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INTRODUCTION

Tbe  purpose  of  tbis  researeb  is  to  provide  a  regional  assessment  of

tbe  geothermal  energy  potential  for  Kansas,  using  both  of  geological  and

geophysical  information.     In  addition  to  evaluation  of  low  temperature  geo-

tbermal  resource  areas  for  tbe  state,   information  obtained  on  the  geology

of  the  Precambrian  basement  rocks  may  provide  tbe  basiis  for  future  geologi-

cal  and  geophysical. studies  for  the  Midcontinent.

METHOD   OF   INVESTIGATION

Tbis  report.  includes  tbe  following  regional  geological  and  geophysical

studies :

1a  -  establishment  of  a  geothermal  gradient  data  base  from  approximately
45,000  bottom  bole  telnperatures  recorded  from  well  logs  and  interpre-
tation  of  tbis  data  in  tens  of  regional  geology,

L

lb  -  establisinent  and  interpretation  of  a  second  data  base  of  geothermal
gradients  from  thermal  logging  data  from  144  "holes  of  opportunity"  in
the  state  under  the  auspices  of  Dr.  I)on  Steeples  and  Sandra  Stavnes  of
tbe  Kansas  Geological  Survey,

2    -  detailed  evaluation  of  beat  flow  and  geothermal  potential  for  Kansas
on  tbe  basis  of  data  from  nine  holes  carried  out.  under  the  auspices  of
Dr.  David  Blackwell  and  Jolm  Steele  of  Southern Metbodist  University,

3    -  development  of  a  tbermal  conductivity  probe  tbat  could  be  used  both
in  situ  and  in  the  laboratory  by  Dr.  Marios  Sopbocleous  and  Mitchell
E=1IiE  tbe  Kansas  Geological  Survey,

4    -  aquisition  and  analyses  of  aeromagnetic  and  gravity  (southeastern
Kansas)  data  for  Kansas  carried  out  under  the  auspices  of  I)r.  .Harold
Yarger  and  George  Lam  (gravity)   of  the  Kansas  Geological  Sur`vey,

5     -  paleomagnetic:  investigation  of  two  Precambrian  basement  cores  f ron
KGS-USGS  observation  boles  located  in  northeastern  Kansas  carried  out
under  the  auspices  of  Dr.  Ken  Kodama  of  Lebigh  University,

6    -  evaluation  of  the  silica  geothermometer  technique  with  special  con-
sideration  for  tbe  postulated  heat  flow  anomaly  in  northwestern Kansas
(Swanberg  and  Morgan,   1979)   carried  out  under  the  auspices  of  Dr.   Don
Whittemo`re  and  Nelda  Roehl  of  the  Kansas  Geological  Survey.
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Abstracts  for  these  studies  follow:

GEOTHERMAI,   GRADIENT   VALUES   FOR  KANSAS   FROM   BOTTOM  HOLE   TEMPERATTJRES   AND
TRERMAL  LOGGING  DATA

A  United  St:tes  Department  of  Energy  sponsored  geothermal  resource  survey

for  tbe  State  of  Kansas  was  undertaken  in  1979.    Ibis  paper  is  a  partial

summary  of  tbat  survey.    Tbe  purpose  of  tbis  study  was  to  investigate  tie  sub-

surf`ace  temperature  distribut,ion  for  the  state  and  to  explain  any  geographic

variation  observed.

Geotbemal  gradient  values  are  extrapolated  from  bottom  bole  temper-

atures  recorded  on  oil  and  gas  well  logs.     Thes.e  gradients  are  used  to

delineate  general  geotbermal  trends  which  were  examined  in  the  field  by

themal  1ogging.    The  results  of  the  tbermal  logging  indicate  that  geo-

thermal  gradient's  for  tbe  stat.e  range  from  25  °C/Kin  to  55  °C/Kin.

Variations  in  the  geotbermal  gradient  data  for  Kansas  appear  to  be

controlled  by:

1)     topograptry  of  tbe  crystalline  basement  surface

2)    variations  in  rates  of  heat  production  in  tbe  crystalline
basement,  presumably,  but  not  necessarily,   resulting  from
variations  in  basement  rock  type

3)    variation  in  thermal  conductivity  in  the  sedimentary
section,

4)    possible  convection  eastward  and  upward  from  the
Denver-Julesberg  Basin.

The  effects  of  factor  1  are  most  evident  statewide  (i.e.,,  thousands  of

square  miles)  whereas  those  for  factors  2,   3  and  4  are  evident  over

smaller  areas  for  which  factor  1  is  essentially  invariant.
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HEAT  FLOW  AND   GEOTIERMAI,   POTENTIAL  OF  KANSAS

Temperature,  themal  conductivity  measurements  and  heat  flow  valu.es  are

presented  for  four  boles  originally  drilled  for  water  resources  investigations

by  tbe  U.S.   and  Kansas  Geological  Surveys.     These  boles  cut  most  of  tbe

sedimentary  section  and  were  eased  and  allowed  to  reacb  temperature  equilib-

rium.     Several  types  of  geophysical  logs  were  also  run  for  these  boles.

Temperature  data  from  an  additional  five  wells  are  also  presented.     Temper-

at.ure  gradients.  in  tbe  sedimentary  sect.ion vary  over  a  large  range  (over  4:i),

and  there  are  significantly  different  temperatures  at  the  same  depth  in
I

different  portions  of  the  state.    Temperatures  as  high  -as  34°C  occur  at  a

deptb  of  500  in  in  the  soutb-central  portion  of  tbe  state  and  28°C  or  lower

in  otber  parts  of  the  State.     In  addition  to  cuttings  measurements,  tbermal

conductivities  were  estimated  from  geophysical  well  log  parameters;   tbe  results

are  useful  and  more  use  of  the  technique  is  suggested.     Using  these  results

geophysical  well  logs  can  be  used  to  predict  temperatures  as  a  function  of

depth  in  areas  for  which  Ilo  temperatures  are  avail.able  if  heat  flow  is  assumed.

The  extreme  variation  in  gradients  observed  in  tbe  holes  occur  because  of

the  large  contrast  in  thermal  conductivity  values.    Shale  thermal  conductivity

values  appear  to  bave  been  overestimated  in  the  past  and  the  Paleozoic  shales

in  Kansas  b.ave  thermal  conductivity  values  of  about  1.18  +  0.03  Win-LK-1.

On  the  higb  side,  evaporite  and  dolomite  units  have  thermal  conductivities

of  over  4  Win-]K-1.     In  spite  of  the  large  variations  of  gradient  the  heat

flow  values  tbroughout  tbe  boles  do  not  vary  more  than  10. per  cent  and  any

water  flo.w  effects  which  might  be  present  due  to  the  lateral  motion  on  any

of  the  aquifers  are  less  than  10  per  cent.    The  best  estimates  for  heat  flow
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in  the  four  holes  come  from  the  carbonate  units  below  the  base  of  tbe  Pem-

sylvaniaa  aad  the  values  range  from  48  mwm-2  to  62  mwm:2.     Two  of  the  holes

were  drilled  to  basement  and  correlation  of  tbe  beat  flow  witb  tbe  basement

radioactivity  suggests  tbat  tbe  heat  flow-heat  production  line  postulated

for  tbe  Midcontinent  by  Roy ££ e|  (1968a)  applies  to  these  data.     Because  of

tbe  low  tbermal  conductivity  of  the  shales  the  radiogenic  pluton  concept

sbould  apply  to  the  Midcontinent.    Thus  if  very  radioactive  plutons  can  be

ident.ified,  muck  nigher  temperatures  may  occur  in  the  sedimentary  section

tban  bas  been  tbought  possible  in  tbe  past.    However,  the  past  overestimation

of  shale  conductivity  values  suggests  tbat  some  previous  higb  heat  flow  values

in  tbe  Midcontinent  are  probably  not  correct  and  the  high  gradients  are

merely  due  instead  to  nomal  beat  flow  and  very  low  r.hermal  conductivity

values.     In  spite  of  its  presence  in  the  Midcontinent  region  there  could  be

significant  use  of  geothermal  energy  in  Kansas  for  space  heating,   thermal

assistance  and  beat  pump  applications  because  tbe  temperatures  in  tbe  sedimen-

tary  section  in  much  of  Kansas  are  in  excess  of  40°C.

DEVELOplflNT   OF  A  LOW  COST  TIEREAI,   CONDUCTIVITY  PROBE

I,ow  cost  tbermal  conductivity  probes  were  developed  that  could  be  used

in  situ  and  in  tbe  laboratory.    These  cylindrical  type  probes  were  calibrated

.   by  comparing  thermal  conductivity  measurements  obtained  in  Ottawa  sand  to

those  available  for  Ottawa  sand  in  the  literature.     Cylindrical  probes  are

most  suited  for  soft  rock  tbermal  conductivity  measurenents  where  tbe  probe

can  be  inserted  into  tbe  sediments  witb  little  effort.    However,   it  was  found

tbat  reliable  measurements  were  obtained  in  the  1.aboratory  f ron  dolomite  core

from  the  Arbuckle  Group.     A  hole  was  drilled  in  the  center  of  tbe  core  the    `
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diameter  of  tbe  probe  and  the  probe  was  inserted.     Thermal  c:onduc:tivity  meas-

urements  obtained  were  compatible  with  tbose  obtained  by  Blackwell  and  Steele

(Chapter  3,  tbis|`report)  for  similar  dolomite  samples  from  tbe  Arbuckle  Group

in. Kansas .

REGIONAI,   INTERPRETATION  OF  KANSAS   AERORAGRETIC   DATA

Tbe  Kansas  Geological  Survey  has  completed  a  72,000  line  kilometer

aeromagnetic  survey  of  the  state.    Tbe  total  intensity  magnetic  field  contour

map,  along  witb  spe.ctrally  filtered.v.ersions,  provide  a  better.understand-

ing  of  basement  composition  and  paleotectonics  within  the  state,.

The  magnetic  data  indicate  that  the  southern  part  of  the  Proterozoic

Central  North  American  Rift  System  (CNARS)   does  Ilot  terminate  in  central

Kansas  but  continues  along  a  soutbeastem  trend  to  at  least  the  Oklaboma

border.     Some  of  the  current  seismicity  witbin  the  state  appears  to  be  cor-

related  witb  reactivated  faults  within  CNARS.

Tbere  are  indications  of  a  distinct  (paleoplate?)  boundary  between  the

1600-1700  in.y.   old  mesozonal  granitic  terrane  to  tbe  nortb  and  the   1400  in.y.

old  epizonal  granitic  terrane  to  the  soutb.

Tbere  are  nulnerous  higbly  magnetic  shallow  granitic  plutons,   several

known  from  drilling  to  be  1350  in.y.   old,   embedded  in  tbe  older  granitic

crust  in  nortbeastern  Kansas.

PALEORAGRETIC   RESULTS   FROM  TEE   0SAWATOMIE   CORE   AND   BIG   SPRINGS   CORE,   KANSAS

Paleomagnetic  studies  of  nine  independently  oriented  samples  from  a

core  drilled  into  the  Precambrian  basement  rocks  at  an  aeromagnetic  high

near  Osawatomie,  Kansas  and  four  samples   from  a  basement  core  drilled  at
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a  separate  aeromagnetic  bigb  near  Big  Springs,  Kansas  suggest  that  these

rocks  are  magnetic  enougb  to  produce  the  observed  total  field  anomalies.

Tbe  cbaracterist~ic  directions  derived  from  Zijderveld  plots  of  the  alter-

nating  field  demagnetization  data  nave  inclinations   (Osawatomie  I  =  -20.5°,

Big  Springs  I  =  51.5°)  whicb  agree  reasonably  well  witb  tbe  radiometric

ages   (1355  in.y.b.p.)   for  these  rocks  based  on  Irving  and  MCGlynn's   (1976)

apparent  polar  wander  path  for  the  North  American  Precambrian.     The  dif-

ference  in  meal  inclinations  for  tbe  two  cores,  bowever,   does  suggest  tbat

tbere  may  be  a  50-80  in.y.   difference  in  the  cooling  age  of  the  two  intrusive

bodies.     Steep  NRM  inclinations  in  most  of  the  Osawatomie  samples  and  some

of'  the  Big  Springs  samples  suggest  the  presence  of  an  IBM  in  the  rocks  which

may  Have  been  acquired  during  drilling.     This  could  indicate  that  the  in  situ

NRM  intensity  for  the  Osawatomie  core  may  be  less  than  the  measured  NRM

intensity  by  a  factor  of  two.

GRAVITY  REASUREMENIS   IN  KANSAS

Approximately  16,000  new  gravity  measurements  nave  been  taken  in

Kansas  in  recent  years.     The  average  spacing  in  eastern  Kansas  i§  one  mile

east-west  by  four  miles  nortb-soutb  and  in  western  Kansas  is  one  mile  east-

west  by  two  miles  north-soutb.     Bouger  gravity  maps  of  the  first  6.000  points

reveal  numerous  basement  related  anomalies  not  apparent  in  the  earlier

statewide  Bouger  gravity  map   (Woolard,1958).     A  new  gravity  map  of  entire

eastern  Kansas  will  be  completed  by  fall,   1982.     Approximately  15,000  ad-

ditional  measurenents  will  be  taken  in  western Kansas  during  the  next  two

years  with  a  new  map  expected  in  1984.     These  new  data  are  proving  very

useful  in  the  study  of  basement  litbology  and  tectonics.

-6-



GEOT}ERMAL  MAPPING   0F  RESTERN  KANSAS   BASED   0N   CREMIL`AI,   GEOTIERMORETERS

Geothemal  temperatures  were  computed  from  five  chemical

geothermometers  i.or  approximately  1,200  irrigation  well  waters  from

tbe  broad,  unconsolidated  aquifers  in  the  western  two-thirds  of  Kansas.

Tbe  cbalcedony  and  Na-K-Ca  geothermoneters  gave  tbe  most  reasonable

temperatures,   altbough  ranging  widely  between  3-88°C.    Higber

temperatures  computed  from  both  equations  were  distributed  throughout

northwestern Kansas  and  extended  into  the  west-central  part  of  tbe

state.     Quartz  and  Na/K  geothermometer  temperatures  were  unreasonably

nigh  and  many  temperatures  from  a  Na-K-Ca  geothermometer  modified

for  carbon  dioxide  were  below  0°C.     The  correlation  between  chalcedony

geotbemometer  temperature  and  §ubsurface  temperatures` at  300  meters

derived  from  tbermal  1ogging  of  boreholes  is  statistically  highly

significant;  the  correlation  coefficient  is  0.68.    However,  the

geocbemistry  of  sediments  in  the  aquifers,  whicb  are  less  tban

200  meters  in  deptb,   is  probably  a  much  more  important  control  on

dissolved  silica  and  cation  concentrations  tban  temperatures  underneath

the  aquifers.    The  Pliocene  strata  of  the  Ogallala  aquifer  generally

contain  a  greater  percentage  of  volcanic  ash  than  tbe  Pleistocene

sediments  across  Kansas.     I,arger  deposits  of  silicified  rock  cemented

witb  opal,   (derived  from  ask .leaching) ,   occur  more  frequently  in  the
I

northern  part  than  elsewhere  in  the  Ogallala  Formation  of  western  Kansas.

The  greater  volumes  of  ask  and  opal,   (containing  silica  more  soluble  than

chalcedony  and  quartz),  give  rise  to  the  higber  silica  concentrations  in

groundwaters  Qf  northwest  and  parts  of  west-central  Kansas.     Leaching
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of  tbe  potassium-rick  ash  and  feldspar  in  tbe  Ogallala  aquifer  could

also  explain  a  similar  distribution  of  higher  ratios  of  dissolved

potassium  to  bigber  total  dissolved  solids.



REGIONAL   GEOLOGY

Kansas,1ocat;-d  in  tbe  Midcontinent  of  the  United  States,   is  geo-

grapbically  part  of  tbe  "Central  Stable  Region"   (Merriam,1963,  p.14).

There  bave  been  no  major  tectonic  events  in  Kansas  since.late  Paleozoic

time .

PIIANEROZOIC   GE01,OGY   (after  Merriam,   1963)

All  Pbanerozoic  geologic  syst.ems  are  represented  in  Kansas.     However,

nowbere  in  tbe  state. is  tbe  geologic  section  complete.     Phanerozoic  strata

reacb  a  maximum  tbickness  of  tbree  kilometers  in  the  Hugoton  Embayment  of
1

the  Anadarko  Basin  in 'southwestern  Kaisas   (Figure  1-1).     Overall,   the  Pbanero-

zoic  stratigrapbic  section  is  relatively  tbin  (several  buadreds  of  meters)

and  the  strtlcture  is  simple  (strata  are  essentially  flat.-lying).

Cenozoic  deposits  occur  mainly  in  the  western  balf  of  the  state.    They

consist  primarily  of  semi-and  unconsolidated  terrigenous  sediments.     Rocks

of  Mesozoic  age  are  als6  confined  to  western  Kansas  and  consist  predomin-

antly  of  shale  witb  some  carbonate.     A  widespread  erosional  episode  prior

to  deposition  of  the  Ogallala  Formation  (Tertiary)   removed  rocks  of  Mesozoic

age  from  eastern  Kansas.

Tbe  Permiaa  (western  four-fifths  of  the  state)  and  Pemsylvanian

(entire  state)  systems  consist-of  alternating  marine  and  non-marine  car-

bonate  and  shale.    Mississippian  units  are  present  tbrougbout  muck  of  east-

ern  Kansas  except  over  basement  topographic  highs.     Silurian  and  Devonian

roc{s  are  confined  to  nortbem  and  nortbeastem  Kansas,  wbereas  Cambro-

Ordovician  rocks` occur  everywhere  in  the  subsurface  excel)t  over  portions
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of  tbe  Nemaba  Ridge  aad  tbe  Central  Kansas  Uplift.     Pre  -  Pennsylvanian

rocks  in  Kansas  are  predominantly  carbonate.

Major  unconfomities  in  Kansas  occ:ur  between  tbe  Mesozoic  and  Paleo-

zoic,  Pemsylvanian  and  Mississippian,,  Mississippian  (following  deposition

of  tbe  Cbattanooga  Sbale)   and  Devonian,  .and  tbe  Paleozoic  and  Precambrian.

PHAREROZ0IC   IGNEOUS   ACTIVITY

Pbanerozoic  igneous  activity  in Kansas  is  limited  to  two  possibly

related  localities.    At  least  six  kimberlite.bodies  are  known  to  exist  in

Riley  County  in  nortbeastem  Kansas   (Figure  1-2.)  witb  more  likely  to  be

found  in  the  future.    Based  on petrologic  evidence,  geometry  (inferred  from

magnetic  and  wtell  data)  and  .the  pres;nee  of  xenoliths,  Brookins   (.1970). esti-

mated  tbat  final  emplacernent.occurred  in  post  -Dakota/pre  -Graneros  time

(late  early  Cretaceous  -  maximum.  of  120  +  10  in.y.   ago)   at  temperatures

between  70  and  150  °C.     No  nigh-temperature,   contact  lnetamorpbic  effects

have  been  observed  in  tbe.lower  Permian  carbonate   (Ft.  Riley  Limestone  -

Cbase  Group)   country  rocks  and  xenoliths  of  Pbanerozoic  sedimentary  rocks

sbow  only  minor  alteration  effects  from  tbe  kimberlite  magma.     Tbese  obser-

vations  suggest  that  tbere  was  rapid  injection  into  the  near-surface  locus

of  final  cooling   (Brookins  and  Meyer,1974).

Tbe  second  area  in  which  Phanerozoic  igneous  activity  occurred  is  in

soutbem  Woodson  County  about  200  kilometers  southeast  of  the  Riley  County

kimberlites   (Figure  1-2).    Here  two  alkaline  ultranafic  (peridotitic)  bodies

Have  intruded  the  local  upper  Pennsylvanian  strata,   forming  structural  features

known  as  the  Rose  and  Silver  City  domes.     Both  of  these  peridotitic  bodies,

whic:h  are  probably  genetically  relatied,  were  emplaced  in  middle  Cretaceous
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time,   approximately  90 .in.y.   ago   (Zartman  e±  ±|,1967).     At  Rose  Dome,   grani-

tic  xenolitbs  of  Precambrian  age  (1400  in.y.)  were  apparently  incorporated  into

the  peridotitic  magma  and  eventually  brougbt  c:loser  to  tbe  surface  (.Bickford
Lb

££  ±|,1981).    As  a  result  of  inclusion  in  the  magma,  the  xenolitbs  were

partially  melted  and  retain  both  nigh  and  low  temperature  pbases  of  feldspars

(bigb-sanidine  and  microcline;  higb-albite  and  low-albite;  Franks  s± ±i,

1971).     Contact  netamorpbic  effec:ts  are  also  present  in  the  count.ry  rock

(Weston  Sbale  -Douglas  Group;   Stanton  Limestone  -upper  Kansas  City  Group).

On  tbe  basis  of  this  evidenc:e,  Franks  et  al   (1971)   concluded  that  tbe  Rose

and  Silver  City  Domes  were  probably  emplaced  at  relatively  high  tempera-

tures  on  the  order  of  8oo  °C.

Tbe  emplacement  mechanisms  of  the  Riley  County  kimberlites  and  tbe

Woodson  County  peridotites  were  certainly  different   (Brookins,1970).

I|owever,  botb  the  kimberlites  and  the  peridotites  are  of  Cretaceous  age,

both .are  ultramafic  in  conpositio.n  and  probably  originated  in  tbe  upper

mantle,  and  both  occur  in  eastern  Kansas  and  are  the  only  Phanerozoic

igneous  events  known  in  tbe  state.     Because  of  tbeir  age,   tbey  are  liot

likely  to  affect  tbe  present  geothermal  gradient  other  than  in  a  passive

sense,   i.e. ,   as  tbermal  conductivit.y  anomalies,   or  by  providing  fractured

pathways  to  tbe  surface  for  geotbermal  fluids.

PRECAMBRIAN   BASEMENT   COMPLEX

Recent  studies  of  the  Precambrian  basement  complex  in  Kansas   (Muebl-

berger  e±  e±,   1966;   I,idiak,   1972;   Van  Schmus  and  Bickford,   1981;   Bickford

£± ±|,   1981.;  Denison  £E  ±|,   in  press)  have  found  it  to  be  a  more  diverse

roc:k  assembla.ge  than  imagined  by  previous  investigators.     As  the  data  avai-
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1able  include  geophysical  malts   (aeromagnetic  and  gravity  surveys)  only,

limited  core  and  cutting  samples  and  attempted  correlation  witb  exposed

Precambrian  rocks  outside  the  state,  only  major  distinctions  in  basement
^1

rock  type  and  strticture  can  be  discerned.     The  Precambrian  complex  in

Kansas  can  be  generally  divided  into  a  northerL,   older   (1630  in.y.)  terrane

(Figure  1-3)  and  a  younger  terrane  (Bickford  e±  i,   1981)   ranging  from  1350

in.y.   to  1480  in.y.   ih  age,   in  the  southern  one-tbird  of  the  state  (Figure  1-4).

Bickford  £E 3|  (1979)   recently  compiled  a  basement-rock-type  map  of

Kansas  afld  adjacent  Midcoritinent  states,  based  on  available  basement  well

saxples  (Figures  1-3  and  1-4).     Tbe  Kansas  port.ion  of  this  riap  is  based

on  a  study  of  more  t.hall  800  t.bin  sections  from  basement  well  samples.

The basement  t.erraDe  in northern Kansas  is  cbaract.erized  by  grarit.ic  €o

quart.z  moazonitic  iflt.msitre  rock,  est.imat.ed  t.o  bave  been  explaced  a€  depths

of  6.5  t.o  13  in.    These  mesozonal  rocks  oft.en  bat-e  cataclastic  t.a  e=t.eflsively

sbeared  text.ures,  partic:ularly  along  tbe  Nemaha  Ridge.     Zircon  dates   {U/.Pb)

in  nortbeastem  Kansas  and  northwestern  Missouri  indicate  an  age  of  1625  in.y.

for  tbis  terrane.     In  contrast,  basement  wells  in  soutbem  Kansas  reveal

silicic  volcanic  rocks  and  associated  shallowly  empl.aced  granite.     These

volcanic  and  epizonal  rocks  are  not  cataclasti.cally  deformed  and  nave  a  nomi-

rLal  age  of   1400  in.y.

Tbe  dominant  rock  types  in  the  northern  area  range  in  c:omposition

from  granite  to  granodiorite  and  are,   at  most,  moderately  foliated.,    Meta-

morphic  rocks  in  this  area  occ:ur  either  as  isolated  bodies  with  diameters

on  the  order  of  several  kilometers  or  in  distinct  belts  several  tens  of

kilometers  long.

-12-



Tbe  soutbem  terrane  consists  mostly  o±.  rhyolitic  to  dacitic  volcanic

rocks  whicb  are  associated  witb  granitic  plutons.    U-Pb  measurements  of

zircons  indicate  that  tbese  rocks  were  formed  1350  n.y.   to  1500  in.y.   ago

(Bickford  £±  ±|,1981).     Sedimentary  rocks  are  ra.re  and  there  are  almost  no

mafic  igneous  rocks  in  tbis  area.

Tbe  Midcontinent  Geopbysical  Anomaly   (MGA) ,   a  major  magnetic  and  gravity

anomaly  in  the  nortber;  terrane,   (Figure  1-3),  trends.  northeasterly  and  can

be  traced  to  Mimesota.     It  is  inferred  tbat  mafic  igneous  rocks  present

in  the  subsurface  are  responsible  for  the  anomaly  and  that  these  rocks  are

probably  related  to  tbe  KEweenawan  basalts  whicb  outcrop  in  Minnesota

adjacent  to  and  along  tbe  trend  bf  tbe  MGA.     Unpublisbed  data  from  tbe.

Consortium  for  Continental  Reflection  Profiling  (COCORP)   indicate  tbat

basalt  flows  as  thick  as  5  kilometers  are  present,   in  the  subsurface,  along

the  axis  of  tbe  MGA  in  nortb  central  Kansas.     Tbe  Keweenawan  basalts  are

approximatel}  1100  in.y.   old   (Goldicb  sE  ±|,   1961;   Silver  and  Green,   1972;

Chaudburi  and  Faure,1967;   Van  Schmus,1971).     The  areal  persistence  and

geometry  of  the  MGA  and  the  subsurface  proximity  of  Precambrian(?)   sediL

mentary  rocks  designated  Rice  Formation  (Scott,   1966)   in  Kansas  adjacent  to

the  napped  area  of  tbe  MGA  has  led  most  investigators  to  conclude  that  this

feature  represents  a  failed,  late-Proterozoic:  rift  system  designated  the

Central  North  American  Rift  System   (CHARS;   Ocola  and  Meyer,1973).

The  Nemaha  Ridge,  which  extends  in  Kansas   from  Nemaba  County  to  Sunner

County  (Figures  1-3  and  1-4),   consists  of  granitic  rocks  that  are  faul.t  bounded

on  the  east  side  (Hunboldt  Fault  Zone)  with  more  tban  800  meters  of  vertical

displacement.    These  rocks  probably  represent  deeper  crustal  material  that
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moved  up  along  faults  in  tbe  basement  and  was  exposed  to  erosion  during

Paleozoic  time.    Xenolith  pebbles  of  granite  have  been  found  in  cores  of

lower  Paleozoic`aged  rocks  from  proprietary  riells  along  tbe  west  flank  of

tbe  Nemaba  Ridge  in  northeastern Kansas.     At  present,   tbe  Nemaba  Ridge  comes

to  witbin  180  meters  of  the  surface  in  Nelnaba  County  (Cole,1976).     The

configuration  of  tbe  Precambrian  surface  (Figure  5-10)  exbibits  a  north-

easterly  trending  grain  in  a  swatb  tbrough  Kansas  approximately  90  miles

wide.     Outside  tbis  zone  the  prevailing  grain  trends  northwest.

Tbe  Central  Kansas  Uplift  is  a  broad  region  in  wbich  basement  rocks

nave  been  moved  upward  and  whicb  is  characterized  by  fault  zones  and  cata-

clasisi    Tbe  feature  is  evidently  coextensive  with  the  Cambridge  Arch  in

Nebraska.     Although  tbe  Central  Kansas  Uplift  was  active  during  the

Pa|eozoic,  little  is  known  about  its  Precambrian  history.    A  relatively

higb  level  of  microearthquake  activity  (more  than  20  events  per  year

larger  than  fagnitude  1)  occurs  along  tbis  structural  trend  (Steeples,1980).

The  Forest  City  Basin  is  located  mostly  in  Iowa,  Missouri  and  Nebraska.

The  southwestern  corner,  which  is  the  deepest  part  of  the  basin,  lies  in
I

ndrtbeastem  Kansas  and  is  bounded  on  the  west  by  the  Nemaha  Ridge.     The

Cberokee  Basin  in  soutbeastern  Kansas  and  northeastern  Oklaboma  c:ould  be

considered  a  sballow  southern  extension  of  the  Forest  City  Basin.     However,

a  mildly  positive  feature,  the  Bourbon Arch,   separates  the  two  basins.

Tbe  southern  end  of  tbe  Salina  Basin,  whicb  is  its  deepest  part,   lies

in  nortb  central  Kansas.     In  Kansas  it  is  bounded  on  the  east  by  the  Nemaba

Ridge  and  on  tbe  west  by  the  Central  Kansas  Uplift.     It  terminates  to  the

south  at  an  urmamed  saddle.     Before  post-Mississippian  deformation,   it  formed
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|]art  of  the  larger  ancestral  Nortb  Kansas  Basin.     The  maximum  thickness  of

sediment  found  in  tbe  basin  is  1400  in  (Merriam,1963).     To  the  south  lies

the  Sedgwick  Basin,  whicb  is  a  tiortbem  sbelf  extension  of  the  large  Anadar-

ko  Basin  in  Oklahoma.     Tbe  Hugoton  Emttayment  which  covers  much  of  western

Kansas  is  also  an  extension  of  the  muck  deeper  Anadarko  Basin  in  Oklahoma.    I
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Fit.CURE   CAPTIONS

FIGURE     1-1:     Location  map  of  major  structural  features  in  Kansas
(after  Paul  £E  ±|,1979).

•\

F.IGURE     1-2:     I,ocation  map  of  Pbanerozoic  igneous  events   in  Kansas.

FIGURE    1-3:     Major  features  of  the  Precambrian  crystalline  basement  in
tbe  Midcontinent,  including  the  nortbem  terrane  in Kansas
(after  Bic*ford  E±  i,1981).

FIGURE    1-4:     Major  features  of  the  Precambrian  crystalline  basement  in
th.e  Mideontinent,   including  the  southern  terrane  in  Kansas

.  .(after  Bickf6rd  i  3±,1981).
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CEOTHERMAI,   GRADIENT   VALUES   FOR  KANSAS   FROM
BOTTOM  HOLE   TEMPERATURES   ANI)   THERMAL   LOGGING  DATA

by

Sandra  Stavnes   .
Kansas  Geological  Survey

Lawrence,   KS

INTRODUCTION

BOTTOM   HOLE   DATA

Bottom  hole  data  for  tbe  State  of  Kansas  were  compiled  from  42,521

of  66,765.  well  records   (electric  logs)  on  file  in  the  Oil  and  Gas  I,ibrary

at  the  Kansas  Geological  Survey  (a  typical  well  log  header  is  shown  in

Figure  2-1).     The  location  of  each  well  from  which  bottom  hole  data  were

obtained  is  shown  in  Figure  2-2.

TRERMAL   LOGGING  I)ATA

I)uring  tbe  1980  summer  field  season,   an  assistant  and  I  thermally

lagged  wells  in  the  northwestern  and  southeastern  quarters  of  Kansas,   an

area  including  52  counties   (Figure  2-3).     Our  goal  was  to  obtain  at  1;ast  two

temperature  logs  per  county  in  order  to  ac:bieve  the  minimum  areal  spacing

in  tbe  time  available  -approximately  one  Well  every  2500  square  kilometers.

In  total,   125  wells  were  logged  of  whicb  93  are  considered  useable   (p.30-34,

tbis  paper) .

In  1981,   similar  field  work  was  done  in  southwestern  and  northeastern

Kansas   (Figure`2-3).     We  logged  58  wells   of  which  51   are   considered  useable
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(p.30-34,   this~paper).     Because  most  of  tbe  1980  data  are  from  wells

penetrating  only  Cenozoic  deposits,   it  was  decided  for  1981  to  log  only

wells  deeper  tban  15.`0  meters.     Tbis  limited  tbe  cboice  of  wel+s  to  tbose

drilled  for  oil  and  gas  and  necessarily  restricted  coverage  to  oil  and

gas  fields.     Only  wells  that  had  been  temporarily  abandoned  or  recently

drilled  were  logged.

One  concern  in  logging  recently  drilled  wells  is  tbat  tbe  time  inter-

val. between  completion  of  the  bole  and  the  thermal  logging  of  .tbe  well  sbould

be  long  enough  for  the  r6ck  temperatures  to  reach  equilibrium.     We  selected

wells  that  bad  been  completed  at  least  three  weeks  prior  to  our  loggiDg

date.    This  restriction  eliminated  many  wells  that  were  I)ut  into  service

almost  immediately  after  completion.

Hydrologic  disturbances  ill  the  borebole  are  usually  a-ssociated  with

uncas,ed  wells  or  wells  witb  screened  intervals   (e.g.,  water  sxpply  wells;

observation  wells).    All  of  the  tbermal  logging  data  used  in  this  study

were  obtained  from  eased  wells.     The  bulk  of  these  holes  are  oil  and

gas  wells  and  therefore  only  open  to  the  formation  where  the  casing  is

perforated  (usually  near  the  bottom  of. tbe  bole).

In  1981,  we  returned  to  portions  of  northwestern  and  southeastern

Kansas  and  tbermally  logged  several  holes  to  depths  between  183  and  366

meters   (deeper  tban  tbe  logs  obtained  from  holes  in  tbese  areas  in  1980).

Field ,data  are  still  unavailable  for  much  of  nortb-central  and  nortbeastern

Kansas  because  of  the  lack  of  suitable  wells  in  tbose  areas.

Thermal I_oggiingMethod.

Tbe  thermal  `1ogging  data  were  obtained  by  lowering  tbe  well  probe  into
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the  well  and  measuring  temperatures  at  regular  deptb  intervals   (Figure  I-1).

Selection  of  tbe  deptb  intervals  used  was  based  either  on  total  deptb  log-

ged  or  the  deptb  to  water.     Sballow  holes   (less  tban  125  meters)  were  logged\

using  a  1.5  meter  interval.     Medium  (125  to  250  meter)   and  deep   (250  to

375  meter)  boles  were  logged  using  a  3.0  meter  interval,   in  most  cases.

The  beat  capacity  of  water  is   1.00  gcal/g   (Escbbacb,   1936,  p.1-124)

(where  gcal/g  are  units  of  gram-calories  per  gram)  whereas  that  for  air  at

constant  volume  is  0.173  gcal/g   (Escbbacb,1936,  p.7-17.).     The  relatively

bigb  beat  capacity  of  water  allows  the  lagging  apparatus  to  reacb  an  equi-

librium  temperature  faster  in  water-filled  as  opposed  to  air-filled  hol;s.

Most  researchers  believe  that  temperature  measurements  in  air-filled  holes

are  less  reliable  because  air  is  less  likely  to  be  thermally  stable  than

water  in  a  borebole   (Misener  and  Beck,   1960;   Blackwell  and  Steele,   Cbapter

3,   this  report.).

We  were  generally  unable  to  log  air-filled  holes  deeper  than  183  me-

ters  because  the  long  response  time  of  the  thermal  1ogging  instrument  in

air  (up  to  30  minutes  per  reading)  and  extreme  surface  temperatures  caused

it'S  intemal  circ:uitry  to  overbeat  after  three  to  four  hours  of  continuous

use   (Appendix  I.,   p.2).     In  such  cases,  we  used  a  4.6  meter  depth  interval.

However,   in  holes  tha.t  bad  water  levels  less  than  183  meters  below  ground

level,  we  were  often  able  to  log  to  the  total  depth  of  the  hole  or  a  maximum

of  366  mete.rs   (total  1engtb  of  logging  cable).     Tbis  was  |]ossible  because  the

readings  could  be  taken  faster  in  water  (manufacturer  specified  response  time

of  10  to  15   seconds;   see  "Appendix  I.";  p.2)   and  the  instrument  was  not

operating  continuously  over  long  time  periods  during  which  individual  measure-

ments  were  taken.
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DATA  ANAI,YSIS

BOTTOM  HOLE   DATA

A  geothermal ~gradient  map  fgr  the  State  of  Kansas  was  generated  using

bottom  bole  data.     Tbe  gradients   (assumed  to  be  linear)  were  calculated  us-

ing  the  BHT  at  total  deptb  as  recorded  from  tbe  well  logs  and  a  fixed  value

of  56  °F  at  50  feet  below  ground  level:

VTz  =  loot(BHT  -56  °F)/(TD  -50   feet)I                       (Eqn.   2-1)

where,    VT    is  the  magnitude  of  the  vertical  component  of
th8  geothermal  gradient  in  °F/100  feet

BHT  is  the  bottom  hole  temperature  in  °F

TD  is  the  total  deptb  of  the  well  in  feet

56  °F  and  50  feet  are  the  temperature  and  depth
intercepts ,  respectively.

(The  conversion  factor  from  °F/100  feet  to  °C/]rm  is   18.23.)

Tbe  statewide  average  annual  ambient  surface  temperature  of  12.8  °C

(55  °F)   could  not  be  used  for  tbe  surface  temperatrire  in  computing  gradients

because  the  thermal  1ogging  data  obtained  for  most  boles  revealed  Highly

variable  geotbermal  gradients  in  the  upper  15  meters.     A  value  of  13.3  °C

(56  °F)  at  -15  meters   (50  feet)  was  finally  selected  because  tbis  was  tbe

temperature  most  frequently  recorded  in  the  tbermal  1ogging,  at  that  deptb,

throughout  the  entire  state.

42,521  geothermal  .gradient  values  were  computed  from  bottoln  hole  data
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using  Equation  2-1.     In  order  to  generate  a  geotbermal  gradient  map  for  Kansas

using  tbese  data,   a  selection  process  bad  to  be  devised  wbereby  the  ''best''

data  would  be  used  for  this  map.     The  best  data  would  obviously  be  those

data  calculated  from  BHTs  that  were  from  wells  in  equilibrium  with  the  sur-

rounding  rock.

Previous  workers  nave  used  information  on  tbe  time  interval  between

cessation  of  circulation  of  drilling .mud  in  the  hole  (time  since  circulation)

and  measurement  of  tbe  BHT  to  estimate  tbe  true  formation  temperature  at

bottom  of  the  bole   (Evans   and  Coleman,1974;   Nwachukou,1975).     .Because

times  since  c:irculation  are  recorded  on  only  40  I)er  cent  of  tbe  well  logs

available  for  Kansas  (,16,878  data),  methods  using  this  information  to.  eval-

uate  all  of  tbe  bottom  bole  data  are  out  of  tbe  question.    Wbea  this  infor-

m.ation  is  given,   it  is  typically  on  tbe  order  of  two  to  five  hours.    Because

tbe  temperature  of  the  drilling  mud  (assumption:     initial  temperature  =

surface  temperature)  circulating  througb  the  well  during  drilling  is  lower

tban  tbe  true  formation. temperature  the  BHT  values  measured  after  cessation

of  drilling  are  generally  lower  tban  .the  equilibrated  bottom  bole  tempera-

tures   (Nwachukwu,1975;   Evans   and  Coleman,1974;   Carvalho  and  Vaquier,1977).

In  Kansas,   the  mud  would  act  to  cool  holes  that  were  drilled  deeper  than

approximately  800  meters.

