(K|l}/tl+rR4Cr~.(Kil)J

13E!3[N     MATFIX     Pt)LYNONIAL     CALCULATION
+ * * **  1 *  *  *  1  * *  *  * ,  **  * * * *  * * * * * *  *  *-\  \  ** * * *  * * * *  *  ,*.\ *  * ,  * **  * *  * *  *  **  *  1 *** +

on     iij`)     I     =     2.     NUN
LEN      =      Lf_N      +      2

r£LCUIATE     i-LFMFNT      1.1      AtuD     Ll,_ipr;rL=NT     i]$1



f
C
C
C

Y=A

L)=

I)/(I+i,.,4r      (I(,I))
TRAcr.  tK  i  I  )  J

|f-N,'±     `
I  TR  AC(    (  K  t  I  )  /t  1  +I  }<  AC  L  {  K

L  ) /  (  i  + I R A C i  { H i  I )  I  + (', ( 1 -
L-'?)     =     r`X

+ I R A \r`, ,I .  (
(  I   +  rL'  AC

(: ,J i4   I   I  N  1;  ``-

cALcuLATL-LAST     cc€r+IclffjT    Fi)R     ?,1     [LEMrhaT
*  *  *  \  *  *  ,  *  ,  ,  *  ***  *  *\  *  k**  *  1  ***  *  *  **  \  +*  *  *  *  *,*  *  *  *\*  *  **  *  **  \\  *  *  *  +*  \  \*  **  *

L-?(LEN}       =       CX

C 0rt  T  I N 1 `:

!TNr)     pOLyhciil,AL     cALcui.ATION
FINE)     Ip,puL`{j:.I     Rr.spONst.=     rljNCTION     !}y     i  lLTEHlri`i;
*  I t * I I  *  (  +  *  * * * *  * I 1 I  I * I *  .*  * * I * * I  * + *  * t I * I  I  *  * -J  1  A ,  I  I * I  I * I  * a  * I +  * +  I  , I I  I  *

loo       foNTI

8

4 ij ()

* Ml;L T ( K  i  I-L +  1 ) /A {  i )

TRAhsF=R      EARTH     .IMPULSE      il:I.=SP`}NST      BACK      T0     RC     ARRAY
+ * *  1  \ +  * -i,  *  *  .* * *  ,  *  *  * *  *  * * *  \ .+ *  \ * , *  *+  *  * *  * * *  * * + *  * * *  *  * * , * * ,  **  * * * * *  \  + + * * *

r)0    I    =    1,    Nlm*2
I,3AC€(K7I}     =     MULT{I)

i,'D   00

zERo     I^Ir]Ai    ftE.FLECT|iiN    AT     Top    nF     Su,lF¢Cc~
*.\ * * * \  * *  * 1  * ** * * * ** * * * *  ,**  **  * * **  *  *+  *  i *  *+  *  ** ** \ * ** * ** **  \ **  \* +  * * * * *

TRACE(Kill     =     0-a
C n N T I N U I.





\`.

C
C
r`

}iRi1`:ttal       IC      cR[ATti.      A     :i+iLx      UA.TH      rlu        f:HOM      A      r,lNt;Li,       U';L.,i      I,`jp`JT
FILE.          Plc(,t{Apr,     Cr,NV[13rs     i)[}Jlrt-V[L;)CITy     llAIl{f`,INTO     .   5     MIl.L{-
t;I(:CtN!)       rlpr`,-v:.LOCIly     ;I,.`lRS.        `Nr`      H^`;      Ah      CPTI()N      Ti)      CALCul.ArtL

MUL  I  IP|  : S  ,
IN{''lJT     CATA     fill      Musl     i)I     IN     I--12..-it?XiFl.I..i      F(JRMAl.

