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PREFACE

This   publlcatlon   ls  a   result   of   cooperative   research  work  conducted   by  Empre8a  Naclonal   del

Petr6leo    (ENAP)   of   Chile,    and   the   Kansas   Geological   Survey.       The   LOG    11   progran   was   developed

during   the   auchor's   tenure   as  Vlsltlng  Research   Sclentlst:   (1974-1975)   with   the  Kansas   Geological

Survey,   and   completed   subsequently   ln  Chile.

Thlg   publlcatlon   denonst:rates   the   truth   of   the   old  adage   that   man  cannot  be  an  island  unto

himself .      Much   of   what   one  knous   and   can   share   t:hrough  a   publlcatlon   such   as   this   depends   upon

the   assl§tance   of   others;   it   ls   a  pleasure   to  acknowledge   thl8  hell).     The  continued  cooperation

and    mutual    exchange    between    Empresa    Naclonal    del    Petroleo    (ENAP)    and    the    Kansas    Geological

Survey   has   created   an   envirorment   ln  which   research   such   as   this   is   possible.      Professor  W.   W.

Haubleton,    State    Geologist    and   Dlreccor,    extended    the    of f lclal    1nvltatlon    on    behalf    of    the

Kansas   Geological   Survey;   1n   Chile,    hgenleros   Carlos   lfordojovlch,   Oscar   Schnelder,   and  Eduardo

Gonzalez    of    ENAP   vere    responsible    for    official    approval    of    the    exchange.       I   am   indebted    t:o

Survey   Staff   members   for   their   assistance,   partloularly   to   Dr.   John   H.   Doveton  who  devoted  more

tine   than   he   could   properly   spare   to   contribute   ideas,    offer   suggestions,    and   read   the   manu-

script;   and   Co  Dr.   John   C.   Davls  who  carefully   read   the   text   and   proposed  valuable   additlons   and

correctiot`s.
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ABS"CT

Petrophyslcal   characcerlstics   of   the   subsurface   can   be   estimated   using   lnf ormation   from

geophysical   logs.      The   dlverslty   and   accuracy   of   the   estimates   depetlds   upon   the   number   of   logs

available.      Models   presented   in   thlg   work   are   designed   to   produce   formation  evaluation   reports

which   are   as   complete   as   possible,   using   a  nlnimun  numl)er   o£   logs.      The  models   were   translated

to   computer   routines   monltored   under   LOG   11.     A   special   lexicon  was   developed   to   insure   f lexi-

blllty   that   will   allow   convenient,   optlmun  use   of   the  available   data   and   at   the   sane   tine   [nake

the    system   usable    even    by    those    analysts    without    previous    programmlng    experience.       Several

examples    are   presented   which    111u8trate   the   use   of   the   lexicon   and   the   capabllltles   of   the

Program.

1.      mmoDucTION

The   primary   purpose   of   well   1ogging   ln  petroleum  exploration   is   to  provide  clues   that  will

aid   ln  exploltatlon   of   producing  wells   and   ln   the   search   for  new  reservoirs.     Well   logs   contain

lnformatlon  about   subsurface   condltlons.     This   lnformatlon  may  be   extracted  1)y  vlBual   1nspectlon

by   an   experienced   interpreter,    or   by   mathetnatlcal   transformation   of   readlrigs   from   one   or   more

logs.   uslt`g  standard  engineering  formulas.

Graphs  and  noinograns  greatly  facllltate   log  analysis  and  are  a  quick  and  practical  alterna-

tive   to   the   drudgery   of   manual   conputation.       Even   so,    1nterpretatlon   using   charts   can   be   a

lengthy   process;   evaluation   of   a   single   nell   nay   involve   hundreds   of   readings.      In   addltlon,

only  a   fen   of   the   po8slble   comblnatlous   of   values   can   be   put   on   charts   in   the   fom  of   curves.

The   use   of    these   charts    therefore   requires   approxlmatlon   or   lnterpolatlon   ln   the   reading   of

graphical   values.       More    serlou8    1s    the    fact    that    ln   order   Co   slmpllfy   logglng   charts,    only

simple   analytical   expressions   have   been  utlllzed   in  their   construction.     Englneerlng  charts  are



useful   for   obtalnlng   answers   rapidly,   but   the   re§ultlng  analyses,   based   on   such   simple  models,

nay  be  far  from  reality.

Dlgltal  computers   are  a  slgnlf leant   aid  in  resolving   the   llnltatlons   of  manual  and  graphic

calculation   of   log   properties.     Routine   management   of   massive   quantitle§   of   data  ls  no   longer  a

problem.      Dlgltized   well   logs   and   the   results   of   processing   stored   on  magnetic   tapes   or   discs

aLllow   efflclent   manlpulatlon   of   the   stored   information.      More   sophlsclcated   analyses   involving

complex  fornula8   can  be  perfomed  with  any  desired  accuracy.     Finally,   with  appropriate  sof tware

and   a   dedicated   or   tine-sharing   computer,   well-log   lnterpretatlons   can   be   produced   almost   in-

stantaneously,   t`ot   only  ln  tabular  but  also  ln  graphical  forTn.

LOG   11  ls  a   computer  program   for   subsurface   f ormatlon  evaluation   that   uses   both   core   analy-

ses   and   uell-log   infomatlon   which   has   either   been   digltlzed   or   recorded   directly   ln   dlgltal

mode.     The   program  can   process   lndlvldual   logs   or   conblne  a   logical   sequence   of   logs   for   calcu-

lation   of    petrophyslcal    paraneters    and    statlstlcs    such   as   means,    semlvarlograns,    and   vari-

ances.       LOG    11   has    been    speclflcally    designed    for    formation   evaluation    in   wells    for   which

llnited    log    combinations    are    available.       The    information    from   Such   wells    is    inadequate    for

elaborate    technlqueg    requlrlng   several    porosity    logs.       Multiple   porosity   logs   allow   greater

deflnltlon   ln   the   lncerpretatlon   of   fomatlon   11thologle§   and   hydrocarbon   type;   however,   high

logglng   costs    reBcrict   their   avallablllty.       in   addltlon,    appropriate   logglng   tools   were   not

developed   until   the   1960's   and   veils   drilled   prior   to   that   time   were   rarely   surveyed  wlch  more

than   one   porosity   device.       The   llnlted   lnformatlon   available   on   many   older   wells   requires   a

simpler  approach  for   their  evaluat.ion.

LOG    11   is   de8lgned    to   operate   with   a   basic   suite   of    three    types    of   petrophyslcal   well

logs:      (1)   a   ''shale"   log   (SP   or   gama   ray);    (2)   a   poro81ty   log   (either   sonic,   denBlty   or   neu-

tron);   (3)   a  resl§tivlty   log   (either  a  deep   induction   or   laterolog).     These  conblnatlons   corre-

spond   to   the  majorlcy   of   logglng   programs   run  on  Kansas  wells   ln   the   la§C   20  years.

LOG   11  a§sune8   that   the   logged   interval   consists   of   shale   and  a  Single   reservoir   rock   type

(sandst.one,     limestone,     dolonite,    or    chert).        Stratlgraphic    Sequences    lncludlng    horlzc>us    of

cliff erlng  llthologies  Trust   be  analyzed  by  separate  computatlonal  runs   on  subdlvlslons   of   the  log

contalnlng  a  single  reservoir  lithology.

LOG    11    lnclude§    subrouclnes    that    allow   use    of    core   measurements    in    the    computation   of

permeabilit:y    and    numerical    constants    of   Archle's    equation.        in   all   phases    of    the   progran's



operation,   values   of   basic   petrophyslcal   parameters   (Such   as   grain  and   fluid   den81tles)  may   be

entered   by   the   user.      If   these   parameters   are   not   8peclfled,   default   values   will   be   used  which

correspond   to  a  typical  mdcontlnent   Pennsylvanian  or  Pemlan  llmest:one/Shale  sequence.

Although   the  primary  purpose  o£   LOG   11  ls   to  evaluate   lndivldual  wells,   the  8unmary  gtatls-

tlcs  computed  for  each  well  are  useful  1n  areal  studies  of   llthologlcal  and  petrophysical  varla-

tlon.       The   program   incorporates    sotDe    statl8tlcal    subroutlnes    Chat   are   not   available   ln   any

current   comerclal   log   analysis   package.      These  are  especially  designed   to  aid  ln  the  analysis

of  repetltlve  sequences  of   llthologles.     Nuuerlcal  values,   even  ln  tabulated  form,   are  dlfflcult

to   analyze  when  volunlnous.     Craphlcal   dl9play   ls   the  best   alternative   ln  this   instance.     Using

either  a   line   printer   or   an   eleccromechanlcal   plotter,   according   t:o   the   user's   convenience   and

available   equlpnent.,    LOG    11   has    the   capablllt.y   to   present   orlglnal    log   readings   or   computed

results  ln  the  fom  of   logs.





2.     moRETlcAL  REvmi

2.I     Shale   Logs

The   percentage   of   shale   in   a   zone   of   int:ere8t   ls   conventionally   eBtlmated   from   an   SP   or

gaima    ray    trace    lf    a    null:1ple    porosity    log    comblnatlon    ls    not    available.        The    slnplest

procedures   e§tlmate   Shale   content   as  a  linear  function  of   the  formation  natural   radloactlvlty  as

nea8ured   by    the    gamm    ray   response,    or   as   a   reverse   linear   relationship   of   the   spontaneous

potential   (when   the   format:ion   water   ls  lnore   saline   than   the  drllllng  nd).     Elt:her  method  pro-

vides   satlsfact:ory   logs   of   simple   llthologles  under   8ulcable  borehole  condltlo[`s.

The   SP   log   is   influenced   to  sore   degree   by  hydrocarbon  saturation  and   there  may  be   problems

1n   est:abllshing   a   8tatlc   self -potential   value   ln   relatively   shaly   sequences   wrhlch   do   not   have

clean,   pemeable   unlt§.     Evaluation   of   the   8arma   ray   log   requires   recognltlon  of  normal  shale§,

as   op|)osed   to   highly   radloactlve   black   shales.      Also,    the   clean   lithologles   are   a§suned   to   be

relatively   free    Of    radioactive   material   Such   as    feldspars    or   heavy   ulnerals.       Even   in   the

absence   of   these   dlsturblng   inf luences,    Shale   estlnatlons   f ron   these   two   equatloris   may   be   ln

error   because   the   relatlonshlp   between   an   SP   or   gamma   ray   response  a.nd   the   shale   content   of   the

rock  may  not  necessarily  be   linear.

2.2     Porosity   Logs

Although   they   are   based   on   different   physical   measurenentB,    computations   of   porosity   fron

either  sonic,   density,   or  I`eutron  logs  are  sinllar  in  fom.     If  porosity  estltrates  are  made  fron

a   comblnatlon   of   a   shale    log   and   a   single   porosity   log,    any   zone   of   lnteresc   is   assured   to

consi8C   of   three   conponents:       Shale,    the   matrix,   and   a   fluid   occupying   the   pore   space.      If   a

linear   relat:lonshlp   ls  assumed  betveen  the   log  responses  and  the  quantltles   of   these  conponent8,

Simultaneous   equatlous  may  be   solved  to  determine   the  porosity.     These  equntlons  are  of   the

fortn:



Vsh   X   Psh   +   Vma   X   Ptna   +   a   X   Pf I   =   PLOG

Vsh  +  Vm   +  ¢   =   1

(2.2.I)

Vsh  18   the  fraction  of   the  rock  which  ls  shale;

Vma  ls   the   fraction  of   the   rock   composed   of   matrix  mineral;

4)   1s   the   porosity,   or   fractional  volume   of   pore   space;

P6h.   Pmai   and   Pfi   are   Porosity   log   Coef£1clents   for   the   endnembers   of   100%   Shale,    |oo%

matrix,   and   100%   fluid;

PLOG  IS   the   Porosity   log   reading.

where

Since   the   quantity   of   shale   ls   deterulned   from  the   ''§hale   log"   derived   from  either   the   SP

or    gamma    ray    response,    the    equatlone    may   be    uniquely    solved    for    the   unknorm    proporclon§    of

matrix  mineral   and   porosity.      The   pore   fluid  may   contalt`   variable  amounts   of   oil  and  water,   but

since   these   f lulds   have   slnllar   properties   with   respect   to   porosity   tools,   only  a   nlnor   source

of   error    ls    introduced   because    of    fluid    conposlclon.       High   gas   saturations,    hovever,    cause

slgnlficant   devlatlons;   ari  additional   poroBlty   t:ool   response   18   required   lf   gas   16   present.