Tbe  time  required  for  a  bole  to  reach  temperature  equilibrium  de-

pends  upon  tbe  length  of  time  it  took  to  drill  the  hole.    Near  the  bottom

of  the  bole  tbermal  equilibrium  witb  the  surrounding  formation  may  be  acbie-

ved  as  soon  as  a  day  after  drilling  has  ceased.     Tbe  entire  hole,   on  the

other  hand,  may  take  inonths  to  reach  temperature  equilibrium  as  tbe  disturb-
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ance  due  to  drilling  lasted  longer  in  the  upper  portions  of  the  hole  (Bul-

1ard,1947).     Bullard  suggested  that  a  multiple  of  10  to  20  times  tbe  dril-

ling  time  is ,required  for  tbe  entire  bole  to  equilibrate  within  one  per

cent  of  the  true  temperature  profile.    This  would  require  a  period  of  at  .

least  one  montb  before  logging  during  which  the  hole  was  not  disturbed.

In  tbis  study,  times  siace  circulation  on  the  order  of  24  bours  were

the  minimum  required  for  tbe  recorded  BHT  to  be  considered  a  measure  of  the

true  formation  temperature.     Times  of  this  order  were  found  on  only  seventeen

well  records   (0.1  per  cent  of  bottom  hole  data  witb  time  since  circula-

tion  information;     Q.04  per  cent  of  entire  bottom  hole  data  set).     Tbere-

fpre,   it  is  probable  that  some  of  the  BHT's  recorded  on  the  well  logs  do  not

represent  equilibrium  temperatures.    However.,  if  it  is  understood  tbat  the

bottom  hole  data  can  only  indic:ate  relative  geotbermal  gradient  values

over  a  region,   tbis  problem  of  equilibrium  is  of .minor  conc:em.     Also,   it

is  assumed  tbat  the  quantity  of  data  will  compensate  fo.r  the  few  extreme

values  that  may  be  present.

The  bottom  hole  data  were  analyzed  as  follows:

1)     geothermal  gradients   c:omputed  from  bottom  hole  data  were
selected  from  each  township  and  range  in  the  state  on  the
basis  of  tbe  following  six  criteria:

a)    well  with  nighest  com|)uted  geothermal  gradient

b)    well  with  nighest,  geothermal  gradient  and  total
depth  of  at  least  380  meters

c:)    well  witb  higbest  geotbermal  gradient  and  total
depth  of  at  least  760 imeters

d)     mean  value  of  geothermal  gradient  for  all  wells
drilled  deeper  than  305  meters
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e)    mean  value  of  geothermal  gradient  for  all  wells
drilled  deeper  tban  305  meters  since  1955

f)    mean  value  of  geothermal  gradient  for  ,all  wells

2)     sep`arate  geotbermal  gradient  maps  were  generated  froln
each  of  the  above.

Each  map  was  produced  by  setting  up  a  grid  oh  a  base  map  of  the  State  of

Kansas   (1:I,000,000;  Lambert  Projection).    .The  geothermal  gradient  value

at  eacb  grid  point  (point  of  intersection  of  two  grid  lines;  every  0.04

degrees  latitude  and  longitude)  was  comput;d  by  selec.ting  data,  according

to  one  of  tbe  criteria  established  above  (1a-1f),   for  the  eight  tounsbips

and  ranges  nearest  tbe  grid  point  and  gradients  were  contoured  using  com-

pucer  plotting  programs  available  at  tbe  Kansas  Geological  Survey.     To  exa-

mine  areas  where  data  coverage  was  poor,   the  location  of  eacb  well  from

which  bottom  hole  data  were  compiled  (42,521  data  points)  was  plotted

(Figure  2-2).

The  maps  generated  for  each  criterion  were  compared  and  geotbermal

gradient  trends   (higbs  and  lows)   tbat  were  present  on  several  of  tbe  maps

were  considered.  to  be  "real".     This  was  demonstrated  to  be  a  valid  assirmp-

tion  on  tbe  basis  of  results  from  the  BHT  Correction  Factor  Analysis

(p.35,   tbis  paper).     In  tliis  analysis  it  was  found  that  bottom  bole  data

from  oil  and  gas  wells  in  six  areas   (each  area  1600  square  kilometers)   of

the  state  could  be  fit  with  a  significant  regression  line  (Appendix  IV. ,

p.55-57).     It  follows  that,   for  eacb  area,  most  of  the  data  would  yield  a

similar  geothemal  gradient  value  and  this  lends  credence  to  the  map  selec-

tion  process  discussed  above.     Tbe  geotbermal  gradielit  map  based  on  bottom
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bole  data  used  in  the  interpretation  is  the  map  generated  from  data  for
+

wells  drilled  to  deptbs  in  excess  of  305  meters   (map  ld,   above;  Plate  2-1).

This  data  set  included  99.6  per  cent  of  the  available  bottom  hole  data.

A  map  of  the  temperature  distribution  based  on  a  datum  of  300  meters

below  ground  level  was  prepared  (Plate  2-2)  using  tbe  BHT  data  for  wells

drilled  to  depths  in  excess  of  305  meters.     The  temperature  at  300  meters

below  ground  level  was  calculated  from  the  value  of  the  geotbermal  gradient

as  follows:

T3oom  =   I(VTz)(1km/1000m).(300m   -15.2m)I   +   13.3   °C              (Eqn.   2-2)

where,    VT    is  the  magnitude  of  the  vertical  component  of
ofzthe  geothemal  gradient  in  °C

300m  is  the  deptb  datum

15.2m  is  tbe  value  of  the  minimum  depth   (see  Eqn.   2-1)

13.3  °C  is  tbe  telnperature  intercept  at  a  deptb  of
15.2  meters.

Tbe  grid  was   layed  out  as  before  on  a  base  map  of  Kansas   (1:1,000,000;

Lambert  Projection)  and  temperatures  were  contoured  using  the  appropriate

computer  contouring  programs.     Tbis  map  will  be  compared  to  the  similar

map  prepared  from  thermal  1ogging  data.

THERMAL   LOGGING   DATA

Well  codes  referred  to  in  this  section  and  elsewhere  were  generated

by  combining  tbe  Kansas  Depart.ment  of  Trans|)ortation's  County  code,   a

prefix  of  "1"   (useable  well)   or  blank  (nan-useable  well)   and  a  numeric

suffix  indicating  the  order  in  whicb  the  well  was  lagged.
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For  ex,ample:

1AN3  -tbird  useable  well  logged  in  Anderson  County        *
881  -  first  non-useable  well  logged  in  Bourbon  County.

Geotbemal  gradients  were  calculated  for  wells  that  were  logged

in  1980  aad  1981.     Texperature  data  for  144  of  tbese  wells  were  used  in

this  study.    It  was  observad  that  temperature  generally  increased  linearly

witb  depth  in  KaDsas  and  linear  regression  analyses   (Appendix  IV.)  were

perfomed  on  the  dat.a  from  every  well  logged.  .  Tbe  tbermal  lagging  data

are  classified  as  useable  if  tbey  can be  fit  witb  a  significant  linear

regression  (greater  than  95  per  cent.  sign.ificance  level  by  t-test)  and  if

tbe  regression  coefficient  (a)  is  positive  (i.e. ,  te±perature  incr;ased

with  depth;  Appendix  IV.).

Some  of  the  tbermal  logging  data  showed  essentially  no  increase  of  tem-

|}erature  with  depth.     This  could  be  due  to  mc)vement  of  fluid  in  the  hole

(convection),   flow  of  groundwater,   or  some  receDt  maa-made  disturbance  ifl

tbe  well   (.suck  as  recent.  pumping).     To  study  tbe  potential  for  convection

Misener  and  Beck   (1960`)  plotted  tbe  radius  of  the  borehole  compared  to  the

critical  geothemal  gradient  for  constant  temperatures   (Figure  2-4).    Tbese

temperature  curves  represent  typical  temperatures  measured  in  the  bole.

If  the  geotbermal  gradient  computed  for  a  hole  exceeds  the  critical  grad-

ient  tbe  temperatures  measured  in  the  hole  E±}[  be  unstable   (Misener  and

*
Referred  to  by  townsbip-range  location  in  Blackwell  and  Steel.e,   Cbapter  3;
by  county  in  Yarger,   Cbapter  4;  by  town  near  where  bole  is  located  in  Kodama,
Chapter  6.
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Beck,1960;  I)iment,1967).     For  a  measured  temperature  of  15   °C  and  com-

puted  geothemal  gradient  of  30  °C/kin,  instability  ±±][  occur  if  tbe  bore-

hole  radius  is  3  c9ntimeters  or  greater.     For  example,  OT1   (Appendix  IV.,

p.165)  shows  a  .linear  increase  of  temperature  with  deptb,  probably  due  to

movement  of  tJater  in  tbe  bole,  resulting  in  an  isothermal  temperathre  profile.

Well  0Tl  has  a  casing  diameter  of  0.5  meters.     Well  Col   (Appendix  IV.,

p.159)  is  another  example  of  a  well  with  a  low  linear  geothermal  gradient

of  -1.9` °C/*m;   tbere  was  no  net  increase  in  temperature  between  ten  and  35

meters   (Appendix  IV.,  p'.106).     After  this  well  was  logged  we  discovered  tbat

the  owner  had  pumped  it  less  than  two  bours  bef6re.     Wells  that  show  little

or  no  increase  in  temp,erature  with  increasing  depth  are,  classified  as  non-

useable .

Geothermal  gradients  computed  from  fie.ld  data  were  then  contoured

using  the  same  computer  programs  as  those  used  for  the  bottom  hole  data.

Well  locations  are  designated  by .a  ''+"  on  the  map   (Plate  2-3)   and  gradient

value.s  are  posted.     Only  wells  logged  to  at  least  122  meters  are  plotted.

As  a  result,  data  are  lacking  for  some  areas  in  north-central  Kansas  where

there  is  little  o.r  no  oil  or  gas  production.    A  subset  of  this  data  was

used  to  generate  g.eothermal  gradient  maps  for  wells  logged  to  at  least

183  meters   (Plate  2-4).

A  map  of  the  temperature  distribution  at  300  meters  below  ground  level

was  also  produced  using  data  for  wells  at  least  122  meters  deep   (Plate  2-5).

On  this  map  temperatures   (°C)   at  a  depth  of  300  meters  are  posted.     A  "+"

designates  that  the  well  was  actually  logged  to  300  meters,  while  a  ''0"

indicates  that  a  temperature  value  fu'as  projected  for  the  well  from  the

geothermal  gradient.
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Temperature  profiles   (plots  of  temperature  verses  deptb)  were  plQtted

(Appendix  Ill.)   for  the  tbermal  1ogging  data  (on  the  Hewlett  Packard  model

7221a  plotter  at  the  University  of  Kansas  Ac:ademic  Computer  Center).     Gener-

alized  stratigrapbic  columns  are  included  on  the  profiles  for  1980  data.

The  stratigraphic  infomation  was  obtained  from  pertinent  KGS  and  USGS  bul-

letins,   referenced  in  Appendix  Ill.    Ibis  information  was  found  to  be  of

little  use  in  the  analysis  because  tbe  tbermal  lagging  equipment  was  not

calibrated  fiiely  enough  (to  0.1  degree  Fahrenheit  or  Celcius)  t.o  record  small

scale  changes  in  thermal  conductivity  (i.e.,1ithology)  and  because  most  of

the  Stratigrapbic  information  on  tbe  profiles  was  only  presented  at  the

group  level.

There  are  two  wells   (not  included  on  the  geothermal  gradient  or  tem-

perature  maps)   for  which  tbe  computed  geothermal  gradients  a-re  approximately

balf  the  value  of  the  gradients  from  surrounding  wells.     Tbe  first  well,

a  temporarily  abandoned  oil  well  in  southern  Russell  County  (1RS1) ,  yielded

a  geotbermal  gradient  of  17  °C/kin  (Appendix  IV.,   p.133).     Because  these

measurements  were  taken  in  air  and  the  bole  is  located  in  a  large  active

oil  field  (Trapp  Field)  undergoing  enhanced  oil  recovery  at  the  time  it

was  loggeq   (i.e.,   water  flooding;   Paul  and  Bahrmaier,1981),   the  data  are

questionable.     The  second  well,   in  Clark  County   (1CA1),  yielded  a  geothermal

gradient  of  13  °C/kin  (Appendix  IV.,  p.143).     This  well  was   full  of  water  and

corhpleted  more  tban  a  montb  before  we  logged  it.     There  is  a  good  possibility

that  tbe  gradient  computed  for  this  well  is  not  spurious  but  a  result  of

the  regioflal  easterly  groundwater  movement  that  is  controlled  by  faulting

in  the  upper  Permian  strata   (principally  the  "Taloga"  and  Whitehorse  Forma-
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tions;  Frye,1950).    Well  lcAl  is  located  on  the  southeastern  edge  of  the

Ashland  -Englewood  lowland:     ''...the  largest  solution-subsidence  feature

in  Kansas..."   (Frye,1950,  p.7).     Downward  movement  of  groundwater  along

faults  and  into  tbe  Permian  strata  has  resulted  in  tbe  d:velopment  of

"solution-subsidence  depressions"  in  portions  of  Meade  and  Clark  Counties

due  to  the  dissolution  of  salt,   gypsum  and  limestone.

I  have  tbermally  logged  twenty  wells  to  deptbs  of  aproximately  300.

meters.    Temperature  profiles  for  these  wells  are  included  in  Appendix  Ill.

D.I).   Blackwell  of  Soutbem  Metbodist  University  has  subsequently  re-1ogged

five  of  tbese  wells  to  deptbs  in  excess  of  500  meters   (for  more  information

see  Ch.apter  3,   tbis  report).     Figuie  2-5  compares  ny  tbermal  togging  data

for  the  KGS-USGS  Big  Springs  hole  located  in  Douglas  County   (1DG1-III)   to

Blac]cwell's   data  for  the  same  hole   (1DG1-B).     Geothermal  gradients   computed

from  the  data  are  essentially  the  same  and  tbe  temperature  profiles.  are

similar  over  the  interval  from  zero  to  366  meters.     The  actual  temperatures

measured  differ  by  one  degree  Celcius  becaus.e  of  calibration.

Repeatability  9£ Measurements .

A  repeatability  study  of  tbe  lagging  method  was  done  using  the  KGS-

USGS  Big  Springs  bole  located  in  Douglas  County  (Figure  2-6).     Regression

coefficients  in  lDG1-I  and  lDG1-III  were  compared  because  these  two  logs

are  the  most.dissimilar   (Appendix  IV.,  p.222).     Because  tbe  two  regression

coefficients.  are  not  significantly  different  from  each  other  I  conclude  that

tbe  tbermal  1ogging  data  obtained  are  reproducable  and  also  that  seasonal

variation  of  surface  temperature  has  little  effect  on  the  geothermal  gradient

below  30  meters.
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BHT   CORRECTION  FACTOR  ANAI,YSIS

A  comparison  was  made  between  the  bottom  hole  data  from  oil  and  gas

wells  in  tbe  vicinity  of  holes  that  were  logged  to  dep.tbs  in  excess  of  500

meters  and  the  temperature  profile  for  these  holes   (Appendix  Ill.,  p.55-57).

The  purpose  of  tbis  comparison  was  to  see  whether  tbe  BHT's  recorded  for  an

area  could  be  corrected  to  some  equilibrium  temperature  (assuming  the  temper-

atures  measured  in  the  logged  well  are  representative` of  the  rock  temperatures).

A  circular  area  of  radius  40  kilometers  .centered  on  the  16gged  bole'was

searcbed  for  available  bottom  bole  data.     In  all  cases,  the  bottom  bole  data

from wells  for  a  particulai  area  could  be  fit  with  a  significant  regression

line   (.represented  by  das.hed  line  on  profiles  in  Appendices  Ill. ,  p.55-57

and  IV.,  p.217-219).     Tie  difference  between  this  regression  line  and  the

temperature  profile  of  the  logged  bole,  gives  an  indication  of  the  correction

needed  for  BHT  values  to  be  regarded  as  a  measure  of  tbe  true  fomation  temper-

ature  at  the  bottom  of  tbe  bole.     This  approach  may  be  applicable  to  other

investigations  in  correcting  BHT  data  to  true  bottom  hole  temperatures  if

deep  tbermal  1ogging  data  are  available  for  several  wells.

Tbe  size  of  the  area  required  for  this  analysis  is  at  least  large

enough  to  include  several  tens  of  wells  with  recorded  BHTs   (a  potential

problem  in  eastern  Kansas) ,  but  small  enough  so  that  subsurface  lithologies

(and  presumably  tbermal  conductivities)  do  not  vary  a  great  deal  in  tbe  hori-

zontal  direction.     A  40  kilometer  radius  was  cboseri  because,   in  all  instances,

this  radius  included  at  least  15  data  points  and  tbe  bot.tom  hole  data  for

this  radius  could  be  fit  with  a  significant  regression.
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INTERPRETATION

Because  there  have  been  no  known  major  Phanerozoic  intrusive  events  of

geothermal  significance  in  Kansas  the  basement  complex  seems  to  be  tbe  m6st

likely  place  to  look  for  an  explanation  of  observed  regional  differences

in  beat  flow.     In  this  context,  the  Pbanerozoic  rocks  should  act  as  tbermal

insulators,  in  whicb.  indivi.dual  1ithologic  units  differentially  transmit  heat

produced  in  tbe  crust  and  upper  mantle.     If  tbere  are  no  hydrologic  dis-

turbances  affecting  tempe.ratures  measured  in  a  borebo.1e   (i.e. ,  movement  of

groundwater,  artesian  flow)  then  any  vertical  variations  observed  in  the

geothermal  gradient.,   in  the  borebole,  must  be  related  to  variations  in .subsur-

face  lithology  (i.e.,  conductivity;   see  Chapter  3,  tbis  report);  assuming  that

hea.t  flow  is  constant  in  the  vicinity  of  the  borehole..    None  of  tbe  geothermal

gradients  computed  from  tbe  tbermal  1ogging  data  and  used  to  generate  maps

for  tbe  state   (Plates  2-3,  2-4  and  2-5),   indicate  bydrologic  disturbance.     In  tbe

absence  of  bydrologic  disturbance,  variations  in  heat  flow  values  over  a

region  should  be  related  to  lateral  variation  in  radiogenic  heat  production

in  the  crystalline  basement  (Roy  £± ±|,1968),  and  possibly  to  lateral  vari-

ation  in  thermal  conductivity  of  the  basement  rocks.

In  Kansas,   the  effects  of  thermal  c:onductivity  variatioD  in  basement

rocks  would  be  most  apparent  between  the  CNARS  rocks  and  the  adjacent  felsic

rocks.     No  s|}ecific  conductivity  values  are  available  for  any  basement  rocks

for  Kansas,  and  conductivity  data  for  igneous  and  metamorpbic  rocks  in  general

is  limited.     However,   Bircb  and  Clark  (1940,   p.549-550)   have  measured  themal

conductivity  in  several  gabbros  and  granites  and  have  found  that  tbermal
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conductivity  values  for  gabbros  range  from  1.88  to  2.30  W/°K,  whereas  values

for  granites  range  from  2.09  to  2.93  W/°K.     Basement  rocks,   in  Kansas,   of

gabbroic  and  granitic  composition  would  have  tbermal  conductivities  similar

to  tbose  found  by  Bircb  and  Clark  (1940)   and  therefore,  would  probably  be

of  less  importance  in  causing  variation  in  beat  flow  than  rates  of  beat

production  (whicb,  for  granite,  differ  by  a  factor  of  tvyo  at  two  different

localities  in  eastern Kansas;   Chapter  3,  p.102,  tbis  report).

LIMITATIONS   IN  THE   INTERPRETATION  0F   BOTTOM  HOLE   DATA

Most  investigators  believe  that  geotherlnal  gradient.s  based  on  BHT

records  from  oil  and  gas  wells  can  reveal  trends  in  the  lateral  variation

of  temperature  with  d.epth  attributable  to  subsurface  geology  (Schoepl)el  and

Gilarranz,   1966;   Harper,   1971;   Evans   and  Coleman,   1973;   Gosnold,   personal

communication,1981).     On  tbe  geothermal  gradient  map  for  Kansas  generated

from  BHT  data   (Plate  2-'1),   relatively  high  gradients  are  indicated  over  tbe

Nemaha  Ridge  and  these  continue  from  Nemaha  County  to  northern  Butler

County.    Relatively  nigh  geothermal  gradients  are  also  apparent  in  the

soutbeastem  quarter  of  Kansas,   in  tbe  Cherokee  Basin  area.     The  trends

may  reflect  real  variation  in  basement  rock  tyl]e  and  presumably  radiogenic

heat  production  coupled  with  depth  to  basement  and  basement  topographic

variation.

Because  the  source  data  for  this  map   (Plate  2-1)   come  exclusively  from

oil  and  gas  well  records  the  quantity  and  distribution  of  the  dat.a  is  de-

pendent  upon  the  locations  of  tbe  oil  and  gas  wells.     Also,   BHT`s  measured

in  boles  drilled  deeper  than  800  meters  are  probably  lower  thafl  the  true
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bottom  bole  temperature,  whereas  BHT's  for  boles  only  a  few  hundred  meters

deep  are  probably  higher  than  the  equilibrium  temperatures,  due  to  tbe  effect

of  the  drilling  mud  (p.26,  tbis  paper).

cOMPARlsoN   Or   TRERMAL   LOGGING  AND   BOTTOM  HOI,E   I]ATA

In  light  of  the  previous  discussion,  tbe  good  correspondence  between

the  geotberlnal  gradients  computed  .for  data  obtained  in  the  field,   in  east-

em  Kansas,   and  those  computed  from  BHT  records  is  remarkable.     In  east.em

Kansas,   tbe  average  deptb  logged  in  tbe  field  (several  bundred  meters)   is '

approximately  equivalent  to  tbe  total  depth  of  oil  and  gas  wells,  whereas

oil  and  gas  wells  in  western  Kansas  are  1000  to  2000  meters  deep.     In

extreme  northw:stem  Kansas,  in  particular,  the  bottom  hole  data  are  not

valid  for  es.timating  temperatures  at  depths  of  200  to  400  meters  because

of. variations  in  tbermal  coaductivity  in  Cretaceous  rocks  and  possible

near-surface  co`nvection  in  waters  of  the  Dakota  Group.

Botb  data  sets  indicate  relatively  higb  geothermal  gradients  along

the  Nemaha  Ridge,  from  tbe  Nemaba  to  northern  Butler  Counties   (Plates  2-1  and  2-3).

Relatively  nigh  gradients  are  present  in  tbe  Cherokee  Basin  in  southeastern

Kansas   (Figure  1-1;  Plates  2-1  and  2-3).     In  northwestern  Kansas   (principally,

Cheyeme  and  Sberman  Counties),   tbe  high  gradients  computed  from  the  tbermal

logging  data   (Plate  2-3)  are  probably  enhanced  by  the  low  conductivity  of  the

Pierre  Sbale   (Appendix  Ill.,   p.43   (1CN2),   48  .(1SH4)   and  49   (1TH3)).

The  bottom  hole  data  also  snow  a  relatively  nigh  geothermal  gradient  trend

in  tbese  same  counties   (Plate  2-1).     Bottom  bole  temperatures  responsible

for  this  t.rend  were  measured  in  gas  wells  producing  from  the  Niobrara
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Formation.     (Correspondence  between  the  two  data  sets  is  indicated  for

otber  areas  of  tbe  state,  but  only  the  most  obvious  have  been  deliniated

bere . )

GEOTRERMAI,   GRAI)IENTS   AND   STRUCTURAL   PROVINCES

The.  followiflg  discussion  of  tbe  geothermal  gradient  data  is  restricted

to  tbose  gradients  computed  from  tbe  thermal  logging  data,  unless  otberwise

noted.     It  sbould  be  kept  in,mind  that  tbe  total  ralige  of  geotbemal  grad-

ients  from  tbe  tbernal  1ogging  data  for  Kansas  is  only  25  to  55  °C/kin.

To  analyze  the  geotbermal  gradient  data  thorougbly  on  a  regional  scale

it  would  be  best  to  have  corresl)onding  conductivity  data.     Because  of  tbe

paucity  of  tbermal  conductivity  information  for  Kansas,  the  gradient.  data

are  treated  in  the  analysis  as  most  investigators  treat  heat  flow  data.

This  is  a  valid  treatment  because  lithologic  units  in  the  Pennsylvanian

section  are  continuous  over  tbe  state  and  tberefore  conductivity  should

not  vary  muck  from  place  to  place  in  that  part  of  the  section.

I  have  divided  the  State  of  Kansas  into  eight  "structural  provinces"

(Figure  1;   after  Merriam's   (1963,  p.178-179)   ''structural  features"  or  "major

structural  elements").    These  areas  are  structurally  distinct  from  one  another

as  tbey  essentially  represent  major  basement  structural  features,  but  are

not  necessarily  dominated  by  one  basement  rock  type.     Heat  flow  is  tbe  product

of  thermal  conductivity  and  geotbermal  gradient  over  a  particular  lithologic

interval.    The  assumptions  for  tbe  structural  province  analysis  of  tbe

geothermal  gradient  data  are  as  follows:
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1)    Phanerozoic  strata  are:

a)    late.rally  continuous

b)    essentially  unifom  in  tbickness

c)     draped  over  the  Precambrian  surface

2)    wells  in  a  structural  province  will  penetrate
similar  sequences  of  rock  units.

Under  tbese  assumptions,   tbe  tbermal  conductivity  of  tbe  Phanerozoic  rock

units  can  be  considered  lat.erally  unifom  ifi  a  particular  province.   . Any

variation  observed  in  the  geotherllial  gradient  would  tben  eitber  be  directly

related  to  variation  in  heat  flow  in  tbe  area  (i.e. ,  conductivity  is  treated

as  a  constant)  or  indicative  of  local  convective  aquifer  systems.    There  is

no  evidence  in  the  tbermal  1ogging  data  to  support  a  c.onvective  geothe.rmal

model  for  any  portion  of  tbe  state.

Hugotoq  Embayment of  the  Anadarko  Basin.

Geotbemal  gradients  in  tbe  Kansas  part  .of  tbe  Anadarko  Basin  are

relatively  uniform,   averaging  approximately  30  °C/kin  (Plate  2-3).     However,

in  .the  nortbem  portions  of  tbe  basin  the  gradients  tend  to  be  somewhat

higber  (35  to  45  °C/kin).

Las  Animas  Arch.___                           _   __

In  tbis  area  of  northoestem  Kansas,   extremely  high  (50  to  60  °C/kin),

uniform  geothemal  gradients  were  computed  from  tbermal  logging  data

(Plate  2-3).     Geotbermal  gradients  were  computed  for  the.portion  of  the  tber-

mal  lagging  data  that  penetrated  the  Pierre  Shale.    As  previously  mentioned,

Blackwell  £±  ±±  (1981)   found  thermal  conductivities  for  shales  in  the  Mid-

continent  (specifically  in  Kansas)   to  be  much  lower  than  reported  by  pre-
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vious  workers   (Garland  and  Lemox,   1962;   Combs  and  Sirmons,   1973;   Scat-

tolini,1978).    Tbey  believe  that  tbermal  conductivity  values  for  sbales

in  tie  Midcontinent  nave  been  overestimated  by  as  muck  as  60  per  cent

(Blackwell  ££ e±,1981).     This  means  that  tbe  High  gradients  present  over

tbe  I,as  ADimas  Arcb  are  very  likely  tbe  result  of  tbe  low  thermal  conduc-

tivity  of  the  Pierre  Shale  in  an  area  of  normal  heat  flow.

That  these  gradients  are  maintained  in  the  units  below  the  Pierre

Shale  is  unlikely,  even  tbougb  a  similar  trend  is  observed  in  tbe  bottom

bole  data  from  gas  wells  whicb  were  drilled  into  tbe  Niobrara  Formatioh

in  tbis  area  (Plate  2-1).     Tbese  wells  were  drilled  to  a  maximuin  of  several

tens  of  meters  into  the  Niobrara  Formation.     Althougb  the  thermal  conduc-

tivity  of  tbe  Niobrara  has  not  been  measured  it  is  probable  that  the  Niobrara

Formation  is  a  better  thermal  conductor  than  the  Pierre  Shale  because  it

consists  primarily  of  limestone  and  cbalk.    An  alternative  interpretation

of  tie  higb  geotbermal  gradients  is  tbat  heat  derived  from  the  Denver-Jules-

berg  Basin  is  causiDg  convection  in  the  waters  of  the  I)akota  Group  upward

a.nd  eastward  into  Kansas  and  Nebraska   (Gosnold,  personal  communication,

1981).     Because  I  was  unable  to  obtain  any  tbermal  logging  data  for  rocks

of  the  Dakota  Group  tbe  tbermal  conductivity  effect  of  the  Pierre  Shale

is  tbe  prefe`rred  explanation  for  the  bigh  geotbermal  gradients  computed

or  this  portion, of  the  state.

Central  Kansas Up-lift.

Over  tbe  Central  Kansas  Uplift  (Plate  2-3)  the  geotbermal  gradients  from

tbe  logging  data  are,   for  the  most  most  part,  higb  (37  to  47  °C/kin)  but
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decrease  to  30  to  35  °C/Ira  over  tbe  southeastern portions  of  the  structural

proviace   (Plate  2-3).     A  low  gradient  trend  encompasses  all  of  Pawnee  County

over  tbe  soutbwestem  flank  of  the  uplift,  and  extends  into  tbe  Anadarko

Basin.     This  trend  is  misleading,  as  tbe  lowest  computed  gradient  is

27  °C/kin, `while  the  contour  trend  indicates  that  there  are  geotbermal

gradients  lower  tban  24  °C/kin  in  this  area.     This  trend  is  probably  en-

banced  by  the  computer  contouring  program  and  is  caused  by  a  lack  of  data.

•  Salina  Basin.

Because  of  the  paucity  of  lagging  data  in  the  Salina  Basin,  not  muck

cafl  be  said  about  the  geotbermal  gradients  in  this  area.     However,   the  two

geotbermal  gradient  values  in  the  soutbern  part  of  the  basin  are  essentially

equivalent   (Plate  2-3)   and  can  be  considered  normal   (30  °C/kin)`for  an  area

in  geotbermal  equilibrium  (i.e.,  a  tectonically  stable  area).

ie__agwick_ E±.

Geothermal  gradients  from  the  logging  data  in  the  Sed8wick  Basin  slow

considerable  diversity  ranging  from  36  to  40  °C/kin  (Plate  2-3).     The  nortb-

soutb  higb  tbat  occurs  in  Kipgman  and  Harper  Counties,   intersects  a  trend

of  similar  magnitude  that  is  present  from  western Marion  County  to  central

Stafford  County.     In  the  southeastern  corners  of  the  basin,  normal  to  low

gradients  ,(24  to  30  °C/kin)   are  observed.

Egp3± Rife.
• The  northeast-southwest  trend  of  the  Nemaha  Ridge  is  indicated  fair-

ly  well  by  the  geothermal  gradients  from  the  logging  data.     Geothermal
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gradients  ranging  from  35  to  45  °C/Ira  are  indicated  along  tbe  northern  half

of  tbe  Nemaba  Ridge  from  nortbem  Morris  to  Nemaba  and  Marsball  Counties

(Plate  2-3).    Unfortunately,   no  data  were  obtained  for  Nemaha,  Marsball  or

Pottawatomie  Counties   (as  stated  previously),   so  tie  bigber  gradients  indi-

cated  in  tbese  counties  sbould  be  considered  witb  caution.     Geothermal  grad-

ients  along  tbe  soutbern  half  of  the  Nemaha  Ridge  are  generally  uniform

witb  values  of  35  °C/kin.

Forest ng P±.
The  Forest  City  Basin  exhibits  the  most  dive.rse  geothermal  gradients

found  in  any  of  the  structural  provinces  in  Kansas.    Although  logging  data

are  lacking  for  tbe  northern  portion  of  tbe  basin,  high  gradient.s   (45  to

50  °C/kin)  are  indicated  in  the  eastern  part  of  the  basin  along  the  Missouri

border  (Plate  2-3).     In  the  center  of  tbe  basin,   including  soutbem  I;aven-

worth,  Douglas,   Sbawnee  and  Osage  Counties,   normal  gradients  are  ob`serveq
I

(30  to  33  °C/kin).     Geothemal  gradients  in  tbe  range  of  40  to  50  °C/Ira

are  again  present  in  the  southeastern  and  southern  portions  of  tbe  Forest

City  Basin  adjacent  to  tbe  Bourbon  Arch.

Cherokee  Basin.

Tbis  structural  province  Has  tbe  best  coverage,   in  terms  of  tbermal

logging  data.,   in  the  entire  state  (Plate  2-3).     Geothermal  gradients  in  the

Cherokee  Basin  are  relatively  higb  and  increase  gradually  southward  from

approximately  4o  to  5o  °.C/kin.
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Discussion.

It  appears  that  three  types  of  geothermal  response  may  be  observed

in  particular  struc:tural  provinces.    In  tbe  first  type,  the  geotbermal

gradients  are  essentially  uniform,  or  constant,  as  is  seen  in  tbe  Anadarko

Basin  and,  where  data  are  available,   in  `the  Salina  Basin.     Tbe  second,

occurs  over  tbe  Central  Kansas  Uplift  and  Nemaha  Ridge,   and  in  the  Cherokeer
Basin.     Geotberlnal  gradients  decrease  systematically:     hortb  to  south  in  tbe

first  two  areas  and  soutb  to  nortb  in  the  Cherokee  Basin.    Ibis  suggests

tbe  some  type  of  regional  control  is  operative  in  these  areas.    The  third

type  of  response  occurs  in  the  Sedgwick  and  Forest  City  Basins,  where  the

geo`tbermal  gradient  values  are  very  diverse.

On  a  statewide  scale,  areas  of  relatively  nigh  geotbermal  gradients

correspond  to  areas  of  low  magnetic  field  intensity.    This  inverse  rela-

tionship  occurs  botb  in  provinces  where  geothermal  gradients  show  what  I

nave  called  regional  variation  (e.g. ,   the  Central  Kansas  Uplift  and  Nemaba

Ridge)  and  where  tbe  gradient  trends  are  very  irregular  (e.g.,  Forest  City

Basin).     In  southwestern  Kansas,   aeromagnetic  data  are  obscured  by  tbe  tbick

succession  of  Phanerozoic  strata   (Vaquier  e±  ±±,1951,  p.5).     In  this  area,

both  geothermal  gradients  and  aeromagnetic  data  are  uniform,  but  uniformity

in  the  aeromagnetic  data  may  result  from  tbe  tbick  sedimentary  cover  I?ather

tban  a  relatively  homogeneous  c:rystalline  basement  (in  terms  of  its  mag-

netic  response).    As  the  aeromagnetic  data  theoretically  rep.resent  a

picture  of  the  Precambrian  crystalline  rocks   (if  downward  continued  to  the

basement  surface) ,   its  correspondence  with  the  geothermal  gradients  tends

to  support  the  idea  tbat  variations  in  geotbermal  gradients  are  related  to
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variations  in  basement  rock  type.    Mafic  rocks  generally  bave  high  magnetic

susceptibility  and  produce  less  heat.  due  to  radiogenic  decay  of  uranium,

tboriun,   and  potassium  than  felsic  rocks   (Roy,  £±  ±|,1968).     One  would

tben  expect  tbat  the  inverse  relationship  between  aeromagnetic  and  heat

flow  (geotheial  gradient)  data  migbt  result  from  compositional  differ-

ences  in  tbe  basement.

In  Kansas,  tbe  crystalline  basement  Complex  is  dominated  by  felsic.

rocks   (except  in  the  area  of  the  MGA).     Tbe  Precambrian  complex  in  Kansas

bas  been  divided,  on  the  basis  of  age  and  petrograpby,  into  a  southern

terrane  and  a  northern  ter.rane   (Cbapter  1,  p.12-13,  this  report),   in  whicb

furtber  compositional  differences  have  been  observed  (Bickford  s± ±|,   1981;

Van -Schmus  and  Bickford,1981).     TLe.regional  southerly  decrease  in  the

geotbermal  gradient  along  the  Central  Kansas  Uplift  and  Nemaba  Ridge  nay  be

related  to  this  .division.     It  could  also  be  due  to  increasiDg  sedimentary

thickness  to  the  south.

A  series  of  bigbly  positive  circular  magnetic  anomalies,  averaging

15  kilometers  in  diameter  are  present  in  tbe  Forest  City  Basin  in  north-

eastern  Kansas.     Two  of  tbese  anomalies  were  drilled  by  tbe  KGS-USGS

(1DGl  and  lMI1).     Prior  to  drilling,   it  was  believed  tbat  tbese  anoma-

lies  were  probably  caused  by  Precambrian  intrusives  that  were  genetically

related  and  mafic  in  composition.     However  the  basement  rock  in  both

boles  was  found  to  be  granite  witb  a  higher  than  normal  magnetite  content,
t

and  tbisi ..is  apparently  responsible  for  the  magnetic  anomalies  observed.

Calculated  heat  production  values  for  granite  samples  from  these  two  holes

are  surprising  as  tbey  are  not  equivalent  but  differ  by  a  factor  of  two.
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The  heat  production  values  for.tbe  granite  are  4.9  uW/m3  in  hole  lMIl  and

2.4  HW/m3  in  lDG1   (Cbapter  3,  p.102,   this  report).     The  latter  is  typical  for

granites  in  the  €entral  stable  region,  as  determined  by  Roy  £± ±i,   (1968).

Tbere  is  no  systematic  correspondence  between  geothermal  gradients  and

residual  Bouger  gravity  values  (computed  by  removing  tbe  gravity  effect

attributable  to  the  Pbanerozoic  strata)  for  Kansas   (Woollard,1959,  Plate  2).

Ofle  would  expect  areas  of  low  Bouger  gravity  to  be  indicative  of  less  dense

crust  (e.g.,,  predominantly  felsic  basement  rock  types),   and  felsic  rocks  to

be  indicative  of  bigber  rates  of  beat  production.    Except  for  over  tbe

Nemaba  Ridge,  areas  where  geotbermal  gradients  are  relatively  high  do

not  correspond  to  gravity  lows   (Wang,1965;   Scheffer,1963).     Considering

the  different  beat  production  values  measured  by  Blackwell  for  mineralo-

gically  similar  basement  rock  (in  boles   lDGl  and  lMI1),   it  may  be  unrea-

sonable  to  expect  an  inverse  relationship  between  geothermal  gradients

and  gravity.

GEOTHERMAI,   GRADIENTS   AND   BASEMENT   TOPOGRAPHY

Altbough  tbe  above  analysis  suggests  some  possible  causes  for  tbe  div-

ersity  in  geothermal  gradients  in  Kansas,  little  further  can  be  said  until

more  is  known  about  thermal  conductivity,  variation  of  basement  composi-

tion,  basement  radioactivity,   or  beat  production.    Even  so,   I  am  not  satis-

fied  tbat  the  causes  suggested  above  can  completely  explain  the  diversity

observed.

Prior  to  1965,   a  great  deal  of  geothermal  gradient  data  was  obtain.ed

in  an  effort  to  determine  if  tbere  was  a  relationship  between  maturation

of  hydrocarbons  and  areas  of  high  geothermal  gradients.     The  results,   in
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Cems  of  the  petroleum  industry  were  inconclusive,  but  the  investigators

all  arrived  at  similar  interpretations  of  the  gradient  data.    Tbey  observed

a  definite  direct  relationsbip  between  tbe  value  of  geothermal  gradients,

deptb  to  cryst.alline  basement,  and  basement  structure  or  topography

(Bames,   1932;   Carl§on,   1931;   I,asky,1963;   Mccutcbin,   1930;   Schoeppel  and

Gilarranz,1966;   Strong,1930;   Van  Orstrand,1932,1934  and  1940).     To

illustrate  their  findings,  they  used  isotherms..    Cross  sections  and  maps

of  ''isotbemal  surfaces". (surfaces  of  constant  temperature)  were  compared

to  geologic  cross  sections  and  maps.     Gener.ally,   isothem§  paralleled  sur-

face  and  basement  topography,  but  were  smoother.     Most  of  the  studies,

unlike  tbis  one,  were  done  in  areas  dominated  by  a  single  basement  feature

(eg.   dome  or  anticline)  and  the  basement  in  each  area  was  essentially

uniform  in  composition.

