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D I  SCLAIMER 

This repor t  was prepared as an account o f  work sponsored by the United 
States Government. Neither the United States nor the United States 
Department o f  Energy, nor any o f  t h e i r  employees, makes any warranty, 
express or  implied, or assumes any legal  l i a b i l i t y  or respons ib i l i t y  for 
the  accuracy, completeness, or usefulness o f  any information, apparatus, 
product, or  process disclosed, or represents tha t  i t s  use would not 
i n f r i n q e  p r i v a t e l y  owned r iqh ts .  Reference herein t o  any speci f ic  
commercial product, process, or service by trade name, mark, 
manufacturer, or otherwise, does not necessar i ly  cons t i tu te  or  imply i t s  
endorsement, recommendation, or favor ing by the United States Government 
o r  any aqency thereof. The views and opinions o f  authors expressed 
here in  do not necessar i ly  s ta te or r e f l e c t  those o f  the United States 
Government or any aqency thereof. 
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1. OBJECTIVES 
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Task 1) 

Task 2) 

Task 3) 

Task 4) 

Task 5) 

Task 6) 

The Center for  Energy Studies (CES) and Bureau o f  Economic 

Geology (BEG) a t  The Universi ty o f  Texas a t  Austin (UT) w i l l  

provide speakers f o r  interested organizations w i th in  the s ta te  

of Texas and present papers a t  national and loca l  meetings and 

i n d u s t r i a l  workshops on top ics concerning the development and 

research i n t o  geopressured-geothermal resources. 

The Center f o r  Energy Studies has an established Board o f  

Advi sors t o  mal  n t a i  n rapport w i th  i ndus t r i a l  groups, s ta te  and 

1 oca1 governmental agencies, and research part icipants. These 

people w i l l  meet per iodical ly,  and receive monthly reports o f  

progress i n  a1 1 geopressured-related a c t i v i t i e s  from the CES. 

CES and BEG personnel w i l l  coordinate w i th  the Wells o f  

Opportunity and Design We1 1 contractors and sub-contractors, 

and w i  11 make recommendati ons invo l  v i  ng we1 1 design , 1 oggi ng , 
completion procedures, and any matters re la ted  t o  f i e l d  develop- 

ments. 

CES personnel w i l l  provide analysis o f  data from a l l  wells, 

inc lud ing  we1 1 l og  data, t rans ien t  pressure analysis, compac- 

t i o n  and creep studies o f  cores, and other re la ted research. 

CES personnel w i l l  provide a prel iminary review o f  subsidence 

i nsurance issues tha t  may per ta in  t o  geopressured-geothermal 

development i n  coastal zones i n  Texas. 

CES personnel w i  11 continue and mai n t a i  n a Geopressured- 

Geothermal Information System, including updates o f  thesaurus 

and b i  b l  iography o f  a1 1 geopressured-re1 ated papers and 
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abstracts on computer data f i les .  Developments w i l l  continue 

o f  l o g  d i g i t i z i n g  techniques as wel l  as o f  d i g i t i z a t i o n  o f  new 

we l l  logs f o r  s t a t i s t i c a l  and graphic presentation f o r  use i n  

devlopment o f  various x-plots f o r  optimization o f  d r i l l i n g ,  and 

f o r  estimates o f  temperature and pressure vs. depth, tem- 

perature mapping o f  various data, etc. 

Task 7) Special studies o f  l og  data and evaluation w i l l  be car r ied  out 

by H. F. Dunlap and others i n  an e f f o r t  t o  correct  sources o f  

extreme e r r o r  i n  well l o g  evaluation o f  water r e s i s t i v i t i e s  and 

a r r i v e  a t  be t te r  estimates f o r  fu tu re  evaluation. 

2 



2. OVERVIEW 

During the contract  period, Task 1, as shown i n  the preceding sec- 

t i o n  i s  reported i n  de ta i l  on a monthly basis i n  the ensuing section. 

I n  add i t ion  t o  those meetings formal ly reported, many informal meetings 

with various governmental o f f i c i a l s  and others were held concerning 

fu ture funding needs o f  the program, and p r i o r i t i e s  were discussed a t  

some length w i th  the Department o f  Energy and the Of f i ce  o f  Management 

and Budget. The assistance o f  l eg i s la to rs  o f  the State o f  Texas and 

members o f  the Texas Railroad Commission was instrumental i n  ass is t ing  

CES and BEG coordinators i n  these meetings. 