Acou8tlc  Velocity  I®g

The   acou8tlc   velocity   log   measures   the   shortest   time   required   for   a  sonic   pulse   to   travel

betveen  a   transmitter   and  a   receiver   located   on   the   logglng   tool.     Wyllle   (1956)   introduced   the

time  average  equation  which  relates  porosity  to  tran81t   time  quantltles:

At   -  At
TDa

Atf   -  Atma (2.2.2)

0  is   the   porosity  of   the  measured   interval;

At   ls   t:he   transit   t:line   through   t:he   interval;

Atma  and  Atf  are   the   transit   time   for   the   pure  matrix  mineral   and   I:he   porosity   fluid.

where



The    equation    gives    reasonably   accurate   eat:1mates    of    the   porosity    ln   clean   llthologieB   where

porosity  is   lntergrangular  or  lntercry9talllne  ln  nature.

The   presence   of   shale   ln   the   interval   introduces   another  unknoun   lnt:o   the  porosity  evalua-

tion.     However,   since   the  Wyllle  equation  ls  a  linear   relation  betveen  translc   times   and  porosi-

ty,   the   influence   of   a  shale   component:   may  be   evaluated  by  an  expanded  equation:

¢=
At   -  Atma   -   Vgh   (Atsh   -  Atma)

Atf   -  Attna (2.2.3)

Thl8   ls   simply   a   condensation   of   two   slnultaneou8   equations   of   the   general   fo]:.in  given   by   equa-

tion    (2.2.I).       It   is   assumed   t.hat::       (I)    there   are   only   three   different   wave   velocities   (for

matrix  ulneral,   shale,   and   fluid)   1n  the  material;   (2)   the   shortest  path  between  any  two  points

ln  the   interval   1s  a   straight   line;   and   (3)   that   the  llthology  is  sufficiently  compacted  so  the

matrix  provlde8  a  rigid  franework   for  primary  wave   transmlsslon.

The   f ir§C   assunptlon   ls   met   provided   that   relaclve   amounts   of   each  mineral   1n  the  interval

are   constant   or   the   llthology   con81sts   of   a   single   nlneral   1n   addltlon   to   shale.      Since   t:he

porosity  evaluation  ls  uiade  primrlly  ln  the  flushed  zone,   a  composite  f luld   tran81t   tine  may  be

used,   corresponding   to  mid   flltrat:e.     Residual  oil  saturatlon8  have   similar  transit   time  charac-

terlstlcs   and   residual   gas    8aturatlons   usually   introduce   only   minor   errors    ln   the   porosity

evaluation.

The  second  a8sunptlon  holds  true  provided  the  porosity  ls  either  lntercrystalllne  or  lncer-

granular.     Vugs   or   fractures   are  not   detected  by  acoustic  velocity  deterinlnatlons,   8o   the  poros-

1tles   estimated   are   "prlnary"   porosity.      The   amount   of   "secondary"   poro§1ty  ln  the  fom  of  vugs

or   I ractures   may   be   estimated   by   subtractlon   from  den81ty   or   neutron   "total''   porosity  measure-

ments,

The  third  as§unptlon  ls  valid  for  almost  all  fomatlon  evaluations  mde  ln  the  Mldcontlnent

area.     If   the  equation  ls  applied  to  unconsolldated  fornatlons,   however,   a  corrective  compactlon

constant  mist   be  applied  t.a  reduce  high  apparent  porosltles   to  their  true  values.
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The   density   log   ls    produced   by   a   gamma-gamma   device   which    lrradiate8    the   interval   with

gamma   rays.      The   relative   reduction   ln   gama   ray   f l`ix  by   the   formation   ls   measured  by  a   detec-

tor.       The   reduction   ln   garma   ray   lnten81ty   is   related   to   the   electron   density   of   t:he   rocks

penetrated.      There   1g   an   approximately   constant   relatlonshlp   between   electron   density   and   bulk

density   for   most   light   elements,   which   constitute   the   bulk   of   typical   ulnerals   in   sedimentary

llthologles.

A  typical  density  log  trace   is  calibrated   ln  grans  per  cubic  centimeter.     As  a  consequence,

porosity  may  be  estimated  by   simple  nas§   balance   relatlonshlps.     These   can  be   solved   a8   simulta-

neous   equations  which   can  be   combined   to  yield:

Pin  -  Pb  -  Vsh(Pna  -  Psh)

Pna  -  Pf

(2.2.4)

ob  is   the  bulk  density  measured  ln  the   interval;

Pnal   Psh.   Pf  are   the   densltles  0f   the  matrix  mineral,   Shale  and   the  fluid,

re§pectlvely.

where

Oil  and  mid   flltrate  densities  are  approximately   the  same,   so  a  fluld  density  corresponding

to  mud  flltrate  introduces   only  minor  errors   ln  porosity  evaluation.     A  slgulflcant   residual   gas

saturation,    however,    will    introduce   an   error    into    the    porosity   equation   such    that    computed

poroslcles  are  higher   than  the   true  values.     Allowance  must  be  made   for   Chls   factor  ln  intervals

which  are  suspected   to  be  gas-bearing.     Alternatlvely,   gas-bearing   intervals   should  be  evaluated

with  a   dual   porosity   conblnatlon   (either   sonic-neutron,   sonic-denglty   or   neutron-den81ty).     The

porosity   estimated   by   denslt:y   calculatlons   is   a  measure   of   "total"   porosity   and   includes   both

vuggy  and  fracture  porosity  as  well  as   lntercrystalllne  and  lntergranular  poroBlty.
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Neutron   log   sonde8   contain   radloactlve   sources   which   emit   high   energy  neutrons   that   pene-

trate   the   adjacent   formation.      Neutrons   travelling   through   the   rock   collide   with  atonlc   nuclei

which   change   their   path   and   lnltlally   reduce   the   energy   of   the   neutrons.      When   the   lncldent

neutrons   are   reduced   to   thermal   equlllbrlum,    they   are   captured   by   atomic   nuclei   1n   t:he   rock.

which   then   emit   gamma   rays.      Reduction   of   neutron   energy   ls   ln   large   part   a   function   of   the

hydrogen  content   of   the   rock,   as   hydrogen  has  a  mass   most  slmllar  to  a  neutron  and  consequently

produces   the   largest   energy   loss   per   collision.      The   dominant   lnf luence   of   hydrogen  on  neutron

energy   ls   the   basis   for   poro81ty   neasurement§   made   from   neutron   logs.      The   calculated   hydrogen

den§1ty   may   be   directly   related   to   pore   fluid   volumes   after   correcting   for  hydrogen  concentra-

tions  as8oclated  with  shale  ln  the  tested  interval.

The   exact   relationship   between   emitted   radlatlon   and   porosity   ln   a  water-saturated   porous

interval   composed   of   a   single   nlneral   can   be   deduced   theoretically   or   obtained   experimentally.

Although   the   conversion   factor   is   unique   for   each   mineral,    a   conversion   table   may   be   used   to

translate   measured   radloactlvlty   into   a   pseudo-poro81ty.       For   instance,    the   neutron   porosity

value   for   shale   ls  81mply   the   level  of   radioactivity  measured  by  the  receiver  ln  a  shale  inter-

val,   converted   to   poroBlty  units   with   the   assunptlon   the   interval   18   Shale-free.     The   resulting

value   ls   characterlstlc   of   shale  and  can  be  used   ln  the  evaluation  of   porosity   ln  shaly   foma-

tlons,   rather  than  as  a  pracclcal  measure  of   effective  porosity.

For    the    purposes    of    formation   evaluation,    a   slnpllf led   model   considers    the   total   ganma

radlatlon     received    by    the    Sensor    to    be    proportional    to    the    relative    abundance    of     the

constlt:uents    ln    the    interval.        The   measured   radloactlvlty    ls    first    converted    to   a   pseudo-

poro81ty    scale.       Foruatlon   porosity   can   then   1)e   estlnated   by   solving   a   set   of    simultaneous

equatlon8   slmllar   to   those   used   for   other   porosity   tools.       The   set   of   glmultaneous   equatlon§

condenses   to  a   single   equation:

¢=

Nna   -  N  -   Vsh   (Nma   -   Nsh)

Nma   -   Nf ( 2 . 2 . 5)

N  ls   the  neutron  porosity  of   the  interval;

Ntna.   Nsh.   Nf   are   the   neutron  pseudo-porosltles   of   the  matrix  mineral,   shale  and   fluid,

respectively.

where



Sondes   are   generally   calibrated   in  such   a  way   that   Nma   ls   zero  for  either  calclte.   quartz,

or    dolomlte.       These   mlneral8    tom    the    natrlx    component    of    limestone,    sandstone,    chert,    and

dolomlte    lntervalB.       The    fluid   neutron   pseudo-porosity   value    is   equal   to   I.00   when   the   pore

fluid   ls   pure   water.      The   hydrogen   den81ty   of   arty   residual   oil   1n   the   pore   fluid   differs   from

that   of   water   to   some   degree   depending   on   the   hydrocarbon   composition   of   the   oil.       For   most

Mldcontlnent   oils   the   dl£ference   18   too  snail   to  significantly  affect  porosity  estlmateB,   so   the

fluid  neutrol`  pseudo-porosity  value  [nay  be  approxlmated  as   I.

When    the    neutron    porosity    callbratlon    mineral    matches    the    llthology    of    the    interval

measured,   the   poroslcy   equation  may  be   slmpli£1ed   to:

¢   =  N  -   Vsh  X   Nsh (2.2.6)

The   presence   of   §1gnlf leant   quantltles   of   residual   gas   adversely   af feet:s   neutron   porosity

estlnates.      The   hydrogen   density   of   gas   ls  markedly   lower   than  either  water  or  oil,   so  porosity

esclmates   in   gas   zones   may   be   pesslmlstlcally   low.      Impllclt   allowances   must   be   made   for   this

effect,   or  more  precl8e  evaluations  made  by  using  an  addltlonal  porosity  tool.

Although   most   modem   neutron   logs   are   directly   recorded   ln   pseudo-porosity   units,    older

neutron   logs   record   the   a®ount   of   induced   radloactlvlt:y  measured   by   the   tool   1n  API  units.      To

evaluate   these   older   logs,    the   pseudo-porosity   must   be   calculated   f ron   conversion   tables   and

corrections  made   for   several   dlsturblng  effects   which  may   be   difficult   Co  ellnlnate.     Relatlon-

shlps   between  neutron  API  units   and   poro§1ty  are   of   the   form:

a   =  a  +  b  x   io-R/C  +  e  x   [o-D/f

(2.2.7)

R  ls   the  neutron  radioactlvlty  API  reading;

D   18   the  hole   diameter;

a,   b,   a,   e,   f  are  constants  depending  on  the  speclflc   tool  and  drllllng  rmid.

10
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Since   many   neutron   logs   run   for   Kansas   wells   are   recorded   ln   API  neutron   radiation  unlt§,

I.OG   11  can   translate   radiation   readings   to   equivalent   porosity  values   provided   the   proper   count-

poroslcy  calibration  dat:a   ls  available.