A  combination  of  factors  are  probably  responsible  for  the  d.irect  rela-

tionship  between  basement  topography  and  geothermal  gradients.     Basement

rocks  have  been  thought  of  as  a  heat  source  in  the  present  study.  Displace-

ment  of  these  rocks   (especially  felsic  types)  toward  tb€  surface  essentially

brings  the  heat  source  closer  to  the  surface.     In  another  sense,   crystalline

rocks  are  generally  better  tbermal  conductors  than  sedimentary  rocks.     Over

areas  of  extreme  variation  in  basement  topography  (e.g. ,  Nemaha  Ridge),   one

must  consider  tbe  effects  of  refraction  of  beat.    Refraction  of  beat  tends  to

occ:ur  in  areas  where  there  are  extreme 'differences  in  thermal  conductivity

in  a  vertic:al  and  lateral  sense  resulting  from  subsurface  st.ru:tural  bighs

or  lows.     In  Figure  2-7   (A-E),   simplified  cross  sections  show  tbe  expected

configuration  of  isotherms  in  cases  of  extreme  changes  in  thermal  conductiv-
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ity.    Sections  E  and  F  in Figure  2-7,  represent  a  simplistic  picture  of  the  pat-

terns  one  would  expect  over  a  buried  anticline  of  good  tbermal  conductivity..

Tbe  effect  of  the  structure  would  be  more  noticeable  tbe  closer  it  is  to

the  surface  {e.g. ,  Nemaha  Ridge  in  Nemaha,  Marshall,   Pottawatomie  and  Riley

Counties).     In  Kansas,  one  would  expect  to  find  higher  geothermal  gradients

(areas  where  isotbermal  surfaces  are  closer  togetber)   over  tbe  Nemaba  Ridge,

Ceatral  Kansas  Uplift  and  perbaps  in  eastern Kansas,   especially  in  the  Cber-

okee  Basin  where  the  basement  complex  is  witbin  600  meters  of  the  surface.

W.D.   Gosnold   (personal  communication,   1981)   has  investigated  the  effect

of  refraction  on  heat  flow  due  to  the  Nemaba  Ridge  in  southeastern  Nebraska.

His  theoretical  model  (generated  by  numerical  analysis),  which  takes  into

account  tbe  refraction  effect,  predicts  higher  heat  flow  values  over  the

ridge  that.  are  compatible  with  observed  heat  flow  in  the  area.     This  Has

already  been  indicated  quali.tatively  in  Figure  2-7,  E  and  F.

Five  generalized  geologic  cross  sections,  Figures  2-10a  to  2-14a,   illu-

strate  tbe  configuration  of  the  basement  rocks  and  tbickness  of  overlying

sediments  in  Kansas.    Tbe  locations  of  these  sections  and  well  locations

of  the  themal  1ogging  data  are  shown  in  Figure  2-8.     Geothermal  gradients

(solid)   and  subsurface  temperatures  at  300  meters   (dashed)   are  also  plotted

along  these  section  lines   (Figures  2-lob  to  2-14b;   index  map,  Figure  2-9).

Ibis  information  is  taken  from  corresponding  maps   (Plates  2-3  and  2-5)   of

tbe  tbermal  logging  data.     The  locations  of  tbermal  logging  boles  are  also

plotted  to  scale  (vertical)  on  tbe  nearest  geologic  sections  to  indicate  .

the  control  for  tbe  geothemal  data.

In  sections  A-A'   and  A,,`.-A*'    (Figure  2-10,   a  and  b),   geothermal  data
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do  not  mimick  the  basement  structure  but,   in  general,   temperatures  and

gradieuts  over  tbe  Salina  Basin  are  relatively  low  and  become  bigber  over

tbe  Nemaba  Ridge.    `The  High  geotbermal  gradient  and  temperature  value.s  in

the  western part  of  the  section  are  probably  due  to  the  influence  of  tie

Pierre  Sbale.    Because  of  the  lack  of  control  points  for  geotbermal  data

along  line  A-A' ,  little  more  can  be  said  about  tbis  portion  of  the  state.

Along  sectiorls  a-8'   and  8*-8*'   (Figure  2-11,  a  and  b),   there  is  better

control  iQ  tbe  geothermal  data  for  the  eastern  and  western  areas.    Again,

tbe  relatively  bi8h  values  observed  in  the  geotbermal  data. in  northwestern

Kansas   (approximately  100  kilometers  west  of  the  Central  Kansas  Uplift)  are

probably  due  to  tbe  effect  of  tbe  Pierre  Shale  as  there  is  no  evidence  of

extreme  basement  topographic  variation  (Figure  2-lla).    Relatively  higb  grad-

ient  and  temperature  trends  are  observed  over  the  Nemaha  Ridge  and  much

lower,   thougb  diverse,   geothermal  gradients  and  subsurface  temperatures

are  observed  in  tbe  Forest  City  Basin.    Tbe  Salina  Basin  is  represented  by

low  gradient  and  temperature  values.     The  geothermal  gradient  in  the  area

of  the  Central  Kansas  Uplift  seems  to  be  offset  to  the  east,  while  the

subsurface  temperature  is  relatively  low  as  in  the  Salina `Basin.

Sections  C-C'   and  C*-C*'   transect  a  portion  of  the  state  in  whicb  the

basement  complex  is  much  deeper  (Figure  2-12,   a  and  b).     In  general,   the  geo-

thermal  gradients  and  subsurface  temperatures  increase  from  west  to  east,

and  there  is  .good  control  along  sec:tion  C*-C*'   (approximately  one  well  every

30  kilometers,  Figure  2-8).     A .relative  higb  in  western  Sumner  County  does

not  obviously  correspond  to  the  position  of  tbe  Nemaha  Ridge  in  southern

Kansas.     However,   basement  topographic  variation  across  the  Nemaha  Ridge
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is  not  extreme  in  Sunner  County;   instead,  tbere  is  a  general  decrease  in

deptb  to  tbe  basement  complex  from  eastern  Sumer  County  to  the  Missouri

border.     Tbis  is  indicated  by  the  geotbermal  data  for  the  area   (Figure  2-12b;

Plates  2-3  and  2-5)..

Sections  D-D'   and  D*-D*'   (Figure  2-13,   a  and  b)  are  essentially  n6mal

to  the  trerld  of  tbe  Central  Kansas  Uplift.     The  subsurface  temperatures

along  D*-D*'   are  relatively  uniform,  but  the  geot.bermal  gr.adient  generally

increases\,  as  tbe  crest  of  the  Central  Kansas  Uplift  is  approached.     Tbis

nay  be  the  result  of  refraction  on .the  Central  Kansas  Uplift.    The  control,

for  geotbermal  data,  along  this  section  is  better  than  that  for  section

8*-8*'   and  tbis  suggests  tbat  the  offset  observed  on  8*-8*'   is  an  effect

of  the  computer  contouring  program.

Finally,   sections  E-E'   and  E.,,i-E*'   (Figure  2-14,   a  and  b)   cover  eastern

Kansas   from  the  Forest  City  Basin  to  the  Cherokee  Basin.     Aside  from  the

nortbem  quarters  of  the  sections,  where  tbere  are  no  thermal  logging  data,

geothermal  gradients  and  temperatures  generally  increase  as  the  thick-

ness  of  tbe  Pbanerozoic  strata  decreases.

It  appears  that  there  is  a  relationship  between  tbe  major  basement

structural  features.  in  Kansas  and  available  geothermal  data  (especially

gradient  data).     It  also  is  notable  that,   as  tbese  features  become  deeper

and  less  pronopnced  (structurally),   their  effects  on  the  geothermal  grad-

ient  are  reduced.     In  addition,  tbe  relatively  high  geothermal  gradients

observed  in  tbe  Cberokee  Basin  may  be  the  result  of  a  general  decrease  in

deptb  to  tbe  basement  complex  in  this  area.

-50-



REFERENCES

Bames,  V.E.,1932,  Eartb  temperatures  in  north  central  Texas:     Am.   Assoc.
Petrol.   Geol.,   Bull.,   v.16,   p.413-416.

Bickford,   M.E.,   Har`rower,   K.L.,   Hoppe,   W.J.,   Nelson,   B.K.,   Nusbaun,   R.L.
arid  Tbonas,   J.J. ,1981,  Rb-Sr  and  U-Pb  geocbronology  and  distribution
of  rock  types  in  tbe  Precambrian  basement  of  Missouri  and  Kansas:
Geol.   Soc.   Am.,   Bull.,   v.92,   p.323-341.

Birch,  F.   and  Clack,  H.,1940,  Tbe  thermal  conductivity  of  rocks  and  its  depen-
dence  upon  temperature  and  composition:     Am.   Jour.   Sc±.,  v.238,  p.529-558.

Blackwell,   D.I).,   Steele,   J.I.   and  Steeples,   D.W.,1981,   Heat  flow  de-
teminations  in Kansas  and  tbeir  implications  for  Midc:ontinent  heat
`flow  patterns:     EOS,   v.62,.  p.392.    -

Bullard,  E.C.,1947,  Time  necessary  for  a  borehole  to  attain  temperature
equilibrium:     Monthly  Notices,   Roy.   Astr.   Soc. ,   Geophys.   Suppl.,   v.5
p .127-129 .

Carlson,  A.J.,1931,   Geothermal  variations   in  Coalinga  area,  Fresno  County,
California:     Am.   Assoc.   Petrol.,   Bull.,   v.15,   p.829-836.

Carvalho,  H.S.   and  Vacquier,  V.,1977,  Model  for  determining  ter`restrial
beat  flow  in  oil  field.s:     Geophysics,   v.42,   p.584-593.

Combs,  J.   and  Simmons,   G. ,1973,  Terrestrial  beat  flow  determinations  in
tbe  north-central  United  States:     Jour.   Geopbys.   Res.,  v.78,  p.441-461.

Diment,  W.H.,1967,   Tbemal  regime  of  a  large  diameter  borebole:     Insta-
bility  of  the  water  colum  and  comparison  of  air-  and  water-filled
conditions:     Geopbysics,   v.32,  p.720-726.

Echbacb,   0.W. ,1936,  Handbook  of  engineering  fundamentals:     Join  Wiley
and  Sons,   p.1-124,1-128,1-129,   7-17   and   11-59.

Evans,   I.R.   and  Coleman,   N.C.,1974,   Nortb  Sea  geothermal  gradients:
Nature,   v.247,   p.28-30.

Frye,   J.C.,1950,   Origin  of  Kansas  Great  Plains  depressions:     Kans.   Geol.
Surv.,   Bull.,  No.86,   Part  1,   20p.

'

Garland,   G..D.   and  Lemox,   P.H.,1962,   Heat  flow  in  western  Canada:     Geopdys.
`     Jour.,   v.6,   p.245-262.

Harper,   M.I.,1971,   Approximate  geotbermal  gradients  in  the  North  Sea
Basin:     Nature,   v.230,   p.235-236.

Lasky,   B.H.,1963,   Surface  alteration  studies  map  subsurface  structure:
World  Oil,   v.156,   p.75-93.

-51-



Lee,   W.,1953,   Subsurface  geologic`cross   section  from  Meade  County  to  Smitb
County,   Kansas:     Kans.   Geol.   Surv.,   Oil  and  Gas   Invest.,   No.9,  .23p.

Lee,  W.   and  Merriam,  D.F.,1954,   Cross  sections   in  eastern  Kansas:
Kans.   Geol.   Surv.,   Oil  and  Gas  Invest.,  Not.12,   8p.

\
Mccutcbin,   J.A. ,   1930,  Determination  of  geothermal  gradients   in  Oklahoma:

Geol.   Soc.   Am.,   Bull.,   v.14,   p.535-555.

Merriam,   I).F.,1963,   Tbe  geologic  History  of  Kansas:   Kans.   Geol.   Surv.,
Bull.,   No.162,   317p.

Misener,   A.D.   and  Beck,   A.E.,,1960,  Measurements  of  beat  flow  over  land
i±  Runcorn,   S.K.,   ed.,   "Methods  and  techniques  in  geophys`ics":
Interscience,  v.1,  p,10-61.

Nwac:hukwu,   S.0.,1975,   Geothermal  regime  of  soutbem  Nigeria:     United
Nations  Symposium  on  Development  and  Use  of  Geothermal  Resources,
Proceed. ,  San  Francisco,  Calif. ,  United  States  Govt.  Printing
Office,   p.205-212.

Paul,   S.E.   and  Babnmaier,  E.L.,1981,   Enbanced  oil-recovery  operations  in
Kansas,1979:     Kans.   Geol.   Surv.,   Energy  Resources   Series   17,   p.160-163.

Roy,   R.F.,   Blackwell,   D.D.   and  Birch,   F.,1968,  Heat  generation  of  plut-
onic  rocks  and  continental  heat  flow  provinces:    Eartb  and  Planet.
Science  I,etters,  v.5,  p.1-12.

Scattolini,  R. ,   1978,  Heat  flow  and  beat  produc:t.ion  studies  in  North  Dakota
Pb.D.   Dissertation  (unpublished) ,  University  of  Nortb  Dakota,   264p.

Scbeffer,  V.,,1964,   Geopbysical  investigation  of  the  geothermal  zones  of
tbe  earth:,     Acta.   Techn.,  Hung.,   v.47,   p.409-430.

Schoeppel,  R.   Ih   and  Gilarranz,   S.,1966,  Use  of  well  log  temperatures
to  e+aluate  regional  geothermal  gradients:     Jour.  Petrol.  Tech. ,
v.18,   p.667-673.

Sears,   F.W.   and  Zemansky,   M.W.,1967,   University  Physics,   tbird  edition:
Addison-Wesley,   p.352-357.

Strong,   M.W. ,1930,   Geotbermal  phenomena  and  geological  history  witb  special
reference  to.old  structures  in  geothermal  equilibrium:    Jour.   Inst.
Petrol.   Tecb.,   v.16,   p.889-901.

Vaquier,   V.,   Steenland,   N.C.,   Henderson,   R.G.   and  Zietz,I.,1951,   Inter-
pretation  of  aeromagnetic  maps:      Geol.   Soc.   Am.,   Memoir,   No.47,   P.1-8.

Vah  Orstrand,   C.E..,   1932,   On  the  correlation  of  isogeothermal  surfaces  witb
tbe  rock  strata:     Physics,   v.2,   p.139-153.

-52-



Van  Orstrand,   C.E.,1934,   Some  possible  applications  of  geothermics  to
geology:     Am.   Assoc.   Petrol.   Geol.,   Bull.,   v.18,   p.13-38.

Van  Orstrand,   C.E. ,1940,  Additional  evidence  on  tbe  relation  of  temperature
to  structure  in  tbe  Salt  Creek  oil  field,  Natona  County,  Wyoming:
Geo|itrysics,   T..5,   p.47-56.

Van  Schmus,  W.R.   and  Bickford,  M.E. ,   1981,   Proterozoic  chronology  and  evo-
1ution  of  the  Midcontinent  region,  North  America,  ±±  Kroner,  A. ,   ed. ,
"Precambrian  plate  tectonics":     Elsevier,  p.281-296.

Wang,   C. ,1965,   Some  geophysical  implications  from  gravity  and  beat
flow  data:     Jour.   Geo|>bys.   Res.,   v.70,   p.5629-5634.   ,

Woollard,   G.P.,1959,  Tbe  relation  of  gravity  to  geology  in  Kansas  in
Hambleton,   W.W.,   ed.,   "Synposiun  on  geo|>hysics   in  Kansas'':     Kali.
Geol.   Surv.,   Bull.,   No.137,   p.63-104.

11,11



REFERENCES   USEI)  FOR  STRATIGRAPHIC   COLUENS   IN  APPENDIX   Ill.

Abematby,   G.E. ,1941,   Ground  water  resources  of  Mississippian  and  older
rocks  in  Bourbon,   Crawford,   Cherokee  and  I.abette  Counties ,   §outheastem
Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.38,   Part  8,   p.221-236.

AdkinsoD,  W.I.,1963,   Subsurface  geologic  cross  section  of  Paleozoic  rocks
from  Butler  County  to  Stafford  County,  Kansas:     Kans.   Geol.   Surv.,
Oil  and  Gas  invest.,   no.28,   90p.

Bass,   N.vy.,1925,   Geology  of  Russell  County.,   Kansas:     Kans.   Geol..  Surv.,
•   Bull.,   no.10,177p.
.,

Bayne,.   C.K. ,1956,   Ge.ology  and  groundwater  resources   of  Sberidan  County,
Kansas:     Kads.   Geol.   Sury.,   Bull.,   no.116,   94p.

Bayne,   C.K. ,1958,   Groundwater  resources  of  E.1k  County  ;{±  "Geology,   mineral'resources  and  groundwater  resources  of  Elk  County,  Kansas'':     Kans.   Geol.

Surv.,  Rept.,  v.14,   Part  3,  p.37-55.

Bayne,   C.K.,1960,   Geology  and  groundwater  resources  of  Harper  County,   Kansas:
Kans.   Geol.   Surv.,   Bull.,   no.143,184p.

Bayne,   C.K. ,1962,   Geology  and  groundwater  resources  of  Cowley  County,   Kaflsas:
Kans.   Geol.   Surv.,   Bull.,   no.158,   219p.

Bayne,   C.K.   and  Ward,   N.R.,1959,   Geology  and  groundwater  resources  .of
Cloud  County,   Kansas:     Kans.   Geol.   Surv.,Bull.,   no.139,144p.

Bayne,   C.K.,   Franks,  .P.C.   and  Ives,   W„   1971,   Geology  and  groundwater  resources
of  Ellswortb  County,   central  Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.201,
84p.

Bayne,   C.K.   and  Ward,   N.R. ,   1974,   Geology  and  hydrology  of  Rice  County,
central  Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.206,   Part  3,17p.

Bennett,  J. ,   1896,   Geologic  cross  section  along  the  Missouri  Pacific
Railway  from  the  state  line,  Bourbon  County  to  Yates  County:     Kans.
Geol.   Surv.,   Vol.1,   p.86-98.

Berry,  D.W. ,1952,   Geology  and  groundwater  resources  of  Lincoln  County,
Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.95,   96p.

Byme,   F.E.,,   Beck,   H.V.   and  Houston,,  `M.S.,1949,   Construction  materials   in
Rooks   County.   Kansas:     U.S.   Geol.   Surv.,   Circ.,   no.27,15p.

Fisbel,  V.C.,1955,   Geology  and  groundwater  resources  of  Jewell  County,
Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.115,152p.

-54-



Frye,  J.C.   and  Stoltenberg,  H.A.,1945,   Geology  and  groundwater  resources
of  Tbomas   County,   Kansas:     KaDs.   Geol.   Surv.,   Bull.,   no.59,110p.

Frye,  J.C.   and  Leonard,  A.R.,1949,   Geology  and  groundwater  resources  of
Norton  County  and  nortbwestern  Pbillips  County,  Kansas:     Kans.   Geol.
Surv.,   Bull.,   no.81,144p.

Hawortb,,  E.   and  Piatt,  W.H.H.,1894,  A  geologic  section  along  the  Verdigris
River  from  the  State  line  to  Madison:     Kans.  Univ.,  Quarterly,  v.2,
p.115-118.

Hodson,   W.G. ,1959,   Geology  and  groundwater  resources   of  Hit.chell  County,
Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.140,132p.

Hodson,   W.G.,1963,
Kansas:     Kans.

Hodson,   W.G.,1965,
Kansas:     Kans.

Hodson,   W.G.,1969,
Kansas:     Kans.

Geology  and  groundwater  resources  of  Wallace  County,
Geol.   Surv.,   Bull.,   no.161,108p.

Geology  and  groundwater  resources  of  Trego  County,
Geol.   Surv..,   Bull.,   no.174,   80p.

Geology  and  groundwater  resources  of  Decatur  County,
Geol.   Surv.,   Bull.,   no.196,   41p.

Hodson,   W.G.   and  Wahl,   K.D.,1960,   Geology  and  groundwater  resources  of  Cove
County,   Kansas:     Kans.   Geol..   Surv.,   Bull.,   no.161,108p.

Johnson,   C.R.,1958,   Geology  and  groundwater  resources  of  Logan  County,
Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.129,175p.

Jungman,   W.I,. ,1966,   Geology  and  groundwater  resources   of  Neosho  County,
Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.183,   46p.

Keene,   K.M.,   Pearl,   R.H.   and  Pabst,   M.E.,1969,   Hydrogeologic  data  from
Cheyenne,  Dec:atur,  Rawlins,   Sheridan,   Sberman  and  Thomas  Counties,
Kansas:     Kans.   Geol.   Surv.,   Basic  Data  Series,   Groundwater  Release
No.    1,    113p.

Keene,   K.M.   and  Pabst,   M.E.,1971,   Hydrogeologic   data   from  Cove,   Logan  and
Wallace  Counties,   Kansas:     Kans.   Geol.   Surv.,   Basic  Data  Series,   Ground-
water  Release  No.   2,   76p.

Landes,   K.K.,1930,   The  geology  of  Mitchell  and  Osborne  Counties,   Kansas:
Kans.   Geol.   Surv.,   Bull.,   no.16,   55p.

I,ane,   C.W.,1965,   Geohydrology  o.f  Sedgwick  County,   Kansas:     Kans.   Geol.
Surv.,   Bull.,   no.176,loop.

Latta,   B.F. ,   1950,   Geology  aad  groundwater  resources  of  Barton  and  Stafford
Count.ies,   Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.88,   228p.

-55-



Lee,  W.,1949,   Subsurface  geologic  cross  section  from  Barber  County  to
Saline  County,  Kansas:     Kans.   Geol.   Surv.,   Oil  and  Gas  Invest,   no.8,
16p.

Leonard,   A.R.,1952,   Geology  and  groundwater  resources  of  the  Nortb  Fork
Solomon  River  in  Mitcbell,  Osbome,   Smitb  and  Pbillips  Counties:
Kans.   Geol.   Surv.,   Bull.,   no.98,150p.

I,eoaard,   A.R.   and  Berry,   D.W.,1961,   Geology  and  groundwater.  resources  of
soutbeFn  Ellis  County  and  parts  of  Trego  and  Rusk  Counties,  Kansas:
Kans.   Geol.   Surv.,   Bull.,   no.149,156p.

I,ohman,   S.W. ,1940,   Groundwater  in  tbe  Mcpherson  district,   Kansas:     Kans.
Geol.   Surv.,   Bull.,   no.27,  p.63-66.

I,obman,   S.W.,   and  Frye,   J.C.,1940,   Geology  and  groundwater  resources  of  tbe
"Equus  beds"   area  in  soutb-central  Kansas:     Econ.   Geol.,   v.35  .p..839-866.   ,

Hack,   I.E. ,1962,   Geology  and  groundwater  resources  of  Ottaiva  Count.y,   Kansas:
Kans.   Geol.   Surv.,   Bull.,   no.154,145p.

Mcl,aughlin,  I.G. ,1949,   Geology  and  groundwater  resources  of  Pawnee  and
Edwards   Counties,   Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.80,189p.

MCNellis,   J.M.,1973,   Geology  and  groundwater  resources   of  Rush  County,
central  Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.207,   45p.

Miller,  D.E.,1969,   Geology  and  groundwater  resources  of  Allen  County,
Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.195,.  48p.

Moore,  R.C.,1937,  Road  log  Pittsburg,,  Kansas  to  Coffeyville,  Kansas,   south-
ward  to  Oklahoma  state  line;   road  log  Oklahoma  state  line  nortbward
to  Cedarvale,  Kansas:     Kans.   Geol.   Soc.,  Amual  Field  Conf.,   no.11,
p.24-54,   72-84.

0'Comor,   H.G. ,1974,   Geology  and  groundwater  resources  of  Montgomery
county,   southeastern  Kansas:     Groundwater  Series,   no.1,   12p.

Pierce,   W.G.,1938,   Geology  and  coal  resources  of  the  southeastern  Kansas   coal
field  in  Crawford,   Cherokee  and  Labette  Counties,  with  a  report  on
Pennsylvaniaa  invertebrate  faunas  of  southeastern Kansas  by  James
Steele  Williams:     Kans.   Geol.   Surv.,   Bull.,   no.24,122p.

Prescott,   G.C. ,1953,   Geology  and  groundwater  resburces  of  Sherman  County,
Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.105,130p.

Prescott,   G.C. ,1955,   Geology  and  groundwater  res.ources   of  Graham  County,
Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.110,   98p.

Wagner,   H.C. ,1954,   Geology  of  the  Fredonia  quadrangle,   Kansas,   Scale   1:63,360:
U.S.   Geol.   Surv.,   Geol.   Quad.   Map,   no.6Q-49.

-56-



Waiters,  K.I. ,1956,   Geology  and  groundwater  resources  of  Rawlins  County,
Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.117,loot).

Waiters,  K.I,. ,1961,   Geology  and  groundwater  resources  of  Sunner  County,
Kansas:     Kans.   Geol.   Surv.,   Bull.,   no.151,198p.

Wing,   M.E.,1930,   Tb`e  geology  of  Cloud  and  Republic  Counties:     Kans.
Geol.   Surv.,   Bull.,   no.15,   51p.

Zeller,   D.E.,1968,   The  s-tratigrapbic  succession  in  Kansas:     Kans.   Geol.
Surv.,   Bull.,   no.189,   81p.



FIGURE     2-1':

FIGURE   CAPTIONS

An  exaxple  of  a  typical  well  log  header  used  in  this  study.
IDfomation  compiled  from  eacb  log  includes:
1)     location  (section,   townsbip,  range)
2)    elevation  wben  available  (feet)
3)    deptb  (feet)
4)    bottom  bole  temperature  (degrees  Fahrenheit)
5)    year  drilled
6)     "time  (Hours)  since  circulation"   (interval

between  last  circulation  of  drilling  mud
and  measurement  of  bottom  bole  temperature).

FIGURE    2-2:    Map  slowing  distribution  of  data  points  available.for  the  geo-
thermal  gradient  map  of  Kansas  based  on  gradients  computed  from
BHT  data.     These  data  points  repre.sent  locations  of  the  .wells
from  whicn  BHT  data  were  obtained.

FIGURE    2-3:     I,ocation.map  of  the  areas  covered  by  tbe   1980  and  1981  thermal
logging  work.

FIGURE    2-4:    :::3::::::e:fo±°::h:;e];a:::S2g±88  i.=±:::a±±§:::=e::df3:c±?`n:;:8;.

The  borebo.1e  is  assumed  to  be  full  of  water.
For  a  particular  temperature  (temperat.ures  from  5  to  20  °C  are
plotted)  measured  in  the  borehole,   convection  may  occ:ur  if  tbe
value  of  tbe  measured  geothermal  gradient  and  tbe  borehole
radius  are  above  tbe  temperature  curve.    For  Kansas,   this
SB!±±4  effect  thermal  1ogging  data  from  boreholes  exceeding
six  centimeters  in  diameter.

FIGURE     2-5:     Temperature  profiles  of  KGS-USGS  Big  Springs  bole.
Profile.1DGl-III  represents  data  I  obtained  in  January  1981.
Profile  lDG1-B  represents  data  obtained  by  Blackwell  iD  June
1980.

FIGURE     2-6:     Temperature  profiles  of  control  well   (1I)G1).
Profiles   I  and  11  result  from  summer  1980  .lagging  data.
Profile  Ill  results  from  data  obtained  ia  January  1981.
Profile  IV  results  from  data  obtained  in  May  1981.

FIGURE    2-7:     Simplified  cross  sections  showing  t.he  effects  of  lateral
•  c:hanges  in  tbermal  conductivity  on  the  bahavior  of  isotherms.

Tbe  upper  boundaries  on  these  cross  sections  represents  tbe
ground  surface   (after  Strong,,1930).

FIGURE    2-8:     Location  map  for  geologic  sections  and  control  points  of
tbermal  logging  data.

FIGURE    2-9:     Index  map  for  profiles  of  geothemal  gradients  and  subsur-
face  temperatures.
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FIGURE    2-10a:     Generalized  geologic  section  along  line  A-A'   (after
Merriam,1963,   p.17).      a

FIGURE    2-lob:.    Profile  of  geotbemal  gradient  (solid)  and  temperature  at
-300  meters   (dashed)   along  line  A*-A*' .

FIGURE    2-lla:     Generali.zed  geologic  section  along  line  8-8'   (after
Merriam,1963,   p.18).

FIGURE    2-llb:     Profile  of  geothermal  gradient  (solid)  and  temperature  at
-300  meters   (dasbed)   along  line  8*-8*' .

FIGURE    2-12a:     Generalized  geologic  section  along  line  C-C'   (after
Merriam,1963,   p.19).

FIGURE    2-12b:     Profile  of  geothermal  gradient  (solid)   and  temperature  at
-300  meters   (dasbed)   along  line  C..,`.-C*' .

FIGURE    2-13a:     Generalized  geologic  section  along  line  D-D'   (after
Lee,1953,   Figure  2G).

FIGURE    2-13b:     Profile  of  geotberlnal  gradient   (solid)   and  temperature  at
-300  meters   (dashed)   along  line  D*-D*' .

FIGURE    2-14a:     Generalized  geologic  section  along  line  E-E'   (after
Lee  and  Merriam,1954,   Plate  4).

FIGURE    2-14b:     Pro.file  of  geothermal  gradient' (solid)   and  temperature  at
-300  meters   (dashed)   along  line  E.,,:-E*' .
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PLATE   CAPTIONS

PLATE  2-1:     Geotbermal  gradient  map  of  Kansas.     Source  data:     bottom  bole
data  for  wells  deeper  tban  305  meters.

PLATE  2-2:     Subsurface  temperature  distribution  in  Kansas.     Source  data:
bottom  bole  data  for  wells  deeper  than  305  meters.
Datum:     300  meters  below  ground  level.

PLATE  2-3:     Geotbermal  gradient  map  of  Kansas.     Source  data:     bottom  hole
data  for  wells  deeper  than  122  meters.

PLATE  2-4:     Geothermal  gradient  map  of  Kansas.     Source  data:     thermal  1ogging
data  for  wells-deeper  tban  183  meters.

PLATE  2-5:     Subsurface  temperature  distribution  in  Kansas.     Source  data:
tbermal  logging  data  for  wells  deepe.r  than  122  meters.
Datum:     300  meters  below  ground  level.
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HEAT  FI.OW  ANI)   GEOTHERMAI.   POTENTIAI,   OF  KAHSAS

by

David  D.   Blactwell  and  John  I,.   St.eele
Department  of  iGeological  Sciences

Southern  Methodist  University
Dallas,   Texas

INTRODUCTION

!; -:I

At  the  present  time  there  are  only  two  published  heat  flow  measure-

ments  available  for  the  State  of  Kansas.     A  Value  of  63  mwm-2  was  mea-

sured  near  the  central  part  of  the  state  at  Lyons,  Kansas.  (Sass  ± ±,

1971a)   and  a  value  of  59+  mwm-2  was  estimated  for  a   site  near  Syracuse

by  Birch  (1947).     In  addition  a  heat  flow  value  of  59  mwm-2  was  published

by  Roy  e±  i  (1968b)   for  a  site  in  ext.reme  nort.heastem  Oklahoma  near  the

Kansas  border.     On  a  regional  basis  the  eastern  part  of  Kansas  should  be

part  of  the  Central  Stable  Region,  an  area  of  the  North  American  continent

characterized  by  a  single  linear  relation  between  heat  flow  and  heat  pro-

auction  (Roy  ±  i,1968a).     In  this  area,  unless  heat  flow  values  are

disturbed,  they  are  directly  related  to  the  heat  production  of  the  basement

underlying  the  site  where  the  heat  flow  measurement  was  made.

There  is  a  suggest.ion  from  regional  data  that  heat.  flow  may  increase

toward  the  west  in  the  Great  Plains  province  and  that  the  high  heat  flow

characteristic  of  the  southern  Rocky  Moulitains  may  extend  east  of  the  noun-

tains   some  distance   (Blackwell,1969;   Combs   and  Sirmons,1973;   Lachenbruch
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and  Sass,1977;   Blackwell,1978).     Extensive  thermal  studies  are  in  progress

in  the  State  of  ltebraska  but  the  r.esults  are  preliminary  at  t.His  t.ime   (Gos-

nold,1980).     IIeat  flow  values  may  be  quite  bigb  in  tbe  western  part  of

the  state.     Swanberg  and  Morgan  (1979)  published  a  heat  flow  map  for  the

United  States  based  on  a  correlation  of  heat  flow  and  silica  water  temper-

atures.     In  this  map  they  have  a  data  gap  for  the  State  of  Kansas,  but  ex-

trapolation  from  data  outside  the  state  implies  that  t,he  heat  flow  may  be

greater  than  65  mwm-2  in  the  western part  of  the  state  and  less  than  65  mwm-2

in  tbe  eastern  part  of  the  state.     While  no  heat  flow  measurements  were  made

as  part  of  this  study  in  western  Kansas  in  tbe  area  presumed  to  be  cbarac-

terized  by  heat  flow  above  that  characteristic  of  the  Central  Stable  Region

the  data  presented  here  do  bear  on  the  heat  flow  values  in  the  Great  Plains

and  this  topic  will  be  discussed  in  a  subsequent  section.

The  plan  of  the  U.S.   Geological  Survey  and  Kansas  Geological  Survey  to

drill  four  deep  hydrologic  tests  in  Kansas  prompted  Dr.  Don  Steeples  to  propose

a  geotbermal  study  in  these  wells;  this  study  has  been  carried  out  by  the

autbors  of  tbis  report.     These  wells  offer  a  unique  opportunity  to  make  de-

tailed  and  accurate  beat  flow  measurements  in  Kansas.     These  wells  were

drilled  through  the  Arbuckle  Group  to  within  a  few  feet  of  basement  and  two

a,f  the  holes  were  deepened  on  into  the  basement  and  core,samples  collecte.d

of  the  basement  rock.     Because  of  the  depth  of  the  four  holes  and  because  of

the  f act  that.  they  have  been  eased  through  most  of  their  depth  and  left

undisturbed  to  reach  temperature  equilibrium,  it  is  possible  to  get  highly

accurate,   stable  temperature  measurements  through  the  complete  sedilnentary

section.     This  opportunity  does  not  arise  very  often  in  the  Midcontinent
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in  spite  of  the  fact  that  tbousands  of  wells  have  been  drilled  there,  becalise

most  of  the  holes  were  drilled  for  petroleum  exploration  and  are  not  available

for  equilibrium  temperature  studies.    Water  wells  are  usually  somewhat  shal-
t

lower  and  thus  do  not  cut  nearly  as  tbick  a  section  or  approach  the  basement;

furthermore,  possible  circulation  effects  may  disturb  the  temperatures  with-

in  the  wells.     In  addition  an  extensive  suite  of  geophysical  logs  were  ob-

tained  for  each  of  the  holes   (gamlna-ray,   travel  time,   density,  neutron

porosity,  electric,  etc.)  and  cuttings  were  c.ollected  at  frequent  intervals.

The  holes  which  were  drilled  to  the  Arbuckle  Group  or  deeper  by  the  U.`S.

Geological  Suirvey  and  the  Kansas  Geological  Survey  are   12S/2W-32CCC,
*

18S/23E-18DCD  and  31S/20E-22CAC   .     In  addition  5   other  holes  were  logged  as

part  of  this  study.    For  these  holes  cut,ting  samples  and  geophysical  logs

are  not  available,  but  tbe  additional  holes  offer  useful  supplementary

information  on  the  temperature  regime  in  other  parts  of  Kansas.

MEASURERENT   TECIENIQUES

The  holes  were  logged  to  a  maximum  depth  of  1045  in  with  a  truck  mounted

logging  system  or  to  565  in  with  a  portable  hand  operated  equipment.     Most

of  the  holes  were  logged  with  a  digital  recording  system  attached  td  the  output

of  the  volt  meter  attached  to  a  thermistor  probe  and  the  output  of  a  digit.al

depth  encoder.     Temperatures  were  calculated  from  tbe  measured  resistance

values  and  gradients  were  calculated  using  the  two  data  sets.     Temperatures

were  measured  to  the  nearest  0.001°C  at.  depth  intervals  of  1  in,   allowing  a

..£:f:;r::u::yb¥nD:::::::n:h:ft::ag;P:::a5So=o::urn:¥rc:::r:nh:::v::s±o:::::er:

Kodama,   Cbapter  6.
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very  det.ailed  look  at  gradients  in  the  sedimentary  section.    Logging  rates

were  quite  slow,   4  in  per  miliLite,   so  that  equilibrium  temperatures  were  ob-

tained.    Roy  ± i  (1968b)  and  many  subsequent  authors  have  illustrated  the

detail  which  can  be  obtained  in  sedimentary  rocks  using  such  continuously

recording  equipment.     The  detailed  temperature  measurements  are  listed  in

Appendix  I  along  with  temperature-depth  curves  for  each  hole  logged.

Themal  conductivity  measurement.s  were  made  on  cuttings  from  three  of

the  holes  drilled  by  the  U.S  and  Kansas  Geological  Surveys.     T.hese  res,ults

are  given  in  Appendix  11.     Only  cut.tings  were  available  for  the  sedimentary

section  so  the  measurenents  were  made  using  the  chip  technique  of  Sass

et  al   (1971b).     Core  samples  were  available  from  basement  rock  at  two  of  the

sites  and  heat  product.ion  and  thermal  conductivity  were  measured  on  the  core

samples.     ties.e  data  will  be  discussed  below.     Heat  production  measurements

were  made  using  a  256  channel  gamma-ray  pulse-height  analysis   system

(Gosnold,1976).     Core  sample  thermal  conductivity  measurements  were  made

using  conventional  divided-bar  techniques   (Roy  £± ±±,1968b).     A  major

problem  arose  in  the  use  of  the  chip  technique  to  measure  thermal  conduc-

tivities  for  some  of  the  units  in  the  sedimentary  section.    Because  of  the

strong  anisotropy  of  the  layered  silicates  making  up  the  shales  it  proved

impossible  to  obtain  the  correct  ±  ±±±±  thermal  conductivity  values  of  the

shales  using  cutting  samples.     In  preparing  the  cylinders  with  the  mixture

of  water  and  cuttings  it  appears  that  many  of  the  f ragments  of  shale  will

end  up  randomly  orientated  whereas  of  course  in  the  ground  the  orientation

is  strongly  preferred.    The  result  is  that  the  calculated  ± ±±±±  conduc-

tivity  is  far  too  high;  this  point  is  discussed  in  much  more  detail  below.

In  the  tables  showing  interval  thermal  conductivity  values,  these

-83-



values  have  been  corrected  for  temperature  effects  in  the  deeper  parts  of

the  holes.     These  effects  approach  0.15  Win-]K-1  for  the  bottom  part  of  hole

13S/2W-32CCC   (Robertson,1975).

GEOTIERMAI.   GRADIENTS

Geothermal  gradients  were  obtained  in  10  relatively  deep  holes

(375  -1045  in)   througbout  the  eastern  2/3  of  the  St.ate  of  Kansas.  .  In  all

of  these  holes  the  temperatures  as  a  function  of  depth  show  a  very  close

relation'ship  to  lithologic  variations.    Because  of  this  correlation .and

the  typically  thin  individual  beds  c:baracteristic  of  the  Pennsylvanian

section  cut  by  most  of  the  holes,  it  is  very  difficult  to  generalize  the

results.     The  hole  locations  and  pertinent  information  are  shown  in  Table  3-1

and  on  Figure  3-1,   a  generalized  index  map  of  Kansas.     The  holes  will  be  indi-

vidually  discussed  proceeding  in  order  from  northwest  to  southeast.     All  of

the  data  have  been  I)1otted  on  tbe  same  depth,   temperature  and  gradient  scales

to  facilitate  comparisons  from  hole  to  hole.     The  deeper  holes  have  been

plotted  on  two  depth  scales,   0-600  and  500-1100  in  to  increase  the  reso-

1ution  and  allow  full  page  plots  of  the  shallower  holes  on  the  same  scale

as  the  deeper  boles.     Bar  graphs  of  gradient  are  sbown  for  each  hole.     For

the  most  detailed  logs,  which  we.re  digitally  recorded,   tempe}:atures  are

Plotted  at  2  in  intervals.