Task 2 consisted pr imar i l y  of  monthly reports t o  the Board o f  

Advisors, which are not included i n  t h i s  document, due t o  the extreme 

length  o f  these reports. They are on f i l e  w i th  the Department o f  

Energy, D iv is ion  o f  Geothermal Energy, and have been c i t e d  extensively 

i n  the l i t e r a t u r e  i n  ensuing papers by various research e n t i t i t e s  out- 

s ide o f  The Univers i ty  o f  Texas a t  Austin, These reports go t o  approxi- 

mately 150 un i t s  i n  addi t ion t o  the Board o f  Advisors. The Board o f  

Advisors held one formal meeting during the contract  per iod t o  review 

progress i n  geopressured-geothermal research. 

Task 3, coordination w i th  contractors and sub-contractors on wells, 

i s  not reported i n  d e t a i l  herein, since many o f  these a c t i v i t i e s  were 

conducted on an ad-hoc basis, e i t he r  by telephone o r  i n  informal 

meetings, For example, analysis o f  wel l  logs on the Gladys McCall wel l  

were conducted by Dr. Dorfmhn in formal ly  during the F i f t h  Geopressured- 

Geothermal Conference i n  Baton Rouge upon completion o f  the logging 

runs. Recommendations were made f o r  addi t ional  dipmeter data requi r ing 

i 
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an addi t ional  logging run on t h i s  well. This proved t o  be o f  great 

value i n  ascertaining the correct  co r re la t i on  o f  the well w i th  regard t o  

the  major f a u l t  i n  the f ie ld .  

month during the  contract period. 

f i e l d  personnel, IGT  invest igators and others were held i n  Houston on 

such matters as per fo ra t ion  in te rva ls  on we1 1 s and po ten t ia l  st imulat ion 

Simi lar  a c t i v i t i e s  were conducted each 

I n  addition, ad hoc meetings w i th  DOE 

techniques. 

Tasks 4, 5, 6, and 7 are herein reported i n  some deta i l .  It should 

be noted t h a t  the  work i n  Task 7 has proven t o  be o f  great i n te res t  t o  

indus t ry  and has resul ted i n  a major paper included i n  the Transactions 

of the Geothermal Resources Council, 1981. 

sr 

e 
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3. COORDINATION ASSISTANCE - November 1980 - October 1981 

November 1980 D i  scussed study o f  formation water sal i n i  t y  w i th  

indus t ry  representatives a t  meeting of American 

Association o f  Petroleum Geologists research subcommit- 

tee, Houston, Texas. (Robert A, Morton) 

Organ1 zed symposi um on Gul f Coast geopressured- 

geothermal research f o r  South Central Section meeting 

o f  the Geological Society o f  America, Ap r i l  1981. 

(Robert A. Morton) 

Sent map o f  Blessing Prospect t o  Oak Ridge National 

Laboratory f o r  environmental analysis and s i t e  inspec- 

t ion .  

Discussed DOE geothermal program wi th  Mr. Prapath 

Premmani, Deputy Secretary General o f  the National 

Energy Administration of  Thailand. 

Sent copy o f  Sandstone I1  f i n a l  contract repor t  t o  

klr. D i m i t r i  Sverjensky, Lawrence Berkeley Laboratory. 

December 1980 Attended SEPM Research Conference on Geology o f  the 

Woodbi ne--Tuscal oosa Formati on, (Robert A. Morton) 

Discussed w i th  Jim Clements (Houston), geothermal 

prospects f o r  possible use i n  ethanol production. 

5 



Reviewed manuscript e n t i t l e d  "Water Qua l i t y  Impacts 

Associated w i th  Offshore Disposal o f  Geopressured 

Br ines" f o r  the American Association o f  Petroleum 

Geologists B u l l  e t1  n. 

Presented t e s t  resu l ts  a t  the Geothermal Resources 

Committee meeting of the In te rs ta te  O i l  Compact 

Commission, Santa Fe, New Mexico. (Myron Dorfman) 

4 
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January 1981 Text from G R I  report describing geology o f  Blessing 

Prospect sent t o  Technadril per t h e i r  request. 

Sent s t ructure map and cross-section o f  Miocene i n t e r -  

val,  Brazoria area, t o  C. K. GeoEnergy f o r  i n j e c t i o n  

study. 

Met w i t h  representatives from Oak Ridge National 

Laboratory and Technadri 1 t o  discuss geology and 

envi ronmental assessment o f  B1 essing Prospect. 