2.3     Shale   Characteristics

To   obtain   accurate   estimates   of   porosity   and   water   saturation   ln   shaly   intervals,    it   ls

necessary   to  provide  measures   of   shale   characterlstlc§   to  be  used  in  the  analytical  equations   of

LOG   11.     The   ten  "shale"   1s   extremely  general  and  may   represent   a  spectrum  of  mixtures   of   clays

and   other   minerals,   widely   dlfferlng   ln   compactlon   and   fabric.      The   most   representative   values

for  shale  properties   can  be  derived  from  an  lnspectlon  of   log  traces   run  through  the  interval   to

be   analyzed.      LOG   11   requires   estimates   of   the   equlvalenc   shale   porosity   and   shale   reslstlvlt:y

values.

The   shale   porosity   value   ls   a   generalized   quantity   which   best   typifies   the   porosit:y   tool

response   ln   shale   zones.       This   value   may   be   either   a   shale   t:ranslt   time   (for   sonic   logs),   a

shale  denslt.y   (for  denslt:y  logs)   or  a  shale  neutron  reading   (1n  count  units   for  a  neutron  radla-

tlon   log   or   porosity   units    for   a   neutron   pc>roslty   log).       When   used   ln   conjunction   with   the

proportion   of    shale    estimated    from   a   ''shale    log,"   a   porosity   equation   may   be   solved   for   an

estimate  of   the   true   porosity  in  shaly  fornatlons.

Since   shales   act   as   conductors   transmlcting   current   through   an   interval,   a  representative

value   for   the   reslgcivlty   of   shale  must:   be   supplied   to   the   program  ln   order   to   calculate  water

Saturation   ln   shaly   zones.      This   conductivity   value  inay   be   derived   by   inspection  of   the   induc-

tion  or   laterolog  wlthln  a  shale   interval   indicated  on  the   SP  or  ganna  ray  log.

2.4     Formation  Factor  and  Archie's uatlon

Porosity  and  fomatlon  factor  are  related  by   the  generalized  fom  of  Archle's  equation:

aF=F

11

a  ls  a  constant;

a  is   the   ''cementation  factor."

where

(2.4.1)



The   rro9t   widely   used   nunerlcal    form   of    Archle's    equat:ion   for   sandstones    ls    the   Humble

formula,   F  a   0.62/¢2.15,   which  was   derived   from  an   enplrlcal   study  of  a   suite   of   North  Alnerlcan

reservoir   sandstones   (Wlnsauer   and   others,    1952).      The   equation  most   often  used   (Schlunberger,

1972)   for   llmestones   and  dolonltes   ls:

F-±
(2.4.2)

These   two   equations   are   satisfactory   for  evaluation   of   sandstones   and   carbonates  when  more

precl§e  estimates   of   the  constants  a  and  in are  not  available.     They  are  also  used  where   11tholo-

91es  are  considered   fairly  typical  and   the  potential  errors   are  deemed  acceptable.

The    choice    of    the    nunerlcal    values    ln   Archle's    equation   becomes   irore   crltlcal    lf    the

analyzed   intervals   have   relatively   low  porositles   and   accurate  water   8aturatlons  are   required.

LOG    11   can   derive    optlnum   numerical   estimates   of    the   parameters    ln   Archle's    equation.       The

constants   are   found   by   a   regres81on   analysis   subprogran  which   relates   water   saturation,   water

resl8tivlty,   porosity   and   shale   characterlstlcs   Co   the  unknown  constants   a  and  in.      The   subpro-

gran  requires  mea§urementg   of   these  varlable8   derived  from  core  or   log  analyses.

The   baBlc   equation   for   8olutlon   of   water   saturation   ln  a  shaly  fomatlon  can  be  written  ln

logarlthmlc  fom  as:

log  I  % ( Rt   x   Sw
- ¥ "  = log  (:,  + in log  ¢

(2.4.3)

The   equation  nay   be   expre88ed   ln  a   general   fom   lf   log   (l/a)   1s   denoted   aB   A,    log   a   ls   denoted

as   X,   and   the   lef t-hand   side   1§   denoted   as   Y.      The   equation   can   then  be   written  Y  =  A  +  8  x  X.

With   suf f lclent   mea8urements   of   X   and   Y   for   a   number   of    lnterval8,   a   regression   line   may   be

conputed  by  least  Squares.     The  coe££1clent  8  ls   the  slope  of   the  line  and  A  ls   the  intercept  of

the   line   on   the   Y-axis.      Quancltatlve   estimates   of   a   and   n   may   be   found   from   the   regres§1on

coefficlentg,   a8   a  I  e-A  and  n  =  8.      These  values   my   then  be   used   ln  Archle'8   equation   ln  the

main   log  analysis   phase   of   LOG   11.     The   regression  may  be   completely  mlsleadlng   ln  water   satura-

tion  readings   from  cores  not   corrected  to   t:cke  into  account  mid   filtrate  flushing.
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2.5    Water   Saturation  Evaluation

Several   models,   both   theoretical   and   emplrlcal,   have   been   proposed   for   obtalnlng  a  satlg-

factory  relatlonshlp  between  re8istlvlcy  and  water  saturation  ln  shaly  intervals.     The   following

relationship   is   cited   by   Schlunberger   (1972)   and  is  widely  used:

1

R t FXR
W

Vshx    Sw

Rsh
(2.5.I)

Rt   ls   reslstivity  measured   ln  the  unlnvaded  forinatlon;

Sw  iB   the   f ractlon  of  water   saturation;

F  ls   the  fomatlon  factor  computer  by  Archie's  equation;

Rw  ls   the   reslstlvlty  of  fomaclon  water  at  the  temperature  of   the  interval;

Rsh  ls  Shale  reslstlvity.

where

If   Rt   ls   the   reslstlvlty  measured   by   a  mlcroresistlvlty   tool   (i.e.,   Rxo),   Rw  my  be  replaced  by

the  mud   flltrate   reslstlvlty   (Rmf).     The   equation   can   then  be  used  to  evaluate  water  saturation

ln  the  flushed  zone  and   the  residual  hydrocarbon  saturation.

Where   the  evaluated  zone   does   not   contain  shale,   the  equation  condenses   to  the   slnpler

fom:

S=
W

/_-F  x   R
W

(2.5.2)

This   corresponds   Co   the   basic   equation  used   in   formation  evaluation.     Either  equation   (2.5.I)   or

equation   (2.5.2)   presumes   that   the  saturation  exponent   is  equal   to   two.

2.6A parent  Water  Re§istlvlt

The   "recomalssance   voter   reslstlvlty"   (Rwa)   method   ls   widely   used   by   log   analysts   as   a

quick  method   to   estimate   true   connate  water   reslstivlty  and  hydrocarbon   saturaclong   1n  zones   of

interest.

13



For  clean  fomatlons,   ty  deflnitlon.

The   "reslBtivlty  index"   is   by  clef lnltlon

and,   from  emplrlcal   results,

From   equation   (2.6.I)   1t   follows   Chat:

F  =   Ro/Rw

I  I  Rt/Ro

I  =   Sw-2

Rw   =   Ro/F

An  apparent  water  reslstlvity,   Rwa,   may  be  calculated  for  any  zone:

Rwa   a   Rt/F

(2.6.1)

(2.6.2)

(2.6.3)

(2.6.4)

where  Rt   ls   read  fran  the  re61stlvlty   log  and  F  computed   f ron  the  porosity  reading   lnserced   into

Archle's   equatiori   (2.4.1)   vich  appropriate  values   for   a  and  n.     For  zones  which  are  water  satu-

rated,   the   apparent  water  reslstivlty  will  be   colncldent  with   the   true  value  since  Rt  =  Ro.     h

all   other   cases,   Bwa  Will   be  higher   than  Rw  since:

Rv,a --Rc/F  --  I-X  RolF  --  i+olF  x  Sw2

In  evaluating   a   typical   reservoir   unit,   apparent   water  re61stlvlty  values  will  be  high   ln

the   producing   interval   but  will   §tabillze   at  a   lower   bounding   value  below   the  hydrocarbon/water

contact   and   is   an   estimat:e   of   the   true   connate   water   reslstivlty.      This   e8tlnate   o£   Rw  may  be

used   ln   conjunct:ion   with   R       values    for   producing   zones   to   compute   water   saturations   by   the
Wa

simple   relatlonshlp:

14



sw--
§1nce   Rw/Rwa   a   Ro   X   F/Rt   X   F   =   I/I  a   Sw2   .

(2.6.5)

The   development    of    these   equations    in   the   reconnal9§ance   [echnlque   pre8uppo8e8   that   the

zones    evaluated   are    shale-free.       Allowance   for   the   presence   of   shale   nay   be   made   through   an

adaptation  of   the  relationship  of  equation   (2.5.I):

RxR

Wa   =   F(Rsh-   Vshx   Rt)
(2.6.6)

This   modlf led   formula    is   used    ln   computatlone   of   apparent   water   re81stlvlty   ln   LOG    11.       In

water-saturated   shaly   or   clean   zones   the   Rwa  values  will   be  estimates   of   the  true  connate  water

reslstlvlty.     h  productive   zones  which  are   shale-free,   the  apparent  and  real  water  re81stlvlty

values   are   related   to  water   saturation  ty   equation   (2.6.5);   1n   8haly  productive   zones   the  rela-

tionship   is  more   complex.

2.7    Perneablllt

where

Estlmatlon

The  nost  widely  used  estimators  of   permeability  are  of   the  fom

KO.5-#

Swirr   =   Bi/¢   +  Fshx   VBh
(2.7.1)

K  ls  permeablllty  ln  nlllldarcle8;

C  and  p  are   con8tancs   depending  on  such  formtlon  characterlstlcs  as  capillary

pressure,   hydrocarbon  density,   and   llthology;

SW±rr  ls  the  fraction  of  lrreduclble  water  saturation;

15



8±  is   the  fraction  of   the  formation  volume  occupied  by   the   irreducible  amount   of   con-

nate  water  ln  a  hydrocarbon-bearing  rock;

a  18   the  fraction  of   the  rock  which   ls  pore  space;

Fsh  is  a   const:ant   relating   the  effect   of   t:he   shale  f ractlon  Vsh  on  the   lrreduclble

water  saturation.

In   the   absence   of   experlnental   values   from   cores,   a  reasonable   approximation   for   this   equation

is:

K°.5   =   lcoB:3.25
(2.7.2)

However,    given   core   measures    of    permeability   and    porosity   plus    addltlonal   knowledge    of    the

nlnlmum  water   saturation   of   the   reservoir,   LOG   11  yleldB   an   optimum  set   of   coeff lclencs   C  and  p

for    equation    (2.7.I).       A§    1n    Section    2.4,     the    con8tants    are    found    by    running   a    regression

analysis    on    the    pseudovarlables    which    result:    fron    the    following    logarithmic    equation    for

permeablllty:

log   [    K°.5   (8±/a   +  F8hx   Vsh)   ]   a   log   (C)   +  P   X   log   (a)
(2.7.3)

This   equation   may   be   rewritten   ln   linear   i om  as   Y  =   A  +   8  x   X.      Y   ls   the   left-hand   side   of

equation    (2.7.3);    A   18   log    (C);    8   ls   t.he   exponent   of   porosity,    p;   and   X   ls   the   logarltha   of

porosity.       Provided   at    least    two   ob§ervatlons   are   avalJ.able   to   evaluate   X   and   Y,    regression

analysis  will  yield  numerical  values   for  A  and  8.     An  inverse  transformation  can  then  be  used  to

obtain   C  and   p.

Since    8±   and   Fsh   are   incorporated   wlthln   one   of    the   pseudovarlables   used   ln   regression,

some   preliminary   est.1maces   must   be   made   of   these   quantltles.      8±   can   generally   be   e8tabllshed

satisfactorily   from  core  rea§urenent§,   since   lt   ls   the  product   of   the  lrreduclble  water  sati]ra-

tlon  and   Porosity.     Fsh   ls  a   function   of   shale   composltlon  and  dl8perslon  characterlstlcs  which

16



will   be   speclflc   to   the   reservoir   unit   evaluat:ed.      In   selecting  an  appropriate  value,   the   best

procedure   ls   a   repetltlve   appllcatlon   of   the   regres81on   procedure,   each   employing  a   dlf ferent

quantity   from  a  feasible   range   of   Fsh  values.     The   optimum  value   for  Fsh  will   then  colnclde  with

the   soliitlon  which  provides   the  best   least   squares   fit.