Figure  3-2  shows  a  detaile.d  temperature-depth  curve  and  bar  graph  of

gradient  for  hole  9S/20W-27BI)C  in  Rooks   County,.     This  hole  was   lagged  to

the  end  of  our  cable  at  1045  in.     The  upper  part  of  the  hole  cuts  Cretac:eons

rocks  overlying  a  relatively  thick  Permian  section.    The  units  which  are

most  clearly  identifiable  on  the  temperature-depth  and  gradient  plots  in
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Figures  3-2a  and  3-2b  are  the  shales.     The  water  table  was  just  above  100  in

and  the  first  reliable  gradients  are  below  105  in.     There  a  section  60  in

thick  between  105  in  and  165  in  has   a  mean  gradient  of  50.5  I  0.3°C/kin.     Below

that  section  t.he  gradient  drops  to  approximately  37.5  i  0.5°C/kin  to  a  depth

of  221  in  at  which  |ioint  the  gradient  drops  to  values  generally  less  than

30°C/kin,  whicb  cont.inue  to  the  bottoln  of  the  hole.     The  only  exception  is  a

zone  of  higher  gradient  between  300-340  in  and  a  few  local  intervals  of  higher

gradient  beween  900  and  1000  in.     Tbe  Cretaceous-Permian  unconformity  is  at

a  depth  of  about  450  in  and  the  Pennsylvanian-Permian  cant.act  is  at  a  depth

o`f  a|>proximately  900  in  in  this  hole.     The  mean  gradient  in  the  Cre.taceous

section   (105-450  in)   is  27.3  +  1.8°C/kin.     In  the  Permian  section   (,450-900  in)

the  mean  gradient  is  24.2  +  0.3°C/]an  and  in  the  Pennsylvaniain  section

(900-1045  in)   the  mean  gradient  is   3.3.6  ±  0.3°C/kin.     In  the  Pennsylvanian

section  the  gradients  are  variable  ranging  from  45°C/kin  in  the  predominantly

shale  units  to  25°C/kin  in  the  more  limestone-rich  units.     Temperatures  are/

somewhat  lower  in  this  hole  then  in  most.  of  tbe  other  holes  logged,   either

because  of  a  higher  thermal  conduct.ivity  for  the  Permian  section,  which

includes  more  sandstone  and  evaporite  deposits  than  the  Pennsylvanian,   or

because  of  a  lower  heat  flow  at  this  site  than  at  tbe  remainder  of  tbe  sites.

The  tbermal  conductivity  hypothesis  is  favored.

Hole  12S/17E-13BBD,   altbough  drilled  into  Precambrian  basement  at  a

depth  of  910  in,   was   logged  only  to  a  depth  of.  565  in.     A  second  attempt  was

made  to  log  the  hole  to  t.otal  depth,  but  it  was  being  used  by  the  U.S.

Geological  Survey  and  was  inaccessible..    The  temperature-depth  data  and  a

bar  graph  of  gradient  for  this  hole  are  shown  in  Figure  3-3.     The  gradient  in
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the  Pemsylvanian  sec:tion  between  120  in  and  521  in  ranges  from  25°C/kin  to

just  over  40°C/kin  and  averages  32.1  I  1.0°C/kin.     In  the  Pre-Pemsylvanian

carbonate  section  below  520  in  (to  565  in)   the  mean  gradient  is   17.1  i  O.1°C/kin.

Temperature-depth  curves  and  bar  graphs  of  gradient  for  hole  13S/12W-32CCC

are  shown  in  Figure  3-4.     This  bole  was  drilled  for  tbe  U.S.   and  Kansas  Geo-

logical  Surveys  to  a  depth  of  1117  in  and  was   logged  to  a  depth  of  1044  in.

The  stratigraphic  section  in  the  upper  part  of  this  hole  is  similar  to  hole

•12S/i7E-13BBI);  however,   temper.ature  data  from  the  deeper  section  were  also

obtained.    When  this  hole  was  logged  an  injection  test  had  recently  been

completed,  and  in  the  bott.om  part  of  the  hole  the  temperatures  were  un-

stable,   apparently  because  of  this  t.est.     The  'gradients  averaged  over  15  in

intervals  are  fairly  characteristic  of  t.hose  in  the  rock  (Figure  3-4c),  but

the  2  in  interval  gradients  are  very  variable  as  the  hole  tends  toward  equi-

libriun.     Some  of  the  injected  fluid  may  have  entered  the  f6rmation  around

920  in  resulting  in  the  very  low  gradients  in  tbat  section  of  the  hole.    Tbe

mean  gradient  between  100  and  280  in  in  the  Permian  section  is  28.5  I  0.6°C/kin.

The  mean  gradient  in  the  Pennsylvanian  section   (280-792  in)   is  31.9  i  0.6°C/kin

Below  792  in  in  the  Pre-Pemsylvanian  section  the  units  are  more  monolithic

and  tbere  is  a  good  correlation  between  lithology  and  gradient   (Figure  3-4c).

The  section  of  high  gradient  between  558-598  in  corresponds  to  the  Lawrence

Shale.     The  gradient  in  this  section  is  48.6  I  0.1°C/kin.     The  mean  gradient

between  736  and  796  in  in  the  Cherokee  Shale  is   36.9  I  0.2°C/kin  while  the  mean

gradient  in  the  Chattanooga  Shale  bet.ween  862  and  912  in  is  52.1  I  0.1°C/kin.

The  mean  gradient  in  the  limestone  units  ranges  from  15  to  25°C/kin.     This

hole  was   logged  just  into  the  Arbuckle  Group   (top  at  1026  in).     The  detailed
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geology  and  heat  flow  for  this  hole  will  be  discussed  in  the  following  section.

Ho.1e   18S/23E-18DCD  was  also  one  of  tbe  holes  drilled  for  the  U.S.   and

Kansas  Geological  Surveys.     At  the  time  of  the  first  logging  it  had  collap-

sed  at  395  in  and  we  were  unable  to  go  deeper;   during  a  second  attempt  to  log

the  hole,   the  hole  was  inaccessible  due  to  muddy  conditions  of  the  surround-

ing  field.     We  intend  to  relog  this  hole  when  conditions  allow.     The  temper-

ature-depth  curve  and  a  bar  graph  of  gradient  are  shown  in  Figure  3-5.     This

hole  shows  generally  high  gradients,   ranging  between  37  and  57°C/kin  and

averaging  51.08  +  1.2°C/kin,   between  100  in  and  220  in,   the  Mississippian-

Pemsylvanian  contact.     The  gradient  drops  abrupt.1y  to  average  22.7  I  0.7°C/ke

in  the  remainder  of  the  hole,  with  the  exception  of  a  15  in  sect.ion  in  the

Chattanooga  Shale.     The  average  gradient  in  the  C:hattanooga  Shale   (360-375  in)

is  52.5  +  0.1°C/kin.     There  is  a  negative  gradient  section  near  the  bottom

of  the  hole  which  reflects  a  drilling  or  injection  disturbance.    Tbe  mean

gradient  I or  the  bottom  of  the  hole  below  the  Chattanooga  Shale  is  only

14.5°C/kin  although  it  is  poorly  determined.     This  sectiofi  is  predominantly

dolomite  as  discussed  in  the  section  on  heat  flow.     The  hole  was  drilled  into

baselnent  and  bottomed  at  666  ri.     Basement  thermal  condrctivity  and  heat

production  data  are  discussed  below.

Hole   19S/8W-26  was   logged  and  the  data  I)resented  by  Sass  £±  ±±   (1971a).

The  temperature-depth  and  gradient  data  are  shown  in  Figure  3-6;  this  hole

was  drilled  in  Permian  age  rocks  with  the  sec:tion  of  the  hole  between  220

and  305  in  in  salt  deposits.     Because  of  the  high  thermal  conductivity  of

the  salt  a  low  gradient  of  only  14°C/kin  is  observed  within  this  interval.

Three  holes  were  logged  along  a  more  or  less  east-west  section  in
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the  south  central  part  of  the  stat.e,   holes  25S/4E-34I)AD,   25S/8E-36ACC  and

25S/13E-24AI)D.     These  holes  are  predominantly  in  Pemsylvanian  age  rocks

and  have  the  highest  temperatures  in  the  400-500  in  depth  ralige  observed  in

any  of  t.he  holes  logged.     In  large  part  the  high  temperatures  are  due  to

the  greater  abundance  of  shale  of  low  thermal  conductivity  in  the  geologic

section  encountered  in  these  boles.     The  temperature-depth  curves  and  bar

graphs  of  gradient  for  the  first  two  holes  are  shown  in  Figures  3-7a  and  3-7b

and  3-8,.     The  mean  gradient  for  hole  25S/4E-34I)AI)  between  200  and  737  in  is

35.6  +  0.6°C/kin.     The  gradients   fo.r  25S/4E-.34DAD  ar.e  quite  variable;   this

hole  was  an  abandoned  oil  well  and  some  of  the  irregularity  may  be  related

to  past  production  effects.    The  character  of  the  gradient  variations  changes

abruptly  at  310  in.     At  this  point  a  ball  of  mud  or  some  other  materia.1  ap-

parently  attached  itself  to  the  probe  severely  lengthening  the  time  constant

of  the  probe  and  resulting  in  the  marked  change  in  behavior.     The  fluid  level

in  hole  25S/8E-36ACC  was  at  195  in  and  logging  did  not  begin  until  below  that.

depth.     The  mean  gradient  for  that  hole  is  38.0  I  0.4°C/kin  between  200  and

390   in.

A  temperature-depth  curve  and  a  gradient  bar  graph  for  hole  25S/13E-24AI)D

are  shown  in  Figure  3-9.     In  this  hole  there  is  a  variation  of  10-20  in  inter-

val  gradients  from  about  25  to  55°C/kin.     From  a  comparison  with  the  gamlna-

ray  log  it  is  clear  that  these  high  gradient.s  are  closely  correlated  with

sections  of  the  hole  which  have  higber  gamma-ray  activity,  i.e. ,   the  shale

sections.     The  sections  of  lower  gamma-ray  activity  are  predominantly  lime-

stone  although  there  may  be  some  .sandstone  re|)resented  by  lower  gamma-ray

activity  as  well.     The  contacts  between  the  shales  and  limestones  appear
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•quite  sharp  on  the  gamma-ray  log  a.bove  150  in  and  not  so  sharp  on  the  temp-

erature  log  below  150  in.     This  may  be  due  to  mud  collecting  on  the  probe

and  increasing  the  time  constant,  because  this  long  time  constant  type

behavior  is  not  observed  in  the  other  holes  logged   (except  hole  2.5S/4E-34DAD,

see  above)  or  in  the  upper  part  of  this  hole.     The  mean  gradient  for  the

hole  between  40-441  in  is   42.2  +  0.9°C/kin.

Th.e   only  water  well  1ogg.ed  was  hc;1e  30S/24E-2DDD.     This  hole  was   logged

to  a  depth  of  340  in.     the  temperature  and  gradient  data  are  shown  in  Fi.Sure

3-10.     Because  the  hole  is  an  abandoned  water  well  the  gradients  may  be  dis-

turbed  by  water  circulation.    From  the  shape  of  the  temperature-depth  curve

tbere  appears  tQ  be  borebole  upflow  between  the  bottom  and  about  220  qu.

Not  much  is  known  of  the  section  in  this  bole,  but  it  is  probably  predomi-

nantly  carbonate.     Tbe  temperatures  are  quite  low  probably  because  it  is
I

one. of  the  holes  furthest  to  the  east  where  the  Pennsylvanian  section  is
i

thinnest.     The  mean  gradient  between  105   and  340  in  is   19.7  I  1.6°C/kin.

Extensive  data  are  available  for  hole  31S/20E'-22CAC,   one  of  the  holes

drilled  by  the  U.S.   and  Kansas  Geological  Surveys.     This  'hole  was   logged

to  the  drilled  deptb  of  550  in.     The  results  are  shown  in  Figure  3-11.     The

gradients  between  95  in  and  205  in  are  quite  bigb,   averaging  53.4  ±  1.5°C/kin.

Below  205  in  the  gradients  average  less  than  20°C/kin.     The  205  in  depth  is

the  contact  of  the  Pennsylvanian  section  with  the  predominantly  limestone-

dolomite  section  of  Mississippian  and  older  age.     At  the  bottom  of  the  hole

there  are  two  negative  temperature  excursions  which  are  related  either  to

drilling,  to  injection  or  to  some  small  water  flow  existing  in  the  hole

previous  to  drilling.     Because  of  the  thimess  of  the  high  thermal  conduc-
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tivity  section,  temperatures  at  depth  are  relatively  low  in  this  hole.

Using  the  data  obtained  directly  from  the  logs  a  table  of  temperatures

at  various  deptbs  was  prepared  and  is  sbown  in  Table  3-2.     Temperatures  are

shown  at  depths  of  400,   500,   750  and  1000  in  where  available.     Extrapolations

have  not  been  made  except  for  very  short  depth  intervals.    Where  extrapola-

tions  have  been  made  the  numbers  are  given  in  parentheses.    Most  of  the

holes  were  logged  to  a  depth  of  400  in  but  only  about  2/3  of  them  are  logged

to  a  deptb  of  500  In.     A  contour  map  of  temperature  at  500  in  is   shown  in

Figure  3-12.    At  this  depth  temperatures  are  nighest  in  the  soutbern  tbird

of  the  state  except  along  the  Missouri  border.     Temperature  differences

approach  6°C`  at  a  depth  of  500  in.     The  mean  surface  temperature  for  almost

all  of  the  stations  is  between  13  and  15°C  and  thus  the  mean  gradients  t.o

500  in  range  from  approximately  40°C/kin  in  the  areas  of  highest  temperature

to  only  28°C/kin  in  the  nortb-central  portion  of  tbe  state.    However,  these

gradients  cannot  necessarily  be  projected  to  greater  depths.     It  is  clear

tbat  vertical  gradient  variations  are  due  to  lithology  and  so  very  large

variations  in  gradient  will  occur  with  depth.    Furthermore  there  may  be

variations  of  beat  flow  related  to  other  factors  such  as  basement.  radio-

activity.     In  order  to  evaluate  some  of  tbese  other  variations,,  heat  flow

values  vere  c'alculat.ed  for  several  of  the  holes.     These  heat  flow  values

are  discussed  in  the  following  section.

HEAT   FLOW

Heat  flow  values  have  been  calculated  for  the  four  boles  drilled  by  the

U.S.   and  Kansas   Geological  Surveys.     Thermal  conductivity  measurements  were

made  on  cutting  samples  collected  from  3  of  the  4  holes.     The  detailed  results
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of  the  measurements  are  contained  in  Appendix  11.     Suit.es  of  geoptrysical  logs

were  run  in  all  four  of  the  holes,   so  log  data  were  aLvailable  to  calculate

the  average  ± ap porosity  for  correction  of  the  bulk  thermal  conductivity

to  the  in  situ  thermal  conductivity.    The  gradient  segments  chosen  for  aver-

aging  were  selected  from  comparison  of  the  temperature-depth  logs  discussed

in  the  previous  section  to  the  geopkysical  logs  and  the  geological  analysis

of  cuttings  from  the  wells.

In  most  cases  there  is  very  good  correlation  between  t.he  gradient  and

lithology,  although  in  the  Pemsylvanian  section  there  is  such  a  rapid  verti-

Gal  variation  o£  1i.thology  that  in.most  cases  the  temperature  data  are  not

detailed  enough  to  be  identified  with  t.he  individual  units.    This  rapid

vertical  variation  leads  to  diffictilty  in  calculating  heat  flow because  it

is  almost  impossible  to  isolate  intervals  composed  only  of  one  lithology

over  which  heat  flow  values  can  be  reliably  calculated.    Where  temperatures

were  measured  in  the  Mississippian  and  older  carbonate  section,   the  thicker

monolitbic  units  are  suitable  for  beat  flow  calculatio,ns  and  t.he  most  reli-

able  values  come  from  these  sect.ions  of  the  drill  holes.     Tbe  data  for  in-

terval  gradient,  harmonic  average  thermal  conductivity,  and  heat  flow  for

each  of  the  four  holes  are  shown  in  Tables  3-3  through  3-6.     Generalized  lith-

ology  for  each  of  tbe  int.ervals  is  also  listed.     In  general  the  mean  g.rad-

ients  in  the  carbonate  sections  of  all  the  holes  are  almost  identical;.  aver-

aging  20  to  21°C/kin  in  sections  whicb  are  predominantly  limestone  and  14

to  17°C/kin  in  sections  which  include  dolomite.     Gradient.s  in  the  predomin-

antly  shale  sections  range  from  35  to  53°C/kin.

The  results  of  interval  geothermal  gradient  and  heat  f low  calculations
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for  hole  12S/17E-13BBD  are  shown  in  Table  3-3.     Unfortunately  only  a  sbort

section  of  temperature  data  in  tbe  carbonate  section,  below  520  in,   is  avai-

lable  and  thus  the  gradient  is  poorly  determined.     Consequently  the  heat

flow  calculated  for  that  interval,  48  mwm-2,   is  poorly  determined.     The  heat

flow  values  calculated  in  the  upper  section  of  the  hole  are  much  higher.

This  situation  is  discussed  in  tbe  following  paragraphs.

The  .results   for  hole   13S/2.OW-32CCC  are  shown  in  Table  3-4.,     Heat  flow

+alues  calculated  for  the  various  carbonate  sections  range  from  49-60  mwm-2

and  average  57  mwm-2.     As  was   the   case  for  hole   12S/17E-13BBD  the  heat  flow

values  in  tbe  upper  sections  of  the  bole  are  significantly  higher.    However,

in  hole   13S/20W-32CCC  the  Chattanooga  Shale  has   a  gradient  of  52.2°C/kin

and  an  apparent  beat  flow  of  124  mwm-2,  between  carbonate  units  witb  gradient.s

of  17  and  20°C/kin  and  beat  flow  values   of  49-60  mwm-2.     The  Sylvan  Shale

section  has  a  gradient  of  46°C/Irm  and  an  apparent  heat  flow  o.f  98  mwm-2  with

the  carbonate  units  on  either  side  having  gradients  of  17.3  and  21.0°C/kin

and  heat  flow  values  49  and  58  mwm-2.     Since  the  heat  flow  is  the  same  on

either  'side  of  these  two  shale  units  the  only  conclusion  tbat  is  consistent

with  the  data  is  that  tbe  thermal  conductivity  of  the  Chattanooga  Shale  is

about  1.1  -1.2  Win-]K-1  and  the  conductivity  of  tHe  Sylvan  Shale  is  about

1.3  Win-]K-1.     The   data   for  hole   18S/23E-18DCD   are   shown  in  Table   3-5.     The

heat  flow  calculated  for  tbe  carbonate  section  is  60  mwm-2.     The  gradients

in  the  Cherokee  Shale  and  Chattanooga  Shale  are  52°C/1m  and  the  directly

calculated  heat  flow  values  are  over  110  mwm-2.     The  heat  flow  on  either

side  of  the  Cbattanooga  Shale  is  identical.     It  tbe  true  thermal  conductivity

for  these  two  units   is   1.15  +  0.5  Win-]K-1  then  the  heat  flow  in  the  shale
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units  would  be  the  same  as  in  the  carbonate  units.

The  data  for  hole  31S/20E-22CAC  are  shown  in  Table  3-6.     Thermal  conduc-

tivity  measurements  were  made  on  samples  from  the  Arbuckle  Group.     The  rock

is  a  dense  dolomite  with  a  high  thermal  conductivity  so  that  even  though  a

large  interval   (290-550  in)  has  a  low  gradient,  the  heat  flow  is  the  highest

(by  only  3  per  cent)  of  all  the  values  obtained.    The  gradients  are  slightly

higher  in  the  limestone  section  of  the  bole  .above  the  dolomite,   and  muck

higher  (by  a  factor  of  4)   in  the  Cherokee  Shale.     The  inferred  thermal

conductivity  of  the  shale  is  sbown  in  parentheses.    The  gradients  in  the

Arbuckle  section  are  exactly  tbe  same  in  tbis  hole  and  in  two  holes  discus-

sed  by  Roy  i  i  (1968b;   see  Decker  and  Roy,1974),   near  Picher  Oklahoma,

about  50  kin  to  the  soutbeast.     The  heat  flow  values  are  also.  similar  so  that

apparently  the  Arbuckle  thermal  conductivity  is  very  similar  in  botb  holes

The  heat  flow  for  the  boles  discussed  by  Roy  £±  ±±  (1968b)  was  based  on

thermal  conductivity  measurements  of  core  samples   from  Precambrian  basement

rocks .

On  the  basis  of  this  analysis  there  would  appear  to  be  only  minor  varia-

tion  of  heat  flow  between  the  four  holes.     The  mean  value  for  all  the  car-

bonate  sections   ranges   from  48-60  mwm-2.     However,   if  heat  flow  values  are

calculated  from  tbermal  conduct.ivity  measurements  on  cuttings  from  the  Pre-

Pemsylvanian  shale  sections  or  from  the  Pemsylvanian  units  in  each  hole

then  an  extremely  different  picture  of  the  heat  flow-  is  obtained.     Typical

cuttings  determined  thermal  conductivities  for  tbe  shale  sections,  assum-

ing  porosity  measured  in  situ  of  10  I  5  per  cent,   are   1.8  to  2.25  Win-]K-1.

These  values  taken  together  with  typical  gradients  of  45  to  55°C/kin  imply
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heat  flow  values  in  the  shale  sequences  of  100  mwm-2  or  greater.     These

values  are  in  clear  contradiction  to  the  beat.  flow  values  obtained  in

the  carbonate  units.

Tbere  are  two  possibilities  for  tbe  differences  in  heat  flow  i.n

different  lithologies.    It  is  possible  there  is  a  difference  in  heat  flow

between  the  upper  and  lower  I)arts  of  the  drill  holes.     One  of  the  reasons

for  .drilling  tbe  wells  was  to  investigate  possible  fluid  flow  on  tbe

Arbuckle  aquifer  and  slow  fluid  motions  could  change  th.e  beat  flow  values

above  tbe  aquifer  and  also  effecting  heat  flow  values  below  the  aquifer.

The  second  possibility  is  that  the  thermal  conductivity  of  tbe  shales  is

misestimated  by  the  chip  technique.     We  will  examine  these  two  hypotheses

in  order.

According  to  the  first  ky|tothesis  there  should  be  a  change  in  heat

flow  associated  witb  the  contact  between  the  relatively  impermeable  sbale

section  and  the  lower,  more  permeable  dominately  carbonate  section.     There

are  several  arguments  against  this  hypothesis.    The  first  of  these  is  that

for  two  of  the  holes  which  cut  fairly  thick  sequences  of  Pemsylvanian

strata  the  variation  in  geotbermal  gradients  within  the  Permsylvanian  see-

tion  ranges  fropr  25°C/kin  to  50°C/kin.     The  lower  values  appear  to  be  in

sections  which  have  a  higher  proportion  of  limestone  tban  the  sections  with

higher  gradient.     These  gradient  values  are  about  20  per  cent  higher  than

those  in  the  Pre-Pennsylvanian  carbonate  section.     Since  most  of  th-e  lime-

stones  in  the  Pennsylvanian  section  are  very  tbin,  however,  most  of  these

intervals  probably  include  some  shale.     The  second  major  argument  against
t

the  water  flow  hypothesis: is  the  interbedding  of  the  shale  and  carbonate
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units  with  their  varying  gradients.

The  conclusion  of  this  discussion  is  that  the  range  of  tbermal  conduc-

tivity  for  at  least  some  of  the  sbales  encountered  in  the  boles  is  between

1.1  and  1.3  Win-]K-1.     Thus   there  is   an  approximate  ratio  of  2.5:1  between

the  thermal  conductivity  of  the  limestone  and  shale  and  up  to  4:1  between

the  thermal  conductivity  of  dolomite  and  sbale.     Corresponding  ratios  of

gradients  in  the  various  units  are  observed.

An  examination  of  the  chip  technique  of  thermal  conductivity  measure-

ments  indicates  that  is  is  not  surprising  that  the  shale  conductivity  Will

be  in  error.     Since  sin.all  fragments  .of  shale  are  packed  into  a  hollow  cylin-

der  some  of  them  may  be  on  end  and  all  of  them  are  finite  in  length,   therefore

conduction  along  the  grains  in  the  high  conductivity  directions  may  be

important.     It  is  very  difficult  to  measure  thermal  conductivity  on  core

samples  of  shales  as  well  and  perusal  of  the  literature  indicates  in  fact,

adequate  the]mal  conductivity  measurements  for  the  shale  may  not  exist.     It

is  difficult  to  measure  shale  thermal  conductivity  on  the  divided-bar  using

core  samples  because  of  tbe  fissilit.y  of  the  shale.     The  anisotropy  makes

need`1e  probe  measurements  of  dubious  value.     In  heat  flow  studies  in  the

Midcontinent  previous  investigat.ors  have  estimated  the  conductivity  of  the

shale   sections  between  1.55   and  1.85  Win-]K-1   (Garland  and  I.ennox,1962;

Combs   and  Sirmons,1973;   Scattolini,1978).     Judge  and  Beck   (1973)   encQun-

tered  the  problem  in  a  study  of  heat.  flow  in  tbe  Western  Ontario  Basin

where  the  rocks  range  in  age  from  Precambrian  to  Mississippian.     They  found

beat  flow  values  60  per  cent  too  high  in  the  Ordovician  shale  section

(Collingwood  Formation).     If  a  value  of  1.1  Win-]K-1   is   assumed,   as   deter-
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mined  above  for  the  lower  Paleozoic  shales  in  this  study,   tbe  heat  flow  in

the  Collingwood  Formation  is,  tbe  same  as  ifl  tbe  remainder  of  the  units  they

studied  (dominantly  limestone  and  dolomite).     Thus  the  shale  thermal  conduc-

tivity values  in  the  literature  are  significantly  in  error.    One  implica-

tion  is  that  the  heat  flow  in  the  Great  Plains  may  not  be  as  higb  as  has

I)een  estimated  in  the  past.     In  particular  the  zone  of  high  heat  flow  ex-

tending  out  into  the  Great  Plains  north. of  the  Black Hills   (Lachenbruch  and

Sass,   1977;   Blackwell,   1978)  may  not  in  fact,   exist.     Furthermore,   the  cor-

relation  of  silica  values  of  groundwat.er  and  heat  flow  for  the  Midcontinent

may  be  instead  a  correlation  of  s'iiica  values  and  mean  geothermal  gradient.

Thus  in  spite  of  the  large  amount  of  high  quality  temperature  data,

the  conventional  heat  flow  values  for  the  four  holes  must  be  based  on  only

small  s.ections  of  the  hole  and  large  sections  of  the  hole  cannot  be  used  for

heat  flow  determinations  by  conventional  heat  flow  techniques.     In  the  next.

section  we  will  investigate  the  use  of  well  log  parameters  in  conjunction

with  the  telnperature  data  in  order  to  more  completely  evaluate  the  best

heat  flow  values  for  these  four  holes.

CALCULATING   OF   FEAT   FLOW  UTII.IZING  WELL   I,OGGING   PARARETERS

Because  of  the  difficulties  of  evaluating  the  mean  thermal  conducti-

vity  in  the  shale  sections  and  in  sections  with  very  rat)idly  varying  ther-

mal  conductivity  it  would  be  useful  to  have  other  techniques  to  evaluate

these  sections.     Since  four  of  tbe  holes  had  available  extensive  geophy-

sical  well  logs  suites  the  use  of  tbese  data  to  assist  in  calculation  of

the  heat  flow  values  was  investigated.     It  has  been  demonstrated  in  a

number  of  studies  that  of  various  physical  properties  such  as  density,
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porosity  and  velocity,  velocity  is  most  directly  useful  in  estimating

thermal  condrctivity   (Goss  and  Combs,   1976;   Williams,1981)   so  em|)basis

was  placed  on  use  of  the  velocity  and  gamma-ray  logs.     Tbe  gamma-ray  acti-

vity  in  these  boles  is  relatively  directly  related  to  the  amount  o,f  shale.

Typical  gamma-ray  counts  for  the  shale  sections  are  about  100  ±  25  API

units,  whereas  in  the  carbonate  sections  gamma-ray  values  are  25  i  5  API

units.,    If  the  primary  control  on  the  thermal  conductivity  is  the  mixing

of  only  two  lithologies  then  it  should  be  possible  to  obtain  a  good  cor.fe-

1ation  between  gamma-ray  activity  and  the  gradient.

A  series  of  bar  graphs  of  temperature  gradient,   gamma-ray  activity  and

velocity  for  the  four  wells  drilled  for  the  U.S.   and  Kansas  Geological  Surveys

are  shown  in  Figures  3-13,   3-14,   3-15  and  3-17.     For  holes  logged  with  the

digital  equipment,   gradient  graphs  are  plotted  using  a  running  2  in  average

except  for  hole   13S/2W-32CCC  where  a   15  point  ruining  average  was  used  because
I

of  the  problems  discussed  above.     In  addition  the  gradient  data  from  hole

25S/13E-24AI)D  are  accompanyed  by  a  gamma-ray  log  from  a  nearby  hole   (Figure  3-16).

Tbe  geophysical  logs  are  based  on  a  0.5  in  digitization  of  paper  copies  at  a

5  incbes  =  100  feet  scale.     The  values  plotted  are  3  in  running  averages.

Detailed  evaluation  of  individual  figures  illustrates  an  almost  point  by

point  correlation  between  various  regions  of  high  gamma-ray  activity,   low

veolcity  and  high  geothermal  gradient  from  the  sections  of  the  holes  below

100   to   150  in.

The  bott.om  part   (500-1045  in)   of  hole   13S/2W-32CCC   shows   the   clearest

correlation  because  the  units  are  the  thickest  and  the  most  cleanly  separ-

ated.     There  is  a  very  clear  correlation  between  gradients,   gamma-ray  acti-

vity  and  velocity  in  the  Lawrence,   Cherokee,   Chattanooga  and  Sylvan  shales
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and  the  interlayered  carbonate  sectiolis.       In  hole  18S/23E-18DCD  there  is  a

very  good  correlation  between  tbe  carbonate  and  shale  units  and  in  particular

the  Chattanooga  Shale  stands  out  because  of  the  extreme  excursion  in  gradient,

gamma-ray  activity  and  travel  time  in  the  midst  of , a  predominately  carbonate

section.     The  logs   from  bole  25S/13E-24ADD  also   snow  a  one  for  one  correla-

tion  between  areas  of  higb  gradient  and  high  gamma-ray  activity,  however,

because  of  the  apparently .impaired  time  constant  of  the  prob.e,   th;  shale-

limestone  col}tacts  do  not  appear  as  sharp  on  the  ther:mal  log  as  on  the  gamma-

ray  log.     There  also  appears  to  be  an  offset  of  about  5  in  between  the  two

logs,   either  because  tbe  logs  are  not  from  tbe  same  hole  or  because  of  the

time  constant  of  the  temperature  probe.

In  order  to  quantify  these  visual  relationships,   crossplots  were  pre-

|)ared  between  velocity,  travel  time   (inverse  of  velocity) ,   gamma-ray  activit.y
''

and  gradients,   there  are  sbown  in  Figures  3-18  througb  3-21.     Shown  are  the
I

i

least  square  straight  lines  fit  to  crossplots  of  the  data  averaged  over  10  in

intervals  in  the  section  of  the  hole  for  which  both  geothermal  gradient.  and

geophysical  log  data  are  available.     In  addition  to  the  least  square  straight

line,  the  scatter  of  points  f'or  each  hole  is  indicated  by  the  corresponding

envelope.     It,  is  clear  that  there  are  very  systematic  relationshi|>s  between

the  four  different  properties ;  especially  the  gamma-ray  activity  and  gradient.

The  relationship  between  gamma-ray  activity  and  geothermal  gradient.  is

shown  in  Figure  3-18.     It  appears  that  all  of  the  holes  have  similar  populations

of  gradient  and  gamma-ray  data.     The  slopes  of  three  of  the  holes  are  almost

identical  and  the  lines  are  offset  by  approximately  5°C/kin.     The  slopes  for

holes   25S/13E-24AI)D  and  31S/20E-22CAC  are   somewhat  greater.     However,   the
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calibration  of  the  gamma-ray  data  for  hole  25S/13E-24AI)D  is  uncertain  and

there  may  be  a  time  constant  difficulty  with  the  temperature  log.    Based  on

the  least-square-fit  straight  lines  there  is  a  small  variation  in parameters

among  the  different  drill  boles.    This  variation  could  be  due  to  systematic

problems  in  calibration  of  the  gama-ray  logs,lateral  variations  in  gamma-ray

activity,  gradient  or  thermal  condrctivity  in  the  various  units.

In  order  to  evaluate  solne  of  these  possibilities  we  can  examine  the
I

relationship. between  velocity  and  geothermal  gradient  (Figure  3-19).    H;re

again,  almost  exactly  the  same  array  of  data  is  seen,   i.e.,   similar  slopes  and

with  about  a  10°C/kin  offset  in  the  lines.    However,,  the  total  data  envelope

is  not  as  clearly  linear  as  is  the  case  in  Figure  3-18,  especially  for  holes

12S/17E-13BBI)  and   13S/2W-32CCC.     The   crossplots   of  gradient  and  transit.  time

are  shown  in  Figure  3-20..     Tbe  envelopes  Oof  data  points  are  more  linear  than

in  Figure  3-19.     Again,   the  data  overlap  is  almost  complete  for  holes

13S/2W-32CCC,   18S/23E-18DCD   and   SIS/20E-22CAC  while   hole   12S/17E-13BBD  has

a  best  fit  line  offset  about  5°C/kin below  the  other  three  lines.

Finally,  Figure  3-21  sh.ows  a  c:orrelation  between  gamma-ray  activity  and

velocity.     The  data   from  holes   12S/17E-13BBD  and  13S/2W-32CCC  are   identical,

31S/20E-22CAC  is   slightly  steeper  in  slope  and   18S/23E-18DCD  is   displaced

by  approximately  0.3  kin/sec  from  the  other  lines.     In  this  case  there  is  almost

a  com|)let.e  overlap  of  all  of  the  data  sets  and  so  apt)arently  the  same  popula-

t.ion  of  galrma-ray  and  velocity  data  is  present  in  all  of  the  holes.

The  qualitative  result  of  tbis  investigation  is  that  using  the  three

indicators  of  velocity,  gamma-ray  activity  and  transit  time  results  in  the

same  order  of  results.   .  Hole   12S/17E-13BBD  has   consistently  the  lowest  grad-
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ient  by  4-7°C/kin.     Hole  13S/2W-32CCC  has  the  next  lowest  gradient  by  only

2-5°C/kin  and  hole  18S/23E-18DCD  has  the  highest  gradient.     Gradients  from

hole  31S/20E-22CAC  overlap  tbe  data  from  tbe  last  I.wo  holes,  being  closer  to

hole   18S/23E-18DCD  at  tbe  nigh  gradient  end  and  closer  tQ  hole   13S/2W-32CCC

on  the  low  gradient  region  of  each  curve.    The  heat  flow  values  from  the  Pre-

Pemsylvanian  carbonate  sections  of  each  hole  are  shown  in  Table  3-7a.     The

relative  heat  flow  values  are  in  tie  same  sense  as  the  relative  gradien`ts  for

the  whole  holes  shown  in  Figures  3-18  to  3-20.     The  fact  that  the  relative

relationships  of  all  of  the  holes   (except  31S/20E-22CAC)   are  so  similar  is

evidence  that  the  relative  heat  flow  values  sbown  in  Table  3-7  are  correct.,

even  if  tie  absolute  beat  flow  values  are  not.    Furthermore,  the  similar

relationship  between  tbe  properties  above  and  below  the  Mississippian-

Pennsylvanian  contact `is  also  strong  evidence  against  the  possibility  that

the  heat  flow  is  muc:h  bigber  above  tban  below  the  Mississippian-Permsylvanian

contact.     Quantitative  heat  flow  values  can  be  derived  from  tbe  data  shown  in

the  figures.     The  quantitative  analysis  of  the  data  shown  in  Figures  3-18  to

3-20  depends  on  the  number  of  different  litbologies  involved.     If  only  shale  and

limestone  are  involved  than  tbe  analysis  is  relatively  simple  and  fortunately

in  tbis  case  these  litbologies  predominate.     Minor  compolients  which  may  be

locally  important  and  cause  difficulty  in  the  interpretation  are  sandstone

(higber  thermal  conductivity  for  a  given velocity  than  the  shale-limestone

relationship) ,  dolomite  (higher  thermal  conductivity)  and  coal  or  lignite

(lower  thermal  conductivit.y).    Heat  flow  values  were  calculated  using  the

relationship  between  thermal  resistance  (RT  in  cm  sec°C/meal)   and  transit  time

(in  Hsec/foot)
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RT  =  -140  +  4.83t

and  t.he  relationsbip

T(x)  =  QJhidx.

Heat  flow  (Q)  was  calculated  by  a  least  square  straight  line  fit  to  T(x)

versus  the  integral  values.     Tbe  results  are  sbown  in  Table  3-7b.     The  agree-

ment  with  the  heat  flow  values  in Table  3-7a  is  within  10  per  cent  so  that  the

heat  flow  values  using  the  data  from  the  whole  section  in  each  hole  are  within

10  per  cent  of  tbe  beat  flow  derived  from  the  carbonate  sections  alone.     There

is  still  a  variation  in  the  response  of  the  Pennsylvanian  section  in  holes

12S/17E-13BBI)   and   13S/2W-32CCC   as   compared  to  holes   18S/23E-18DCD   and

31S/20E-22CAC  in  that  apparent  thermal  conduc:tivities  are  higher  for  tbe  first

two  holes  tben  for  the  second  two  holes.    Eitber  there  is  a  sligbt  cbange  in

heat  flow  at  the  Permsyivanian-Mississippian  contact   (<5-10  mwm-2)   in  tbe

second  two  holes  or  the  lithology  of  tbe  sections  is  different.    A  higher

proportion  of  sandstone  in  the  first  two  holes  or  coal  in  the  second  two

holes   (or  a  .combination  of  botb)   could  also  explain  the  apparent  tbermal

conductivity  discre|)ancy.

The  results  of  the  analysis  confirm  a  major  conclusion  from  the  previ-

ous  section-that  sLale  thermal  conductivity  values  are  overestimated  by  the

chip  technique  of  measurement-and  verify  tbat  the  heat  flow values  are  the

same  in  the  different  units  if  realistic  values  of  thermal  conductivity  are

assumed  for  the  shale  sections.    The  inferred  thema.1  conductivity  values,

average  gradients  and  thicknesses  for  the  main  shale  units  encountered  are

shown  in  Table  3-8.     Except  for  the  Cherokee  Shale  in  holes   12S/17E-13BBD
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and  13S/2W-32CCC,   all  values  are  less  tban  1.3  Win-]K-1  and  the  average  value,

excluding  the  Cherokee  Shale   in  13S/2W-32CCC  is   1.18  Win-]K-1.     The  discre-

pancy  of  the  Pemsylvanian  sections  was  discussed  in  tie  previous  paragrapb

and  the  results  in  Table  3-8  emphasize  the  apparent  difference  in  the  lithology

of  tbe  Cherokee  Shale  in  tbe  two  sets  of  holes.