3 

Reviewed core handling procedure developed f o r  Western 

sands program and made recommendations f o r  rev is ion  of 

d r a f t  standard procedures f o r  design wel l  program. 

Provided DOE w i th  appl i cat  i on  documewnts f o r  proposed 

Enhanced Gas Recovery project, North Alazan F ie ld ,  

Kleberg Co., Texas. 

6 
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Reviewed Geopressured-Geothermal program w i t h  DOE o f f i  - 
c i a l s  i n  Austin. 

Reviewed Geopressured-Geothermal program w i th  National 

Science Foundation o f f i c i a l s ,  Washington, D.C. 

Dorfman ) 

(Myron 

Discussed Blessing leases w i th  Hank Coffer, C-K 

GeoEnergy. 

Sent copies o f  South Texas cross sections from methane 

p ro jec t  t o  Magma Gulf Corporation. 

Reviewed and commented on C-K Petroleum #1 Godchaux, 

B Vermil ion Parish Louisiana as possible wel l  o f  oppor- 

tun i ty ,  Evaluated s a l i n i t y  ca lcu lat ions and revised 

recommendation. 

c 
T 

Discussed P1 easant Bayou geology and envi ronmental 

monitor ing w i th  Bob Sterret ,  Lawrence Berkeley 

Laboratory. 

unpublished maps and cross-sections i n  Austin Bayou 

Provided copies o f  core analyses, 

Prospect area. 

February 1981 D i  scussed s tatus o f  geopressured-geothermal program 

wi th  Dick Need, h e s  O i l  Company, Houston. 

Assisted 8111 Hockenbrock i n  def in ing t r a c t s  o f  primary 

i n t e r e s t  f o r  leasing purposes (Blessing Prospect). 
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Provided Wayne Wood, independent in,San Antonio, w i th  

bottom hole temperature informat ion f o r  P1 easant Bayou 

no. 2. 
c 

Responded t o  request from Los Alamos Laboratory f o r  

thermal gradient information. 

Provided DOE wi th  sample s a l i n i t y  ca lcu lat ion f o r  "A" 

sandstone i n  the C and K Petroleum Frank A. Godchaux 

wel l ,  L ive Oak Field,  Louisiana. 

Sent copies o f  e-logs from Pleasant Bayou no. 2 t o  Don 

Bebout f o r  c a l i b r a t i o n  o f  s a l i n i t y  calculat ions. 

c 

c * 

c 

w 

Provided landowner w i t h  informat ion regarding 

geopressured-geothermal potent ia l  near Powderhorn Lake, 

Matagorda County, Texas (request through Petroleum 

Engi neer i  ng ). 

Provided John Oddo, Rice University, w i t h  a copy o f  

sandstone consol i d a t i  on repor t  f o r  P1 easant Bayou no. 2 

(Fourth Geopressured-Geothermal Conference) as pa r t  o f  

h i s  scal ing and corrosion study. 

Talked t o  Society o f  Petroleum Engineers chapter i n  

Houston on Geopressured-Geothermal Energy. (Myron 

Dorfman) 

8 
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March 1981 Reviewed and commented on CK GeoEnergy d r a f t  repor t  

e n t i t l e d  "Geopressure-Geothermal Reservoir Continuity- 

Louisiana and Texas Gulf Coast." 

Attended meeting o f  program review committee for the 

F i f t h  Geopressured-Geothermal Energy Conference. 

(Robert Morton) 

Presented a t a l k  on status o f  the geothermal program a t  

t h e  monthly meeting o f  the Corpus C h r i s t i  Geological 

Society. (Robert Morton) 

Sent copies o f  rock mechanics reports for  Fourth 

Geopressured-Geothermal Energy Conference t o  R. C. 

Wilshusen, Corpus C h r i s t i  , Texas. 

Sent copy o f  W i  1 cox geopressure-geothermal resource 

study t o  Warren Horowitz, P h i l l i p s  Petroleum Company, 

Houston, Texas. 

~ 

A p r i l  1981 Reviewed repor t  t o  EPRI prepared by Southwest Research 

and responded t o  an a r t i c l e  published i n  the O i l  and 

Gas Journal. (Robert Morton and Myron Dorfman) 

Par t i c i pa ted  i n  a DOE-sponsored meeting on s a l i n i t i e s  

ca lcu lated from e l e c t r i c  logs and provided sample 

ca l cu la t i ons  f o r  s p e c l f i c  wells. 