It   ls   of ten  useful   to   restrict   the  appllcatlon  of   the   regression  to  pemeabllltles  below  a

specif led  bounding   value   ln  order   to  avoid   the   dlsruptlon  of  a  nomal  fabric-permeablllty  rela-

tlonshlp  by  excessive  values   introduced  by  major  fracture   8ystens  or  other  causes.
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3.       USER'S   IIAITUAL

3.I     General   De8cri

The   basic   input   required   for   t:he   LOG   11  progran   consists   of  a  suite   of  well   logs   ("shale,"

porosity,    and    reslstlvity    logs)    dlgltlzed   at    regular   or    irregular    intervals;    a   sequence    of

commands    which    specify    program    operations;    and   values    of    "global   varlables,"    such   as    shape

characterlstlcs,   which  are   necessary   for  solution  of   the   log  analysis   equations.

A  maxlmun   percent   shale   must   be   speclfled   to   dlfferentlate   shale   beds   from   clean   or   shaly

formation   zones.      If   this   cutoff   value   is   not   specified   by   the  user,   LOG   11  a§sunes   an  arblcrary

figure   of   50   percent   Shale.      Petrophyslcal   computations   are   confined   to   those   zories   ldentlfled

as   formation  llthology  having   less   than  this   speclf led   shale   content.

A  mlnlmum   porosity   value   and   lnaxlmum  water   saturaclon   my   also   be   §peclfled   to  dlstingulsh

viable   productive  zones   from  those  of  marginal  or  academic   interest.     These   llnits  do  not  affect

computatlon8,    but   are   used   when   certain   statl8tlcs   are   calculated   which   sunnarize   the   entire

veil   section.      These   statlstlcs   include   the   cumulat.1ve   thickness   of   Intervals   containing  poros-

ity  greater  than  the   specified  minimum,   the  average  porosity   ln  these  higher  porosity  lnterval§,

the   cumulative   thickness   of   higher   porosity   intervalg   with   Vat:er   §aturaitlons   of   less   than   the

input   Tmxlmum  water   saturation,   and   the   average   water   saturation   ln  these   low  water   saturation

intervals.     If   llmltlng  values   are  not   specified,   the   program  uses  arbitrary  values   of  5  percent

for  mlnimun  porosity   and   50  percent   for  maximuln  water  saturat:ion.     Use   of   selected   cutoff   values

allows   rapid   a§ses§ment   of   the   potential   productivity   of  a  well.

In  order   to  solve   the   complete   set   of   log  analytical  equations,   the  following  varlables  are

required:

I.       Shale  reslstlvity

2.       Formation  water   resistlvlty  at   fomatlon  temperature

3.       Values   for  a  and  n  ln  Archle's   equation
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4.        Spontaneous   potential    (SP)   of   clean.    water   saturated   ln[ervals    (1f   an   SP   log   ls

used),   or

5.       Gonna   ray   values   for   clean   intervals   and   ''nomal"   shale   (1f   a   gama   ray   log   ls

used)

6.       Porosity   log   characterlstlcs    for   shale    (shale    transit    tine.    shale   density,    or

shale  neutron  porosity)

7.       Porosity   log  characterlstlcs   for  the  matrix  ulneral   (matrix   transit   tine   or  grain

density)

8.       Porosity  log  characterlstlcs   for  the  fluid   (fluid  transit   time   or  density)

9.       Permeablllty  equation  parameters.

However,    it   ls   not   necessary   to   perfom   the   complete   §e[   of   log   calculatlons   lf   these   results

are   not   o£   interest,   or   if   the   necessary   information   ls   not   available.      in   most   instances   the

program   will   assume   default   values   which   correspond   to   typical   parameters   for   a   mdcontlnent

Pennsylvanian  limestone  section.

LOG   11   incorporates   a   §ubroutlne   which   allows   conputatlon   of   the   constants   ln   the   permea-

blllty   equation   as   well   as    the   a    and   in   con8taiits    of   Archle's    equation,    using   a    regre§slon

atlalysls   of   log   measurenent8   and   core   data   supplied   as   input.      These   options   are   particularly

recommended    when    evaluating    lnt:ervals    having    relatively    low   porosities.       For   high    poro61ty

intervals    or   when   rapid   evaluatlonB   are   required,    publl§hed   constants    for   Archie'8   equation,

such   a8   the   Humble   formula,   may   be   used.

3.2     Data   Input

The   dlgltlzed   log  data   to  be   analyzed  are   read   f lrst   ty  LOG   11.     These  data  consist  of   two

alphan`merlc   lnf ormatlon   cards,   a   format   speclf lcation   card,   and  a   sequence   of   data   cards   con-

taining   depth   and   log   readings.       The   log   sequence   is   temlnaced   by   an   end-of-sequence   card

contalnlng  any  number  not   less   than   9998.

The   first   and   second   cards   contain   alphanunerlc   infomaclon   to   ldentlfy   the   well.      The

ldentlflcatlon   ls   printed   on   the   output   sheets   and   plotted   on   the   re8ultlng   logs,   1f   any.     The

content  and  format  ls  free  lf  no  plotting  ls  required,   but  lf  a  plot  ls  necessary,   then  the
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identlf lcatlot`  goes   into   the  heading  and   the   following   information  mist   be  given  according   Co

the   format   shown   below:

First  Card

Second   Card

Columns     I   -   20

Columns   31   -   50

Columns   61   -   80

Columns      I   -   20

Columns   31   -   50

Columns   61   -   80

Company   natne

Field  name

Well   name

State

County

Tounshlp  and   range

LOG   11  uses   a  free   format   convention  so  t.hat   dl£ferent   sources   of   dlgltlzed   log   lnfomatlon

can   be   input   directly   without   refomattlng.      The   third   data   card   Btlpulates   the   forTnat   of   the

log     readings;      the     format     must      specify     eight     FORTRAN     real     variable     fields,      such     as

(F5.0,4X,7F6.0).     The   first   field   ls   always   assured   to  be   the   depth.

The   third   card   is   followed  by  a  sequence   of   data   cards,   each   of   which   contains   the  depth  of

the    log    reading    ln    t:he    f lrst    field   and    log   response    readings,    and    (where   appropriate)    core

neasurements.      There   ls   no   prescribed   order   for   these   varlables   as   the   neanlng   of   each   of   the

seven   pos§1ble   fields   ls   assigned   by   the   comands.      The   progran  as8unes   all   readings   Cone   from

the   sane   counon   depth   shown   ln   the   first   field.      The   final   card  mi8t   be   followed  by   an  end-of-

flle   card   contalnlng   any   number   larger   than   or   equal   to   9999   in   t:he   first   field.     This   slgt`als

the   program   that   the   dat:a   sequence   ls   complete.

LOG    11   incorporates    subroutlnes    that    check    for   certain   errors    ln   the   digltlzed    input.

These  routines  will  assign  default  values  where   required  and   store   the   lnformatlon  ln  the   inter-

nal   format   required  by  the  program.
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A  data   set   to  be  processed  might  have   the   following  form:

sKELLy   On   cOMPANy      cAHoj
RAN SA S                                            RAWL IN S

( F5 . 0, 7F6 . 0)
3970107.9      81.4   288.8
3971    loo.5      80.5    299.5
3972      97.I      81.2   289.8
3973    105.I      81.5   240.9
3974   100.0      84.0    192.0
3975      78.4      57.6    143.2
3976      56.8      54.5      94.3
3977      48.4      68.0      64.6
3978      55.2      68.0      67.5
3979      51.2      64.4      74.0
3980      57.3      62.8      66.6
3981       54.0      61.2      58.4
3982      49.1       62.5      50.2
3983      44.2      59.2      42.1
3984      39.4      56.0      33.9
3985      42.8      55.0      25.7
3986      39.I      57.I       17.5
3987      35.6      57.I      26.6
3988      36.6      54.4      54.5
3989      34.8      57.8      82.7
3990      50.3      66.6    112.7

4242    113.7
4243      89.9
4244      89.3
4245      93.5
4246      97.8
4247      93.2
4248      96.3
4249      97.9
4250      87.9
9999

3.3     Results

BARTOSOVSKY   NO.1
SE    SW    SW   9    ls    34W

LOG   11  generates   a  variety   of   parameters,    tables,   graphs,   and   logs   Co  a6slst   in  subBurface

evaluation.     Output   lneludes   ldentlf lcatlon   information  provided   for   labelling   purposes   such  as

company   name,    field   and   well   names.    state,    county,    and   tounship   and   range   where   the   well   is

located.

LOG   11   computes   mean   gamma   ray   values   ln   API   units   or  mean   6|)ontaneou8   potential   ln  milll-

volts   for   both   the   entire   section  analyzed  wlthln  a  well   and   for   only   the   non-Shale   intervals.

When   converted   t:o   equivalent   shale   ratios,    these   values   reflect   the   proportion  of   shale   ln   the

entire   section   and   the   relative   shale   content   of   potential   reservoir   zones.      The   program   also
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calculates   the   cumulative   t:hlckness   of   non-shale   intervals   and   the   proportion   of   their   occur-

rence   ln   the  analyzed   section.

In   addition   to   mean   values,    LOG   11  also   computes   Standard   deviations   of   t:he   gamma   ray   or

spontaneous   potential   trace,   which   are   a   measure   of   the   average   devlatlon   of   the   Section   f ron

its    mean.         In    geological    terms.     these    values    are    measures    of    the    relative    ''1nterbedded

character"   of   the   §ectlon.     High   standard   devlatlone   represent  a   high  degree  of   lnterbedding  of

shale8   with   units   of   non-shale   llthology.      Low   Standard   devlatlons   suggest   that   the   shale   con-

tent   of   the   section  ls  more  uniformly  dlstrlbuted   thoughout   the  section.

LOG    11   ls   able   to   calculate   and   display   a   senlvarlogran   of   any   of   the   input   log   traces.

The   log   normally   used   is   the   gamma   ray,    since   the   results   may  be   directly   interpreted   in   terns

of   "cyclic"   altemations    in   llthology.      A   sequel`ce   of    Benlvarlances   may   be   computed   for   dif-

ferent   lag   intervals   by   the   formula:

Y*(h)  = =  :::  (Y±th-  YL)2

(3.3.I)

¥±   1s  a  sequence   of   n  readings   of   a  log  variable  taken  at   regular  depth  lnterval§;

T*(h)   is   the  estlnated   semivarlance   for   readings   separated  by  a   "lag"  or  dlst:ance  which

contains   (h+1)   successive   log   readings.

where

The   senlvariogram   ls   a  plot   of   semlvarlance   against   lag   and   ls  an  expression  of   the  degree

of   autocorrelatlon   between   log   readings   separated   by   different   distances.     Log   readings   taken  h

units   apart   in   the   sequence   will,    in   general,   have   different   values.      Their   differences   will

result   ln   some   I)osltlve   value   calculated   by   equation   (3.3.I)   as   the   e§tlmated   senlvarlance   at

lag  h.     These  values  have  a  naxlnum  bounding  value  equal  to  the  variance  of  all  the   readings  and

a  mlnlmum  val`re   of   zero.

If   the   log   trace   does  not   contain  a  periodic  component,   the  senivariogram  will  ideally  be  a

curve  which  orlglnat.es   at  zero  and  converges   asymptotlcally  to    a  limit   equal   to  the  variance   of
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LAG,   h

Figure  3.3.I.--Ideal  asymptotlc   semlvarlogran.     The  shortest  lag  for  which  the  semivarlance  does
not  dlffer  from  the  variance   ls   the  range.

the   dlgltlzed   log   readings    (Fig.    3.3.1).       The   lag   distance   at   which   the   senivarlance   becone§

essentially   equal   to   the   variance   is   called   the   "range"   of   the   data.      Within   the   range,   all

mea8urenents  have   some  degree  of   lnterrelatlonshlp  or  autocorrelatlon.