The  conclus-ions  of  this  section  are:

1)    The  best  estimates  of  heat  flow  for  the  carbonate  sections  are  the

best  estimates  for  the  heat  flow  of  the  boles  and  the  results  are  given  in

Table  3-7a.

2)    Estilnation  of  thermal  condrctivity  from  geophysical  well  log  para-

meters  is  feasible  and  such  d.ata  can  be  used  to  predict  temperatures  as  a

function  of  de|)th  in  areas  where  no  temperature  measurements  are  available

if  the  beat  flow  value  is  assumed.

3)    Shale  thermal  conductivity  values  have  been  overestimated  in  the

past,  the  Paleozoic  shales  in  Kansas  have  thermal  conductivity  values  of

about   1.18   +  0.03  Win-tK-1.

4)    Heat  flow  values  do  not  vary  more  than  10  per  cent  between  the

Pennsylvanian  and  Pre-Permsylvanian  sections  of  the  boles  in  spite  of  tbe

often very  large  contrast  ip  mean  geothermal  gradient,   consequently  water

flow  effects  on  the  heat  flow  data  are  small  or  nonexistent..

DISCUSSIO"

HEAT  FI[OW  AND   TIE   BASERENI

The  heat  flow  values  obtained  are  shown  in  Figure  3-22  on  a  lnap  which

includes  tbe  simplified  geology  of  tbe  basement  rocks  in  Kansas.     If  suck

things  as  aquifer  motions  are  not  affecting  tbe  heat  flow  in  the  sediments
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then  the  heat  f low  should  be  directly  related  to  the  radioactivity  of  the

basement  rocks   (Roy  ± i,1968a).    There  is  no  relationship  obvious  with  this

data  set  between  tbe  heat  flow  and  the  basement  litbology.     However,   since     `

the  basement.  1ithology  is  highly  generalized  and  the  heat  flow  data  are  s|)arse

this  result  is  not  I)articularly  sur|irising.    Two  of  the  holes  were  drilled  to

basement  and  heat  prodrction  values  obtained  for  samples  from  these  sections

of  the  boles.     The  holes  we,re   12S/17E-13BBD  and  18S/23E-18DCD  the  beat  produc-

tion  values  are  2.4  uwm-3  and  4.9  uwm-3,   res|)ectively.     These  data  are  shown

in  Figure  3-23  on  a  heat  .flow-heat  production  plot  for  data  from  the  Central

Stable  Region  of  the  United  States   (Roy  ± ±±,1968a).     The  data  from  Kansas

appear  to  be  consistent  witb  tbe  predictions  of  this  curve  anud  the  relatively

high  values  observed  in most  of  Kansas  may  be  attributed  to  tbe  relatively

high  heat  generation  of  the  basement  rocks.     Both  holes  were  drilled  on

basement  magnetic  anomalies  5-10  kin  in  diameter.     These  sharp  positive  anoma-

lies  are  apparently  caused  by  post-tectonic  granite  bodies  witb  higher  than

normal  magnetite  contents.     Tbus  hole   18S/23E-18I)CD  may  fall  below  the  Q-A

line  because  tbe  zone  of  bigh  beat  production  in  the  basement  is  small.    The

background  heat  production  then  lnight  be  on  the  order  of  3-4  Hwm-3.     A  value

of  3.2  Hwm-3  was  found  by  Roy  i  i  (1968a)   for  the  Picker,  Oklahoma  area

near  hole  31S/20E-22CAC  discussed  previously.

It  might  be  anticipated  that  somewhat  lower  beat  f low  values  would  be

observed  over  the  lfidcontinent  gravity  feature  which  runs  through  central

Kansas.     Hole  13S/2W-32CCC  is   close  to  this   feature,  however,   the  heat  flow

in  that  hole  does  not  appear  to  be  significantly  below  that  observed  in

the  other  drill  holes.    Additional  studies  could  allow  investig,ation  o±-the
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natiire  of  the  Precambrian  basement.  more  directly  then  has  been  possible  in

tbe  past,  because  of  the  relationsbip  between  surface  heat  flow  and  basement

heat.  generation.    Further  detailed  studies  in  holes  whicb  do  not.  penetrate

basement  could  be  carried  out  in  order  to  investigate  tbe  differences  in

beat  flow  and  therefore  the  variations  in basement  geology.    Ibis  technique

would  be  of  particular  use  in  areas  where  tbe  basement  is  too  deep  to  be

reacbed  by  many  drill  boles  so  tbat  basement  data  are  s|}arse.

HEAT  FI,OW   IN  TIH   SEDIRENTARY   SECTION

A  number  of  new  techniques  and  modifications  of  existing  techniques

nave  been  applied  to  evaluation  of  tbe  geothermal  data  from  Kansas.     The

available  data  for  four  of  tbe  holes  include  a  detailed  temperature  log  for  a

major  portion  of  the  sedimentary  section,   several  kinds  of  geophysical  well

logs,  a  geological  analysis  of  tbe  cuttings  and  the  cuttings  samples  them-

selves.     As  a  result  we  have  been  able  to  evaluate  a  number  of  new  techni-

ques  and  to  apply  these  new  techniques  to  increase  the  information  which  we

can  obtain  from  the  relatively  small  number  of  holes  available.

Correlation  of  the  geothermal  gradient  data  with .tbe  well  logging  data

Has  allowed  recognition  of  errors  apparently  existing  in  previous  determina-

tions  of  shale  thermal  conductivity  values  which  in  turn  Have  caused  some

errors  in  estimates  of  beat  flow  in  the  Midcontinent  region.

The  results  demonstrate  that  the  contrast  in  thermal  conductivity between

limestone  and  shale  may  reacb  2.5:1  and  tbe  conductivity  contrast  between  shale

and  dolomite  or  evaporite  deposits  may  approach  1:4.     Using  the  well  log  data

we  bave  demonstrated  that  there  is  no  significant  variation  in  heat  flow

down  the  lengtb  of  the  boreholes  so  that  tbe  c:ontribution  to  tbe  surface  heat
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flow  from  any  aquifer  flow  in  suck  aquifers  as  the  Arbuckle  Group  must  be

less  than  5  mwm-2.

GEOTIERMAL  POTENTIAL

Tbe  geothermal  "potential"  of  a  particular  area  depends  on  a  number  of

different  factors.     In  Kansas  the  use  of  geotbermal  energy  will  be  restric-

ted  to  lower  temperature  a|)plications  such  as  heat  pumps,  thermal  assist.,  and

perhaps  some  direct  space  heating.     In  spite  of  the  ratber  thin  sedimentary

section  it  appears  tbat  relatively  high  temperatures  exist  in  the  sediments.

Tbe  texpei-ature  map  in  Figure  3-12  slows  an  estimate  of  these  temperatures  at  a

deptb  of  500  in.    Tbe  lateral  and  vertical  temperature  variations  will  de-

pend  prj.marily  on  three  factors,  the  heat  production  o.f  the  basement  rocks,

the  presence  or  absence  of  slight  disturbances  of  tbe  beat  flow  by  aquifer

motions,  and  the  varying  lithology.     Based  on  tbe  data  discussed  in  this  report

the  second  possible  effect  on  the  beat  flow  and  temperature  variation  seems

to  be  the  minor,  in  the  eastern  half  of  tbe  state  at  least,  even  thougb  tbe

geotbemal  gradients  vary  drastically  between.the  upper  and  lower  parts  of

several  of  tbe  holes.    This  analysis  indicates  that  the  beat  flow  values  do

not  vary  because  tbe  themal  conductivity  offsets  tbe  variation  in  gradient.

Therefore  there  seens  to  be  no  evidence  for  large  scale  lateral  transfer  of

heat  in  any  of  tbe  possible  aquifer  systems  that  migbt  exceed  10  per  cent

of  the  surface  b.eat  flow.     Perk.aps  in  western  Kansas  the  water  flow  effect

could. be  more  important  although  this  remains  to  be  proved,   it  cannot  be  ex-

cepted  without  suck  proof .

The  second  major  contributor  to  tbe  variation  in  temperature  is  the

beat  flow,  whicb  will  be  primarily  related  to  the  heat  production  of  tbe
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basement  rocks.    At  the  |}resent  time  we  nave  very  little  iflformation  on  the

distribution  of  beat  production  in  the  basement  of  Kansas,  it  will  be  val-

uable  to  make  a`  systematic  study  of  all  existing  c:ore  and  cutting  samples

of  tbe  basement  in  order  to  determine  tbe  uranium,  throrium,  potassium  contents

in  order  to  begin  a  prelimiflary  evaluation  of  tbe  heat  production  distribution

in  tbe  basement.    Tbis  study  will  allow  a  relatively precise  estimate  of  the

heat  flow  at  any  |>rospective  geotbermal  use  site  based  on  tbe  relationship

between  heat  flow  and  heat  production  shown  in  Figure  3-23.

The  t.bird  and  possibly  tbe  most  significant  contribution  to  the  tempera-

ture  at  depth  is  the  total  tbermal  resistance  of  the  section  from  tbe  surf.ace

to  that particular  depth  i.e. ,  the  distribution  of  thermal  conductivity with

deptb.    Several  of  tbese  holes  illustrate  tbe  extreme  differences  in  geother-

mal  gradient  related  to  thermal  conductivity  cont.rasts.     One  conclusion

which  is  clear  from  the  results  of  this  study  is  that  in  evaluating  the

texperatures  at  a  particular  depth,  simple  ext.rapolation  of  observed  data

from  over  one  depth  to  a  greater  depth  is  not  justified  without  consider-

ation  of  the  intervening  lithology.     In  Has  been  demonstrated  in  this  paper

that  good  estimates  of  the  mean  thermal  resistance  of  the  Pennsylvanian

and  older  geologic  sections  can  be  obtained  from  well  log  data.    Utilizing

available  well  log  information  the  thermal  resistance  of  the  sedimentary

section  can be  estimated  and  areas  selected  for  temperature  logging  which

nave  the  higbest  probability  of  high  temperatures  or  the  same  techniques

can  be  used  to  evaluate  the  probable  temperature  at  a  deptb  near  areas  where

utilization  of  the  geotbermal  resource  migbt  be  contemplated.

In  tbe  past  few  years  much  attentioD  has  been  focused  on  the  eastern
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United  States  in  order  to  evaluate  geothermal  potential  therE.    The  evaluation

Has  been  based  on  the  concept  of  radiogenic  plutons  underlying  low  tbermal

conductivity  Mesozoic  and  Cenozoic  sedimentary  rocks  with  brojected  temper-

atures   of  40  to  60°C  maximum  suggest.ed   (Costain  £±  ±±,1977).     Recognition

that  tbe  high  gradients  observed  in  areas  of  the  Midcontinent  are  related  to

a  muck  lower  thermal  conductivity  then  has  previously  been  realized,  suggests

that  tbe  radipgenic  pluton  concept  can  be  applied  to  the  Midcontinent  region

as  well  as  to  tbe  eastern  United  States.    Even  though  the  age  of  most  of  tbe

rocks  in  the  Midcontinent  is  Paleozoic  to  Mesozoic,  the  thermal  conductivi-

ties  of  the  shales  do  not  appear  to  be  any  nigher,  and  in  fact  may  be  lower,

than  typical  values  of  similar  units  of  Cenozoic  age.     Therefore  regions

of  the  Midcontinent  with  relatively  thick  shale  sections  have  as  higb  or

higber  geotherlnal  gradients  for  a  given  beat  flow  tban  those  observed  in

tbe  Atlantic  Coastal  Plain  region.    Thus  exploration  for  high  radioactivity

plutons  in  the  Midcontinent  could  identify  numerous  areas  of  greater  poten-

tial  geothermal  energy  then  have  previously  been  expected.    Furtbermore,

in  some  of  tbe  deep  basins  in  tbe  Midcontinent,  t.bicker  sections  of  sedi-

mentary  rocks  are  available  than  in  the  eastern United  States.    For  exam-

pie,   the  thi.ck  Devonian  shales  of  the  Appalachian  region  and  the  tbick

Cretacaous  sbale  of  the  Great  Plains  cause .very  nigh  temperatures  to  be

observed  at  relatively  moderate  depths   (see  for  example,   Gosnold,   1.980),.

Thus  evaluation  of  tbe  basement  rocks  of  tie  Midcontinent.  and  tbe  location

of  potential  geotbermal  targets  using  gravity,  magnetic  and  temperature  data

should  outline  targets  more  favorable  for  geothermal  energy  then  those  pre-

sently  outlined  in  the  eastern  United  States.    For  example,  if  a  large
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region  of  basement  has  a  heat  generation  similar  to  the  White  Mountain

Batholith  of  Hew  England  (6  uwm-3) ,   the  predicted  heat  flow  would  be  about

85  mwin-2  and  the  typical  gradieflts  in  sectiofls  of  shale  such  as  those  in

Kansas  would  be  approximately  70°C/kin.

In  spite  of  its  presence  in  tbe  Central  Stable  Region  it  appears  tbat

some  areas  of  the  State  of  Kansas  bave  temperatures  bigh  enough  to  be  used

as  tbemal  assistance  for  space  heating  and  perhaps  for  direct  space  heat-

ing.     These  temperatures  are  available  in  the  sedimentary  section  where

possible  aquifers  exist  for  production  of  the  required  fluid.    Additional

work  can more  clearly  outline  areas  in  tbe  state  of  given  temperature  in

particular  aquifers  so  tbat  the  total  geothermal  potential  can be  determined.
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FIGURE   CAPTIONS

Index  map  of  sites
and  sites  of  holes

of  publisbed  heat  flow  values   (solid  circles)
discussed  in  this  report.  (open  circles).

Temperature-depth  and  gradient-depth  curves   for  hole  9S/20W-27BDC.
Two-meter  gradient.  intervals  are  plotted.

Temperature-depth  and  gradient-depth  curves  for  hole  9S/20W-27BDC.
Two-meter  gradient  intervals  are  plotted.

Temperature-depth  and  gradient-deptb  curves   for  hole  12S/17E-13BBD.
Five-meter  gradient  intervals  are  plotted.

Temperature-depth  and  gradient-depth  curves  for  hole  13S/2W-32CCC.
Five-meter  gradient  intervals  are  I)1otted.

Temperature-depth  and  gradient.-deptb  curves  for  hole   13S/2W-32CCG.
Two-meter  gradient  intervals  are  p.1otted.

Temperature-depth  and  gradient-depth  curves  for  hole  13S/2W-32GCC.
Fifteen-meter  rum`ing  average  gradient  values  are  plotted.

Temperature-deptb  and  gradient-depth  curves  for  hole  18S/23E-18DCD.
2.5  meter  gradient  intervals  are  plotted.

Temperature-depth  and  gradient-depth  curves  for  hole  19S/8W-26
(Sass  e±  i,1971a).

Temperature-deptb  and  gradient-depth  curves  for  hole  25S/4E-34DAD.
Two-meter  gradient  intervals  are  plotted.

Temperature-depth  and  gradient-depth  curves  for  bole  25S/4E-34DAI).
Two-meter  gradient  intervals  are  plotted.

Temperature-depth  and  gradient-deptb  curves  for  hole  25S/8E-36ACC.
Two-meter  gradient  intervals  are  plotted.

Temperat.ure-deptb  and  gradient-depth  curves  for  hole  25S/13E-24ADD.
Two-meter  gradient  intervals  are  plotted.

Temperature-depth  and  gradient-depth  curves  for  bole  30S/24E-2I)DD.
2.5  meter  gradient  intervals  are  plotted.

Temperature-deptb and  gradient-depth  curves  for  hole  31S/20E-22CAC.
Five-meter  gradient.  intervals  are /plotted.

Isotherms  at  500  meters.     Temperatures  are  in  °C.
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FIGURE     3-13:     Comparison  of  geothermal  gradient,,   gamma-ray  activity  and  P-wave
velocity  for  hole   12S/17E-13BBI).     The  gamma-ray  and  P-wave  data
are  based  on  0.5  in  digitized  well  logs  smootbed  by  a  7-point
average.     Gradient  plot  from  Figure  3-3.

FIGURE  3-14A:     Comparison  of  geothermal  gradient,   gama-ray  activity  and  P-wave
velocity  for  hole  13S/2W-32C:CC.     The  gamma-ray  and  P-wave  data
are  based  on  0.5  in  digitized  well  logs  smoothed  by  a  7-point
average.     Gradient  plot  from  Figure  3-4A.

FIGURE  3-148:     Comparison  of  geothermal  gradient,   gamma-ray  activit.y  and  P-wave
velocity  for  hole  13S/2W-32CCC.     The  garma-ray  and  P-wave  data
are  based  on  0.5  in  digitized  well  logs  smoothed  by  a  7-point
average.     Gradient  values  are  fifteen-meter  running  average  values.

FIGURE    3-15:     Comparison  of  geothermal  gradient,   garma-ray  activity  and  P-wave
velocity  for  hole  18S/23E-18I)CI).     The  galnlna-ray  and  P-wave  data
are  based  on  0.5  in  digitized  well  logs  smoothed  by  a  7-I)oint
average.     Gradient  plot  from  Figure  3-5.

FIGURE    3-16:     Comparison  of  geothermal  gradient  and  gamma-ray  activity  for  hole
25S/13E-24AI)D.     Tbe  gamma-ray  data   are  based  on  0.5  in  digitized
well  logs  smootlied  by  a  7-point  average.     Gradient  values  are
three-meter.  running  average  values.     Tbe  gamma-ray  log  is  for
bole   25S/13E-24DBB.

FIGURE    3-17:     Comparison  of  geotbermal  gradient,   gamma-ray  activity  and  P-wave
velocity  for  hole  31S/20E-22CAC.     The  gamma-ray  and  P-wave  data
are  based  on  0.5  in  digitized  well  logs  smoothed  by  a  7-point
average.     Gradient  plot  from  Figure  3-11.

FIGURE    3-18:     Crossplot  of  10  in  averages  of  gamma-ray  activity  and  geothermal
gradients.    I,east  square  straight  lines  fit  to  data  and  range
of  data  are  shown  for  each  hole.     Data  from  hole   12S/17E-13BBI)
are  shown  as  tbe  light  solid  line,   data  from  hole  13S/2W-32CGC
are  shown  as  the  heavy  solid  line,   data  from  hole  18S/23E-18I)CD
are  sbown  as   tbe  dasbed  line  and  data  from  hole  31S/20E-22CAC
are  shown  as  the  dotted  lines.

FIGURE     3-19:     Crossplots   of  10  in  averages   of  compressional  velocity  and
geothemal  gradient.     The  key  is  tbe  same  as  in  Figur£  3-18.

FIGURE    3-20:     Crossplot  of  10  in  averages  t.ra±sit  time   (Hsec/ft)   and  geother-
mal  gradient.    I,east  square  straight  lines  fit  to  data  and  range
of  data  are  shown  for  each  hole.     Data  from  hole   12S/17E-13BBI)
ar.e  sbown  as  the  light  solid  line,   data  from  hole  13S/2W-32CCC
are  sbown  as  tbe  heavy  solid  line,   data  from  hole  18S/23E-18DCD
are  shown  as   the  dashed  line  and  data  from  hole  31S/20E-22CAC
are  shown  and  the  dotted  lines.

FIGURE    3-21:     Crossplot  of  10  in  averages   of  gamma-ray  activity  and  compressional
velocity.     Tbe  key  is  the  same  as  in  Figure  3-20.
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FIGURE    3-22:     Generalized  basement  rock  lithology  map   (from  Bickford,   £±  ±±,
1979).     Key:     dot  I)attern-mesozonal  granitic  rocks;   diagonal
ruling-rkyolite;  dashes-Precambrian  sedimentary  rocks ;  v' s-mafic

:=:=S±:em;:SZ:;  +'S-epizonal  granitic  rocks.    Heat  flow  values

FIGURE    3-23:     Plot  of  b.eat  flow  versus  heat  generation  for  the  MidcontinenL
I.ine,   and  data  from  Levasy,  missouri  and  Picher,  Oklahoma
from  Roy  £±  j±±   (1968a) .
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TABLE   CAPTIONS

TABIE    3-1:     Location  data  for  holes  logged.

TABIE    3-2:     Temperatures  measured  at  selected  deptbs.     Extrapolated
temperatures  are  in  parentheses.

TABIE    3-3:     IDterval  tbermal  conductivity,  geotbermal  gradieflt  and  beat
flow  for  hole   12S/17E-13BBB.

TABLE    3-4:     Interval  tbermal  conductivity,   geothermal  gradient  and  beat
flow  for  hole   13S/2W-32C:CC.

TABLE    3-5:     Interval  thermal  conductivity,   geotbermal  gradient  and  heat
flow  for  hole   18S/23E-18.DCD.

TABLE    3-6:     Interval  tbermal  conductivity,   geothermal  gradient  and  heat
flow  value  for  hole  31S-20E-22CAC.

TABIE  3-7A:     Adopted  values  of  beat  flow.

TABLE  3-78:     Heat  flow  derived  from  temperature  and  transit  time  logs
using  the  procedure  described  in  the  text.

TABIE    3-8:     Inferred  values  of  thermal  conductivity  and  observed
geothermal  gradient  and  thickness  of  major  shale  units.
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LCXIATION

i2s/i7E-i3bed

13S/2W-32ccc

l8S/23E-18dcd

31S/20E-22cac

I.OCATION

i2s/i7E-i3bed

13S/2W-32ccc

18S/23E-18dc:a

31S/20E-22cac

TABLE    3-7A

BEST  IZEAT -.Prow  vELuss

mm-2   (ucal/ca2sec)

48    (1.15.)

57   (I.36)

60   (i.43)

62    (1.48)

TABLE   3-78

DEpfi  INTERVAL

meters

120-550

270-780

780-loco

270-loco

110-380

70-290

ESTImrm  ERROR

mum-2

±5

±6

±3

±5

REP  FIJOW

mrm-2

40

50

54

50

61

66
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DEVELOPMENT   0F   A   I,OW   COST   TIERMAL   CONDUCTIVITY   PROBE

by

Marios  Sophocleous  and  Mitcbell  Hall
Kansas  Geological  Survey

I,awrence,  Kansas

One  I)base  of  the  assessment .program  of  geothermal  resources  of  Kansas

includes  the  c:onstruction  and  calibration  of  prat:tical,  low  cost  thermal

conductivity probes,  and  tbe  demonstration  of  their  reliability  and  accuracy

as  sensors  of  the  themal  conductivity  of  Kansas  rocks.    This  brief  report

add`resses  those  aspects  of  the  geothermal  assessment  project.

Tbe  tbemial  conductivity  of  rocks  together  with  the  geothermal  gradient

are  tbe  two  quantit.ies  required  for  heat  flow  determinations.    Two  procedures

are  generally  popular  for  thermal  conductivity  measurements:     the  divided  bar

apparatus  and  tbe  needle  or  cylindrical  probe.    The  latter  has  tbe  advantage

of  being  capable  of  measuring  tbermal  conductivities  of  rocks  botb  in  situ

and  in  tbe  laboratory;  also,   of  being  a  more  economical  instrument.     For

these  reasons  and  our  previous  experience  on  eylindrical  probes   (Sophocleous,

1979),  we  decided  to  build  and  calibrate  a  number  of  suck  probes  at  the  Kansas

Geological  Survey.

Tbe  tbeory  of  the  tbermal  conductivity  probe  is  well  known  (De  Vries

and  Peck,   1958;,  Wechsler  £±  ±±,   1965)   and  will  not  be  elaborated  here.     The

procedures  outlined  in  Sophocleous   (1979)  were  followed  in  constructing

tbree  conductivity  probes.     In  snort,  teflon-coated  constantan  wire  tightly

wound  (using  a  latbe)  in  a  bifilar  mamer  around  a  plastic  tube  filled  witb

casting  resin,   in  the  wall  of  which  a  bead  thermisto`r  was  potted  with  epo2ry,
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formed  the  heating  element  (constantan)  and  tbe  temperature  sensing  component

(bead  tbermistor)   of  the  probe,.     This  entirLe  setup  was  then  epoxied  into  a

stainless  steel  tube,  at  ofle  end  of  which  a  stainless  steel  plug  (tip)

was  water-tightly  attached,  thus  making  tbe  probe  a  mechanically  strong  and

durable  one.     The  purpose  of  these  probes  is  to  be  used  for  measuring  tbe

t.bermal  conductivity  of  cores  collected  from  the  Arbuckle  Group  and  possibly

otber  rocks.     Some  physical  characteristics  of  the  three  constructed  probes

are  shown  in  Table  4-1.

Table  4-1

Physical  Characteristics  of  tbe  Constructed  Probes

Lengtb  of
Length  of  Stainless    Tip  I,ength    Stainless  Steel    Heating  Element,

Probe  No.          Steel  Tube   (cm)                  (cm)                 Tube  oD   (cm)        constantan   (cm)
-,I,,,----.----,--------------------.-------,----------------------------------------

The  calibration  procedure  consisted  of  inserting  the  I)robe  into  a  PVC

cyliflder   (12.3  cm  11),   44.5   cm  height)   filled  with  fine  Ottawa  sand   (ASTM  C-109)

compacted  to  a  bulk  density  of  1.68  gin/cc  for  which  thermal  conductivity

values  are  available   (Slusarcbuk  and  Foulger,   1973)   and  comparing  the  probe

measurements  to  those  available  from  the  literature.    A  constant  voltage  of
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32  V  was  applied  to  the  constantan  leads  using  a  Systron  Donner  model  TI,B-3

power  supply,   and  a  digital  multimeter  RT  3466A  was  used  to  monitor  the  cbange

of  tbe  thermistor  resistance  witb  time.    A  sample  of  typical  runs  with  air-

dry  and  with  water-saturated  fine-grained  Ott.awa  sand  are  shown  in  Figures  4-1

and  4-2,   respectively.

Thermal  conductivity  values  were  calculated  rising  the  formula:

A  =   18.34Q/S   (Win-]c-1)

where  Q  =  12R'   is  tbe  heat  produced  per  unit  time  and  unit  length  of  the

probe.  heating  element;  I  is  the  current  and  R'   is  the  resistance  per  centimeter

of  the  beating  element;  S  =  AT/(log(t2/t[))  is  the  slope  of  tbe  temperature

versus  tbe  logaritbm  of  time  curve  and  AT  is  the  temperature  rise  (or  drop)

during  the  time  interval  (t2-t]).     Comparison  of  tbe  mean  values  of  thermal

conductivity  for  the  fine-grained  Ottawa  sand,  obtained  from  our  three

probes  and  tbe  standard  value  obtained  by  Slusarchuk  and  Foulger   (1973)

using  the  guarded  Lot  plate  apparatus  is  considered  satisfact.ory  for  our

purpose   (Table  4-2).

TABLE   4-2

Measured  Thermal  Conductivity,  ^,   of  Air-Dry  Fine  Ottawa  Sand

_==____-------------------------------------------------------------_-----_---------------------------------------------- ===: --i ...-.----------- ______ ----- __
Mean  Thermal                                                       Ratio  of  Measured  1

p#e     ¥:;a:=     c:#€:±¥;ty           §:::::::a          o5:a:=:ds5::£:r:h¥a:ES*
---------------------- I I1 .I ---.-.-.---------------------------------------------

I

I                 8                     . 245

11                 10                      .254

8.o8   x   1o-5

2.5o  x   1o-4

-151-



Ill                8                  .283

TABLE  4-2   (continued)

8.71  x   io-5 0 . 931

J^-GHP-Guarded  Hot  Plate:     ^GHp  =  0.304Wm-]C-1   (Slusarcbuk  and  Foulger,   1973)

Once  the  probes  were  cbecked  and  calibrated,; tbey  were  ready  for  thermal

conductivity  determinations  of  rocks.     Ideally,  the  cylindrical  probes  are

suite.d  for  soft  rock  thermal  conductivity  determinations,  where  the  probes

can  simply  be  inserted  into  the  sediments  and  measurements  taken.     However,

in  our  case,  we  had  a  number  of  hard  rock  cores  which  rec.Iuired  thermal

conductivity  determinations.     8.9  cm  cores  are  available  from  the  Arbuckle

Group,  but  in  order  to  carry  out  sue.h  analyses  we  need  a  core  length  of  at

least  40  cm,  whicb  is  not  easy  to  obtain.     One  procedure  that  can  be  followed

to  overcome  such  problems  would  be  crusbing  the  core  into  fine  rock  chips

and  tben  compacting  them  to  the  core  bulk  density  in  a  cylinder  where

probe  would  be  inserted.     However,   such  procedure  was  not  followed  since

we  noticed  that  many  of  tbe  available  core  lengths  matched  almost  perfectly

and  that.  the  core  lengtbs  were  suck  that  only  two` core  pieces  would  more

tban  compensate  for  the  necessary  core  lengtb.     Therefore,  we  decided  to

combine  two  well-fitting  core  lengtbs  and  with  a  inasonry  bit  drilled  a  bole

tbrougb  the  center  of  the  core  of  exactly  tbe  same  diameter  as  the  stainless

steel  probe  tube.     Such  cores  were  very  slowly  saturated  witb  water  by
t

inserting  them  iDto  a  cylinder  and  slowly  introducing  water  from  its  bottom.
I

A  sample  result  of  such  measuremelits  is  sbown  in  Figure  4-3  for  an  air-
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dry  dolomite  core  from  the  Arbuckle  Group   (33S/19W-CD,   Comanche  County;   depth

interval  1970.2-1983.9  in)   and  for  the  same  core  uhder  saturated  conditions

in Figure  4-4.    The  results  are  very  satisfactory,,  well  witbin  the  range

of  values  reported  by  Blackwell  and  Steele  (Chapter  3,  tbis  report)  on  similar

Kansas   rocks.
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FIGURE   CAPTIONS

FIGURE    4-1:     Sample  calibration  ri]n  for  thermal  Conductivity  measurement
of  air-dry  fine-grained  Ottawa  sand.i

FIGURE    4-2:     Sample  calibration  run  for  thermal  conductivity  measurement
of  Vat,er-saturated  fine-grained  Ottawa  sand.

FIGURE    4-3:     Sample  thermal  conductivity  measurement  of  air-dry  dolomite
Core .

FIGURE    4-4:     Sample  themal  conductivity  measurement  of  water-satur'at.ed
dolomite  core.

-155-



•PROBE    Ill       DRY-SAND                           DATA   IV

I
I
I I
I '
I '' I I ' I

I I I--I I ' I
-, I ..

I I I I =1
' I

' I 11

0-Q99.--8

' ' I ' I !,

' I i I / I
I I I ' I I
i I I '* + I ' I

' I I I '', + I I I
i I il I •

•
1'„, i,I I I I I

I I I '-,I)- I I
' 11 I I I I y . 1! I I
I I li I ) I I

i             11             I            I I           I           i           i           ! lli!! 1li! Ill !1'- 11 llil I           I            I           i           I 11!!

7-_-6---5-.-4.---3.-_2.--10.a-9-8-7-6-5-4-3.2--10

-I..
L I-+

t=_- -----,------- I

-',-+-,+_I,th
ii,

I
I- Ii*-

-.., -
-

I
I . II

_I
I1-'

I

1 w7f. :C-I-
.I -_-i_-

: X= Gi. / CA XJ, 'C/. . an,I •5et  C..-- - - - -.-+-      -_==_
-._-L===

'-I
- iI

-+t ! -I-+  ' .--_.. '=_.I

111111111111111111

-` 11111_ =1
I ==

11-
I II '

1 I I I

- -, --- --- _

----+- - I I
1' Ill- II

_--=:-i±i- - I I
I I

I -_-
I

I

I I-- . -':'- ~-~---, II
I

II
I

1

jrgoo     "a     r780       572°     f"a   REffs°T°ANCEjr'Ji    j¥8°     j=4FZ|°GURE5-jf._°i      J3."



34

l ot]-' PROB-E   Ill SAT-SAND .  DAT-A.Ill

-.
I ' I ' ' 1, •' ' I I i I '

' I ' ' ', I '' I I I

I I ' I ' I ' I ' I

a.a9-8-76543.210r'

I I I 1 I ' A ' I I

: I ' 1'' I I I I I ' ' '' I ' '
I I I I I I I ' I I '' ' I I

' I I I I I I ' I I, V I I '' I I I

) : I I I I I I I I I 1' I I I

I I I I I I .- / I I 1' I I I I I '

I I ' I I I I I I I I I I I I

I I i I I I, I I
I I I I '

I

II I I I I I,/-J` / I I I I I I I

I I I A / I I I. I

- 11-I I.`'
I ' ' ' I

I ' I ' I 1

' ' ' I ' '
1 I I I ' ' '

I I 1'

I ' I I

I I .I L', \
I I I

`._I
£-I 1]

I J, I !,

; I I ' '\
I I I I, I 1 A n I,,I n\
I I / I ., qA/Z, 11 „'- t=| -/
I ' I I I _,- I ' li

:
Ill l!il Ill          i          I I         I         11/I 1111' 111! I 11111 I           I           i           Ill 11 1'

=-..-+.----+.-.-
- - - I- --- I- I -L+-. -
---. .i-- - ---- I- I

I - II

' I

I I ' I ' ' I '
I I I I I ' I I

I ' I I I I I

I I '' I I I I I I

I I I,' '1 I I I '
' 1' ' ii I I I

I '' I I I I

I
I I I I

iT I '1 I I 1' i

I
1.,,, i I I I_

I
I :I 1 II I / 1'

I I I..._-_  '     --'1
' I I I, 1! I

'

-----?-.--®--.-,- -
- --. -. --I+-

!

. --' --
I :,-

LL. I-- I- I
I III

I
I.

qa51 7d     j7€G      ""       r'4EEsf|€ifNCE`X'     Jr`C6  F#it¥RE  4=?92      5TC



'0. PROBE -  I I I DRY -- r,ORE    @32V

98..I7.i6-,-5__4-_3-_2-,-`lq- .9-8

'I,I

-

''I'I I' -7I-iI
III I','1'1

',

I

11I,I.II
I'I'I

'II

'

II'I

' I''''

•I,Ir.I]'I
''  -II,

'I I'''I
IIIIII

'1 '

I7

''Iy
I';II I,''II,''

II

.' 'I ' II ' 'I

I 11 ' I I I I

I '' I I I I I I I I I JA A,( I ' I I

I I J, I I I ' I I I I I I I

'! I I r I
•'-

I I I I I I u, I ' I

I I .' I I I I
•

I I I I I I I I

'' 11 I I

` t- I, I L I I I I I/ 1 I I

il I I .I_wl J I I I I y I I '

1!'j'' '1 I f I .a J +6, I I I I

''
-I

I I 11 I I 11

' 11 I

fiy:.'
r- '

' I I I  'J  .'Ot JL ' I I ' I ||Zrf-
'

II1 I       i..   ' g
I 'I' '

1 I11 I'I '
.''

aI === ' 'I I

I
' I '--
I '' I

I I ' I I I I I I I I ' '

1' I I I I I I I I I ' I 1'

I I '1 I I I I I I I I I I I 1' I

' '' I I I I I I I
II -i. ' I ' I I

I
I I ' I I I I I L 1 I I I i

1 i +.F I I I I
- I rl-+-

I I ' I i-. I I
I---'1-`?- I I I I I I I I I 11 A 1'

`iI I I I I I+ -`-T+
I '11' lil 11 1'11 1111

Iiii I     '       11  I ,-:1- _I            '           11                         I           11           '

I.1' "+

765432105i -
=_==¥L -- --+.-- --.r-,-- I- _=- _I-_=

-r- I -fr- t-- I I-.7=- - i+ =#=+. =t. j=- --..
- +-- 1±`. Jfro-. - -+-I ----- I.       -I- - _= -I +-..- -FT-- '¥`+I r

H.r-
_I _I - =i=

i--r- . -i- -.-
•',,•  ..    -r-t. -± I. •.H

I.+i '_1-
+-T H,

'I
' '

-i- 'II,I'' L +i,_
III 'I' I Itl

'II

'''I

I

)'1 II
'

',

Ill

'II II I II II
-V'r]

'I 'I II ' II

I

'' I I I I I I I I

'1 I I ' I I I I

1' I I ' / I 1 I I

I. -,--,- I
' I I I ' I ' ''

I I I

_I ' I

'' 11/ I
T i : I

I-+. I i.. i..,I: L i iT
II ---- LEI

I J, I I IIll-- I -` I I .- -.+--i+--- iJi-t i.- .- •tL;- T_`\_I--,_ 'L - •=,-_- -.lil--- ''?   r-.-r` -r--i--ri.I.-
±L-i-i '' -

I,A

-I-=i Ii-i--i¥-
++ T' -H+ _±'_1 . -I-±`+-. -I+--

•+-I
_1'H- ' i ' -i+i i--i .i--

I '''
rl

.i!
I

I       I '' '

i + i I-tT--- I •'r--rt- `-r-?~' - - -r----..
-

-I- 1' -
I' - -

I .
'

-4Ec          54-Te            5.€5.5`     _=..____`:_:::_3_::`=-.I:'f~           _`-3F:I     _=__:::::==:_G=__=



PROB E Ill S AT -CO I •@ 3`2 D A I

a

ee9._-8--_7___6..5--432-..lc20.9

'
II

+

=

I'' ''1''lJ
I

.I1'

II'

I[1'' ''1''' '''''1''1 ''1Ill-''1'
''I

I'j'

/

III

'I I

I' '''

'

'1'''

I'1' 1I

1''

. I I ` I JI II II

'
I

I I +, I
I,I i I ~,-- A I I

I I .rf
T,'a •1-C r il''rl!rl

-`I
I i i

1' I                   11                    '                   I
I I I

+I
.i20. rfuo

''1 I I
11

I i I
' I

11 I ^T ' i 11 11 [Ezffl II

'1 ; ''' I Ill '
r,,-'''

I I li 11 I
I

I il I 11 I I I I i I i+ I I i I

., Ii
;

I11

I

' II
I

i
li + • ) a I?Z̀ialn"-=-_='`•.I.--,---I.---i-I

-.--A-- =-.- --;-I-I_ I

I_ '-_'
`!T = 1 T`.-

I ' I -
:I II

I

I I J~'r_ I `--`  r_,`  `-'``.-'_---- '-I-_----I - -t--,1-----.
+--t- =-- ------,-

-__--_-_-1- ---=t-- _ ---
•=E= --------L---.-.~- -'',-, -

`  _-T --_ ` - - I,Il- '      -.._ _ ` --?` `T---``
-`--

-
I,-

11]
I \, '1 t'

-`-_ , .' 'J_ I

'
`t II II

-
1L-

-I,
- IZ I I-

I

L, •L--
I

___`1.1,-
I

I
I

' r iI•I7Z2 - - '

) i

+`._   Ii 'bi- i 1'! I
I

-<--.---,-- -_- ==.=~=_
8. -----+- -T-- -
765_4321G ===__-r= A.-_..I---.`-+- _-_i- J---- .-. -

±=±.-i-E---tT.- ...-L-,_-.i-_--`r_ --- --E= -, `- ---.
_1.. i+.- i+ --T=- i--+ .T I+- -' -,-` -

I

'`-I
I

--
I

-
I

''' ''''11 ' I'

I

II

I

I-_
I I ' I

-'=..-:=.-==.TF--.'1''- -.-----_---,----- -----
1111- i- -----,--,.__ _ -+_ . -=.E-=•---I-:...--I-t -I .+--T -,-

--.-t-.LT.--.- i-i --I
====:I--I._ i-I. .- - -

I -+I -- -- _--
I I I

-r''
I '

I I I

- -
- - - t_.-

1

i

!1

I

638       66e4       G6"        `6'Z      R£€?s6TAN8f°fi  6jT?i      `5TP8      6S-F:ZGUR6E6-f€4  `.I



REGIONAL   INTERPRETATION  0F  KANSAS   AERORAGNETIC   I)ATA

by

Harold  I.  Yarger
Kansas  Geological  Su.rvey

Lawrence,   Kansas

f3f:<-
OF=
92--21

INTRODUCTION

\.