Gregory) 

(Robert Morton and Ray 

9 
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Convened and par t i c ipa ted  i n  technical  session on Gulf 

Coast geopressured energy resources. (Robert Morton) 

Meeting was sponsored by the south centra l  sect ion o f  

t h e  Geological Society o f  America. The fo l low ing  

papers were presented: 

R. A. Morton - Factors c r i t i c a l  t o  the development 

o f  energy resources from geopressured aqui fers  i n  

Texas . 
T. E. Ewing and R. A. Morton - Reservoir Cont inu i ty  

and Gulf Coast geopressured resources. 

W. R. Kaiser, K. Magara, K. L. Mi l l i ken ,  D. L. 

Richmann - Petrography, water-rock in te rac t ion ,  

and caprock d i s t r i b u t i o n  as po ten t ia l  ind ica tors  

o f  secondary poros i ty  i n  the F r i o  Formation of 

Texas , 

Reviewed and commented on McMoRan A. 3. Maier no. 2, 

Plaquemines Parish, Louisiana, as a 

opportunity, 

Provided Syed A. A1 i , Gulf Research 

possible wel l  o f  

and Development , 
w i t h  a copy o f  Sandstone Consolidation contract  report. 

Provided Gene Scott, Ensearch (Dall as), access t o  

Vicksburg cross-sections and maps. 

Provided Gary Kinsland, Un ivers i ty  o f  Southwest 

Louisiana, w i th  a copy o f  indust ry  contract  and 

10 



&, 

c 

shooting array f o r  seismic data acquis is t ion i n  Cuero 

a rea. 

Reviewed and conimented on Houston O i l  and Mineral R. H. 

Clarke e t  a1 . no. 1, Matagorda County, Texas as possible 

we1 1 o f  opportunity. 

Reviewed Geopressured-Geothermal w i th  Gearhart 

Industr ies,  Ft. Worth. (Myron Dorfman) 

~~-~ ~ 

May 1981 Discussed o f f  shore geopressure-geothermal potent i  a1 

w i t h  Larry Green, McDermott Engineering, New Orleans, 

Loui s i  ana. 

Discussed status o f  geopressured-geothermal program 

w i t h  representatives o f  Radian Corporation, Austin, 

Texas . 
Served on TENRAC Geothermal committee t o  set p r l o r i t i e s  

f o r  s ta te  funding. (Myron Dorfman) 

Discussed geopressured-geothermal program and DOE 

budget reductions w i t h  Congressman Hamilton F ish o f  New 

York. 

* 

r 

w 

June 1981 Attended CK GeoEnergy meeting t o  review program status 

and present resu l t s  o f  logging research and rock mechan- 

i cs. (Morton, Dorfman, Dun1 ap) 

11 



Provided George Moncure, Conoco Research, w i th  copies 

o f  Sandstone I1 f i n a l  contract  report  and Sandstone 111 

i n t e r i m  technical repor t  and access t o  Pleasant Bayou 1 

and 2 cores. 

V i s i t e d  Assistant Secretary o f  Energy Joseph Tr ibb le 

and Gary Benethum of the O f f i ce  o f  Management and 

Budget, Washington, D.C. (Myron Dorfman) 

Attended C.K. GeoEnergy meeting i n  Houston and pre- 

sented updated information on design-well prospects i n  

Texas. (Robert Morton) 

e; 
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Discussed geopressured-geothermal logging w i t h  

S. Kelsey, Sandia Labs. (Myron Dorfman) 

Met w i t h  Central Power and L igh t  t o  discuss program 

status. (Myron Dorfman) 

J u l y  1981 Discussed prospect po ten t i a l  o f  Point Comfort area with 

Leo Rogers, CK GeoEnergy. 

Spoke a t  UT Energy Symposium on Geopressured- 

Geothermal Energy. (Myron Dorfman) 

Provided Technadril-Fenix and Scisson w i t h  ant ic ipated 

depths , pressures and temperatures f o r  ob ject ive sands 

i n  the Blessing area and a copy o f  the Blessing 

~ 

Prospectus. 
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Reviewed heopressured-geothermal logging at Louis1 ana 

State University. (Myron Dorfman) 

Reviewed and comnented on Border Exploration 81 Beard 

(Wilcox) Wharton County, Texas, as possible well of 

opportunity. 