If  a  perfect  perlodlc  component   ls   present   ln  the   trace  and   it  has  a  wavelength  o£   A  inter-

vals,    the   senlvarlogran  will   return   to   zero  at   lag  ^  and  multlpleg   of   ^   (Fig.   3.3.2).     Perfect

perlodlclty   ls   seldom  found   ln  nature,   but   approximate  I)erlodlclcles  will  appear   ln  a  semlvarlo-

gran  as  a  dlstlnctive  drop   ln  the  senlvariance  which  recurs  at   regular  intervals.

The   shape   of   the   semivarlogram,   and   in  particular   its   slope   near   the   orlgln,   1s   useful   1n

§tudylng   the   rate   of   change   ln  a  stratlgraphic   sequence.      Such   lnformatlon   ls   not   expressed  by

statlstlcs   such   as   the   means   or   standard   devlatlons,   since   these   do   not   consider   the   relative

order  of   the  log  readings.

Where   perlodlc   component:8   can   be   recogrllzed   in   a   gtratlgraphlc   interval,   e8tinate8   of   the

periodlclty   can  be   made   at   each  well   and   napped.      h  a  slmllar  fashion,   the   senlvarlogran  slope

near   the   orlgln   my   be   computed   and   napped.      ifepB   of   these   statistics   are   a  useful   aid   ln  the

interpretaclon    of    subsurface    lithofacles,    since    they    represent    the    areal    varlatlon    ln    t:he

characterlstlc   cyclic   component   and   the   relative   rate   of   vertical   change   ln   the   8tratlgraphlc

interval .
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Figure   3.3.2.--Semivarlance  for  a  slnusoldal  sequence  of  wavelength  i.

The   decision   to   abandon   or   to   complete   a   well   ls   usually   based   on   computation   of   a   few

global  parameters  which  depend  on  three  crlt:1cal  values  provided  by  the  analyst:

Cs:       Maximum   percent   Shale   allowed   for  a   level.      Levels   with   amounts   of   shale   over  Cs

are  skipped  in  all   formation  conputatlonB

Cp:       Critical  porosity

Cw:       Crltlcal  water  saturation.

The   global   parameters   are:

1.         Cunulatlve   t:hlckness  of  all   those   levels  with  shale   percent  below  Cs

2.          Cumulative   thickness   of   all   the   levels   with   percel`t   shale   below  Cs   and   I)oro61t:y

above   cp

3. Cumulative   thickness   of   levels   simultaneously  having  a  shale   percentage  below  Csi

porosity   over   Cp,   and  water   saturation  below  Cw

Average   porosity  of   those   levels  with  shale  percentage  below  Cs

Average   porosity   ln   the   intervals   with   shale   percentage   below   C8   and   porosity

above   C
P
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6.         Average   permeablllty   ln  those   levels   with  shale   percentage   below  Cs

7.         Average   permeablllty   ln   the   levels   with   shale   percentage   below   Cs   and   porosity

above   Cp

8.         Average   water   saturation   for   those   levels   below   Cs   in   percent   shale   and  below  Cw

ln  Vat:er  saturation.

LOG   11   produces   tables   at   the   end  of   each   evaluation   containing  data  and   results   level   by

level.     Over   long  intervals,   these   tables  may  become   t:edlous  and  difficult   to  analyze.     To  avoid

such   lnconvenlence,    the   system   offers   the   alternative   of   graphic   presentation  either  using   the

line  printer  or  an  electromechanical  plotter.

Line   printer   plots   have   an  advantage   ln  that   they   can  be   produced   at   almost   no  addltlonal

cost   and   need   no  addltlonal   hardware   other   than   the   basic   computer   lnstallatlon  required  to  run

I.OG   11.      Llmltatlons   include   their   accuracy,    especially   ln   the   depth   scale,    and   the   need   for

some  handwork   to   complete   the   plotg.

The   final   product   of   an   electromechanlcal   plotter,    1f   available,   1s   certainly   of   Superior

quality.      However,    plotting   requires   lnstallatlons   ln   addltlon   to   the   main   computer,    and   the

platter   configuration   lnay   be   as   experlslve   as    the   computer   itself .       Logs    can   be   produced   by

electronechanlcal   plotter   using   several   pen   types   and   colors   of   ink.      No   rnan`ial   f inl8hing   ls

necessary.     Preclslon  ls   superior   to  that  of  nanmade  graphs  and  the  time   required  to  produce   the

sane   drawing  ls   several  orders  of  magnitude  shorter.

3.4     Command   Lexicon

The    dlgltlzed    log    data    are    folloved    by    commands    that    6peclfy    lnfomatlon    about    the

llthology  and   depth   of   the   sequence,   types   of   logs   run,   values   of   fundamental  analytical  varia-

bles,   and  linlts   to  be  applied   ln  calculating   the  §unmry   statl§tlcs.     Each  command   ls   specified

by   a   name   having   up   to   ten   characters.      (Only   the   first   four   characters   are   actually   used   to

distinguish  a   command.      So,    for   example,    the   command   LlmoLOGY   can  either   be  written   ln  full   or

abbreviated   as    LITH;    both   forms   will   be   read   correct.Iy   by   the   program.)      The   command   name   ls

followed  by  up   to   ten  parameters   written  as   real  numbers   ln  an  F5.0  format..     Sixteen  alphanuner-

1c   characters   may  be   placed   ln   columns   65-80.
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Commands   are   executed   ln   the   correct    sequence   regardless   of    the   order   in   which   they   are

entered.     Each   block   of   commands   must   be   temlnated   by   the   counand   PERFORM.     A  block  may  have   up

to   50   coimands   and   a   run   of   LOG   11  Inay   have   as   many   blocks   as   necessary.     A  typical   sequence   of

eormands   might   be:

0000000001111111111222222222233333333334
1234567890123456789012345678901234567890

LI"OLOGY
EXTRERES
GAunRAy
SONIC
RESISTIV
curoFFs
sEMrvAR
PERFORM

3
24

This   command   set   speclfles    that   the   section   to   be   analyzed   ls   a   llmest:one/shale   sequence

betveen   an   upper   depth   of   3976   ft   and   a   lower   depth   of   4242   ft.      The   shale   log   used   1§   a  gama

ray   log   whc)9e   clean   reading   ls   25   API  units   and   whose   ''normal   shale"   reading   ls   Ilo   API  units.

The   porosity   tool   used   1§   a   sonic   log,   with   shale,   natrlx,   and   fluid   tran81t   times   estimated   t:o

be   80.    45.   and   189   ndcrosecond8   per   foot.      Reslstlvlty   log   readings   will   t>e   input   ln   ohnmeter

units;    the   resistlvlty   of   the   formation  Vat:er   and   shale   are   0.07   and   2.5   ohnrm.      The   constants

to   be   used   ln  Archle's   equation   are   a   =   1.0  and  in  =  2.0.     The   gamma   ray.   sonic,   and   reslstivity

readings   will   be   read   as   the   second,   third,   and   fourth   varlables   on   the   input   file.     The   Shale

percent   value   that   dlstlnguishes   shale   lnterval8    froln   non-shale    intervals    ls   Set   at   40;   the

cutoff   values   of   8   percent   mlnlmun   porosity   and   50   percent   naxlmun   water   saturaclon   are   to   be

used   in   the   suumary   stati8tlcs.     A  semlvariogran  will   be   computed   for   the  gama   ray   trace  using

a   sampling   interval   of   loo  ob8ervatlon8.

The   division   of    the   coTmand   into   successive   blocks,   each   temlnated   by   a   PERFORM  command,

allous   multiple   log  analyses   to   be   made   ln  a   single   computer   run.     This   ls   especially  useful   if

the   proper   values    for    basic   input   parameters   are   not   knoun   and   alternative   choices   "st   be

examined.       The    comand    structure    also   allows    simultaneous    processing   of   a   sequence   of   well

Sections   having   the   satne   or   different   lltholcigles,   and   the   repeated   processing  of   the  sane  well

using  different  porosity  or  reslstlvlty  tools.

Unless   expressly   alt:ered,   the   parameters   set   by   earlier   comands   are   used  as   the   critical

values   ln   analyses   perf ormed   sul)sequently.      Theref ore,    parameters   do   not   have   to   be   repeatedly
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speclfled   unless   they   are   to  be   changed.      If   parameters   are  not   given,   the   program  will   assure

default  values   that  are  broadly  consls[ent  with  a  t:yplcal  Mldcontlnent  Pennsylvanian  limestone/-

shale  sequence.     The  following  is  a  list   of  all  coninands  available.

General
Commnds

ARCHIE

CUTOFFS

DARCY

EXTREME S

Graphic
Co-nds

Shale
Commnds

Porosity
Cotlrmnds

Reslstivlty
Co-nd

CORE                               GAMMARAY                      CPORO S ITY                      RE S IST IV

ENDR                                SP

HEAD

PLOT

L ITHOLOGY                               PRNT

NCONVERS

NEWZ

PERFORM

PERMEAB IL

sEMrvAR

DENSITY

NEumoN

SONIC

The   lnltlal   ten  colurms   of   a  card  are   reserved   for   the  coirmand  name.     The   associated  param-

eters   must   be   placed   ln   succes81ve   five-colum   fields.      The   parameter   field   speclflcation   ls

F5.0;   parameter   values   should   contain   a   decimal   point   or   be   right-Justified   wlthln   the   field.

Colums    65    to    80   are   for   alphanumeric    lnformation.       A   complete   descrlptlon   of   all   commands

follows.
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'mcH'IE           --Computes   a  linear  regression  to  eBtlnate  the  parameters   ln  Archle's

equation  relating  porosity  and  forlnatlon  factor.

Parameter  Descrl

Brine   re§1stlvity  ln  ohmin

Reslstlvlty  of  shale  ln  ohmm

Scale   of   measurement   used   f or   readings

lf  0,   the   readings   are   from  a
resist.Ivlty   log  ln  ohmin  and   the
scale  ls  linear.

If   I,   the   readings   are   from  a
reslstlvlty   log  ln  ohmm  and   the
Scale   is   logarithmic.     The  sanpllng
was   done  as  a   linear   interpolation
betveen   I   and   loo.

If   2,   the   readings  are   from  a
conductivity  log  ln  mho/in  and  the
scale  ls  linear.

Data  field  which  contains   re81stlvlty
or  conductivity  readings   from  a   log

Data  field  which  contains  water
saturatlone  as   detemlned  by  core
analyses
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Assumed
Value





'cORE`                --Shows   ltltervals   on  the   log  where   cores  mere   cut   and  actually   recovered.

Parameter  Descrl

Top   of   the   cored   section

Bottcm  of   the   cared   section

Recovery   and   ldentlf lcat:ion  riuml)er

If  -I,   the  interval  will  §hov  as  an
effectively  recovered  piece  of  core.

If   0,   the   interval  corresponds   t;o  a
cored  interval.

If   1  or  larger.   the  interval  1s  a  Gored
section  whose   ldentificatlon  number  ls
that   shown  ln  the   third  field.

Penholder  number   to  be  used   to   post
the  cared   interval.     The  options  are
I,    2,   3'   or   4.

Grldding   option

If   0.   no   grid  will   be   drawn.

If   1,   a  reference   grid  will  be  drarm.

Assumed
Value

0

0

0

The   two  different  posting  options  allow  the  user  to  distinguish  betveen  cored   intervals  and

local:ion   of    these   fractions   effectively   recovered   on   surface,    1f   any.      Effectively   recovered

core    fract:long   are   posted   as   heavy   vertical    llLies.       The   coring    interval   1s   shorn   as   a   thin

vertical   line  wit.h   a  Short   line   across   on   the   extremes.     A  uls81ng  short   line  on  a  Gored  inter-

val   at   the   top   or   the   bottom   of   the   log   lndlcates   that   the   core   interval   goes   beyond   the   log

llmlts.       The   grlddlng   option   ls   usually   not   necessary   as   other   comands   provide   the   reference

grid,   commonly  a   'PLOT'   counand   in   the   block.
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`Curo'FFS        -   Specifies   extremes   to  be  considered  during  log  evaluation.     If   this

coimand  is  onitted,   the  assumed  values  are  used.