* * *  *  ,  *  \  1  *  * *  *  *  ,  *  *  *  \  *  *  * +  \  ,  +  *  ,  *  *  *  \  *  i +  \  * .\  *  ,  *  *  *  1  *  * *  * *  *  , k  * L  i  *  *  * *  *  *  ,  * + -\

zrAi           l|M1,       TIM,?,      F-.ill.I      I).j`',--ti       TTt      J`r:(4000)I      yfLl.     \/=1_2
pE-AL         tylNTvi_L2,      INTv,Ill.     INrv[L:.i,     LttjTof.p.      TripDEp,    Ms=ci,     ,MSEc2
ri`rAi.         [Ep]NTVL
cH4t3Aci:'`.to         FliNt.M,     OurFILi=
INH:GEd         SAMPLNut/.     0

+i(Ii*)      "WHAT     IS     THt--i)=:Prfi     VS.     TRANSIT-TIME     FILE     rJAiap:r?     ---I.
3)     FILhAM

I.Li}{AT     L`o     rnu    hiit'.jT     y(tuR     spFx    ouTpijT    FILL    ,i`iAii,-=o?      ---'1
0uTFIL=

OPEN     D!l!     FILE      -a`NC     ;`'.=Arj     Flr``:;T     U!=PTH     AN[     I,1aNSIT     TIMrT     ViLIJf:S.
***** £  \ *  *  , ***** *  ** **** * * * \-\ \*  ***  **+* *** ,* *  ******  * ** ** * **  **  *  ,* **  *

oiT=N     (I,     i.[L[=+-ILNAlii      rt;_CFM=.'Dstti     I;ii=2q8)
oP[f{     {22,     FILE.=`?UTFIIE.STATtFS.=uWFwtt,rtfcFtl=lIL)yNAnglcn,
&                                                               F0rlM="lJNFi)!tMATTED''tMCCE=''i3INARYnt€;t3=238}
?=l.fJ     {1i     10lo     =ND`=290.      r.+lR=?99)      D,TF£'i      TT

101        FOR#AT{F12.5i2XtF1?.5}

CILCULal=     VELurs     F0tt.    F|f`ST    I..+¥r2`.
I JL I * * *  I -I * I * * * I * I I.* I * -I * * I t t * , -I .I * ar Jr * * t  I * I * I I I * * I * * * I  + I * + I * * * .I I I I I

C(1)      -=      0.(:
P2

C8000.0/TT



rJF`AL;      N.'jtT       u,    PTH,       TitAN;IT-riMt        t-`Ali{       AWL;      cALcuLAri_        VAL,jE-_i.
*  *  I  ,  *  *   ,,,,  *  ,  *  I  I  *  I  I  *  *  1  *  *  A  I  I  I  *  ,   *  ,   *  * I  1  I  ar   I  *  I  I  *  a  *  *  *  1  I  *  I *  A  I  ,  *  ,  I  I   ,-  11  I  *  I   *

i)=290i,`-J{lt-:2qr/)      |)'`[.'}:'i       I-I

0+( r' i_` P i  ) , V i L  I  )
lM?      .ut=.     MSEcf'))      lHEN
-TIM1)

Tot--I,      -        I_I)PL),--P
FINTVL      .     2)/     .ji)r)I-1
oE.    o.ut    Rcil)=tlilrvL-L2-INTVEii./{[NTVL-L?+IhTVEL1)

PLNUH     .=     I

OPTIONAL     CALCuLATIO`N    0F    iluLTIPLS=S.
***\ **  ,  , *  1*** ***  * , ****  *  \ ** *  *-* *\ * ** * * *  ** **  ,  **** **  **\ *,*\*  **  *  \***+

CALL     MLLTIPL[     {Rci     NUN.     Q}

RFF{]i3MiT     I.iT4     INTO     3ri.=x-coFit`\TFiLF.     L-ILF.
SUBRCUTIN=    SYNGEN     IS     SIMILAR     T0    SUBROUTIN[    TAPEG[N.

*** \*\  \ \ *  **** ** *  ***\* ,  \**  ***-*  *,  * **  * * \  * **  **  *** * * \  ***  +* * ** *,  *  ****  ,

L| lNGEN     {Rci     NUN.     0)

)    aTROUElr    IN     0r'[Nliv(;    rlL[...CHl=CK    iicci:SSI`ilLITY''

1}     ''TROUBLf-IN    REAL)1N(i     DATA...IS     FORMAT     Ii`.I    F1,2.5.2X.F12.5?

.]01'     OuTFILE
`'    YOUR    SPEX    FIL_    Ii        --tlA)
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