Discussed future funding with Keith Westhusing and Bob 

Holl iday, DOE. (Myron Dorfman) 

Discussed with Gary Kinsland, Southwestern Louisiana, 

the contract between The University of Texas and the 

qeophysical company used to acquire seismic data. 

~~~ ~ 

Auqust 1981 Discussed DOE geopressured-geothermal research program 

in Texas with Gas Research Institute Board of Advisors 

on unconventional qas. 

Evaluated ways of obtaining micropaleontological data 

for Pleasant Bayou no. 1 and no. 2 for possible 

paleonenvironmental interpretation, to be used as a 

cross check with regi onal e-1 og and sei smi c interpret a- 

tion as well as core interpretation. 

Met with Or. Walter Fertl, Vice-president of Dresser 

At1 as, on qeopressured-qeothermal loggi ng research. 

(Myron Dorfman) 

13 
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Discussed sk in  f a c t o r  o f  rocks i n  qeopressured- 

qeothermal gas wel ls with Texas O i l  and Gas. 

Discussed fu tu re  fundinq o f  geopressured-qeothermal i n  

U.S. House Science and Technoloqy Committee-- 

Representative Fuqua, Chairman. (Myron Dorfman) 

, 

September 1981 Sent copy o f  llWilcox sandstone reservo i rs  i n  the deep 

subsurface along the Texas Gulf Coast, t h i n  po ten t i a l  

f o r  product ion o f  geopressured-geothermal energy" t o  

R. M. Condon, Tex-Tech Energy, Houston. 

Provided Clarence A1 bers (Amoco, Houston) w i th  33 

selected shale samples from Pleasant Bayou no. 1 and 

no. 2 cores f o r  micropaleontological analysis inc lud ing 

paleobathymetry and possibly environment o f  deposition. 

Presented t a l k  e n t i t l e d  "Methane entrained i n  Gulf  

Coast qeopressured aqui fers" a t  monthly meeting o f  t he  

Houston Geological Society, Houston, Texas. 

Morton) 

(Robert 

I n v i t e d  t o  w r i t e  "Distinguished Author" paper on 

geopressured geothermal energy f o r  Journal o f  Petroleum 

Technology o f  SPE. (Myron Dorfman) 

14 



October 1981 Received a sumary o f  foraminifera species i n  the 

shales from Pleasant Bayou No. 1 and No. 2 cores and 

the interpreted paleoenvironments. The micro 

pal eontol oqi c zones agree closely w i t h  those 

interpreted from core descriptions for the reservoir 

continuity study. 

Reviewed and evaluated the Arc0 O i l  and Gas #l Fuqua 

Industries well i n  F t .  Bend County, Texas, as possible 

we1 1 o f  opportunity. 

Chaired seminar at  F i f t h  Geopressured-Geothermal Energy 

Conference, Louisiana State University, Baton Rouge, 

Louisiana, and presented paper w i t h  Henry Dunlap. 

(Myron Dorfman) Five Center for Energy Studies papers 

were presented. 

Met w i t h  Houston L i g h t i n g  and Power officials i n  

Houston t o  discuss geopressured-geothermal program 

status. 

15 
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4. COMPACTION MEASUREMENTS ON TEXAS GULF COAST SANDSTONES AND SHALES 

Fol lowing i s  a summary o f  the work ca r r i ed  out dur ing the past year 

on Contract #DE-AC08-79-ET-27112. 

Creep Test ing 

Fourteen t e s t s  have been run on cores from the  Pleasant Bayou wells, 

two under drained conditions, e igh t  undrained, two combined drained and 

undrai ned , and two under conditions o f  pore pressure drawdown. Horizons 

have ranged from 10251 fee t  t o  14760 fee t  and times f o r  creep 

deformation up t o  124 days (Table 1). A l l  of these tes ts  have been run 

under varying loads t o  invest igate h i  s to ry  dependence. High temperature 

t e s t s  have not been run. These tes ts  are await ing the completion o f  

non-time dependent t e s t i n g  i n  the high temperature r ig .  

analyses have been performed on most o f  these t e s t  cores and are 