Parameter   De8crl

Maximum  percent   shale.      If   the   shale
content  for  an  interval  ls  greater
than  thl8  amount,   the  interval  will
be   assumed   to   be   100%   Shale.

Mlnlmum  porosity   for  an  interval   to   be
considered  potentially  productive.     The
interval   1s   evaluated  even  though   the
porosity  ls  lower  than  this  parameter,
but   ls   not   counted  as  a  high  porosity
interval  1n  the  final  statlst:1cs.

Maximum  water   saturation  for  an  interval
to  be   con81dered   possibly   productive.
The   interval   ls  evaluated  even   though
the  water  saturation  is  higher  than  this
parameter,   but   1§   not   counted   as  a   low
water  saturated  interval  1n  the  final
st:at1st1cs.
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Assumed
Value

50

50





'DARC'Y             --   Cbnputes   a  linear   regression   to  e8tlmate   the   parameters   in  the

permeablllty  equation.

Field
Number Parameter  Descrl

Irreducible  water  volume,   as  a  fraction
of   tot:al   formation  volume

Shale  ef feet  factor  on  lrreduclble
water  §aturatlon

Maxlmun  permeability  value  of   core
samples  ln  nlllldarcles.     Permeabll-
1tles   larger  than  thlB  limit  will  be
discarded.

Data   field  which  contains   pemeabllicles
as   determined  by  core  analyses.

Requires  prior  execution  of  a  shale  comand  and  a  porosity  cormand.
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Assumed
Value

0.04

0.0

3000.0





'I}ENS'ITT         --Converts   readlng8   from  a  density   log  into  estimated   porositles.

Field
Number Parameter  Descrl

Shale   den81ty,   in  gin/cc

I)ensity   of   the   non-shale   componel`t,
in   gtD/CC

Denslcy   of   the  pore  fluid,   1n  gin/cc

Data   colurm  which  contains  density
readings   f ron  a  log

Requires   I)rlor   execution   of   a   shale   command.      The   effect   of   Shale   content   ls   ellmlnated.

It   ls   assumed   that   the   fluid   ln   the   pores   ls   a   mixture   of   oil   and   water.      If   gas   ls   present,

porosltles  will   be  overestimated.
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The   omission   of   this   command   will   cause   abnorml   termination   of   LOG   11   ln   case   there   ls

text   following   the   'HEAD'   command.
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'Exm'Ems      --  Sets   the  upper  and  lower  depth  llnlts  of  the  lnt.erval  to  be  evaluated.

If   this   command   ls   omitted,   the  assumed  values   are  used.
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'GA"'ARAI'       -  Calculates   percent   shale   from  a  gamma   ray  log  scaled  ln  API  units.

Field
Number Parameter  De8crl

Theoret.1cal   reading  for   the  gamma   ray
log  ln  a   clean  f ormation

Theoretical  reading  for   the  garma   ray
log  ln  a  shale  interval

Oat:a   f leld  which   contalnB   the  gamma   ray
lnten8itles  f ron  a  log

Assumed
Value

0
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'EIEAI)'"G         --Plot:s   a  heading   for  those   logs   produced   by  a  plotter  and   as  an

option  allows  display  of  addltlonal  remarks.

Field
Number Parameter  Descrl

Depth  scale.     As  usual   for  any   scale,
this  number  ls  the  conversion  factor
to  go  f ron  log  paper  length  to  actual
interval  ln  the  well.     Depth  Scale  units
depend  on  the   depth  units  as   8peclf led
ln  the   'EXTR'   cormand.      in  the  Brltlgh
syBten  of  units,   depth  scale  unlt8   are
given  as   ft/1n;   1n  the  metric   System,   the
units  are  dimenslonless  numbers.

Remarks.     Following   the   heading,   LOG   11
has   the  option  to   transfer  a   text   from
file  to  log  without  any  length  llnlt.

If  0,   no  remarks   are  following.

If   I,   text   follows   to  be  plotted  a8   remarks.

Log  naine   starting   ln   columi   65

As8uned
Value

200

Blenk

'HEAD'   produces   a   formatted   heading   based   on   the   infomatlon   contained   ln   fields   I   and   2

plus   the  well   1dentlf lcatlon  information  given  at   the   beglnnlng  of   the  data  file.     h  addition,

field  2  allows  the  display  of  a  free  fomat  text  contalnlng  any  addltlonal  remarks.

The   te}ct   18   given   ln   columns   I-79   of   as   many   cards   as   necessary   imedlately   following   the

'HEAI)'    command.      This   text   ls   not   Created   as   a   command.      The   'ENI)R'   colrmand   is   used   to   end   the

text.     Columi  80  1s   reserved  for  pen  selection  and   line  control  purposes   to  add  Some  flexlblllty

to  the  text   transfer.

If   I,     penholder   I   ls   turned
lf   2,     petiholder   2   1s   turned
lf   3,     penholder   3  is   turned
If   4,     penholder  4  is   turned
lf  5,     penholder   I   ls   turned
lf   6,     penholder  2  i8   turned
lf   7,     penholder   31s   turned
lf   8,     penholder  4  is   turned

copied  on  the  next   line.
copied   on   the   ne}it   line.
copied  on  the  next   line.
copied  on   the  next   line.
1s   overprinted  over   current:   line.
1s  overprlnted  over  current   line.
1s  overprinted  over  current   line.
is  overprlnted  over  current  line.

Any   other   digit,   blank,   or   character   ln  column   801s   treated   as   a   I.      If   field   2  is   zero,

the   'ENDR'   command   ls   not   required  at   any   place   ln   the   block   of   comands.
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'I.rm'Orocr    -Establishes  the  t:ype  of  ''clean"  llthology  or  fornatlon  rock  to  be  eval-           II
uated.     If   thl8   comand   ls  omitted,   LOG   11  will  assume  that   the  dlgltlzed  Sequence               -

con91sts   of   lioiestone   and   shale.

Field
Number Paramet.er  Descrl

Formation   llthology

1£  0,   clean  lnterval§   are  evaluated
as   llnestone.

If   I,   clean  intervals  are  evaluated
as   sandstone.

If  2,   clean  intervals  are  evaluated
as   dolomlte.

If  3.   clean  lnterval9   are  evaLluated
as   chert.

Assutned
Value

0
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'NcON'VERSIOw  -   transforms   neutron  log   readings   to  porosltle8   from  a  Scale   other   than

porosity,   by  logarlthmlc  interpolation  using  a  nonotonlc  sequence   (1ncreaslng  or

decreasing  without:   dupllcat:lng  values)   of   five  palr8   of   control   polnt8.     If   this

command   ls   oultted,   LOG   11  assures   neutron   log   readings   are   ln  a  percentage   porosity

scale,
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'REUT'roN         --  Provides   porosity  estimates  based  on  neutron  log  reading.

Requires   prior   execution   of   a   shale   command   and   inay   require   data   conversion   using   'NCON'

comand.     The   effect   of   shale   content   ls   corrected.      It   i8   assumed   that   fluid  ln  the   pores   ls  a

mixture   of   oil  and  water.     If   gas   ls   present,   porositles  will  be  underestlnated.
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'rmz'               -Allows  changes   to  be  made  ln  the  depth  values.

LOG    11   relabels    all    depth   values   by   linear   lnterpolatlon   based   on   the   pairs   of   points

speclfled   by   the   control   card.     Should   five   control   points   be   lnsufflclent,   more   than  one   'NEWZ'

command   can   be   used.      The   sequence   may   be   either   lncreaslng  or  decreasing   ln  depth,   but  must   be

nol`oconic.     Only   one   pair  will   result   ln  a  shift   of   the   orlgln.     Blank   or   zero  values   for   both

deptha   ln   the   pair   will   be   ignored.      The   command   i§   intended  to   refer   levels   to  a   new  datum,   to

convert   depth  scale   to  a  dlf ferent  unit   system,   or   to  refer  all  readings   to  a  vertical  scale  ln

a  slant-hole  well.     Orlglnal   depth  scale   is   lost  with   the  transformation.    ch  inverse  transfor-

mation  can  always  be  used   to  restore   the  orlglnal  depth  values.
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'PERF'O"        --  Ends  a  sequence  of  counands  and  begins   program  execution.

A    Blngle    run    of    LOG    11   inay   contain   several    'PERF'ORM   commands.       In   such   lnstance8,    all

parameters   Set   lnltlally   will   remain   and   only   I:hose   specl£1cally  altered   by   commands   af ter   the

first   'PERF`'   will   be   changed.      In   this   way,    the   sane   data  catl  be  processed   Several   Clmes   ln  one

comput:er   run,   using   alternative   parameters.      The   number   of   coimands   preceding  a   'PERF'   counaud

18   llmlted   to   50.
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'PE"'EABII.    -  Yields   pemeabllity  estlnates  based  on  a  ''shale"  and  a  porosity  log.

The  effect   of   shale  content   ls  corrected.

Field
Number Parameter   Descri

Constant:   "C'   1n  permeablllty   equation

Exponent   "p"   1n  pemeablllty  equation

Irreducible  water  volume,   as  a  f ractlon
of   total  formation  volume

Shale  effect  on  lrreduclble  water
saturation

Assumed
Value

loo.0

0.0

0.08

0.0

Requires   prior  execution  of   a  shale   cormand  and  a  porosity   command.
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'PIOT'               --  Drat ts  electric  logs  and  petrophyslcal  parameters  using  an  electro-

mechanical  plotter.

Field
Number Parameter  Descrl

Id3f tmost  value  on  the  petrophyslcal
variable  scale

Rlghtmost  value  on  the  petrophy81cal
variable  scale

Cbde   n`imber  to  8peclf y  curve   to  be
plotted

If   I  to   8,   the  field  number  ln  the
input  data  f or  the  variable  to  be
plotted.

If   9,   shale  percent.

If   10,   porosity.

If   11,   the   product   of   (porosity)   (water
saturation ) .

If   12.   water   8aturatlon.

If   13,   apparel`t  water  reslstlvlty.

If   14,   permeablllty.

Number  of   the  track  which  the  curve  ls  to
occupy.     Tracks  on  the   log  are  designated
1,   2,   and   3  from  left  to  right.

Po8tlng  selection.     The  choices  are:

If  0,   8tralght  contlnuouB  lines  will
Join  consecutive  values.     The   location
of  the  values  thenselveg  will  not  be
post:ed.

If   I,   Btralght  dashed  11ne8  will  Join
consecutive  values.     The   location  of
the  values   themselves  will  not  be  posted.

If   2,   clrcle8   are  post.ed  at   the   location
of   those  values  wlthln  the  llmlts  given
by  f lelds   I  and  2  above.     Values  equal
to  those  extremes  or  outBlde   the  scale
llmlts   are  not   shotm.

Scale   type

If  0,   scale  ls  linear.

Assumed
Value

0

Requil`ed

Required
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If   I,   scale  ls  logarithmic.

Penholder   number.     The   selection
of   the  physical  device  used  to  plot
the  curve   is   done  by  glvlng   the  pen-
holder  nunt)er  to  turn  on  at  plotting
tine.     The   type,   width,   and   color   of
the  resulting  curve   depends   on  the
pen  phyBlcally  mounted   on   the  plotter
penholder  at   t:he   Clme   the   log   is
plotted.     The   cholce8   are   I,   2,   3,
and   4.

Alphanumeric   coTiments   starting   ln
columi   65.     Thl§   1nformatlon  is   used
to  identify  the  curve  ln  the  scale
heading.