Tbe  Kansas  Geological  Survey  (KGS)  has  recently  completed  a  regional

aeromagnetic  survey  of  the  state.     This  report  documents  the  aeromagnetic

mapping  techniques  rised  and  presents  a  qualitative  regional  interpretation

of  tbe  magnetic  basement.     The  total  intensity  magnetic  field  contour  map

and  some  spectrally  filtered  magnetic  maps  are  used  in  tbe  inter|)retation.

Tbis  study  is  a  compilation  and  extension  of  earlier  preliminary  reports

(Yarger,   1979,   1980  and   1981;   Yarger  i  ±,   1976,   1977   and   1978;   Robertson

±±  ±±,1978).     It  is  expected  that  more  detailed  s`tudies  of  some  of  the  larger

anomalies,  which  make  use  of  quantitative  modeling  and  other  interpretation

schemes,  will  appear  in  future  reports.

In  addition  to  information  presented  in  tLis  report  on  basement  compo-

sition  and  paleotectonics,   the  magnetic  data  should  eventually  prove  useful

for  a  variety  of  purposes  such  as  petroleum,  mineral  and  geotbermal  explor-

ation,   eartbquake  hazard  evaluation,  and  otber  scientific  studies.     Sedimen-

tary  rocks  that  contain  petroleum  are  essentially  normagnetic.    However,

sedimentary  rocks  are  usually  underlain  by  magnetic  basement  rocks  that
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produce  magnetic  anomalies.     Magnetic  data  are  sometimes  useful  for  deter-

Inining  relief  on  the  basemeDt  surface  that  may  be  directly  related  to  struc-

ture  favorable  for  accumulation  of  gas  and  oil  in  overlying  sedimentary  rocks.

Regional  aeromagnetic  data  can  be  used  to  estimate  the  depth  to  the  bottom  of

the  magnetic  portion  of  tbe  crust  and  thus  to  map  tbe  Curie  isotherm  surface.

Regions  of  thin  magnetic  crust  are  promising  areas  for  geothermal  exploration.

Recent  research  has  indicated  that  some  continental  earthquakes  in  tbe  U.S.

occur  near  boundaries  of  large  mafi€  igneous  intrusions  within  tie  basement

(MCKeown,1978).     Aeromagnetic  data  provide  an  effective  tool  for  locating

and  defining  the  boundaries  of  these  mafic  bodies.

BACKGROun

The  earth's  main  magnetic  field  is  approximated  fairly  well  by  postu-

lating  a  strong  permanent  bar  magnet  at  the  center  of  the  earth  inclined

11.5°  from  the  geograpbic  nortb-south  axis.     However,   this  explanation  is

higbly  unlkely  since  the  temperature  at  the  center  is  much  too  Lot  for  any

known  material  to  be  permanently  magnetized.     Therefore,   different  mechanisms

that  produce  a  field  equivalent  to  that  produced  by  a  bar  magnet,  a  dipole

field,  have  been  postulated.     The  theory  best  accepted,  but  not  proven,   is

that  of  a  self  exciting  hydrodynamic  dynamo  within  the  metallic  liquid  core

of  tbe  earth  which  generates  a  large  electric  current  much  like  dynamos  in

commercial  power  plants   do   (see  for  example,   Stevenson,1981).

Near  surface  crustal  rocks,  which  are  cool  enougb  to  be  permanently

magnetized,   slightly  distort  the  eartb's  main  field.    Measurement  of  the

distortion  of  the  main  field  yields  information  on  the  magnetic  source  rocks

witbin  the  crust.    The  main  field  strength.  in  the  northern  mid-latitudes  is
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typically  50,000  gammas   (0.5  0ersted).     Magnetic  field  strengtbs  from  crustal

sources  are  tyl}ically  hundreds  of  gammas  and  rarely  exceed  several  thousand

gammas  so  that  the  distortion  of  tbe  main  field  by  the  magnetic  crust  is

usually  less  than  one  or  two  per  cent.

Magnetic  methods  Have  bad  a  long  and  successful  history  of  mapping  tbe

earth's  crust  for  both  basic  and  applied  scientific  objectives.    Recent  de-

velopment  in  the  past.  decade  of  more  sensitive  magnetometers  capable  of  abso-

lute  measurements  and  digital  recording  have  opened  new  vistas  for  magnetic

exploration  of  the  eartb.    Approximately  fifty  per  cent  of  the  U.S.   is  cov-

vered  by  available  magnetic  surveys  conducted  by  federal  agencies,   states  and

academic  institutions`.    Additional  areas  covered  by  private  industry  surveys

are  generally  not  available  in  the  public  domain.    Probably  less  than  ten  per

cent  of  the  existing  U.S.   coverage  is  of  higb  enough  quality  to  glean  maximum

potential  information  from  the  data   (Hinze,1976).     The  specifications  used  in

the  Kansas  aeromagnetic  survey  fall  i.n  tbis  elite  category.

DATA  AQUISITI0N

Measurements  of  the  total  intensity  of  the  eartb's  magnetic  field  were

made  with  a  Geometrics  model  G-806  proton  precession  maglietometer  modified

for  airbom  use.       Tbis  instrument  has  a  ±1  gamma  sensitivity  and  a  two

second  sampling  rate  (since  completion  of  the  regional  survey  this  instru-

ment  has  been  modified  to  +0.25  gamma  sensitivity  and  one  second  sampling

rate).     The  magnetic  sensor,  Housed  in  an  aerodyflamically  stabilized  "bird",

is  trailed  30  meters  behind  the  Twin  Beecb  model  D-18  aircraft  used  in  flight

operat.ion.     Other  major  components  of  the  magnetometer  system  are  a  Geometrics

model  G-704  Data  Aquisition  System,   a  Cipber  model  70  digital  magnetic  tape
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recorder,   a  Sperry` model  RA-227   radar  altimeter,   an  Automax  model  G-2  35mm

camera  witb  a  30  meter  film  magazine,  and  a  solid  state  intervelometer

designed  by  KGS  personnel.     Ibis  system  digitally  records  on  magnetic  tape,

at  two  second  intervals,  the  magnitude  of  the  total  magnetic  field,  time,

ground  clearance,   camera  fiducial  number  and  otber  bookeeping  information.

The  35mm  c.amera  is  triggered  by  the  magnetometer  at  a  rate  appropriate  for

continuous  or  near-continuous  coverage  of  the  flight  path.    The  fiducial

number  and  time  are  recorded  simultaneously  on  film  and  magnetic  tape  for

subsequent  correlation  of  fligbt.  path  coordinates  with  magnetic  field

measurements .

Eastern  Kansas  was   flown  during  the  summer  o`f  1975  and  summer  and  fall

of   1976.     Western  Kansas  was   flown  during  tbe   sunmers   of  1977,   1978  and  1979.

In  both  eastern  and  western  Kansas  the  fligbt  lines  were  approximately  340

kilometers  in  length  and  were  flown  east  or  we-st  with  tie  lines,   approxi-

mately  345  kilometers  in  length,  were  flown  north  or  soutb.    The  flight

lines  were  spaced  3.2  kilometers   (2.0  miles)   apart.     The  tie  lines  were

spaced  32  kilometers  apart.     In  eastern  Kansas  the  airplane  was  flown  at  a

fixed  barometric  elevation  of  762  meters   (2500  feet)   above  sea  level.     In

western Kansas  the  flight  elevations  were  915  meters   (3000  feet)   above  sea

level  in  tbe  east.ern  portion  and  1372  meters   (4500  feet)  above  sea  level

in  the  westernmost.  quarter  of  the  state.    U.S.  bighway  283,  which  runs

north-soutb  through  western  Kansas  was  used  as  a  visual  landmark  signal  t.o

the  pilot  to  change  elevations  while  flying  the  east-west  fligbt  line.    Tbe

ground  clearance,  wbich  averaged  366  meters   (1200  feet),  was  measured  by

the  radar  altimeter  and  recorded  on  magnetic  tape  along  with  magnetic
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measurements.     Navigation  was  accomplished  by  visual  siting  along  section

roads.     The  northernmost  flight  line  is  located  1.6  kilometers   (one  mile)I

north  of  the  Kansas-Nebraska  border  and  tbe  soutbemmost  fligbt  line  is

located  1.6  kilometers   south  of  the  Kansas-Oklahoma  border.     Normally  a

crew  of  three,   tbe  pilot,  navigator  and  equipment  operator,  flew  in  tbe

plaDe.    As  a  back-up  t8  tbe  flight  path  camera,   the  navigator  recorded  the

time  the  plane  passed  over  predesignated  checkpoints  spaced  along  tbe  flight

line  every  15  to  30  kilometers.     During  flight  a  24  BOD   (binary  coded  deci-

mal)   c:haracter  record  was  digitally  recorded  on  magnetic  tape  with  a  7

track,  556  bits/inch  tape  drive.

To  avoid  excessive  magnetic  fluctuat`ion  due  to  solar  wind  disturbance,

the  magnetic  activity  k  index  (Lincoln,   1967)   reported  from  tbe  World  I)ata

Center  A  (NOAA)   in  Boulder,   Colorado  was  required  to  be  <  3  before  fligbt

takeoff .     For  k  =  4  or  5  tbe  magnetic  field  was  monitored  on  the  ground  for

at  least  one  half  hour  before  takeoff .     If  the  noise  did  not  exceed  ±1  gamma

the  flight  went  as  scheduled.     For  k  2  6,   flight  was  cancelled.

I)ATA  REI)UCTI0N

After  each  fligLt  all  records  on  the  magnetic  tar)e  were  edited  for

obvious  noise  and  illegal  characters.     THE  original  unedited  data  were  saved

on  a  permanent  summary  tape.     The  fligbt  patb  film  was  used  to  identify

landmarks  spaced  10  to   15  miles   apart  on  1:125,000   scale  county  road  maps.

The  longitude  and  latitude  coordinates  of  landmarks  I(fiducial  points)  were

digitized  on  a  +0.001  inch  x,  y  digitizing  table  and  saved  on  digital  tape.

The  fiducial  coordinates  tape  was  then  merged  with  the  magnetic  field  tape

for  final  assignment  of  longitude  and  latitude  to  all  magnetic  measurements.
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The  resulting  flight  path  map  is  presented  in  Figure  5-1.

The  International  Geomagnetic  Reference  Field   (IGRF)   1975  was   calculated

at  each  measurement  location  at  tbe  appropriate  epoch  and  subtracted  from  tbe

total  intensity.

The  diurnal  drift  was  removed  by  analysis  of  the  tie  line-flight  line

intersection  mismatcbes  of  magnetic  field  values.     Tbis  procedure,  which

does  not  require  a  recording  base  station,  assures  diurnal  drift  during

flight  is  a  smoothly  varying  low  order  polynomial  in  time.     The  polynomial

coefficients  were  determined  by  minimizing  magnetic  field  residuals  at

fligbt  line-tie  line  intersections  (for  furtber  detail  see  Yarger,  e± ±|,

1978).     Before  least  squares  adjustment,   the  intersection  residuals  were

"corrected"  by  searching  for  tbe  minimum  intersection  residual  within  a  150

meter  radius,  the  estimated  uncertainty  in  tbe  flight  path  recovery  proce-

dure,  from  the  originally  calculated  intersection  location.    After  5th  order

adjustment  to  tie  lines  and  fligbt  lines  tbe  residuals  were  normally  distri-

buted  about  zero  with  an  RMS  of  approximately  2.0  gammas.     Ibis  residual

distribution  is  adequately  narrow  to  permit  contouring  at  contour  intervals

of  5   gammas  and  greater.

A  master  grid  for  tbe  state  was  prepared  witb  0.16  Ira  (0.1  mile)   east-

west  spaciflg  and  3.2  kn  (2  mile)  north-south  spacing  which  is  nearly  equiva-

lent  to  the  original  measurement  spacing.     The  grid  was  determined  by  shifting

magnetic  field  values  from  quasi-straigbt  flight  lines  to  nearby  grid  lines.

The  overall  grid  location was  determined  by  minimizing  (in  the  least  squares

sense)  the  difference  between  grid  lines  and  tbe  flight  line  coordinates.

tbis  procedure,  whicb  takes  advantage  of  a  regular  grid  flight  line  pattern
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avoids  smoothing  that  normally  occ:ur.s  wben  done  by  tbe  available  computer

algorithms  written  primarily  for  arbitrary  s|taced  data.    Tbe  master  grid,

which  represents  the  residual  total  intensity magnetic  field,  is  useful

for  machine  contouring  over  a  wide  range  of  scales  and  contouring  intervals.

It  is  also  useful  for  most  quantitative  analyses  since  tbe  gridding  procedure

preserved  tbe  original  integrity  of  the  data.    Figure  5-2  presents  tbe  aeromag-

netic  map  contoured  by  a  CAI,COMP  contouring  program  at  an  original  scale  of

1:500,000  and  50  gamma   contour  interval.

SPECTRAL  FII,TERING

BACKGROUND

Several  spectrally  filtered  versions  of  tbe  original  contour  map  (Figure  5-2)

are  used  in  this  regional  interpretatio.n.    The  purpose  of  filtering  a  map  is

to  remove  certain  unwanted  characteristics  and  to  enhance  desirable  cbarac-

teristics  depending  on  the  interpretation  objective.     Because  of  the  simple

mathematical  form  most  potential  field  filters  have  in  the  spectral  domain,

it  is  advisable  to  transform  the  original  unfiltered  map  to  the  spectral

domain,  apply  the  filters,  then  transform  the  filtered  map  back  to  the

spatial  domain  for  use  in  interpretation  (Guam,1976).

A  suite  of  spectrally  filtered  magnetic  maps  Has  proven  useful  in  this

study  of  Kansas  basement  coxposition,  paleotectonics,   and  age  terranes.

Certain  composite  filters  reveal  basement  influence.  on  the  magnetic  field,

not  readily  a|)parent  in  the  original  contour  map.

An  ordinary  contour  map,  where  the  contoured  variable  is  a  function  of

spatial  coordinates,   is  said  to  be  in  tbe  spatial  domain.     In  Figure  5-2  the

magnetic  field,  M(x,y),   is  a  function.  of  the  spatial  coordinates  x,y.     Tbe
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units  of  x,y  are  in  kilometers   (or  miles).     Tbe  map,  M(x,y,),  .in  tbe  spatia.1

domain  was  transformed  into  a  map,  M(u,v),   in  the  spectral  domain  using  the

Fast  Fourier  Transform  (FFT)   algorithm  (Singleton,.   19'69)  where  u,v  are

the  orthogonal  spectral  domain  coordinates.    The  units  of  u,v  are  in

cycles/kilometer  (or  cycles/mile)..    After  applying  various  filter  combi-

nations  to  tbe  map,  M(u,v),   in  the  spectral  domain,  the  resulting  filtered

maps  were  transfomed  back  to  the  spatial  domain.

Cycles/kilometer  refers  to  magnetic  bighs  and  lows  per  kilometer.

The  characteristic  frequency,   [u2  +  v2].1/2,   of  a  positive  (or  negative)

anomaly  in   [2  x-anomaly  widtb]-1.     For  example,   an  anomaly  of  width  one-

balf  k.ilometer  has  a  characteristic  frequency  of  one  cycle/kilometer.    For

further  discussion  of  spectral  filtering  see  Nettleton  (1976).

FII,TER  APPI,ICATION

Tbe  State  was  divided  into  two  equal  216x216  grids  for  input  into  the

FFT  I)rogram.     The  grid  cell  size  was  apt)roximately  1.6  kilometer  on  a  side.

The  filtered  maps  were  compiled  using  a  variable  black  and  wbite  density

scale  instead  of  the  more  traditional  contour  lines.     Tbis  format  was  chosen

for  several  reasons.    Density  maps  are  considerably  more  cost  efficient  and

time  efficient  to  produce.     Some  of  tbe  filtered  maps  have  a  large  dynamic

range   (i.e. ,   the  data  ralige  from  very  large  numbers  to  very  small  numbers)

or  have  sbarp  gradients  which  are  difficult  to  contour.    And  finally,  density

maps  make  it  much  easier  for  the  reader  to  see  relative  magnitudes.

A  suite  of  seven  filtered  maps,  whicb  appear  to  be  useful  in  enbancing

basement  features,  are  presented  in  Figures  5-3  tbrough  5-9.     Tbese  represellt

a  subset  of  a  much  larger  suite  of  filtered  maps  originally  examined.     The
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filtered  maps  were  derived  from  a  combination  of  two  or  more.  filters  pre-

sented  in  Table  5-1.

Figure  5-3  presents  a  lnap  reduced  to  tie  pole  and  downward  continued  to

760  meters  above  sea  level.    Reduction  to  tbe  pole  removes  tbe  distortion

caused  by  tbe  earth's  inclined  magnetic  field  direction  (whicb  is  approxi-

mately  65°  from  the  horizontal  in  Kansas).    Ibis  results  in  a  slight  migra-

tion  to  the  north  of  anomaly  locations  and  increases,   in  some  cases,  ano-

maly  amplitudes.     The  western  half  of  tbe  map  was  downward  continued  to

760  meters  above  sea  level  whicb  makes  it  comparable  to  tbe  eastern  half

whicb  was  flown  at  760  meters  above  sea  level.     This  operation  relates

all  anomaly  magnitudes  and  gradients  to  the  same  base  level  of  760  meters

above  sea  level.    This  is  not  the  case  for  tbe  original  contour  map  in  Figure

2  where  anomaly  magnitudes  and  gradients  are  somewhat  attenuated  in  western

Kansas  relative  to  eastern  Kansas  because  of  the  different  flight  elevations.

In  the  remainder  of  the  text  all  maps  that  bave  been  downward  continued  to

tbe  eastern  flight  elevation  of  760  meters  above  sea  level  are  referred  to

as   ''1eveled"  maps.     To  summarize,  Figure  5-3+  is   the  same  as  Figure  5-2  except

tbat  it  has  been  corrected  for  the  earth's  inclined  field  and  for  differences

in  flight  elevation.

Figure  5-4  presents  an  aeromagnetic  map  reduced  to  the  pole  and  upward

continued  to  9  kilometers  above  sea  level.     This  map  emphasizes  deep  seated

long  wavelength  magnetic  sources  within  the  crust.

Figure  5-5  presents  an  aeromagnetic  map  reduced  to  the  pole,   and  downward

continued  to  850  meters  below  sea  level  which  corresponds  roughly  to  the

average  elevation  of  tbe  Precambrian  surface.     This  map  emphasizes  magnetic
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sources  at.  or  near  the  Precambrian  surface.

Figure  5-6  presents  an  aeromagnetic  map  reduced  to  the  pole,   leveled

and  high  frequency  pass  filtered.    This  filter  passed  all  frequencies  above

0.8  cycles/kilometer  and  attenuated  lower  frequencies.     Tbe  attenuation

function  used,  which  is  linear  in  radial-frequency,  was  1.25[u2  +  v2]]/2.

Ibis  map  emphasizes  anomalies  due  to  magnetic  sourc:es  at  or  near  tbe  Pre-

cambrian  surface  to  a  greater  extent  tban  does  the  downward  cofltinued  map
'

(Figure  5-5)..    Note  that  negative  amplitudes  are  not  displayed  in  Figure  5-6.

All  amplitudes  below  +5  gammas   appear  as  white..     Tbis   cboice  was  made  to

enbance  several  statewide  magnetic  trends  evident  in  the  original  maps  dis-

playing  the  full  spectrum  of  negative  and  positive  amplitudes.     Tbere  were

no  significant  trends  with  negative  amplitudes  that  are  not  also  apparent

in  the  positive  amplitudes.    Negative  amplitudes  in  Figures  5-7  through  5-9

were  also  suppressed  for  the  same  reason.

Figure  5-7  presents  an  aeromagnetic  map  reduced  to  the  pole,   leveled,

high  pass  filtered  and  trefld  pass  filtered.    This  map  is  the  same  as  Figure

6  except  tbat  an  additional  filter  has  been  applied  whicb  passes  anomalies

trending  northeast  +45°.     This  map  emphasizes  anomalies  due  to  magnetic

sources  at  or  near  the  Precambrian  surface  and  also  trending  northeast

+450.

Figure  5-8  is  the  complement  of  Figure  5-7  and  emphasizes  anomalies  due  to

sources  at  or  near  tbe  Precambrian  surface  and  also  trending  northwest  +45°.

Note  tbat  the  simple  addition  of  Figure  5-8  to  Figure  5-7  would  yield  the  original

high  pass  filtered  map  in  Figure  5-6.

Figure  5-9  presents  tbe  aeromagnetic  map  reduced  to  pole,   leveled  and

tbe  second  vertical  derivative  calculated.    This  map  empbasizes  near-vertical
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contacts  between  contrasting  magnetization  at  or  near  the  Precambrian  surface.

REGI0NAI,   INTERPRETATION   0F  AEROMAGNITIC   DATA

BACKGROURE

Major  variations  in  total  magnetic  field  strengtb  at  or  near  tbe  land

surface  are  normally  due  to  lateral  cbanges  in  magnetic  susceptibility  of

basement  rock.     Overlying  sedimentary  rocks  have  relatively  low  magnetic

susceptibilities.    Susceptibility  is  proportional  to  the  amoulit  of  magnetite

in  the  rock  (Clark,1966).     Tbe  amount  of  magnetite  in  rock,   to  a  rougb

approximation,,  is  inversely proportional  to  silica  content.    For  a  given

source  rock  volume  and  deptb  of  burial,  mafic  rocks  suck  as  gabbro  and

basalt  will  produce  larger  magnetic  anomalies  than  silicic  rocks  suck  as

granite  and  rhyolite.

The  relative  total  intensity  magnetic  map   (Figures  5.-2  and  5-3)   depicts

a  rather  complex  crustal  magnetization  pattern  in  eastern  Kansas.     The  dy-

namic  range  of  the  total  magnetic  field  is  almost  2000  gammas.     The  contour

levels  vary  from  450  to  2350  gammas  with  ;n  average  value  of  approximately

1200  gammas.     The  base  level  of  the  map  was  established  by  a-rbitrarily

adding  1500  galnmas  after  subtraction  of  the  IGRF  from  the  absolute  total

intensity.     Relative  to  tbe  IGRF,  the  magnetic  field  in  Kansas  is  anoma-

lously  low  by  some  300  garmas.     If  the  IGRF  accurately  describes  the  large

scale  magnetic  field  intensity  in  tbe  Midcontinent,  then  the  net  magnetiza-

tion  of  the  crust  in  Kansas  is  slightly  below  average.

I)EPTH   T0   MAGNETIC:   BASEMENT

Comparison  of  the  magnetic  patterns   (Figures  5-2  and  5-3)  with  the  Pre-
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cambrian  relief  map   (Fi.gure  5-10)   reveals  little  obvious  correlation.     The

Hunboldt  Fault,  wbicb.  has  in  some  plac:es  over  600  meters  of  vertical  dis-

placement,   is  only  weakly  discernable.     The  correlation  can  be  seen  in

the  alignment  of  magnetic  contours  along  tbe  fault.    Tbis  is  evident  in

soutbern  Nemaba,  northern  Pottawattomie  and  Waubaunsee  Counties.     The

influence  of  the  vertical  displacement.  can  also  be  seen  in  soutbern  Morris

County  where  the  fault  trace  splits  the  nortb-northwest  trending  anomaly.

The  horizontal  gradient  of  tbe  anomaly  on  the  high  side   (west  side)  of  the

fault  is  steeper  than  tbe  gradient  on  tbe  low  side.    It  foil.ows  tbat  tbe

source  rock  for  the  anomaly  was  probably  emplaced  before  vertical  displacement

along  the  fault  took  place.,    Tbe  presence  of  this  anomaly  across  the  fault

also  suggests  that  there  Has  been  no  major  (less  thali  500  meters)   strike-

slip  movement  along  the  fault.     The  difference  of  50  gammas  in  magnitude  of

this  anomaly  on  either  side  of  the  fault  suggests  that  most  Precambrian

relief  features  in  eastern  Kansas  will  have  less  than  a  50  gamma  influence

on  the  total  magnetic:  field.     This  is  normally  tbe  case  in  areas  wbere  the

crystalline  basement  has  a  fairly  tbick  sediment  cover  (see  for  example,

Steenland,1965).     Most  of  the  observed  field  is  due  to  intrabasement  rock

lying  below  the  Precambrian  surface  and  above  tbe  depth- corresponding  to

the  C:urie  Point  isotherm,   whicb  is  normally  30  to  40  kin  below  sea  level.

Suprabasement  features  such  as  relief  and  tbin  lenses  of  crystalline  rock

at  the  surface  c:ontribute  only  a  small  part  to  the  observed  field.     Supra-

basement  anomalies  are  characterized  by  small  magnitudes  with  sharp  hori-

zontal  gradients  and  short  wavelengths  superimposed  on  large  intrabasement

anomalies  with  gentle  horizontal  gradients  and  longer  wavelengths.    Although

not  considered  in  this  report,   suprabasement  anomalies  are  often  useful

>

-171-



for  estimating  depth  to  basement   (Cba|)ter  15,  Nettleton,1976).

BASEMENT   TERRARES

Tbe  total  intensity  aeromagnetic  maps   (Figures  5-2  and  5-3)  exhibit  a
\

northwest  trending  grain  consistent  with  the  Precambrian  surfacE  terrane

(Figure  5-10),  whicb  is  interrupted  in  nortbeastern  Kansas  by  a  northeast

trending  linear  positive  anomaly  flanked  by  adjacent  linear  negative  anoma-

lies.      (Tbe  positive  anomaly\,   caused  by  CNARS  rocks  of  gabbroic  composi-

tion,  will  be  discussed  in  a  later  section.)     The  CRARS  anomaly  appears

to  terminate  in  central  Kansas  against  a  roughly  linear  trend  of  negative

anomalies.     Tbis  negative  trend  is  defined  by  a  near-continuous  band  across

tbe  state  defined  by  total  intensity  amplitude  <1200  gammas.     The  most  pro-

minent  low  is  centered  over  Wichita  witb  negative  anomalies  of  lesser  mag-

nitude  continuing  west  beyond  tbe  Colorado  border.     This  trend  can  also  be

traced  into  Missouri   (Missouri  Geological  Survey,1943).     Tbe  southern  boun-

dary  of  this  band  is  clearly  visible  in  tbe  high  frequency  passed  filtered

map   (Figure  5-6).     This  boundary  corresponds  to  a  fairly  sharp  magnetization

contact  suggesting  contrasting  rock  types.    Ibis  apparent  contrast  may

correspond  to  a  distinct  boundary  between  tbe  older  mesozonal  granitic

terrane  to  the  north  and  the  younger. epizonal  granitic  terrane  to  tbe  south.

This  "spectral"  boundary  is  caused  by  an  abrupt  attenuation  of  bigh  frequen-

cy  signal,   from  south  to  north,  and  presumably  corresponds  to  the  onset  of

tbe  soutbern  edge  of  tbe  mesozonal  granitic  terrane  or  to  some  kind  of  tran-

sition  zone  between  tbe  two  basement  terranes.     Tbe  northern  boundary  of

tbe  transition  zone  is  not  so  sbarply  defined.     Outside  tbe  CNARS  the  widtb

of  tbe  transition  zone  varies  from  25  to  50  kin.     The  zone  may  correspond  to
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foundered  granitic  rock  overlain  by  a  Precambrian  sedimentary  or  metasedi-

nentary  wedge.    Alternatively,   it  could  be  a  band  of  normagnetic  granitic

basement.     Tbe  high  frequency  signal  nortb  of  the  transition  zone  and  out-

side  of  CNARS  appears  similar  to  tbat  of  the  southern  terrane.     Tbe  second

vertical  derivative  map  (Figure  5-9)  empbasizes  near  vertical  contacts  be-

tween  contrasting  magnetizations.    The  boundary,  which  is  clearly  outlined

in  tbe  nigh  frequency  pass  filtered  map  (Figure  5-6),   is  not  as  prominent

in  tbe  second  vertical  derivative  map.     Certain  portions,  however,  are  en-

hanced  such  as  the  soutbern  edge  of  tbe  Wicbita  low  and  areas  in  western

Kansas.     The  boundary  is  also  discernable  in  tbe  upward  continued  map

(Figure  5-4),  wiicb  emphasizes  tbe  deep  seated  magnetic  cbaracter  of  tbe

crust.

INIRUSIVES

The  extreme  nortbeastern  portion  of  tbe  aeromagnetic  map   (Figures  5-2

and  5-3)   shows  a  series  of  strong  positive,   roughly  circular  anomalies  wi.tb

diameters  of  approximately  15  kin.     Basement  cores  from  two  of  these  anoma-
*

lies,   located  in  Douglas  and  Miami  Counties   ,  yielded  U/Pb  zircon  ages  of

about  1350  in.y.   (Steeples  and  Bickford,1981).     Although  these  rocks  are

more  coarse  grained  than  rocks  in  the  soutbem  terrane,  they  ai-e  clearly  epi-

zonal  granite  and  related  to  them  (Bickford  £±  ±|,1981).     The  Miami  County

core*  contains  about  2  per  cent  magnetite  by  weight  (St.eeples  and  Bickford,

Referred  to  by  township-range  location  in  Blackwell  and  Steele,   Chapter  5;
by  I)epartment  of  Transportation  County  Code  in  Stavnes,   Chapter  2;
and  by  town  near  where  hole  is  located  in  Kodama,   Chapter  6.
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1981),  which  may  account  for  tbe  positive  magnetic  anomalies.     Tbe  close

similarity  of  the  c:ircular  magnetic  anomalies  makes  it  probable  that  most,

±f  not  all,  of  them  are  caused  by  intrusive  bodies  similar  to  those  drilled

in  Douglas  and  Miami  Counties.     This  suggests  that  the  1625  in.y.   terrane  in

northeastern  Kansas  and  northwestern  Missouri  is  peppered  witb  isolated

shallow  granite  plutons,  possibly  related  to  the  1400  in.y.  granitic  terrane

to  the  south,  but  younger  by  some  50  in.y.     This  series  of  circular  magnetic

highs  along  witb  similar  higbs  in  Missouri   (Missouri  Geological  Survey,   1943)

r.ougbly  track  the  boundary  of  the  southern  half  of  the  Forest  City  Basin.

Tbese  mid-Proterozoic  granitic  plutons  may  have  been  intruded  along  a  zone  of

weakness  that  later  influenced  tLe  formation  of  tbe  late-Proterozoic  Forest

City  Basil.

There  are  also  at  least  six  major  near  c:ircular  anomalies  in  western

Kansas,  five  of  whic:h  are  closely  associated  witb  tbe  granitic  terrane  boun-

dary  discussed  previously.    Over  the  entire  state  there  are  at  least  five

circular  intrusive  bodies  just  to  the  north  of  tbe  terrane  boundary  (Figure  5-6).

These  could  possibly  be  tbe  remnants  of  volcanic  centers  associated  with

Precambrian  plate  convergence  along  this  boundary.

TIE   CENTRAL  NORTII  AMERICAN  RIFT   SYSTEM

Tbe  pervasive  influence  the  CeDtral  Nortb  American  Rift  System  had  on

the  Kansas  crust  is  perhaps  best  seen  in  Figure  5-7.     This  map,  wbicb  emphasizes

bigb  frequency  anomalies  trending  nortbeast,  indicates  tbat  tbe  rift  system

extends  south  across  the  entire  state.

A  magnetic  quiet  zone,  the  predominantly  white  area  in  Figure  5-7,   sur-

rounds  tbe  magnetic  nigh  along  tbe  mafic  belt  and  corresponds  to  a  basin
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filled  witb  elastic  rocks,  presumably  of  Keweenawan  age.     Tbe  magnetic

quiet  zone  is  due  to  the  extreme  depth  to  magnetic  basement,  presumably

granite,  whicb  foundered  during  tbe  extensional  phase  of  the  CNARS.     Botb

the  eastern  and  western boundaries  of  this  Keweenawan  basin  are  fairly

sharply  defined,   suggesting  that  tbey  may  be  fault  bounded.

Tbe  magnetic  lineations  to  the  southwest  of  tbe  magnetic  quiet  zone,

whicb  are  the  most  prominent  in  Figure  5-9,  probably  correspond  to  block

faulting  and  possibly  mafic  dike  intrusion  that  occurred  during  the  initial

stage  of  rifting.

Apparently  tbe  rift  in  southern  Kansas  did  not  progress  beyond  the  stage

of  block  faulting  and  dike  intrusion,  whereas  the  rift  in  northern Kansas

developed  to  a  more  mature  stage  of  volcanic  flows  followed  by  foundered

crust  and  elastic  deposits.     Tbe  fracture  system  in  southern Kansas  is  pro-

bably  representative  of  the  crust  tbroughout  the  CNARS  during  the  early

stages  of  rifting,  before  tipwelling  of  Keweenawan  volcanics  occurred.     This

southwest-trending  system  indicates  tbat  the  CNARS  extends  into  Oklaboma.

Tie  Humboldt  Fault  Zone   (Figures   1-3,1-4  and  5-10),  whicb  borders  the

eastern  side  of  tbe  Nemaha  Ridge,   closely  parallels  the  CNARS  across  the

state,  suggesting  that  this  apparent  post-Mississippian  fault  may  be  a  reac-

tivated  CNARS  fault.     This  Proterozoic  forerurmer  of  the  Humboldt  Fault  may

have  developed  within  the  easternmost  part  of  tbe  CNARS  crust  tbat  was  Dot  int

volved  in  subsequent  foundering.    Alternatively,  the  Humboldt  Fault  Zone  may

be  a  zone  of  Pre-Keweenawan  crustal  weakness  tbat  has  been  reactivated,   or  it

may  not  have  formed  until  Paleozoic:  time.
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POSSIBLE   BASEMENT  FAUIITS

The  trend  pass  filtered  maps   (Figures  5-7  and  5-8).  reveal  significant  mag-

netic  lineations  in  both  tbe  northeast  and  nort.hwest  directions.    Tbe  most

prominent  nortbeast  linear  trends  correspond  to  the  rift  system  tbrougb

central  Kansas,  but  there  are  also  a  number  of  northwest  treflds  outside

the  rift,  I)articularly  in  nortbwestem Kansas.    Figure  5-8  exbibits  north-

west  magnetic  linears  extending  over  large  parts  of  tbe  state,   substan-

tially  interrupted  however  within  the  rift  zone.    This,  of  course,  implies

that  the  northwest  grain  is  older  tbah  the  rift.

Figure  5-11  presents  tbe  magnetic  linears  appearing  in  Figures  5-7,  5-8,   and

5-9  superimposed  on  tie  Precambrian  relief  map.     Determining  what  constitutes

a  magnetic  linear  trend  is.  very  subjective.     The  linears  shown  in  Figure  5-11

ref)resent  what  I  consider  "middleground".     Anotber  researcber,   depending  on

his  criteria  and  biases  could  easily  identify  more  or  fewer  linears  from

the  same  maps.     The  linears  I  have  cbosen  are  at  least  50  lam  long  or  belong

to  a  trend  of  short.er  segments  at  least  50  kin  long.

In  addition  to  suites  of  northeast  and  northwest  trending  linears  across

tbe  state  (seen  in  Figure  5-11),  there  is  a  third  suite  of  linears  located

primarily  in  southern Kansas  tbat  trend  east-northeast.

Figure  5-11  reveals  that  tbe  number  of  magnetic  linears  far  outnumbers

the  heretofore  napped  faults  in  the  Precambrian.     There  are,  however,   a

number  of  one-to-one  correlations.

The  northern  half  of  the  Humboldt  Fault  Zone,  whicb  borders  tbe  eastern

side  of  tbe  Nemaha  Ridge,   shows  up  clearly  as  a  c:ontinuous  magnetic  linear.

The  northwest  trending  magnetic  linear  in  Rusk  County  matches  the  southwest
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bounding  fault  of  the  Rusk  Rib.     This  fault  (Merriam,   1963)   lies  along  tbe

postulated  Precambrian  age  boundary  (Figure  5-6)   discussed  earlier.     Tbere  is

also  good  correlation  witb  tbe  nortbeast  trending  fault  segments  in  western

Reno  and  Pratt  Counties.    The  fault  througb  Ellswortb  County,  wh.ich  trends

northwest  along  the  soutbwest  side  of  tbe  Ellsworth  Anticline,  apparently

serves  as  tbe  nortbern  boundary  for  several  of  tbe  southwest  trending  II]agne-

tic  linears  within  the  rift  zone.

The  northwest  trending  fault  in  Pawnee  County  coincides  with  a  mag-

netic  trend  that  continues  to  the  northwest  up  into  Rusb  County.    Part  of

tbe  southwest  trending  fault  bounding  tbe  northwest  side  of  the  Voshell

Anticline  coincides  witb  a  sbort  magnetic  linear  at  the  intersection  of

Mcpherson,   Reno  and  Harvey  Counties.

Altbough  tbe  northwest  trending  magnetic  grain  in  eastern Kansas  par-

allels  tbe  Precambrian  surface  grain,  there  is  little  one-to-one  correlation

with  napped  faults.     One  exception  to  tbis  is  the  fault  througb  Bourbon  and

I,im  Counties  which  coincides  with  a  magnetic  trend  that  continues  northwest.

into  Anderson  and  Osage  Counties.

Wbether  all  magnetic  linears  correspond  to  basement  faults  is  an  open

question.     The  fact  that  some  of  them  correspond  to  known  faults  strongly

implies  that  at  least  some  of  tbe  remaining  linears  must  also  correspond  to

urmapped  faults.    The  northeast  trending  magnetic  linears  withifl  tbe  rift

zone  surely  must  correspond  to  faulting  in  Keweenawan  time.     The  post-Mis-

sissippian  movement  along  tbe  Hunboldt  Fault  is  most  likely  a  reactivation

of -a  Keweenawan  rift  fault.

Microeartbquake  results  for  the  last  four  years   (Steeples,1980)  indi-
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cate  tbat  tbe  Hunboldt  Fault  Zone  is  still  active.    The  northeastern magnetic

trend  through  Wasbington,  Republic  and  Cloud  Counties,  whicb  corresponds  to

the  postulated  boundary  between  the  rift  sediments   (Rice  Formation)  and  the

older  granitic  terrane,  is  seismically  act.ive  (Figure  5-12).    TLere  is  slight

evidence  (two  events)  that  the  eastern boundary  between  the  rift  sediments

and  granitic  terrane  is  also  seismically  active.    Tbe  only  other  significant

recent  seismic  activity  I.ecorded  within  the  state  is  .located  in  Barber  County

and  may  be  related  to  tbe  southwest  magnetic  trend  through  Harper  and

Barber  Counties.

SUMMARY   AND   DISCUSSION

The  re.cently  compiled  aeromagnetic  map  of  Kansas  is  proving  to  be  very

useful  in  studying  tbe  composition  and  paleotectonics  of  the  Precambrian

crust.    Examination  of  the  magnitudes  and  gradient  of  the  total  intensity

magnetic  field  map  and  a  suite  of  spectrally  filtered  maps  coupled  witb

existing  geologic  information,  has  yielded  tbe  following  regional  interpre-

tation  of  the  Precambrian  crust  in  Kansas.

The  postulated  Precambrian  terr`anes  are  summarized  in  Figure  5-13.

There  appears  to  be  a  ratber  distinct  boundary  between  the  northern  1625  in.y.

old  mesozonal  granitic  terrane  and  tbe  sout.hem  1400  in.y.   old  epizonal

granitic  and  rhyolitic  terrane,  wbose  magnetic  signature  is  a  series  of

nearly  contiguous  lows  trending  west  cross  the  state.     The  southern  boun-

dary  of  this  band  of  lows  is  sbarply  defined  by  steep  horizontal  gradients

and  short  wavelengths.     The  magnetic  source  of  this  band  is  not  clear.