reported by Richardson (M.S. Thesis, Un ivers i ty  of Texas, 1981). 

Petrographic 

Prel iminary analyses o f  data show t h a t  the cores show considerable 

specimen t o  specimen var ia t ion,  i nd i ca t i ve  o f  formation heterogeneity. 

H is to ry  dependence appears t o  be cont ro l led  by a s t r a i n  hardening 

mechanism and models based on t h i s  are being formulated. 

High Temperature Test ing 

Development o f  a h i  gh-temperature Simultaneous Property System has 

proceeded w i th  substant ia l  d i f f i c u l t y ,  owing t o  the complete redesign 

and const ruct ion o f  i n te rna l  components o f  the  rock sample containment 

and measuring system. Checkout runs on Berea sandstone samples t o  400°F 

have been completed. Data are being analyzed t o  ensure proper operation 

1 
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TABLE 1 

M a l  Confining Teat* 
Time S~essh-esmme Con- 

Test # Depth (Hears) &psi) (kpsi) d i t i m s  

1 14097 

2 14093 

3 14056 

6 14086 

7 14082 

8 14095 

10 10255 

11 10264 

12 10264 

13A 10259 

0- 25 
25-122 

122-138 
138-186 

0- 960 
960-2161 

2161-2808 
2808-2974 

0- 497 
497- 546 

0- 71 
71- 80 

0 - 5  
5- 46 
0- 95 

95- 100 
0- 51 

51- 166 
166- 222 
222- 294 

0 - 5  
5- 338 

338- 360 

0- 333 
333- 719 
719- 840 
840-1001 

9- 145 
145- 315 
315- 341 
341- 454 

7 
14 

7 
0 
7 

14 
7 
0 

14 
0 

10 
14 
10 

10 
14 

6 
7 
8.5 
9 
7 
8.5 
0 
5 
8.5 
5 
0 
5 
8.5 
5 
0 

7 
7 
7 
0 
7 
7 
7 
0 
7 
0 

7 
7 

7 

7 
7 
5 
5 
5 
5 
5 
5 
0 

5 
5 
5 
0 

5 
5 
'5 
0 

D 

U 

U 

D 

U 

TABLE 1 (con't) 

TI- S tres s  Pressure Con- 
Mal Confining Test*  

test # Depth (Hours) (kpsi) (Itpsi) d i t i o n s  

131 10259 0- 71 5 5 D 
71- 240 8 .5  5 

240- 264 5 5 
264- 343 0 0 

142- 240 8.5 5 
240- 362 5 5 
362- 481 0 0 

167- 474 8 .5  5 
474- 553 5 5 
553- 690 0 0 

93- 240 8 .5  5 
240- 358 5 5 
358- 383 0 0 

14A 10264 0- 142 5 5 U 

14B 10264 0- 167 5 5 D 

15 10251 0- 93 5 5 UD 

M a 1  Stress  
b 

Conf in ing  Pore 
Pressure Pressure 

16 10251 0- 420 5 5 PPD 
3 

1776-2256 5 2 
2256-2400 0 0 

168-current 5 3 

420-1776 5 

17 14760 0- 168 5 5 PPD 

(960) 

* D - Drained, U - Undrained, PPD - Pore Pressure 
Decline 



of a l l  components o f  the system p r i o r  t o  t e s t i n g  Brazor ia County cores 

under various loading paths and elevated temperatures, 

Room Temperature Set t ing  

Addi t ional  compaction tes ts  on Pleasant Bayou cores have been 

completed, using the Simultaneous Property System. The resu l ts  are 

summarized i n  Table 2. 

The resu l ts  ind ica te  tha t  servo i r  d r ive  from compaction due t o  

pore pressure reduction i s  non-linear; it w i l l  be high i n i t i a l l y  but 

w i l l  d iminish rather  rap id ly  as pore pressure i s  reduced. Some general 

observations from the experimental resu l ts  are: 

1. Bulk  compressibi l i tes show a decrease o f  55 - 65% as e f fec t i ve  

a x i a l  stress i s  increased t o  i t s  maximum value, 

2. Bulk compress ib i l i t ies  a t  atmospheric pore pressure are higher 

than the values obtained a t  elevated pore pressures f o r  the same leve l  

o f  e f f e c t i v e  stresses. This show tha t  matr ix  compress ib i l i t ies  are not 

i n s i g n i f i c a n t  as i s  o f ten assumed. 

3. Uniaxial  compaction coef f i c ien t ,  Cm, range s i m i l a r l y  as bulk 

compress ib i l i ty  values. A t  the same e f f e c t i v e  stress leve l ,  Cm i s  

approximately 42 of bulk compressi b i  1 i ty, 

4, C, values obtained over the same e f f e c t i v e  ax ia l  stress range 

(approximately 7500 ps i )  but  a t  lower leve ls  o f  overburden stress (7500 