Blank

The   program   checks   all   parameters   and   discards   any   lnstructlons   which   are   ln   error.      All

'PLOT'   commands   wlthln   the   game   block   of   lnstructlons   are   overprinted   on   the   sane   graph  up   to  a

maxlmun   of   5   curves   per   track.     A  reference   network   is   aucomatlcally   drawn,   one   for   all   'PLOT'

cormands   ln  a   block.
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'PENT'               -  Drafts  electric  logs  and  petrophyslcal  parameters  using  a  line  printer.

Field
Number

I

Parameter  Descrl

Leftmo8t  value  on  the  petrophyslcal
variable  scale

Rightmost  value  on  the  petrophyslcal
variable  scale

Code   unmber   to   specl£y   curve   to   be
plotted

If   I   to   8,   the  field  number  ln  the
input  data  for  the  variable  to  be  plotted.

If   9,   shale   percent.

If   10,   porosity.

If   11,   the   product   of   (porosity)   (water
saturation) .

If   12,   water   saturation.

If   13,   apparent  water  reslstlvlty.

If   14,   perneabllity.

Track  number  which   the   curve   ls   to
occupy.     Traclcs   on   the   log   are   deslgnat:ed
1,   2,   and   3  from  left   to  right.

Depth  scale.     As  usual   for  any  scale,
thl8   nuinber   ls   the  conversion  factor
[o  go  fron  length  ln  the  paper  to  actual
length  ln  the  veil.     Depth  Scale  units
de|)end   on   depth  units   a8   speclf led   111
the   'EXTR'   command.      In  the   British
system  of  units,   depth  scale  units
are  glveh  as   ft/in;   1n  the  rretrlc   system,
unlt8   are   given  as   dlmenslonless   numbers.

Note   that   precision  may   be   Berlously  dl8torted
by   the  mlnlnum  increment   ln   the   printer,   which
ls  Several  tines  that  of  a  plotter.

Scale   type

lf  0,   scale  ls  linear.

If   I,   scale  ls   logarithmic.

Alphanumeric   comments   starting   ln
colum   65

Assumed
Value

0

Required

Required

200

Blallk
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The   program   checks   all   I)arameters   and   discards   any   lnstructlons   which   are   ln   error.      All

'PRNT'   commands   wlthln   the   same   block   of   lnstructlons   are   overprlnted   on   the   saLne   graph  up   to  a

maximum  of   5  curves   per   track.     Curve81n   the   Same   track  are   posted  using  different   symbols.     If

more   thal`   one   symbol  must   be   prlnced  at   t.he   game   location,   t.he   progran  will   plot   the   letter  X.
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'mzsI'STrvlT  -   Cbnputes  vater  8aturatlon  from  measurements  of  formation  re81stlv-

icy.     The  effect  of   shale   content   ls  correct:ed.

Parameter  Descrl

Constant:   ''a"   1n  Archle's   fomula

Clemencatlon  factor   ''n''   in  Archle's
fomula

Brine  resl8tlvlty

Reslstlvlty  o£   Shale

Scale   of  measurement   used  for
readings

If  0,   the  readings  are  f ron  a
resl8tlvlty  log  ln  ohmm  and  the
scale  ls  linear.

If  I,   the  readings  are  fron  a
reslstlvlty  log  ln  ohm-in  and  the
scale  18   logarlthnlc.     The   sanpllng
was  done  a8  a   linear  interpolation
between   I   and   100   ohm/in.

If   2,   the  readings  are  from  a
conductlvlty  log  ln  mho/in  and
the  scale  i§   linear.

Data  field  which  contalnB  re818tlvlty
or  conductivity  readings   f ron  a  log

Requlre8  prior  execution  of  a  shale  and  a  porosity  command.
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'S"I'VARlco  -  Estimates  a  8emlvarlogram  for  a  stationary  function  Sampled  at  regular

lnterval§   and  considered   to  be  a  reglonalized  variable.

Field
Number Parameter  De8crl

Number  of   8anples   to  be   considered
ln  each  lncerval

Type  of   log  f or  which   the  semivarlogram
is  to  be  calculated

If  0,  ga-  ray.
If   I,   neutron.

If   2,   sonic.

If  3,   re8istivlty.

If  4,   conductlvlty.

If   5,   density.

Data  f leld  which  contains  the
dlgltlzed  log  values

Assumed
Value

4
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`SHOT'                --   Shows   casing   perforatlon8   done   for   testing  or  production  purposes.

Field
Number Parameter  Descrl

Top  of   perforat:lone

Bottom  of   perforatlonB

Penholder  required   to  plot   the
perforatlon8.     The   opt:ions   are
I,    2,    3,    and   4.

Grlddlng  option

If   0,   no   ref erence  network   ls
plotted.

If   1,   a  reference   network   1§
plotted.

Assured
Value

0

0

I

As   the   reference   net:work   needs   to   be   drawn   once   per  log,   the  grlddlng  option  will  nomally

not   be   necessary   because   the   grid   will   be   automatically   done   by  a   'PLOT'   comand.      The   perfo-

rated  interval  ln  the  casing  will  show  as  a  vertical  line  with  short  lines  across.
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`sOHI`C             --Det.emlnes   formatlon  porosity  from  acoustic  velocity  log  readings.

The  effect  of   shale   content   ls  corrected.

Field
Number Parameter  DeBcrl

Transit   time  ln  shale,   1n  m8ec/ft

Transit  time  ln  the  non-shale  llthology

Transit  time  ln  the  pore  f luld,   1n
Taseclft

tompactlon  factor

Data  f leld  which  contaln8  transit  times
from  an  acou8tlc  velocity  log

Requires  prior  execution  of  a  shale  comand.
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'SP     '                --  Converts   8poncaneouB   potential  lnEasurelnents   into   percent   shale.
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'"ST'               --  Dlsplay8  the  veil  intervals   te8ted  to  evaluate  production  potential.

Field
Number Parameter  Descrl

Top  of   te8ted   interval

Bottom  of   tested   interval

Test   numt>er

If   0,   the   test   number   18   not   posted.

If   1  or  larger,   the  nunl)er  ln  this
field   ls   posted  a8   the   test   ldentl£1catlon
number.

Penholder  number   to  be  used  on  di-Splaying
the  tested  interval.     The  options  are
I,    2,    3,   or   4.

Grlddlng   option

If  0,   no  grid  will  be  draun.

If   I.   a  reference  grid  will  be  drawn.

Assumed
Value

0

0

0

The   grid   option   is   rarely   necessary  a8   other   commands   in   the  block  will   draw  the   reference

network,    usually   a   'PLOT'    comand.       Tested   intervals   will   show   a8   brackets.       If   the   tested

interval  extends   outside   t:he   log   llmlt8,   t:hl8   fact  will  be  lnplled  by  omitting   the   corresponding

horizontal  short  line  at  the  bracket  extreme.

75





4.     mus"TrvE  EXA)arlES

4.I     Evaluation  of   a  Midcontlnent   Litnestone/Shale   Se

The   first   exalnple   shows   the   use   of   LOG   11   ln   the  analygls   of   an  interval   through   the  Penn-

sylvanian   Lansing-Kansas   City   Group   ln   t:he   Bartosovsky   #1   well   ln   Rawllns   County,   Kansas.      The

data   file   for   the   well   was   already   given   as   an   example   on   page   22   above.      Figure   4.I.I   ls   a

llstlng   of   all   cormands   and   remarks.      The   line   printer   llstlng   beglnB   with   a   summary   of   the

input   variables   which   have   been   speclf led   ln   the   command   statements   and   a   summary   of   resulting

scatistlc8   (Fig.   4.I.2).      These   are   followed   by  a   level-by-level   analyslg   of   the   input   section

(Fig.    4.I.3).       Note    that   zones   which   exceed   the   maximum   percent   Shale   Bpecifled   ln   the   input

comands   are   skipped.      These   shale   zones   are   Shown  as   blank   lines   ln   the   llstlng   and   subdivide

the  section  into   zones   of   non-shale   lithology.

Many    stra[1graphlc    successions    appear    to    be    composed    of    a    repeating    sequence    of    rock

types.      The   Pennsylvanian   limestone/shale   sequence   of   Kansas   ls   one   of   the  most   famous   examples

of    such    "cyclic"    intervals,    although    similar    characcerlstlcs    are   observed    ln   coal   measures

around   the  world.     The   orlgln   of   these   cycles   ls  a  subject   for  geological   debate  and  its   termi-

nology   a   matter    of    controversy.       However,    mea8urenent    of    any    periodic    component    in   a   well

section   nay   be   useful   ln   evaluation   of   llthofacles   geometry   and   for   predlctlng   gtratigraphlc

traps .

The  next   part   of   the  output   consists   of  a  8emlvarlogram,   or  plot   of   the  semlvarlance  of   the

gamma    ray   trace   against    the    lag   spacing   ln   feet,    1n   tabular    (Fig.    4.1.4)   and   graphical   fom

(Fig.   4.I.5).     As   explained   ln   Section   3.3,   t.he   senlvarlogram   of   the   Lansing-Kansas   City   inter-

val   ln   the   Bartosovsky  well   shows   a   dlstlnctlve   perlodlc   wavelength   of   48   feet.      A  listing   of

the   8enlvarlances   by   lag   sequence   and   an  estimate   of   the   senlvarlogram  slope   at   the   orlgln  are

also  printed.

Figure   4.1.6,    included   in   the   pocket,    1s   a  graphic   display   of   the   shale   content,   porosity

and  Water   sa[uratlon   of   the   interval.      Core   poroBlty  measurements   as  well   as   other   remarks   are

given  to  critically  examine   the  evaluaclon.       Note  estimated  porosltles   are  consistently  smaller
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Figure  4.I.I.--Comands   and  remarks  used  to  process  a  Pennsylvanian  interval  1n  the  Barto§ovsky
#1  well,   Rawllns   County,   Kansas.
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Figure  4.I.2.--Input  paralneters  and  resulting  8taclstlc8   for  a  PennBylvanlan  interval  of   the
Bartosovsky  #1  well.
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Figure   4.I.3.--Level-by-level  analysis   of  a  Pennsylvanian  Interval  of   the  Bartosovsky  #1  veil.
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Figure   4.1.4.--Average   8emlvarlogran  for   the   gamma   ray   log  using  a  811dlng  window  o£   100   ft.
The  interval  corresponds  to  a  Pennsylvanian  alternation  of  llnestones  and  shales  ln  the

Bartosovsky  ltl  well.
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Figure   4.I.5.--Semlvarlogran  for  the  values   shown  ln  Figure  4.I.4.
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than   laboratory   nea8urenents.     A9   explained   ln   Section   2.2,   sonic   log  readings  account   only  for

lntercrystalllne   or   lntergranular   porosity,    1gnorlng   the   contrlbutlon   of   vug8   and   fractures.

Therefore,   estlnated  water   saturation  values  maLy   be   considered  a§   pe8slmlstlc  or  maxlmun  values.