Gravity  measurements  in  tbis  region,  which  are  being  taken  by  tbe  KGS,   along

with potential  field  modeling  should  kelp  to  clarify  this.
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Drilling  results  from  two  of  the  14  circular  magnetic  bigbs  in  north-

eastern Kansas  suggest  that  the  older  1625  in.y.   old  crust  in  nortbeastem

Kansas  is  pockmarked  witb  younger,   1350  in.y.   old  granitic  plutons  similar  in

composition  to  the  soutbern,   1400  in.y.   old  terrane  of  e|)izonal  granite  and

rhyolite.     The  one  to  two  per  celt  magnetite,  by  weight,   found  iD  tbe  two

basement  cores  may  account  for  the  positive  magnetic  anomalies  whose  mag-

nitudes   range  from  500  to  more  than  1000  gammas.

The  CNARS  extends  througb  Kansas  and  probably  into  Oklahoma.     Althougb

it  is  clear  tbat  large  volumes  of  mafic  volc:anics  did  not  reacb  the  Pro-

terozoic  surface  in  southern  Kansas,   tbere  is  .strong  magnetic  evidence  for

block  faulting  and  possible  dike  intrusion  normally  associated  with  initial

stages  of  continental  rifting.     Tbe  extreme  southern  portion  of  the  1100  in.y.

old  rift  tbat  exteflds  into  the  1400  in.y.   old  crust  in  Kansas  did  not  evolve

into  tbe  more  mature  stages  of  deep  rift  valley  formation  acc:ompanied  by

voluminous  volcanics  and  elastics  as  did  the  main  part  of  the  rift  to  the

nortb.

There  are  three  main  suites  of  magnetic  linears  of  basement  origin.

Predominantly  northwest  trending  linears  are  found  in  southeastern  and
\

northwestern  Kansas,  whereas   central  Kansas  is  dominated  by  north-northeast

trending  linears  associated  with  tbe  CNARS.     Both  of  these  trends  are  present

in  soutb  central  Kansas  resulting  in  a  system  of  roughly  orthogonal  inter-

secting  linears.    A  third  suite  of  east-northeast  trending  linears  are

present  in  southern  Kansas.

Several  of  tbe  magnetic  linears  correspond  to  previously  napped  basement

faults  suggesting  that  at  least  a  small  fraction  of  the  remaining  linears
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correspond  to  heretofore  unknown  faults.     These  remaining  linears  must  be

examined  by  other  geophysical  methods  to  establisb  whicb  ones  are  faults.

The  Humboldt  Fault  Zone,  bounding  the  eastern  side  of  the  Nemaha  Uplift,

parallels  the  CNARS  system  suggesting  tbat  it  may  nave  developed  in  Kewee-

nawan  time  and  was  reactivated  in  late  Paleozoic  time.     Recent  microeartbquake

results  in Kansas  indicate  that  tbe  Hunboldt Fault  is  still  active.    Tbere

is  also  some  activity  along  two  otber  magnetic  linears  within  the  CNARS.
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FIGURE   CAPTIONS

FIGURE    5-1:     Flight  patbs  for  aeromagnetic  map  of  Kansas.

FIGURE    5-2':     Aerolnagnetic   contour  map  of  KaDsas.     Contour  interval  is  50
gammas .

FIGURE    5-3:     Aeromagnetic  map  reduced  to  pole  and  downward  continued  to
760  meters  above  sea  level.

FIGURE    5-4:     Aeromagnetic  map  reduced  to  pole  and  downward  continued  to
9  kilometers  above  sea  level.     (Tbe  continuous  line  delineates
a  possible  deep  seated  paleoplate  boundary  within  the  crust.
The  dashed  lines  outline  the  possible  deep  seated  born-
daries  of  the  CNARS.)

FIGURE    5-5:     Aeromagnetic  map  reduced  to  pole  and  downward  contioued  to
850  meters  below  sea  level.

FIGURE    5-6:     Aeromagnetic  map  reduced  to  pole,   leveled  and  high  pass
filtered.     (The  continuous  line  delineates  a  sharp  higb  fre-
quency  boundary  within  tbe  crust.    Also  delineated  are  shallow
intrusive  plutons. )

FIGURE     5-7:

FIGURE     5-8:

i::o:::::t::s:aE±;:::::dn::t£:=:i i:¥8:ed {TE=g:o::::u:::t:=::s
outline  tbe  suggested  near  Precamb=ian  surface  boundaries  of
tbe  main  part  of  the  CNARS  and  the  southern  extent  of  the
Rice  Formation. )

i::0:::::t::s:a:±f::=::dn::t::::; :£¥8?ed >  high pass  filtered

FIGURE    5-9:     Aeromagnetic  map   reduced  to  pole,leveled  and  second  vert.ical
derivative  calculated.     (The  continuous  lines  outline  the  sug-
gested  boundaries  of  the  Keweenawan  gabbros  and  tbe  location
of  the  Humboldt  Fault  Zone.)

FIGURE  5-10:     Configuration  of  the  top  of  Precambrian  rocks  in  Kansas.
After  Cole   (1976).

FIGURE  5-11:     Magnetic  lineations.     (The  lineations,  whicb  are  superimposed
on  Figure  5-10,  were  derived  from  Figures  5-2  and  5-5  through
5-9 . )

FIGURE  5-12:     Microearthquakes   in  central  Kansas.     After  Steel)1es   (1980).
(Microearthquakes  are  superimposed  on  central  part  of  Figure
5-9 . )

FIGURE  5-13:     Precambrian  terranes  in  Kansas.     (Inferred  from  magnetic  data
and  age  data  of  Bickford  e±  e±,   (1981).)
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TABLE   CAPTIONS

TABIE  5-1:     Spectral  filters  applied  to  Kansas  Aeromagnetic:  I)ata.
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PALEOMAGRETIC   RESUI.TS   FROM  TIE   OSAWATOMIE   CORE
AND   BIG   SPRINGS   CORE,   KANSAS

by

Ken  P.   Kodama
Department  of  Geological  Sciences

Lehigb University
Bethlehem,   Pennsylvaflia

INTRODUCTION

In  December  1979  the  Kansas  Geological  Survey  drilled  into  tbe

Precambrian  age  basement  rocks  at  an  aeromagmetic  high  located  near

Osawatomie,   Kansas.     In  March  1980  the  Precambrian  basement  rocks

were  drilled  at  anotber  aeromagnetic  high  near  Big  Springs,  Kansas.
*

Nine  independently  oriented  samples  from  the  Osawato/mie  core    and
*

four  independently  oriented  samples  from  the  Big  Springs  core    were

provided  to  tbis  laboratory  for  magnetic  studies.    The  primary  motiva-

tion  for  the  magnetic  studies  was  to  determine  if  the  Precambrian  age

basement  rocks  were  magnetic  enougb  to  produce  the  observed  total

field  anomalies.    Natural  remanent  magnetization  (NRM)   intensities

measured  for  these  rocks  average  2.79  x  10-3  emu/cm3   (a  =  1.41  x  |o-3

emu/cm3)   for  the  Osawatomie   core  and  5.53  x   10-4  emu/cm3   (a  =  2:92

Referred  to  by  township-range  location  in  Blackwell  and  Steele,   Chapter
3;  by  Department  of  Transportation  County  Code  in  Stavnes,   Cbapter  2;
by  County  in  Yarger,   Chapter  5.
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x  |o-4  emu/cm3)   for  Big  Springs   core.     These  rocks,1)ased  on  tbeir  NRM

intensities,  are  comparable  in  magnetic  strength  to  a  basalt  (Nagata,

1961).     The  NRM  directions   from  the  Osawatomie  core  were  somewhat

unusual  because  they  were  nearly  vertically  downward  (Appendix  I.).

Since  these  directions  were  parallel  to  tbe  core  axis,  the  possibil-

ity  of  a  remanence  acquired  during  drilling  had  to  be  considered.    Tbe

NEE  directions  from  tbe  Big  Springs  core  were  not.  consistently  verti-

cally  downward   (Appendix  I.).

Susceptibilities  of  tbe  specimens  from  the  Osawatomie  core  aver-

age  2736  x  10-6  cgs  units   (a  =  522  x  10-6)   (Appendix  I.)   giving  an  average

Konigsberger  ratio  of  2.0   (a  =  0.79)   for  tbese  r.ocks.     The  Big  Springs

specimens  yield  an  average  susceptibility  of  2703  x  10-6  cgs  units

(a  =  1337  x  10-6)   (Appendix  I.),  but  since  tbeir  average  NRM  intensity  is

smaller  than  for  the  Osawatomie  core  the  average  Konigsberger  ratio  for

tbe  Big  Springs  core  is  0.41.

A  detailed  paleomagnetic  study  of  tbe  samples  was  carried  out

so  tbat  their  final  demagnetized  paleomagnetic  directions  could  be

compared  to  the  loc:al  field  directions  predicted  for  tbis  site  by

Irving  and  MCGlym's   (1976)   apparent  polar  wander  I)ath  for  the  North

American  Precambrian.     Radiometric  age  dating  suggests  tbat  these

rocks  are  1355  in.y.   (Steeples  and  Bickford,1981).     Based  on  Irving

and  MCGlym's   (1976)   apparent  polar  wander  path  for  Nortb  America,

Kansas  would  bave  been  near  the  equator  at  this  time  and  very  sballow

inclinations  would  be  expected  for  these  rocks   (Figure  6-1).

In  order  to  determine  the  stable  remanent  directions  for  these
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rocks  they  must  be  magnetically  cleaned  by  thermal  and  alternating

field  demagnetization  techniques   (Collinsofl  and  others,   1967,  p.207-311;

MCElhinny,1973).     Tbese  metbods  remove  spurious   secondary  magneti-

zations  from  the  rocks  by  either  randoDizing  the  magrietizations  of

magnetic  grains  with  low  blocking  temperatures  or  randomizing  the

magnetizations  of  magnetic  graifls  witb  low  magnetic  coercivities.

The  assumption  made  when  using  these  techniques  is  tbat  the

magnetic  grains  with  magnetizations  which  are  stable  at  high  temp-

eratures  or  high  coercivities  have  been  stable  for  geologically

long  times   (~|o9  yrs.).

One  aspect  of  the  NRE's   from  the  Osawatomie  core  which  can  be

studied  by  demagnetization  techniques  is  tbe  steepness  of  the  magnetic

d'irections.     If  the  Osawatomie  samples  acquired  an  isotbermal

remanent  magnetization  (IBM)   from  being  exposed  to  highly  magnetic

drilling  equipment,  tbis  type  of  magnetization  would  be  easily  removed

by  altemating  field  demagnetization   (Cough,1967;  MCElhinny,1973).

Alternatively,  if  tbe  vertical  magnetization  were  acquired  by being

exposed  to  a  vertical  field  for  a  geologically  long  period  of  time

(105  years  or  more)   (in  this   case  it  would  be  called  a  viscous  remanent

magnetizat.ion  (VRM)),   it  would  be  more  easily  removed  by  thermal  demagne-

ti.zatiofl  than  by  alternating  field  demagnetization  (Dunlop,1973).

Althougb  the  acquisition  of  a  vertical  VRM  is  unlikely  it  should  be  con-

sidered  as  a  possibility.

Ideally,  when  determining  tbe  paleomagnetic  vector  in  a  sample,

the  azimutbal  and  vertical  orientation  of  the  sample  should  be
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known.     In  a  core  it  is  usually  impossible  to  recover  its  absolute

azimuthal  orientation;  bowever,  a  relative  azimuthal  orieatation

between pieces  of  the  core  is  desirable  and  possible.    Ibis  relative

azimuthal  orientation  is  available  for  the  pieces  of  the  Osawatomie

C0re .

This  laboratory  bas  been  supplied  witb  tbree  groups  of  three

independently  oriented  samples  from  the  top,  bottom  and  middle  of

the  core.     Four  pieces  from  the  Big  Springs  core  were  also  supplied;

bowever,  tbere  had  been  no  retention  of  the  relative  azimuthal  orien-

tations  of  these  pieces.     In  tbe  Osawatomie  core  it  is  possible  to

study  variations  in  paleomagnetic  direct.ions  along  the  core.    Ibis

is  not  possible  for  tbe  Big  Springs  core.     In  either  core  tbe  absolute

paleomagnetic  declination  is  unrecoverable  and  only  the`  paleomagnetic

inclination  can  be  used  to  tie  into  Irving  and  MCGI,ym''s   (1976)  ap-

parent  polar  wander  patb.     This  leads  to  some  ambiguity  (Figure  6-1)

since  an  inclination  of  50°,   as  an  example,   could  indicate  ages  of

1150   in.y.,1225   in.y.,1475   in.y.,1725   in.y.   or   1850  in.y.   b.p.      Tbe

paleomagnetic  data  will  only  indicate  whetber  tbe  inclination  is

consistent  witb  tbe  radiometric  age  and  will  not  give  an  indepen-

dent  age  for  the  c:ore.

DERAGRETIZATI0N  DATA

Two  specimens  were  drilled  from  eacb  Osawatomie  core  sample,

one  was  thermally  d.emagnetized  and  one  alternating  field  demag-

netized.

Four  specimens  were  drilled  from  each  paleomagnetic  sample  from
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the  Big  Springs  core.     Two  of  tbese  specimens  were  tbermally  demag-

netized  and  two  were  subjected  to  alternating  field  demagnetization.

THERMAI,  DERAGRETI ZATI 0N

Tbe  tbermal  demagnetization  experiments  involved  heating  th.e

specimens  to  a  given  temperature,   cooling  them  in  field-free  space,

measuring  them,  tben  repeating  this  procedure  at  progressively

higher  temperatures.     Tbe  specimens  were  demagnetized  in  twelve

steps   up  to   64o°C   ,(.|oo°C,   2oo°C,   3oo°C,   4oo°c,   45o°c,   5oo°c,   525°c,

55o°c,   575°c,   6oo°c,   62o°c,   64o°c).

The  thermally  demagnetized  s|)ecimens  from  the  bottom   (samples

la,   1b,   1c)   and  middle   (2a,   2b,   2c)   of  the  Osawatomie  core   (Figure  6-2)

maintain  their  steep  inclinations  up  to  575°C,  then  they  become  scat-

tered  in  direction.     Samples  from  the  top  of  the  Osawatomie  core

(3a,   3b,   3c)   (Figure  6-2)   st.art  at  less  steeply  inclined  directions  and

move  toward  sballow  inclinations  upon  demagnetization.

Tbe  tbermal  demagnetization  behaviour  of  tbe  Big  Springs  specim-

mens  are  different  from  that  of  tbe  Osawatomie  core  specimens.     In

samples   1,   2,   and  4   (bottom,   second  from  the  bottom,   and  top)   the

inclinations  change  from  steep  to  intermediate  (50°  from  the  Horizontal)

witb  demagnetizat.ion  up  to  575°C.     Tbe  NRM  inclinations   for  sample  3

started  at  approximately  50°C  and  remained  at  that  inclination;  however,

similar  to  tbe  Osawatomie  core  the  directions  are  well  grouped  up  to

575°C  and  then  scatter  above  tbis  temperature.     Sample  2  is  interesting

since  it  has  reversed  (upward)   inclinations.     This  could  indicate  a

geomagnetic  field  reversal,  but  it  is  more  likely  tbe  result  of  an
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upside-down  piece  of  core.

Tbe  scattering  of  directions  above  575°C  for  tbe  specimens  from

botb  tbe  Osawatomie  and  Big  Springs  cores  is  very  suggestive  of  mag-

netite  being  tbe  main,  or  only,  magnetic  mineral  in  these  rocks   (Curie

Point  580°C)   (Nagata,1961;  MCElhinny,1973).     TLis   is   supported

by  the  large  decrease  in magnetic  intensity  with  tbermal  demagneti-

zation  (Figure  6-3)   above  575°C.

AliTEENATING  FIELD  DEMAGNETIZATION

In  alternating  field  demagnetization  experiments  a  specimen  is

exposed  to  an  alternating  magnetic  field  whicb  is  decreased  from  some

peak  value  to  zero.     The  sample  is  then  measured  and  this  procedure  is

repeated  with  the  sample  being  exposed  to  progressively  higher  peak

fields.     At  least  one  specimen  from  eacb  group  of  three  samples  from

tbe  Osawatomie  core  and  one  specimen  from  three  Big  Springs  samples

were  progressively  demagnetized  in  5  mT  to  10  mT  steps  up  to  a  peak

field  of  100  mT   (100  mT  =  1000  gauss).     This  treatment  indicated  that

only  one  c:omponent  of  magnetization  was  present  in  these  rocks  and  that

it  resides  in  grains  with  coercivities  tbat  range  from  50  mT  to  70  mT.

For  the  remainder  of  tbe  specimens  progressive  demagnetization  was

carried  out  only  until  th.e  stable  final  demagnetization  direction  was

reacbed  at  about  60  mT.

Tbe  alternating  field  demagnetization  results  for  the  Osawatomie

core  were  surprisingly  quite  different  than  tbe  thermal  demagnetization

data  (Figure  6-4).    Tbe  final  AF  (alternating  field)  demagnetization  direc-

tions  derived  from  Zijderveld  diagrams   (Zijderveld,   1967)   of  specimens
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from  Osawatomie  samples   la,   1b,   1c   (bottom  of  the  core)   and  samples

3a,  3b,  3c  (top  of  tbe  core)  all  clustered  around  an  arbitrary  decli-

nation  of  208.4°  and  an  inclination  of  -20.5°   (ergs  =,  6.6°).     The  verti-

cally  downward  NRM  directions  were  completely  removed  above  peak  alter-

nating  fields  of  35  mT;  however,   greater  than  95  per  cent  of  the  original

NRM  intensity  was  also  removed  at  these  peak  demagnetization  fields.

The  final  AF  demagnetization  directions  of  specimens  from  samples  2a,

2b,  2c  were  quite  different  from  samples  1  and  3  and  cluster  about  an

arbitrary  declination  of  135.9°  and  an  inclination  of  -19.8°  with  a  good

deal  more  scatter   (ag5  =  19.1°).     This  anomalous  demagnetized  direction

and  the  increased  scatter  of  specimen  directions  could  possibly  be  due

to  a  quickly  clanging  geomagnetic  field  during  cooling  through  tbe

Curie  Point  suggesting  a  geomagnetic  field  excursion;  However,   this  seems

Highly  improbable  since  it  is  more  likely  that  the  samples  2a,   2b,  2c

were  not  properly  aligned  driring  reconstruction  of  the  core  after  it  was

recovered  from  the  drill  hole.     Based  on  very  simplified  calculation  of

tbe  cooling  rate  for  a  body  of  this  size   (I,overing,   1935)   it  probably  took

several  Hundred  to  1000  years  for  a  core  tbis  length  (7.6  cm)   to  cool

through  the  Curie  Point.     Since  a  geomagnetic  excursion  itself  is  pos-

sibly  as  long  as  several  hundred  to  one  thousand  years   (Liddicoat  and  Coe,

1979),   the  core  may  not  be  long  enough  to  have  a  geomagnetic  excursion

recorded  in  one  part  of  it.    More  core  material  is  being  supplied  to

check  tbe  validity  of  the  anomalous  directions  from  samples  2a,   2b,   and  2c.

Paleomagnetic  directions  will  be  measured  a  0.67  in  intervals  down  the  core

and  shifts  in  declination  compared  to  the  positions  wbere  the  core  was
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broken  during  drilling.

The  results  from  the  alternating  field  demagnetization  of  tbe  Big

Springs  core  were  similar  to  tbe  results  from  tbermal  demagnetization

(Figure  6-5).     Since  we  nave  no  relative  azimutbal  reference  down  tbe  core

only  inclinations  can  be  compared.     Specimens  from  samples   1,   3  and  4  all

demagnetized  to  an  average  inclination  of  50.8°  at  peak  fields  of  50  mT.

Specimens  from  saxple  2  started  with  NEE  directions  whicb  were  pointing

nearly  vertically  upward  and  demagnetized  to  an  average  inclination  of

-48.30.     Since  even  very  short  geomagnetic  reversals  may  be  105  years  in

length  and  tbe  Big  Springs  core  is  even  shorter  than  the  Osawatomie  core

(2.9  in),   it  is  unlikely  that.  tbere  would  be  enough  of  a  time  interval

between  tbe  cooling  of  sample  1  and  sample  3   (2.1  in  of  separation  along

the  core)  to  record  a  geomagnetic  reversal.     It  is  more  likely  that  sample

2  was  inadvertantly  turned  upside  down  during  core  reconstruction.     How-

ever,  tbe  possibility  of  a  short  reversal  being  recorded  in  tbe  Big  Springs

core  is  being  checked  by  measuring  samples  taken  from.  a  single  piece  of

core  from  between  samples   2  and  3.

Tbe  decrease  in  intensity  of  the  magnetization  witb  AF  demagnetization

for  the  Big  Springs  core  is  similar  to  tbat  seen  for  the  Osawat.omie  core

with  less  than  5  per  cent  of  tbe  NRM  intensity  remainiflg  at  peak  fields

of  50   mT.

INTERPRETATION

By  plotting  tbe  progressive  demagnetization  data  for  eacb  specimen

on  a  Zijderveld  diagram  (Zijderveld,   1967)   (Figure  6-6)   it  is  possible  to

determine  a  characteristic  direction  for  tbat  specimen.     Characteristic
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directions  from  tbe  Osawatomie  and  Big  Springs  specimens   (Figures  6-5

and  6-7)   can be  used  to  tie  into  Irving  and  MCGlynn's   (1976)   apparent  polar

wander  path  for  tbe  Nortb  American  Precambrian  (Figure  6-1) .

The  Osawatomie  core's  mean  inclination,   based  oD  specimens  from

sites  1  and  3,   is  -20.5°  witb  an  alpha  95  of  6.60.     If  errors  in  Irving

and  MCGlynn's  data  are  +  loo  tie  Kansas  site  could  have  been  far  enougb

soutb  of  the  equator  to  produce  the  Osawatomie  core  inclinations  in  a

normal  polarity  geomagnetic  field  at  only  two  times  during  tbe  Precam-

brian,   100  in.y.   b.p.   and  1300  in.y.   b.p.     If  we  consider  the  possibility

that  the  field  was  of  reversed  polarity  during  the  cooling  of  the

Osawatomie  core  then  the  core's  inclinations  would  be  consistent  witb

ages   of   1050  in.y.,1275  in.y.,1425  in.y.   and   1800  in.y.   on  Irving  and

MCGlynn's  apparent  polar  wander  path.     Since  Bickford  Has  obtained  a

good  radiometric  date  of  1355  in.y.   b.p.   for  tbe  Osawatomie  core

(Steeples  and  Bickford,1981),   it  is  more  likely  tbat  tb.e  core  Has  a

normal  polarity  direction  with  ages  of  1275  in.y.   or  1425  in.y.     The  Osa-

watomie  core's  paleomagnetic  directions  are  consistent  with  its  radio-

metric  age.

Assuring  that  sample  2  from  tbe  Big  Springs  core  has  been  turned

upside-down,  tbe  mean  inclination  for  tbis  core  is  51.5°.  . Tbis  inclination

is  close  to  tbe  axial  geocentric  dipole  inclination  for  this  latitude

(I  =  57.80)  and  could  be  the  result  of  present  day  magnetic  overprinting.

However,   the  stability  of  the  magnetization  to  both  thermal  and  AF  demag-

netization  probably  suggests  tbat  it  is  the  primary  magnetization  of  tbe

rock.     If  this  is  true  an  inclination  of  51.5°  could  correspond  to  ages

of   1150  in.y.,1225   in.y.,1475  in.y.,1725   in.y.   or   1850   in.y.   b.p.   on  Irving
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and  MCGlym's   (1976)   apt)arent  polar  wander  path.     Tbe  most  likely  inter-

pretation  of  the  Big  Springs  magnetization  is  tbat  it  cooled  tLrougb  its

Curie  Point  at  either  1225  in.y.   b.p.   or  1475  in.y.   b.p.,   as  close  to  its

radiometric  age  of  1355  in.y.   b.p.   (Steeples  and  Bickford,   1981)   as

possible.     The  paleomagnetic  data  does  suggest  tbat  even  though  the

Osawatomie  and  Big  Springs  cores  give  the  same  radiometric  age  the

paleomagnetic  data  indicates  that  tbeir  c:ooling  times  probably  differ  by

50   -   80  in.y.

Tbe  Osawatomie  specimens  have  a  mean  NEE  magnetization  intensity

whicb  is  five  times  stronger  than  the  mean  NRM  magnetization  of  the  Big

Springs  s|)ecimens.    Altemating  field  and  thermal  demagnetization  exper-

iments  suggest  that  the  Osawatomie  specimens  nave  suffered  from  an  IBM,

possibly  during  drilling.     Some  Big  Springs  specimens  also  may  have

acquired  an  IBM,  but  this  seems  to  be  less  of  a  problem  in  this  core.

If  samples  with  steep  NRM  inclinations  in  tbe  Big  Springs  core  did  acquire

and  IRM,   their  NRM  intensities  sbould  be  higher  tban  specimens  whose

demagnetized  directions  and  NRM  directions  are  nearly  the  same.     Appar-

ently  this  may  be  tbe  case   (Figure  6-8).     NRM's  of  Big  Springs   specimens

which  appear  to  be  unaffected  by  the  kypothesized  IBM  are  approximately

two  times  weaker  than  those  which  may  have  an  IBM.     Since  it  appears

that  most  or  all  of .the  Osawatomie  samples  nave  been  affected  by  an  IBM

their  measured  NRM  intensities   could  be  somewhat  stronger  than  tbe  NRM

intensity  of  tbe  rock  in  situ.    If  it  can be  assumed  that  the  magnetic

mineralogy  of  the  Osawatomie  and  Big  Springs  cores  are  similar,   then

the  in  situ  NRM  intensity  of  the  Osawatomie  rocks  may  be  one-half  of
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its  measured  value.

CONCI,USI0NS

Alternating  field  and  thermal  demagnetizations  studies  suggest.  that

most  of  the  Osawatomie  core  samples  and  sore  of  the  Big  Springs   core

samples  are  affected  by  an  IBM  whicb  may  have  been  acquired  during

drilling.     The  j±  ±±±!±  magnetic  intensity  of  tbe  Osawatomie  core  may

be  somewhat.less.than  the  measured  NRM  intensity,   although  the  in  situ

magnetizati.on  is  probabl.y  strong  enough  to  acc:ount  for' tbe  observed

aeromagnetic  anomaly  at  tbe  drill  site.     The  Osawatomie  demagnetized

paleomagnetic  inclinations  are  consistent  witb  the  radiometric  age  of

1355  in.y.  b.p.   obtained  for  this  rock.     Tbe  demagnetized  directions

determined  for  the  Big  Springs  core  suggests  that  is  older  or  younger

tban  the  Osawatomie  core,   and  that  there  is  probably  a  50  .-  80  in.y.

age  difference  between  the  cooling  of  tne  two  cores.
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FIGtRE   CAPTIONS

FIGURE  6-1 :    ¥::i:::::I:fK::s=:1 (I::a=±:¥. ±#±::::°= ;:o£) :ug:::3no:f]g:ng

and  MCGlynn's   (1976)   apparent  polar  wander  path  for  the
Precambrian.

FIGtJRE   6-2:

FIGURE   6-3:

FIGURE   6-4:

Progressive  thermal  demagnetization  of  tbree  representative
specimens  from  the  Osawatomie  core.     Solid  circles  are  lower
benis|ibere.    Data  is  plotted  on  a  stereo  net.

¥=:::::a:±o:h:n=::s±:za::e=::i::gn:ylf¥e±:i:nE::get:£:g:a::a
above  575°C.

Progressive  AF  demagnetization  of  three  representative  specimens
from  tbe  Osawatomie  core.     Open  circles  upper  Hemisphere;   solid
circles  lower  hemispbere.    Data  is  plotted  on  a  stereo  net.

FIGURE  6-5:     Final  delnagnetization  directions  for  tbe  Big  Springs  core.     These
directions  Have  been  devised  from  Zijderveld   (1967)  plots.

FIGURE  6-6:     Zij.derveld   (1967)  plots   for  an  AF  demagnetized  specimen  from  the
Osawatomie  core  and  for  a  thermally  demagnetized  sample  from
the  Big  Springs  core.     Note  that  above  40  mT  the  Osawatomie
sample  tends  to  trend  toward  the  origin.    This  indicates  a  final
demagnetization  (characteristic)  direction.    This  is  better
seen  in  the  tLemal  demagnetization  data  from  500°C  to  575°C
for  Big  Springs  specimens   lb.     Note  that  above  575°C  tbe  data
does  not  trend  toward  the  origin.

FIGURE  6-7:     Final  demagnetization  directions   (based  on  Zijderveld  plots)   for
the  Osawatomie  core.

FIGURE  6-8:    Plot  of  magnetization  intensity  versus  inclination  for  the
Big  Springs  core.     The  data  may  suggest  that  the  steep  NRM
inclinations  are  a  result  of  an  IRM  acquired  perhaps,   during
drilling .
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GRAVITY  MEASUREMENTS   IN  KANSAS

by

Harold  Yarger  and  George  I,am
Kansas  Geological  Survey

I,awrence,  Kansas

INTRODUCTION

Woollard  (1958)   compiled  a  statewide  gravity  map  with  a  5  milligal  contour

interval  at  approximately  a  1:2,000,000  scale   (Figure  7-1).     His  data,  whicb

were  mostly  from  proprietary  files  and  unavailable  now,  were  typically

spaced  five  miles   apart.     ihe  Kansas  Geological  Survey   (KGS)  has  been  improving

state  gravity  coverage  over  the  past  several  years   (Figure  7-2).

Area  A   (Figure  7-3)  has  been  open-filed  at  a  scale  of  1:500,000'  and

contour  interval  of  one  milligal  (Yarger  £±  i,1980).     The  somewhat  variable

coverage  patterns  for  tbis  map  are  east-west  traverses  with  one  to  two  mile

spacing  between  stations  and  one  to  six  miles  between  traverses.     The

sourc:es  for  these  data  were  several  master!s  theses  and  earlier  unpublished

field  work  done  by  KGS  staff .     Gravity  data  in  area  8  were  acquired  under

this  contract  during  the  summer  of  1980.     Approximately  3300  points  were

measured  in  a  regular  pattern  of  east-west  traverses  witb  one  mile  spacing

between  stations  along  the  traverse  and  four  mile  spacing  between  traverses.

Area  a   (Figure  7-4)  has  been  open-filed  at  a  scale  of  1:5`00,000  and

contour  interval  of  one  milligal   (Yarger  £±  ±±,1981).     Approximately  3300

points  were  acquired  in  area  C  under  this   contract  during  summer  1981.     The
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coverage  I)attern  was  th.e  same  as  for  area  a.     Also  during  stmer  1981  under

this  contract,  approximately  6600  points  were  acquired  in  ar.ea  D.     In  this

area  the  desirable  coverage  patterns  of  one  mile  spacing  along  the  east-west

traverses  and  two  mile  spacing  between  traverses  was  used.    I)ue  to  a  backlog

of  work  on  our  digitizing  table,   compilation  of  contour  maps  for  areas  C

and  D  will  not  be  completed  until  fall  1982.     The  KGS  plans  to  complete

coverage  of  area  E,  witb  the  same  coverage  used  in  area  D`,   during  sunlers

1982  and  1983.     Long  term  I)1ans  are  to  go  back  into  areas  A,   a  and  C  to

upgrade  coverage  toi  one  mile  east-west  by  two  mile  north-south  station  density.

DATA  AQUISITION  AND  REDUCTION  PROCEDURES

Tbe  following  paragraphs  describe  tbe  procedures  used  for  gravity  data

acquisition  and  reduction  in  areas  a,   C  and  I)  that.  were  funded  under  this

contract.

Three  I,acoste-Romberg  model  G  gravity  meters  were  used.     The  measu.rement

stations  were  usually  located  at  section  road  intersections  spaced  one  mile

apart  along  east-west  section  lines.     Uses  7.5  minute  topograpbic  quadrangle

maps,  witb  10  foot  contour  intervals  were  used  to  record  station  location

and  to  determine  station  elevations  to  an  estimated  +1  foot  accuracy.

The  station  identification  scbeme  used  was  an  x,  y  coordinate  system

based  on  the  regular  system  of  section  lines  witbin  tbe  state.    Tbe  x

coordinate  ref)resents  tbe  number  of  sections   (or  approximate  miles)   from  the

Kansas-  Missouri  border.

The  surveyed  area  was  divided  into  blocks  of  25  miles  east-west  by  16

miles  nortb-south.     One  base  station  was  centrally  located  within  each  block.

All  stations  at  the  eastern  and  western  edges  were  designated  as  "overlap"

stations  and  we.re  reocc.xpied  during  coverage  of  the  adjacent  block.     Base
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station  readings  were  nomally  taken  four  times:     tbe  begiming  of  tbe  day;

before  lunch;  after  lunch;  and  end  of  day.    After  correction  for  the  earth's

tidal  variation  (Longman,1959),  meter  drifts  were  usually  less  tbafl  0.05

milligals/Hour  witb  a  range  of  0.01  to  0.1  milligal/hour.

Absolute  gravity  values  were  determined  by  tieing  all  tbe  local  base

stations   (one  for  each  25  mile  by  16  mile  block)  to  Department  of  I)efense

(BOD)  base  stations  within  the  state.     Two  loops  between  the  local  base  and

I)OD  base  were  used  which  allowed  two  independent  determinations  of  absolute

gravity  at  tbe  local  base  station.    The  roo.t  mean  square  of  the  difference

(RMS)  between  tbe  two  values  was  usually  less  than  a.01  milligals.     To  monitor

the  daily  meter  operation,  tbe  base  station  readings  were  plotted  on  a  grapb

along  witb  the  continuous  tbeoretical  tidal  variation.     The  RMS  between  the

measured  and  theoretical  tidal  variation  was  usually  less  than  0.05  milligals

with  a  range  of  0.005  to  0.15  milligals.    After  subtracting  tidal  drift,  a

linear  met.er  drift  rate  was  determined  for  each  pair  of  base  station  readings.

All  regular  measurement  stations  were  tben  corrected  for  tidal  drift  and  meter

drift.    Meter  drift  rates  were  usually  less  tban  0.01  milligals/Hour.

Overlap  stations  were  used  to  cbeck  consistency  of  base  levels  between

adjacent  blocks.     The  independent  measurements  of  tbe  overlap  stations

typically  agreed  witbin  0.1  milligals  with  tbe  worst  case  being  approximately

0.3  milligals.     Ifl  some  cases  the  overlap  discrepancies  were  used  to  make

slight  level  adjustments  to  local  bases  to  bring  the  data  blocks  into  better

overall  internal  consistency.    Final  latitude  and  longitude  coordinates  for

eacb  measurement  station  were  determined  by  digitizing  the  station  locations

on  the  7.5  minute  quadrangles.     After  assigrment  of  latitude  and  longitude

the  following  five  variables  were  plotted  against  longitude  for  each  east-
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west  profile:    elevation,  absolute  gravity,  free  air  gravity,  Bouger  gravity

and  Horizontal  gravity  gradient.    These  profiles  were  screened  for

unpdysical  gradients.    Most  of  the  problem  points  found  in  this  screening

process  could  be  traced  back  to  an  earlier  error  such  as  incorrect  meter

reading  puncbed  from  field  sleets.

Tie  final  corrected  data  file  was  used  as  input  to  the  Surface  11

contour  program  (Salnpson,1978).     The  data  were  gridded  into  one  mile  by  one

mile  nodes.     Tbe  RMS  between  the  original  data  points  and  interpolated  grid

values  was  0.46  milligals.     Tbe  grid  was  contoured  at  a  scale  of  1:500,000

and  a  one  milligal  contour  interval  (Figure  7-4).    The  reduction  procedrres

outlined  above  are  also  being  applied  to  data  taken  in  south-central  Kansas

and  northwestern  Kansas.

PRELIMINARY   INTERPRETATION

Figures  7-3  and  7-4  show  considerable  improvement  in  the  resolution  of

gravity  anomalies   compared  to  Woollard's  earlier  map   (Figure  7-1).     These  new

gravity  maps  in  eastern Kansas  bring  out  the  prevailing  northwest  trending

grain  evident  in  the  Precambrian  relief  map   (Figure  5-10)  and  tbe  aeromag-

netic  map   (Figu.re  5-2).

The  most  prominent  gravity  anoinaly  is  tbe  northeast  trending  60  milligal

higb  .in  northern  Kansas.     The  source  for  this  is  a  trough  of  Keweenawan

mafic  igneous  rocks,  approximately  1.1  billion  years  old,   that  extend  from

central  Kansas  tbrougb  tbe  North  American  continent  to  the  Lake  Superior  region.

The  flanking  gravity  lows  are  correlated  with  Precambrian  elastic  sediments.

These  mafic  and  associated  elastic  sedimentary  rocks  are  interpreted  to  be

tbe  result  of  a  I,ate  Precambrian  crustal  rifting  event  (Halls,1978).     The

gravity  and  magnetic  anomalies  associated  with  this  rift  are  often  referred
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to  as  the  Midcontinent  Geophysical  Anomaly  (MGA).     Recent  interpretation  of

tbe  aeromagnetic  map  of  Kansas  '(Cbapter  5,  tbis  report)  indicates  that  the

rift.  extends  through  central  Kansas  to  tbe  Kansas-Oklahoma  border.    Forth-

coming  gravity  data  from  soutb-central  and  west-central  Kansas  should  be

very  useful  in  furtber  study  of  tbis  ma].or  crustal  rift.

A  prominent  circular  gravity  higb,  of  ~10  milligal  magnitude,  is  evident

in  Jewell  County  just  west  of  tbe  MGA.     Tbis  suggests  the  existence  of

mafic  intrusions  witbin  tbe  crust.  underlying  the  Salina  Basin.    Tbe  rela-

t.ively  gentle  Horizontal  gradient.s  may  be  located  well  below  tbe  Precambrian

subcrop  surface.

A  circill.ar  anomaly  of  similar  size  and  magnitude  also  occurs  in  nortb-

eastern Kansas  suggesting  tbat  the  Forest  City  Basin  may  also  be  underlain

by  mafic  intrusives  at  depth.

A  large  area  in  southeastern Kansas  is  characterized  by  a  30  to  40

milligal  positive  gravity  anomaly  and  correlates  well  witb  a  1400  in.y.   old

rhyolite  terrane  (Bickford,1979).     This  suggests  that  a  sizeable  volume  of

intermediate  to  mafic:  rock  underlies  the  relatively  low  densi_ty  rhyolite.

Anotber  positive  anomaly  of  large  areal  extent  (Figures  7-3  and  7-4),

witb  magnitudes  ranging  between  5  to  10  milligals,  trends  northwest  from

Miami  and  Johnson  counties  to  Shawnee  and  Jackson  counties.     This  gravity      .

feature  does  not  correlate  with  known  basement  rock  type  or  witL  the  mag-

netic  map   (Figure  5-2).     It  most  probably  represents  a.  mass  of  deep  seated

rock  tbat  intruded,  during  Precambrian  time,  a  northwest  trending  zone  of

weakne s s .

Althougb  the  main  northwest  trending  gravity  anomaly  is  not  reflected  in
I

the  magnetic  map,   certain  local  features  witbin  this  trend  do  have  correspond-
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ing  magnetic  counterparts.    The  positive  5  to  6  milligal  circular  gravity

anomaly  located  in  nortbem  Douglas  County  is  coincident  witb  a  sbarply

defined  1000  gamma  circular  positive  magnetic  anomaly.     Ibis  anomaly,  whicb

is  located  near  the  town  of  Big  Springs,   is  part  of  a  series  of  north-soutb

t.rending  circular  magnetic  anomalies.     A  similar  circular  magnetic  anomaly

in  Miami  County  is  approximately  correlated  witb  a  soutb  trending  positive/
gravity  nose,  a  local  feature  within  the  northwest  trending  gravity  nigh.