t o  15000 p s i )  and pore pressure (0 t o  7500 ps i )  were s i g n i f i c a n t l y  

higher than Cm values obtained a t  overburden stress o f  15,000 ps i  pore 

pressure varying from 15,000 - 7500 psi. This i s  due t o  the higher 
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E 
L 

Stress* 
Level 

~ 

CCO-DOE I1 
1-4-11755t ti 

L 
1-7-14751 L 

14765 ti 
CCO-DOE 12 
2-1-14696 H 

14696 H 
L 

14699 H 
L 

L 
14703 H 
14711t il 

L 

L 
2-3-15665t L 

15668 H 
L 

w 0 2 +  m 

14712 il 

t ** 

TABLE 2 

Reservoir Rock Parameters, CCO-DOE f I  I 12 

Bulk Compressibility** 
(x.lo-'psi -1 

p -constant pc-fncrcasing 
p'waries PP'O CJ 
P 

1.4 -71 2.4 - e 8 7  
2.0 - .84 

-78- -43 

1.0 - -48 
1.1 - .so 
1.1 - a44 

-88- a41 1.W .71 

1.3 - -48 1.73- -81 
2.1 - -52 
1.4 -61 
1.4 - -45 1.35 - -73 
1.6 - -50 

1.95- .52 
1.1 - .53 

1.0 - .41 

1.33 - e76 

-83- .37 1.3 - .68 

Unirxial Compaction Test** 

1.22 - -45 19.65 - 19.13 20.5 - 15.5 21.1 25.2 
1.17 e 4 3  19 .31-  18.94 11.5 - 11.0 23.9 - 27.52 

-64 - -21 19.31 - 18.99 86 - 70 23.0 - 25.31 
-40 - -23 17.63 - 17.34 69 - 62 16.99- 21.13 

.60 - .21 
e 8 7  - -29 
.67 - .29 
.42 - .19 
-60 - .22 
e73 - -29 
e90 - e32 
e 8 4  - e31 
.52 - .23 
e57 - 623 
.84 - .29 
.47 - .235 

18.23 - 17.89 
17.18 - 16.93 
17.18 - 16.30 

16?77 - 16.27 
19.52 - 19.17 

16.95 - 16.77 
21.16 - 20.90 
21.2 - 20.78 
19.16 - 19.02 
19.16 - 18.94 

16-71 16.38 

19.47 .. 19.06 

92 - 83 
7.2 - 4.2 
7.4 - 5.2 

91 - 87 
115 - 94 

25.5 - 23.4 

26.8 - 19.5 
25.5 - 17.2 

168 -155 
144 -121 

26 - 19 
38.5 - 35 

26.25- 30.46 
27.6 - 32.35 
22.15- 27.76 
22.9 - 26.74 
21.3 - 26.45 
23.75- 27.40 
2b.b - 28,25 

18.1 - 19.25 
16.7 - 18.5 
23.3 - 25.80 

26.10- 28.15 

23.55- 25.80 
e 8 0  e 3 0  19.68 -19 .25  79 - 66.5 21.15- 23.63 
e 4 8  -19 19.82 -19 .58  69 - 51.5 25.5 - 29.25 
e 9 9  - -29 19.75 -19.2P 68 - 56.5 26.3 - 30.2 

H - Corresponds to the in i t i . 1  stress condition on the rpecfmen. p -p -p -spechen depth 
L - Corresponds t o  the initi.1 s t r e s s  condition on the opecimen, p>p>pF+ the specfmen depth 
Ueasured matrix compressibil it ies varies  from 0.31 to 0.33 x lO-'psi-'. 
Range rho- as effective s t r e s s  increases from low to high values 

i 
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values o f  conf in ing pressure requried t o  keep l a t e r a l  deformation zero 

a t  the higher stress l eve l s  involved i n  these tests. 

5. Porosi ty reductions are lower than corresponding permeabi l i ty  

reductions which suggests tha t  p re fe ren t ia l  closure o f  f low 

channels/cracks takes place as a resu l t  o f  compaction. 

6. R e s i s t i v i t y  increase and consequently the increase i n  formation 

f a c t o r  fo l lows the same trend as poros i ty  reductions. 

7. The e f f e c t i v e  stress law applies wel l  i n  terms o f  trends i n  rock 

parameters wi th pressure. However, the numerical values for those 

parameters depend upon the stress leve ls  involved i n  achieving a 

p a r t i c u l a r  value o f  e f fec t i ve  stress. 

Model 1 i ng and Simulation 

Three modell ing e f f o r t s  have been car r ied  out simultaneously 

- A numerical simulator has been developed based on the nucleus o f  

s t r a i n  so lu t ion  extended t o  l i nea r  v iscoe las t ic i t y .  This simulator 

includes a f i n i t e  element formulation f o r  the reservo i r  performance. 

- An ex i s t i ng  f i n i t e  element code has been extended t o  al low 

piece-wise l i n e a r  v iscoelast ic  rock response. 

- A reservo i r  simulator has been extended t o  include l i n e a r  

8 

v iscoe las t ic  rock response. 
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5. U.S. GULF COAST GEOPRESSURED-GEOTHERMAL AQUIFER SIMULATION 