4.2     Estltnaclon   of   Archle's   E uatlon   Constant§

The   second   example   illustrates   the   procedure   for   direct   evaluation   of   the   Archle   equation

constants,   a   and   in,    through   utlllzatlon   of   log   and   core   lnf ornation   f ron  a  well   secclon.     The

computations   are   initiated   by   the   coirmand    'ARCH'IE   according   to   the   theoretical   relatlonshlps

dl8cu8sed   earlier.      The   subroutine   'ARCH'IE   drar.a   on   shallness   estimates   fron   the   gamma   ray   or

SP   log,   resl8tlvity   values   fron   the   re8istlvlty   log,   and  porogltles   and  vater   saturatlons   fron

core   data.     Note   that  e8tlmatlon  of   connate  water  saturation  fron  core-ineasured  water  s8turatlon

ls   a  inatter   t.o  be  determined   by   the  user.      The   sequence   of   commands  was:

12233
50505

ARCH                    0.07   2.50           0           4           5

CPOR                              3

EXTR                    3693    3927

GAMM                           25       Ilo             2

PERF

The  regression  1§  calculated   relatlrig  two  composite  variables   ln  a  linear  relatlonshlp;   the

slope   and    lnt:ereept    provide   statlstlcal   predlctlons   of   the   Archle   constants,   a   and   n.       The

erample   Shown   ls   from  the   Relher   #2  veil   1n  Hltchcock   Q]unty,   Nebraska,   and   the  Archle   constants

mere   calculated   for   llmestones   of   the   Penn8ylvanlan   Lansing-RAnsas   City   Group.      Percent   shale

estlnates   mere   comput:ed   from   the   gamma   ray   log,   resistlvlty   derived   from  an  lnductlon   log,   and

porosity   and   water   saturation   values   taken   from   core   analyses.      Output   includes   log   readlng8

(Fig.   4.2.1),    statlBtlcs   on   goodness-of-fit,    estimates   of   the   Archie   constant8   (Fig.   4.2.2),   a

cro8splot    of    input    core   Vat:er   saturaclons   and   regression,    and   eBtlmates   of   water   saturatlon8

(Fig.   4.2.3).
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Figure   4.2.I.--Core  values   and   log  readings  used   to  e6tlmate  Archle's  equation  con8tants   ln  a
Penn8ylvanlan  lncerval  of   the  Relher  #2  well,   Hltchcock  County,   Nebraska.
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Figure  4.2.2.--Archie'§  equation  constants   and  supporting  calculatlon8   of  a  Pennsylvanian
interval  of   the  Relher  #2  well.
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Figure   4.2.3.-Cross-plot   of  e8tlmated  and  measured  water  saturatlons   of  a  Pennsylvanian
interval  of   the  Relher   #2  well.
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4.3    Estlmatiol`  of   t.he   Con8tants   ln  the Pemeability uatlon

The   third   example   Shows   the   use   of   the   command   'DARC'Y   ln  the   establishment   of   an  equation

relating   coremea8ured   permeabilltles   with   porositles   ln   terms   of   the   constants   8±   (bulk  volume

fraction  occupied  by  irreducible  connate  water),   Fsh  (factor   relating  influence  of  Shale  cotitent

on   the   lrreduclble   water   saturation)   and   C   end   p   (capillary   pressure,   hydrocarbon   density   and

llthology   detemined   characterlstlcs).      The   8ubroutlne   applies   a   regression   procedure   Co   solve

for   the   con§tants  C  and  p  as   already  described  on  pages   16  and   17.

The    command    was    applied    to    measurements    from   core    samples    of    the    Sprlnghlll    Sandstone

(Lower   Cretaceous,   Chile)   for   Subsequent   use   ln   the   log   analysis   de8crlbed   ln   the   next   example

(Fig.   4.3.I).     A  value  for  8±  of  0.02  res   established  fron  the  core  analysl8.     A  single  computer

Spi<lN6hlLL      SANOST0tvE

0f  FstJor(E      STRAITS      0F      nA6ELLAN

EVALuqTION      STAHTS      ^T

€VAIuhlloi\      EtjLij      AT

2015.C     MEIEfis

2055.Ci      METERS

iJEplll           GAMMA      k      CllRE      FOR      RtsIST.       SHALE          POROSITy      JT      SAT.           PERM.               kwA

i'1F.TEi?S           API      IJ.                PERCEi'vT           OtJM-M     PERCENT       PEkcENT      PEf}CENT                    MD                    Ohm-M

.._--------------------------------------------------------------------...----------------..-----------------------------------------------------_

Figure  4.3.1.-Basic   core  and   log   lnfomatlon  from  a  Lower  Cretaceous   sandstone  in  a  well   ln
mgallane8,   southern  tulle.
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run   was   made   with   81x   repetltlve   appllcatlon8   of   'DARC'Y  using   a   range   of   Fsh  values   from   0  to

I.0   and   altematlve   upper   cutoff   values   for   permeablllty   of   1600,    2200,   and   2900  nd.      The   com-

mand   sequence  was:

1223
5050

Exm                  2015   2055           I

CUTO                           80         2 0         50

L ITH                            I

GAmi                          12       150            2

C POR                               3

DARC

DARC

DARC

DARC

DARC

DARC

PERF

0.02   0.10    1600           4

0.02   0.10   2200           4

0.02   0.00   2900           4

0.02   0.10   2900           4

0.02   0.20   2900           4

0.02    1.00   2900           4

The   most   satisfactory   solution   ls   shown   ln   Figure   4.3.2  which   lists   the   regression   statlstlcs

together   with   optimal   values   for   the   constants   8±,   Fsh,   C,   and   p.      These   latter   values   corre-

spond   to   the   parameters   of   the   command   'PERM'   that   may   be  used   ln  conjunction  with   log   readings

ln    the    prediction    of    I)ermeabllitles    on   a    zone-by-zone    basis    as    shown    ln    the    next    example.

Figure  4.3.31s  a  crossplot   of  estimated  and  measured  pemeabllltles.
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swlRrt           =          o.I)2/PuRuSITy      +     C;.           +FSHALE

Figure   4.3.2.--Regres81on   statlstlcs   and   perineablllty  equation   for   a  I.over   Cretaceous   sandstot`e
ln  a  well   ln  Magallanes,   southern  Chile.
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Figure   4.3.3.--Cross-plot  of   estimated  and  measured  pemeabllitles   ln  a  Lower  Cretaceous
sandstone   ln  a  well  1n  Magallanes,   southern  Chile.
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4.4    Evaluation  of   a  Productive Chilean   Sandstone

This   example   illustrates    the   appllcatlon   of   LOG   11   to   a   Lover   Cretaceous   §andscone/shale

sequence     ln    southern    Chile.         It     includes    an    additional    estlnatlon    of    pemeablllty    and

llluscrates   the   use   of   the   line   printer  graphic   option   generated   by   the   commnd   'PENT'.      Shorn

itl   this   example   are   the   analysis   of   gamma   ray,   density,   and   reslstlvlty   logs   together  with   t:he

output   of   porosity,    shale   content,    voter   saturation   and   pemeabllity,   both   as   liBtlngs   (Flg8.

4.4.1  and  4.4.2)   and  as   line-printer   graphic   display   (Fls.   4.4.3).     The   list   of   comands  was:

122334
505050

cure                       50        12        50

LI"1

EXTR                    2015   2042            I

GAMM                               12        150              2

DENS                    2.55   2.65    I.00   5.00

PERM                      393   3.00   0.02   0.00

RESI                   0.62   2.15   0.12   3.00           0           6

PRNT                           0      loo

I,RNT                      loo           0

PRNT                  10000             1

PRNT                 10000            I

PRNT                      loo           0

PRNT                         40           0

P RNT                         40           0

PRNT                         40            0

PERF

9100

10             1             0            0

14            2            0            I

4201

12            2            0            0

11            3            0            0

10           3           0           0

3300

SHALE,     %

DENS.    POROSIH,    %

pERMEABILlny,    MD

CORE   PERM.,    ro

WATER   SA"R.,    %

(WAT.    SAT.)(FOR.)

DENS.    POROSIH,    %

CORE    POROS.,    %

The   colnnand   'PEEN'   utlllzes   values   for   paranet:era   establl§hed   ln  the  previous   exanple.     The

nultlple   appllcatlon   of   coumnd   'PRNT'   produces   log   analysis   results   together  with   Input   core

poroslt:lea  and  pemeabllitles   for  purposes   of   comparison.
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i].IWE    pesisTiviTy

I.0    0Hm-l,
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rllGH    PORuS.     SANDSTONE            UNDER     SD.O     I    l^TER                           19.3    ]ETEIS
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Figure.   4.4.1.--Basic   lnfomation  and  statlgtlcs   for  a  I.over  Cretaceous   sandstot`e   interval   1n  a
veil   1n  Magallanes,   southern  Chile   (same   interval  and  well  as   ln  Example  4.3).
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Figure  4.4.2.--Level-by-level  analysis   of  a  Lower  Cretaceous   sandstone   ln  a  well   ln  thgallanes,
southern  Chile.
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Figure  4.4.3.--Line-printer  graphical  display  of  results  of  analysis   shorn  ln  Figure  4.4.2.
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4.5m of   Statlstlcal  Varlable8

Automated   log  analysl8   has   beet`  used  almost   exclusively   for   convent:1onal   fomation  evalua-

tlon   to   determine    the   production   characterlstlcs    of   potential   reservoir   horlzons.      Hovever,

1ncrea81ng   interest   ln   dellneatlon   of   stratlgraphlc   traps   has   encouraged   research   into   the  use

of   geophy81cal  well   logs   to   produce  mappable   petrophyslcal  varlable8.

The    suunary    statl8tlcs    generated    by   LOG    11   for   a   series    of   wells    penet:rating   a   common

st:ratlgraphlc   Sequence   nay   be   napped   a8   an  aid   ln  exploration.     Contour  maps   of   garrm   ray   eta-

tlstlcs   indicate   the   basic   geometry   of   lltholoslc  varlatlon   ln  the   interval  across  an  area  and

can  be  used   for   llthofacies   studle9.     The  napped   varlatlon  of   poro81ty  and  water  8aturatlon  may

be  useful   1n  dellneatlng   favorable  productive  areas.

Such   maps   are   best   used   as   reconnaissance   tools   for   rapid   evaluation   of   §ubsurface   varla-

tlon   ln  selected   intervals.     More   detailed   analyses   can  be  mde  by  a  careful   Study  of  cores  and

chip   samples,   but   require  a   slgnlflcantly  greater   investment   of   time   and  money.     The  napping  of

lognderlved   varlat)lea   ls   a  comparatively   rapid   procedure   lf   done   by   computer.     Stati8tic8  gene-

rated   by   LOG   11  may   be   used   by   an   automated   contouring   program  to   produce  maps   directly.     Areas

of   particular   interest   on   such   mpg   can   then   be   lnvestlgated   ln   more   detail   by   conventional

geological  methods.     Figure   4.5.118   an  example   of  a   typical   log  variable  map,   showing   the  areal

varlatlon    ln    percent    llnestone    in    the    I.ansitig-Kansas    Clt.y    Group    (Pennsylvanian)    1n   Bawlin8

County,    Kansas.       The   map   was   generated   by   the   Kansas   Geological   Survey'8   automated   contouring

package,    SURFACE    11   (Sanpson.    1978).
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5.      CONCI.USIONS

LOG    11   can   advar`tageously    replace    nonograms    and    desk    calculators    1n    the    proce881ng    of

geophysical   logs   and  laboratory  nea8urenent8   for  formation  evaluation  purposes.     The  possiblllty

of   calculation  errors   ln   long  and   tedious   computations   18   ellmlnated,   and  graphlcs  capabllltles

allow  easy  and  rapid   lnterpretatlon  for  er`hanced  understanding  of   final  results.

There   are   certain   lntrlnslc   11mltatlon8   to   all   methods   of   formation  evaluation  when  using

single   porosity   tools.     Mlsleadlng   results   usually  are   obtained   from  radloactlve  poro81ty  tools

lf   there   are   slgnlf leant   changes   ln   fornatlon   llthology   ln  the  presence   of  variable  amounts   of

gas   near   the   borehole.     Porosity   estlmate8   based   on   8onlc   logs   ignore  Secondary  porosl[y  ln  the

fom  of  large  vugs,   and  account  only  for  lntercrystalllne  and  lntergranular  nlcroporoslty.     Some

of   these   drawbacks   can   be   corrected   and   even   turned   to   advantage   when   a   second   porosity   tool

allows   two   different   evaluatlon8.      LOG   11  performg   slnultaneous   evaluacloris   wlch   ease,    and   ls

designed  to  perform  as   optlmally  aB  possible  using  only  a  81ngle  poro81ty  tool.

Although    the    primary    purpose    o£    LOG    11   18    evaluation   of    lndlvldual   wells,    the   sunmary

statlstlcs   of   all   t.ell8   1n  an  area   can  be   combined   to   produce   contour  naps   for  use   ln   regional

8tndles.
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