A  study  of  basement  cores  derived  from  drilling  tbe  Big  Springs  and  Miami

couaty  anomalies   (Steeples  and  Bickford,   1981)   reveals  that.  these  rocks  are

epizonal  granites  emplaced  approximately  1350  in.y.   ago.     Gravity  and  magnetic

modeling  of  these  bodies   (Yarger,   1982)  indicate  that  they  are  approximately

15  kilometers  in  diameter  and  extend  from  the  Precambrian  surface  to  a  depth

of  10  kilometers.

Apparent  in  Greenwood,  Butler  and  Sedgwick  counties   (Figure  5-2)   is  a

prominent  negative  magnetic  anomaly  elongate  in  the  east-west  direction.

Tbe  source  for  tbis-feature,  which  is  often  referred  to  as  the  Wicbita  mag-

netic  low,   is  poorly  understood.     Gravity  data  in  Greenwood  County  (Figure  7-4),

which  is  located  witbin  the  eastern  end  of  the  Wichita  low,   reveal  two

circular  anomalies  of  opposite  polarity.     Completion  of  tbe  gravity  map  of

south-central  Kansas  should  enhance  our  understanding  of  this  geophysically

complex  region.

-225-



REFERENCES

Bickford,   M.E.,   Harrower,   K.I.,   Nusbaun,   R.L.,   Thomas,   J.J.   and  Nelson,   G.E.,
1979,  Preliminary  geologic  map  of  tbe  Precambrian  basement  rocks  of
Kansas:     Kans.   Geol.   Surv.,   Map  M-9.

Halls,  H.C. ,   1978,  The  Late  Precambrian  Central  North  American  Rift  System  -
A  survey  of  recent  geological  and  geophysical  invest.igation  ±±
Romberg,I.8.   and  Newman,   E.R.    ,eds.,   "Tectonics   and  geophysics  of
continental  rifts:    D.  Reitel  Publisbing  Co. ,  Dordrecht,  IIolland,
p .1.11-123 .

I,ongman,   I.M.,1959,  Formulas  for  computing  the  tidal  acceleration  due  to  the
moon  and  the  sun:     Jour.   Geophys.   Res.,   v.64,   p.2351.

Sam|)son,  R.J„   1978,   Surface  11  graphics  system,   series  on  spatial  analysis,
no.1:  Kans.   Geol.   Surv.,   Series  Qn  spatial  analysis,   240p.

Woollard,   G.P.,1958,   Bouger  gravity  anomaly  map  of  Kansas:     Kans.   Geol.
Surv.,  Bull.,,   no.137,  plate  1.

Yarger,  H.Ih ,  Ng,  K.   and  Robertson,  R. ,   1980,   Bouger  gravity  map  of  north-
eastern  Kansas:     Kans.   Geol.,  Surv.,   Open  File,   Scale   1:500,000,   one
milligal  contour  interval.

Yarger,   H.L„   I,am,   C.,   Sooby,   R.,  Martin,   J.,  Rothe,   G.   and  Steeples,  D.,
1981,   Bouger  gravity  map  of  southeastern  Kansas:     Kans.   Geol.   Surv.,
Open  File,   Scale  1:500,000,   one  milligal  contour  interval.

Yarger,   H.Ih,1982,   Magnetic  granite  in  eastern  Kansas:     Geol.   Soc.   Am.,
Abstracts  witb  Programs,  v.14,   p.293.

-226-



FIGURE   CAPTIONS

FIGURE  7-1\:     Bouger  gravity  anomaly  map  of  Kansas;   5  milligal  contour
interval  (After  Woollard,1958).

FIGURE  7-2:     Index  map  pf  areas  where  gravity  data  has  been  ac:quired.
Tbe  grid  spacing  for  data  points  varies  for  areas  A-E.

FIGURE  7-3:     Bouger  gravity  map  of  nortbeastem  Kansas;   one  milligal
contour  interval.

FIGURE  7-4:     Bouger  gravity  map  of  southeastern  Kansas;   one  milligal
contour  interval.
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GEOTHERMAL  MAPPING   0F   RESTEEN  KANSAS   BASED   0N   CIEMICAI.   GEOTIERMORETERS

by

Don  Wbittemore  and  Nelda  Roebl
Kansas  Geological  Survey

Lawrence,   Kansas

INTRODUCTION

A  study  of  tbe  geothermal  potential  of  the  United  States  based  on

silica  geothermometer  temperatures  was  made  by  Swanberg  and  Morgan

(1979).     The  temperatures  were  calculated  from  dissolved  silica  concen-

trations  in  subsurface  waters.     The  geotbermometer  equation  used  assumes

tbat  the  water  in  the  geothermal  reservoir  is  in  equilibrium with  quartz

and  that  no  silica  precipitation  occurs  as  tbe  water  flows  from  the

reservoir  .to  the  sballower  sampling  location.     The  silica  geothermometer

map  did  not  include  results  for  Kansas,   however,  because  data  was

lacking  at  that  time  in  the  WATSTORE  file  of  water-quality  data  used  by

Swanberg  and  Morgan.

In  the  last  several  years  I.  R.  Hatbaway  of  the  Kansas  Geological

Survey  has  directed  investigations  of  the  geocbemistry  of  groundwaters

used  for  irrigation  in  Kansas.     The  approximately  1,200  wells  sampled

are  from  the  broad,  unconfined  aquifers  of  Kansas,   the  Ogallala  aquifer

in  the  western  tbird  of  th.e  state,  tbe  Great  Bend  Prairie  in  south-

c:entral  Kansas,   and  the  Equus  Beds  in  Mcpberson,  Harvey,   and  Sedgwick

counties   (Figure  8-1).     The  Arkansas  River  valley  was  also  included  in

the  study  area,   from  western Kansas  where  it  separates  the  central  and

southern  portions  of  tbe  Ogallala  aquifer,  along  the  northern part  of
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tbe  Great  Bend  Prairie,   to  the  southern  portion  of  the  Equus  Beds.

Sampling  of  eacb  aquifer  area  was  conducted  during  the  middle  of  the

summer,   tie  period  of  greatest  irrigation  pumpage.    Thus,   seasonal

variations  were  minimized.     Careful  control  of  the  quality  of  tbe

analytical  data  was  maintained  during  tbese  investigatiofls  tbrougb  tbe

use  of  various  types  of  duplicate  samples.     Only  a  small  portion  of  the

data  are  iD  the  WATSTORE  file.     Tbese  analyses  provided  for  the  computa-

tion  of  geothermometer  temperatures  for  approximately  half  of  Kansas.

A  conspicuous   feature  of  Swanberg  and  Morgan's   (1979.)   map   is  tbe  region  of

nigh  temperatures  given  by  tbe  silica  geotbermometer  for  cEntral  and  western

Nebraska.    Ibis  area  appears  to  be  coincident  with  the  location  of  the

Ogallala  aquifer  in  Nebraska.     The  aquifer  extends  from  southern  South

Dakota  to  northwestern  Texas  and  tbe  eastern  edge  of  New  Mexico.     Geothermal

temperatures  were  not  computed  in  Swanberg  a-nd  Morgan's  map  for  the  Oklahoma

and  Texas  portions  of  the  Ogallala  aquifer,   as  well  as  for  Kansas,   due  to

lack  of  data.     A  possible  explanation  for  Higher  geothermal  temperatures

is  the  leaching  of  ash  and  feldspar  in  tbe  sediments  of  t.he  Ogallala

aquifer  and  ash  in  Upper  Cretaceous  rocks.    The  ash  is  primarily  vitric  tuff

and  contains  amorphous  silica.     In  tbe  Ogallala  Formation  some  silic,a  has  been

leached  and  precipitated  as  opal  cementing  tbe  sediment.     Concentrations  of

silica  dissolved  from  ask,  opal,  and  feld.spar  weathering  can  be  apprec:iably

greater  than  those  in  equilibrium with  quartz.

Other  chemical  geothermometers  have  been  used  to  estimate  tempera-

tures  in  geotbermal  reservoirs.    Another  silica  geothermometer  is  based  on

chalcedony,  which  is  more  soluble  than  quartz.     Therefore,  tbe  resul-
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tant  geothermal  temperatures  are  less  than  those  calculated  from  the

quartz  geotbermometer  for  the  same  dissolved  silica  content.

Cation  geothermometers  include  an  equation  involving  the  ratio  Na/K.

Fournier  and  Truesdell   (1973,   1974)   developed  a  Na-K-Ca  geothermometer  tbat

reportedly  gives  better  values  than  the  Na/K  geotbermometer,   especially  at  lower

temperatures.     Paces   (1975a,   1975b)  modified  tbe  Na-K-Ca  geothermometer  for

groundwater  tritb  temperatures  below  75°C  and  p.artial  pressilres  of  carbon

dioxide  above  10-4  atm.

Mineralogic  controls  on  cation  concentrations  witbin  the  shallow  poftions  of

sedimentary  aquifers  are  probably  mucb  more  important  than  cbemical  characteristics

inherited  from waters  circulating  from  deptb.     Calcium  contents  in  Ogallala

aquifer  waters  are  generally  in  equilibrium  with  calcite.    Sources  and  controls

on  sodium  and  potassium  va`ry  from  cofltributions  by  deeper  saline  waters  or

tbe  Arkansas  River,   to  cbanges  caused  by  ion  exchange  on  clays,   and  to  the

weatbering  of  feldspar.    Thus,  waters  circulating  from  deeper,  warmer  strata

could  Have  lost  tbeir  diagnostic  chemistry  as  used  in  chemical  geothermometers.

The  objectives  of  tbis  study  were  as  follows:

1.     Determine  and  colnpare  geotbermal  temperatures  using  various  chemical
geothermometers  and  groundwater  quality  data  from  Kansas.

2..     Correlate  geothermometer  temperatures  with  measurements  of  subsurface
temperat.ures  and  calculated  geothermal  gradients.

3.    Evaluate  the  relative  importance  of  mineralogic  controls  witbin  the
aquifer  versus  geothermal  effects, on  the  composition  of  groundwater  and,   thus,
temperatures  derived  from  geothermometer  calculations.
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Towards  tbe  end  of  this  study,   a  complete  map  of  tbe  heat  flow  of  the  United

States  based  on  the  quartz  geothermometer  was  published  by  Swanberg  and  Morgan

(1981)®     An  area  of  bigh  heat  flow  is  shown  in  northwestern  Kansas.     Althougb

Swanberg  and  Morgan  did  not  describe  in  the  publication  how  they  bad  treated

data  in  the  Great  Plains,  Swanberg  personally  communicated  that  data  for

wells  shallower  than  400  feet  deep  in  tbe  a.rea  of  tbe  Ogall,ala  aquifer  bad

been  eliminated  during  the  map  preparation.     This  was  based  on  an  evaluation

of  the  silica-geotbermometer  anomaly  for  Nebraska   (Swanberg,1980).     Tbe

shallower  well  data  give  generally  higher  and  more  widely  ranging  temperatures

than  for  the  deeper  wells.     The  map  of  Swanberg  and  Morgan   (1981)

appeared  to  Have  met  objective  (1)  as  stated  above  and  its  relation  to

the  geothermal  potential  of  Kansas.    However,   the  other  objectives  were

very  useful  for  determining  whether  the  area  of  higher  beat  flow below

400  feet  affects  the  temperatures  and  geochemistry  of  the  sballower  strata.

Also,  an  improved  understanding  of  tbe  mineralogic  controls  on  tbe  con-

centrati.ons  of  dissolved  constituents  used  in  computing  geothermal  tem-

peratures  could  allow  improvement  in  tbe  application  and  interpretation

of  geothermometer  data  for  sedimentary  systems.

PROCEDURE

Groundwater  cbemical  analyses  acquired  by  tbe  Kansas  Geological  Survey

as  part  of  irrigation  water  studies   (Hatbaway,   £±  ±±.,1975,1977,1978a,

197`8b,1979,   1981)  were  converted  into  the  computer  format  used  in  the

WATSTORE   system.     Ibis   system  is  managed  by  tbe  U.S.   Geological  Survey

and  allows  access  to  water  resources  data  by  federal,   state,  and  other

agencies .
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Geotbermal  temperatiires  were  calculated  from  the  water  quality  data  and  five

geothermometer  equations.     Two  of  the  equations  are  based  on  the  solubility  of

silica  in  the  geotbermal  reservoir.     Tbe  quart.z  geothermometer  used  by

Swanberg  and  Morgan  (1979,1981)  to  construct  silica  temperature  and  heat

flow  maps  of  tbe  United  States` assumes  conductive  cooling  during  the  passage

of  tbe  water  to  its  nearer  surface  location  and  is'  applicable  for  tempera-

tures  of  125-250°C   (Foumier,1973,1976),

TOc=
5.205     -     log(Si02)

-     273.15

where  tbe  concentration  of  Si02  is  in  mg/I.     Tbe  c:balcedony  geothermometer  of

Fournier  and  Truesdell   (1970)  may  be  more  applicable  for  lower.  temperatures.

1015 .1
TOc=

4.655     -     log(Si02)
-     273.15

The  other  tbree  chemical  geothermometers  are  based  on  cation  concentrations.

The  Na/K  geotbermometer  of  White  and  Ellis   (quoted  in  White,   1970)  was   reported

to  be  applicable  for  temperatures  of  100-275°C.

855 . 6
TOG  =  ------------------------    273.15

log(Na/K)     +     0.8573
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where  Na  and  K  contents  of  the  water  are  in  mg/L.

Foumier  and  Truesdell   (1973,1974)   formulated  a  Na-K-Ca  geothermometer

1647
TOG  =  ---------------------------------    273i.15

5.218  +  log(Na/K)   +  Slog([Jca]/Na)

where  concentrations  are  in  mg/I,  and  a  .=  4/3  for  temperatures  of  less

tban  100°C.     Paces   (1975a,   1975b)  modified  t.he  Na-K-Ca  equation  for

groundwaters  with  temperatures  below  75°C  and  partial  pressures  of  carbon

dioxide  above  10-4  atm.

1647
TOG  =  -..---------------------.---------------------------------    273.15

7.275  +  log(Na/K)   +  Slog(Wca]/Na)   -0.253J

Wbere,   J  =  pH  -log(HC03)   -4.22  X  |o-3t  -3.54  x  |o-5t2

t  is  the  temperature  of  tbe  groundwater  samples  in  °C  and

concentration  units  are  tbe  same  as  for  the  Na-K-Ca  equation.

An  activity  coefficient  of  0.93  was  used  to  adjust  the  bicarbonate

concentration  to  activity  units.

Silica  concentrations,  the  ratio  of  K  to  total  dissolved  solids,

and  all  geothemometer  temperatures  except  tbose  based  on  the  Na/K  equation

were  plotted  and  contoured  with  the  digital  grapbics  programs  TERRA-

PI.OT   (FBI.IX)   (Mccullagh,1979)   and  GI"AP   (Ross,   1981;   Brentano,   1982)

of  the  Kansas  Geological  Survey.     The  patterns  of  tbe  temperature

contour  maps  were  compared  witfi  each  otber  and  a  map  of  subsurface

temperatures  and  t'j7o  maps  of  geothermal  gradients  from  Stavnes   (Plates  2-1,
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2-2,   2-4).     Sta.vnes  computed  tbe  subsurface  temperatures  for  a  depth  of  1000

feet  and  geothermal  gradients  from  oil  and  gas  records  for  wells  over  1000

feet.     She  also  calculated  geothermal  gradients  from  Her  own  temperature

measurements  below  400  feet  in  boreboles.     The  quartz  geotbermometer  temper-

atures  were  also  statistically  compared  witb  the  subsurface  temperatures

and  borebole  geotbermal  gradients  using  linear  correlation  and  regressioD.

Graphs  of  tbe  correlation  were  produced  with  the  computer  program  SUREACE  11

(Sampson,1978).

RESULTS   AND   DISCUSSION

COMPARISON   OF   TEMPERATURES   FROM  DIFFERENT   GEOTIERMORETERS

Tbe  geotbermal  temperatures  computed  for  tbe  two  silica  and  three  cation

geotbermometers  are  listed  in  Appendix  I  along  with  the  well  location  and

actual  groundwater  temperatiire  during  sampling.    Ranges  of  the  quartz  and

chalcedony  geothermometer  temperatures  are  39.6-118.2°C  and  4.6-88. |°C,

respectively.    Differences  between  the  quartz  and  chalcedony  temperatures

range  from  35-30°C  from  the  low  to  the  higb  values,   and  are  consistent

because  the  basic  form  of  the  equations  is  the  same  for  both  quartz  and

chalcedony  solubility.     Tbe  areas  with  higher  silica  geothermometer  temper-

atures  are  located  in  the  northwestern  corner  and  tbe  west-central  part  of

Kansas   (Figures  8-2  and  8-3).     Nearly  all  of  the  quartz  and  c:balcedony

geothermometer  temperatures  were  below  90°C  and  60°C,   respectively,   in

soutbwesteim  Kansas,   the  Great  Bend  Prairie  and  the  Equus  Beds,

(see  Figure  8-1  for  location  of  aquifers).     The  regioD  of  higher  beat

flow  indicated  by  Swanberg  and  Morgan's   (1981)   silica  geothermometry  map

generally  coincides  with  the  areas  of  higber  silica  temperatures  computed

in  this  study,   even  though  th.e  data  for  their  map  was  derived  from  water
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samples  below  the  Ogallala  aquifer.

Temperatures  calculated  using  tbe  Na-K-Ca  geothermometer  range  from

2.6-85.8oC  and  are  both  higher  and  lower  than  tbe  chalcedony  equation

temperatures.     Tbe  bigbest  values   (>60°C)   stretched  along  a  west  to  east

strip  in  northwestern Kansas  along  the  border  with  Nebraska  (Figure  8-4).

Some  higber  temperatures  were  also  preselit  in  tbe  west  central  portion

of  tbe  state  and  in  alluvial  valleys  in western  Kansas,  I)articularly

along  tbe  Arkansas  River  valley  from  the  Colorado  state  line  to  Garden

City.    Except  for  the  highs  in  tbe  river  valleys,  the  bigber  temperatures

were  ifl  the  same  general  areas  as  those  for  tie  silica  geotbermometer

temperatures,   even  tbougb  tbe  olie  to  one  correlation  on  a  local  basis

witbin  the  nigh  areas  was  low.

The  riodified  Na-K-Ca  geothermometer,   (adjusted  for  dissolved  carbon

dioxide),   gave  tbe  lowest  temperatures   (-39.0  to  30.9°C)   of  all  five

geothermometers.     The  below-zero  temperatures  indicate  that  this  geothermometer

is  not  appropriate  for  tbe  aquifer  systems  investigated.    The  nigher

temperatures   (>20°C)  were  distributed  mainly  within  the  northwestern

area  and  partly  in  the  west-central  portion  in  Kansas.    The  patterns

were  relatively  similar  to  tbose  for  the  Na-K-Ca  geotbermometer.

Tbe  Na/K  geothermometer  temperatures  were  unreasonably  nigh  (31.4-657°C) .

The  Na/K  equation  has  been  found  before  to  fail  at  temperatures  below

100  to  120°C  and  to  yield  improbably  high  temperatures  for  solutions

with  higb  calcium  concentrations   (Truesdell,1975).

CORREliATI0N  0F   GEOTHEREORETER  TEMPERATURES   WI"  TEMPERATURE  MEASURERENTS
ANI)   GEOTHERMAL   GRAI)IENTS

Stavnes  prepared  contour  maps  of  the  geothermal  gradients  and
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subsurface  temperatures  at  a  depth  of  300  meters  using  bottom-hole  temper-

atures   (BHT)   from  oil  and  gas  records   (Plates  2-1  and  2-2  of  Chapter  2  of

this  report).    Although  she  stated  tbat  tbe  data  were  subject  to  errors

from  drilling  mud  effects,   and  that  tbe  temperatures  c:omputed  for  extreme

nortbwestem  Kansas  are  not  valid,  tie  relative  changes  in  the  data  were

examined  for  patterlis  that  could  be  associated  with  geotherlrometer  tem-

peratures.     The  BFT  map  snows  temperatures  range  from  20-30°C  in  tbe

western  two-thirds  of'Kansas,  except  for  a  few  isolated  locations  with

temperatures  above  and  below  this  range.     Genera.1ly,   larger  areas  of

lower  temperatures  occur  in  the  soutbwestem  part  of  the  state.    There

are  no  noticeable  differences  t.o  distinguisb  the  other  aquifer  areas

studied,   except  for  two  s.mall  areas  in  tbe  northwestern  corner  of  Kansas

whicb  have  temperatures  greater  than  32°C,.    No  distinctive  differences

were  observed  on  tbe  geotbermal  gradient  map  for  the  western  two-thirds

of  tbe  state.     Values  range  from  20-35°C.

The  statistical  correlations  between  tbe  cbalcedony  geotbermometer

temperatures  and  BHT  values  interpolated  for  tbe  same  1,200  points  .is

higbly  significant.    However,  the  correlation  coefficient  is  0.33,  meaning

that  only  11  percent  of  the  variation  in  tbe  geothermometer  t.emperatures  is

explained.    A  similar  result  is  expected  for  a  c:orrelation  between  tbe  geo-

thermometer  temperatures  and  the  geothermal  gradients  computed  from  the  BHT

data .

Stavnes  also  prepared  maps  of  tbe  distribution  of  tie  geothermal

gradients  and  subsurface  temperatures  at  a  depth  of  300  meters  from  tbermal

logging  of  boreholes,  22  of  wbich  were  located  in  the  western  two-tbirds  of  tbe

-240-



state   (Plates  2-3  and  2-5  in  Chapter  2  of  tbis  ref)ort).     Geothermal  gradients

and  temperatures  are  relatively  nigh  (42-59  °C/kin  and  78-85  °C/kin,   respectively)

in  the  northwestern  and  parts  of  west-central  Kansas.     In  the  rest  of  western

and  central  Kansas  gradients  and  temperatures  are  relatively  uniform,  fluc-

tuating  from  24-40  °C/Iun  and  22-25  °C/kin,   respectively.

Tbe  associations  between  the  cbalcedony  geothermometer  temperatures

and  both  gradients  and  subsurface  temperatures  from  borehole  measurements

are  sta,tistically  bigbly  significant.    Correlation  coefficients  are  0.68  in

both  cases,  giving  coefficients  of  detemination  of  0.46.    A  graph  of  the

22  points  for  eacb  c.orrelation  snows  two  general  groups  of  points,  one  group

of  five  at  bigh  geothermometer  temperatures  and  gradients  and  subsurface  tem-

peratures,  and  tbe  otber  group  witb  little  apparent  correlation.    Four  of

tbe  points  with  bigber  values  represent  locations  in  northwestern  Kansas,

the  other  point  is  in  west-central  Kansas.    The  associations  between  the

geothermometry  and  borebole  data  can  also  be  observed  visually  by  comparing

the  maps  of  botb  silica  geotbermometers  witb  tbose  for  subsurface  temperatures

and  gradients.

RELATIONSHIP   BETREEN   GEOTRERMOMETER  TEMPERATURES   AND   AQUIFER   GEOCIIEMISTRY

The  areas  of  highest  temperatures  given  by  tie  quartz,   cbalcedony,   and

Na-K-Ca  geothermometers  are  all  located  in  northwestern  Kansas  and  extend

into  the  west-central  regions  of  the  state.     Chemical  data  used  for

these  areas  of  higbs  are  for  waters  from  tbe  Ogallala  aquifer.    The

sediments  of  this  aquifer  are  composed  mainly  of  arkosic  gravel,   sand,   and

silt  of  predominantly  Pliocene  age,   altbough  some  Pleistocene  sediments

are  present,  especially  in  alluvial  valleys.    Tbe  sediments  also

contain  calcite,  volcanic  ash,   diatomaceous  marl,,  opaline  sandstone,   and
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bentonitic  clay.    The  ash,  opal,  bentonite  (indicating  previous  ash  that

has  been  weathered),   and  feldspar  could  be  the  major  sources  of  higher

concentrations  of  dissolved  silica  (Figure  8-5) ,  rather  than  waters

circulating  from  deeper  strata  with  higher  temperatures.    The  ash

contains  amorphous  silica  and  the  opal  comprises  kydrat.ed,

poorly-crystalline  cristobalite,  both  of  which  are  appreciably

more  soluble  tban  quartz,  the  major  component  of  the  silts,   sands,   and

gravels  constituting  the  major  aquifers  of  Kansas.

Volcanic  ash  was  deposited  in  both  the  Pliocene  and  Pleistocene

sediments  of  the  aquifers.    The  ash  layers  are  discontinuous,  having  been

redistributed  during  erosion,  mainly  by  water,  into  ponds  and  undrained

depressions   (Carry,  ± ±. ,1952).    Thus,   deposits  are  generally  widely

separated,   coinonly  of  lenticular  shape,  and  vary  in  thickness  up  to

nearly  ten  meters.     The  ash  beds  are  often  crossbedded  and  may  show

banding  due  to  alternating  coarse  and  fine  layers.    I.ocations  of  the

larger  beds  are  shown  in  Figure  8-6.     Many  of  these  deposits  have

been  mined  or  listed  as  I)otential  economic  sources  of  ash.     Average

thicknesses  of  the  economic  lenses  are  generally  between  two  and  five

meters  at  the  Center.

The  ash  beds  of  Kansas  are  classified  predominantly  as  vitric  tuff ,  at

times  containing  trace  amounts  of  quartz,   sanidine,  and  biotite

(Swine ford  and  Frye,1946;   Swine ford,   s±  3±. ,1955).     Differentiation

of  ash  falls  has  been based  on  cbaracteristics  of  the  glass  shards:     index

of  refraction,  |>article  size,   shape,   color,   chemical  composition,   and

presence  or  absence  of  second  order  vesicles.     Pliocene  ash  is  generally

gray,  has  a  greater  specific  gravity,  and  exhibits  thin,  slightly
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curved,  platy  shards  relatively  free  of  vesicles  compared  to  the

nearly  white  Pleistocene  ash  which  contains  sharply  curved  shards

with  elongate  vesicles.

Several  petrographically  distinct  ash  beds  nave  been  found  in  the

Pliocene  Ogallala  Formation  of  Kansas   (Swine ford,  £±  ±±. ,1955).

They  occur  primarily  in  the  middle  and  lower  members  of  the  formation

and  comprise  an  estimated  three  percelit  of  tb.e  total  sediment  volume.

The  deposits  are  located  primarily  in  the  northwestern part  of  the

state   (Carey,  £±  ±±.,1952).     Essentially  all  of  tbe  volcanic  ask

layers  occurring  in  Pleistocene  sediments  were  deposited

witbin  one  stratigraphic  member,  but  are  distributed  tbroughout

much  of  Kansas  as  sbown  by  Figure  8-6.

The  source  of  tbe  Pleistocene  ash  in  Kansas  has  .been  attributed  to

volcanoes  in  north-cent:ral  New  Mexico   (Swine ford,   1949)   and  in  the

Yellowstone  Park  area  of  Wyoming  and  Idabo   (Boellstorff,1976).

Landes   (1928)   found  that  coarser  or  Heavier  asb  generally  lies

in  tbe  southwestern part  of  tbe  state,  while  fiEer  ash  is  located

to  the  north  alid  east,   thereby  suggesting  a  source  t.o  the  southwest.

Although  little  is  known  about  tbe  source  area  for  pyroclastic  material

in  tbe  Ogallala  Formation,  most  workers  agree  that  the  volcanic  vents

were  west  of  .the  High  Plains,  |irobably  in  Wyoming,   Colorado,   or  the

Cordillera  farther  west   (StaDley,1976).

Silicified  rock  in  the  Ogallala  Forlnation  of  Kansas  can  be  directly

linked  to  the  Pliocene  and  Pleistocene  ash.     The  rock  consists  of

two  major  types:     quartzite  composed  of  sandst.one  and  conglomerate

with  opaline  cement,   and  cbert  consisting  of  opal,   chalcedony,  various
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amounts  of  cal€.ite  and  scattered  sand  grains   (Frye  and  Swine ford,1946).

Tbe  silicified  rock  is  distributed widely  with  the  largest  deposits

occurring  in  tbe  nortbwestern  and  nortb-central  parts  of  tbe  state

(Figure  8-6).  `

The  quartzite  occurs  predominantly  in  the  lower  member  of  the  Ogallala

Formation.     Irregular  opal  concretions  and  bentonitic  clays  are  also

present  in  the  lower  member.     Opaline  cement  is  widely  distributed  tbroughout

the  middle  member  of  tbe  Ogallala  as  discontinuous  zones.     Both.  the

middle  and  lower  members  of  the  Ogallala  contain  most  of  tie  Pliocene

ash.    The  leacbing  of  this  ask  is  thought  to  be  the  silica  source  forming

t`he  opaline  cement  in  the  quartzite.    The  water  table  is  believed  to

have  been  nigh  during  the  deposit.ion  of  the  Ogallala  Formation

(Frye  and  Swine ford,1946).     Ash  layers  would  have  been  subject  to

hydration  and  leacbing  shortly  after  accumulation.     Subsequently,

the  dissolved  silica  precipitated  as  opaline  cement.    The  presence

of  green  quartzite  containing  ferrous  iron  in  the  lower  Ogallala

supports  the  theory  of  underwater  formation  of  tie  opal.    As  tbe  water

table  declined,   tbe  ash  was  often  eroded,   or,   in  some  cases,   an

advanced  state  of  leacbing  was  reacbed  before  a  return  to  normal

groundwater  conditions.     Thus,  muck  of  the  parent  ask  was  removed.

The  uppermost  member  of  tbe  Ogallala  Formation  contains  discontinuous

opal  and  cbert  composed  of  silt-sized  clastics  which  are  secondary

replacements  of  calcium  carbonate   (Frye  and  Swine ford,1946).     Tbe

source  of  this  silica  is  considered  to  be  the  younger  Pleistocene  ash

overlying  the  Pliocene  sediments,   the  opal  having been  deposited

by  downward  percolating  waters  in  tbe  vadose  zone  during  a  period  of
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arid  climate  in  which  calicbe  had  formed.

The  distribution  of  the  dissolved  silica  concentrations  in  Figure  8-5

therefore  appears  to  be  consistent  with  the  presence  of  volcanic  ask

and  opaline  cement.    The  higher  silica  concentration  in  groundwaters

occur  in  the  Ogallala  aquifer,  where  tbe  Pliocene  ash  and  opal  comprise

a  greater  percentage  of  the  sediment  tban  in  tbe  Pleistocene  deposits.

The  discontinuous  nature  of  tbe  ash  and  opaline  cemented  rocks  could

explain  the  variations  ifl  silica  concentrations  within  regions  of

Kansas .

Altbough  the  main  component  of  the  volcanic  glass  constituting  most

of  tbe  ask  is  silica,   relatively  large  amounts  of  potassium  are  present.

For  example,   Swine ford,  £±  e|..   (1955)   reported  tbe  mean  'silica  content

of  48  samples  of  late  Tertiary  ask  deposits  in  viestem  Kansas  and

western  Nebraska  to  be  71.0  percellt  by  weigbt   (as  Si02).     The  mean  K20

concentration  of  tbese  samples  is  5.53  perceflt  which  substantially  exceeds

the  mean  Na20  content  of  1.62  percent.     Leacbing  of  the  ash  could  release

much  potassium.     Altbough  some  of  tbe  potassium  could  be  adsorbed  by  clays

present  in  the  sediments  or  formed  from  the  ask  weatbering  (bentonite) ,

much  would  remain  in  solution  due  to  competition  for  exchange  sites  by

calcium,  magnesium  and  sodium  present  ifl  the  groundwater.     Feldspar  in

tbe  Pliocene  and  Pleistocene  sediments  of  Kansas  is  predominantly  potassic

and  its  weathering  could  also  be  a  source  of  potassium  as  well  as  of  dis-

solved  silica  ia  groundwaters.     Tberefore,  the  Na/K  ratios  derived  from

tbe  ash  and  feldspar  leacbing  would  be  higher  in  sediments  with  greater

amounts  of  tbese  materials  and  give  bigh  temperatures  computed  from  the
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Na/K  and  Na-K-Ca  geothermometers.

A  map   (Figure  8-7)  of  tbe  weight  ratio  of  dissolved  potassium  to

total  dissolved  solids   (TDS)   shows` a  distribution  of  higb  and  low  values

somewhat  similar  to  those  for  dissolved  silica  concentrations   (Figure  8-5)

and  tbe  Na-K-Ca  geothermometer  temperatures   (Figure  8-4).     Nearly

all  of  the  nigher  K/TDS  ratios   (>0.016)  are  located  in  northwestern

and  parts  of  west-central  Kansas,  witb  the  Highest  values   (>0.24)   in  a

zone  near  tbe  Nebraska  border.     Low  ratios  are  found  in  the  Arkansas

River  valley,   tbe  Equus  Beds,   and  the  eastern  half  of  the  Great  Bend

Prairie.     Thus,   the  distribution  of  Na-K-Ca  geothermometer  temperatures

could  also  be  explained  largely  on  tbe  basis  of  sediment  geochemistry

ratber  tban  the  circulation  of  deeper,  warmer  waters.

CONCLUSIONS

1.     Geotbermal  temperatures  computed  from  five  chemical  geothermo-

meters  for  irrigation  well  waters  from  Kansas  ranged  widely.     The

chalcedony  and  Na-K-Ca  geothermometers  gave  the  most  reasonable

teriperatures,   ranging  from  5-88°C  and  from  3-86°C,   respectively.

Higher  temperatures  computed  from  both  equations  were  distributed

tbroughout  northwestern  Kansas  and  extended  into  tbe  west-central

part  of  the  state.     Quartz  geotbermometer  temperatures  were  too  nigh,

Na/K  equation  temperatures  much  too  high,   and  temperatures  from  a

Na-K-Ca  geothermometer  modified  for  carbon  dioxide  generally  much  too

low  to  be  reasonable,   including  many  values  below  0°C.

2.     The  correlations  between  chalcedony  geothermometer  temperatures

and  both  subsurface  temperatures  and  geothermal  gradients  at  300  meters

-246-



derived  from  thermal  1ogging  of  boreholes  are  statistically  highly

significant.     Correlation  coefficients  are  0.68  in both  cases.     The

distribution  of  tbe  subsurface  temperatures  and  geothermal  gradients

is  similar  to  that  for  th.e  geothermometer  temperatures;  bigher  values

occur  in  nortbwestern  and  extend  into  west-central  Kansas.     The  associa-

tion  between  tbe  cbalcedony  geotbermometer  temperatures  and  subsurface

temperatures  at  300  meters  computed  from  bottom-hole  temperatures  of

oil  and  gas  wells  is  higbly  signifi.cant,  but  has  a  correlation  coeffic-

ient  of  only  0.33.

3.     Tbe  geocbemistry  of  sediments  in  tbe  aquifers,  which  are  less

than  200  meters  in  depth,  ap|]ears  to  be  tbe.  major  control  on  dissolved

silica  and  cation  concentrations  and,   tbus,   the  geothermometer

temperatures  computed  from  these  c:oncentrations.     The  Pliocene

strata  of  the  Ogallala  aquifer  generally  contain  a  greater  percentage

of  volcanic  ash  than  the  Pleistocene  sediments  across  Kansas.     I,arger

deposits  of  silicified  rock  cemented  witb  opal  (derived  from  ash

leacbing)  occur  in  the  northern  part  than  elsewhere  in  tbe  Ogallala

Formation  of  western  Kansas.     The  greater  volumes  of  ash  and  opal

(both  containing  silica  more  soluble  than  chalcedony  and  quartz)

give  rise  to  the  bigher  silica  concent.rations  in  groundwaters  of  north-

west  and  parts  of  west-central  Kansas.     Leacbing  of  tbe  potassium-rich

ash  and  feldspar  in  the  Ogallala  aquifer  could  explain  a  similar  distri-

bution  of  nigher  ratios  of  dissolved  potassium  to  total  dissolved  solids.

Tbe  areas  of  greater  dissolved  silica  and  K/TDS  values  also  coincide

with  the  regions  of  higher  subsurface  temperatures  and  heat  flows  under

tbe  Ogallala  aquifer  as  determined  from  tie  measurements  of  Stavnes
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(Cbapter  2,  this  report)  and  tbe  calculations  of  Swanberg  and  Morgan

(1981) ,   respectively.    The  higher  temperatures  underneath  the  northern

half  of  tbe  Ogallala  may  have  increased  the  leaching  of  siliceous  sedi-

ments.     Thus,   the  effects  of  greater  amounts  of  more  soluble  siliceous

sediments  and  higber  subsurface  temperatures  may  have  combined  to  give

the  areas  of  higher  geothermometer  temperatures.     If  tbe  locations

of  larger  ash  and  opal  volumes  in  the  aquifer  sediments  did  not  coincide

with  the  region  of  nigher  temperatures,  the  distribution  of  geothermo-

meter  temperatures  would  be  expected  to  conflict  with  the  temperature

distribution,   for  the  sediment  geocbemistry  is  the  more  important

control  on  groundwater  composition.
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FIGURE   8-6:
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Distribution  of  quartz  geotbermometer  temperatures.

Distribution  of  chalcedony  geotbermometer  temperatures.

Distribution  of  Na-K-Ca  geotbermometer  temperatures.
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1942;, Carey,  ± i. ,   1952.

FIGURE  8-7:    Distr'ibution  of  tbe  weight  ratio  of  dissolved  potassium
to  total  dissolved  solids.
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CONCLUSIONS

Geothermal  gradients  measured  for  t.his  report  and  data  f ron  oil  well

records  indicat.e  that  geothermal  resources  in  Kansas  are  of  a  low-grade  nature.

However,   considerable  variation  in  the  gradient  is  noted  statewide  wit.him

the  upper  500  meters  of  the  sediment.ary  section;   this  suggests  the  feasibil-

ity  of  using  groundwater  for  space  heat.ing  by  means  of  heat  pumps.

The  silica  geothermometer  data  indicate  an  area  of  high  dissolved  sill-

ca  content  in  northwestern  Kansas  t.hat  is  consistent  with  silica  content

derived  from  volcanic  ash  deposits  or,  perhaps,   from  the  siliceous  Ogallala

aquifer.     The  presence  of  a  high  temperature  source  for  subsurface  waters

in  nort,hwestern  Kansas  cannot  be  inferred  from  their  silica  geothermometry.

The  gravity  and  aeromagnetic  data  are  valuable  assets  in  basement  geo-

logic  interpretation.     Yarger  has  shown  in  his  report.s  that  a  complex

Precambrian  history  is  recorded  in  the  Kansas  crust.     His  conclusions  suggest

that  the  Wichita  aeromagnet.ic  low  and  the  southern  extension  of  the  MGA

are  possible  future  sites  for  deep  geothermal  exploration  if  the  Hot  Dry

Rock  Project  is  shown  to  have  long-t.erin  profit  potential.

Preliminary  analyses  of  data  from  the  Consortium  for  Continental  Reflec-

t.ion  Profiling   (COCORP)   indicate  a  probable  thickness  of  as  much  as  3  to

4  kin  for  the  Rice  Formation,  a  Precambrian  arkosic  unit  that  flanks  the

MGA.     Yarger's  modeling  of  gravity  and  aeromagnetic  data  indicates  a

similar  thickness   for  the  Rice  Formation  as  the  COCORP  data.     The  pos-

sible  development  of  the  Rice  Formation  as  a  geothermal  aquifer  cannot

be  ruled  out  at  this  time.    The  water  quality  and  transmissivity  of  the

the  aquifer  are,  however,  unknown.
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a None  of  tie  presently  available  data  lead  us  to  believe  that  geothermal

gradients  below  1  lm  depth  exceed  30  to  40  °C/kin.

Additional  conclnsions  are  enumerated  by  indivi.dual  authors.