-The work described herein was performed f o r  the Department o f  

Energy's Geopressured-Geothermal D iv is ion  under contract  w i th  The 

Un ivers i ty  o f  Texas a t  Austin. The purpose o f  t h i s  work i s  t o  develop 

L i d  

* 

- - methods f o r  analyzing geothermal -geopressured reservoi r production 

behavior and t o  p red ic t  such behavior i n  the fu tu re  given spec i f i c  

e x p l o i t a t i o n  scenarios. 

This  repor t  summarizes work accomplished dur ing the  f i f t h  year o f  

t h i s  e f f o r t .  

B 
1 
6 
3 

, 

. 

GENERAL PURPOSE RESERVOIR SIMULATOR 

A t  the Center f o r  Energy Studies o f  The Univers i ty  o f  Texas a t  

Austin, the  reservo i r  s imulat ion has been successful ly conducted t o  

assess the reservo i r  performance o f  geopressured aqui fers by using an 

isothermal, two-phase, two-dimensional model . 
UT, Systems, .Science and Software (S3) performed the modeling o f  

geopressured-geothermal reservo i rs  f o r  UT under the subcontract. On the  

exp i ra t i on  o f  the subcontract, UT acquired the  S3 model. 

Para1 l e 1  i n g  the work a t  

The ea r l y  studies o f  geopressured-geothermal reservoi r s  predicted 

low recoveries and possible ground subsidence and ind icated the  need o f  

expanding the  reservo i r  study t o  include cold-water i n j e c t i o n  cases. 

The isothermal model developed a t  UT, however, was found inadequate t o  

modify t o  handle the complex phenomena associated w i th  the  co ld  water 

i n jec t i on ,  f o r  the  model was coded f o r  the spec i f i c  purpose o f  b lack-o i l  

t ype  simulations. Meanwhile, the great d i f f i c u l t i e s  were encountered i n  

t h e  implementing the  S3 model a t  UT mainly because o f  the d i f ferences o f  

2 1  



t/ 
the FORTRAN languages a t  the two ins t i t u tes .  Under t h i s  circumstance 

the  decision was made t o  develop a general purpose reservo i r  simulator. 

Appl i cab1 e Probl ems 

I n  w r i t i n g  the programs the problem type was res t r i c ted  t o  

time-dependent, coupled convection-diffusion equations. Furthermore, 

t he  approximation method was assumed t o  be f i n i t e  differences. The main 

features o f  problems t o  which the general purpose reservo i r  simulator i s  

appl icable are summarized below. 

1. 

2. 

3. 

4. 

The problem must be described by a system o f  up t o  f i v e  coupled 

p a r t i a l  d i f f e r e n t i a l  equations (PDE). The problem can be l i n e a r  or  

nonlinear. 

PDE's as a whole i s  assumed t o  describe time-dependent phenomena. 

The space domain can be one, two, or  three-dimensional and can be 

deformable i n  the ve r t i ca l  d i rect ion.  The coordinate system can 

be a Cartesian, 1-D rad ia l ,  or 2-D cy l i nd r i ca l  (r-2). The three- 

dimensional models a r e  p rac t i ca l l y  impossible t o  run a t  UT because 

o f  the small cent ra l  memory allowed f o r  each user (376K octal).  

The temporal in tegra t lon  o f  PDE's i s  present ly l i m i t e d  t o  the 

backward difference. To solve nonlinear di f ference equations, four 

i t e r a t i v e  techniques are avai lable; the Newton method, modified 

Newton method, semi- impl ic i t  method, and simple subs t i tu t ion  

method. 

The system o f  l i n e a r  equations resu l t i ng  f o r  each nonlinear i t e r a -  

t i o n  i s  solved by one o f  the three methods; the LU decomposition, 

Some PDE's may be time-independent but the system of 
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the Gaussian e l im ina t ion  w i th  economized storage, and the l i n e  

successive over-relaxation method. 

Program Structure 

The e n t i r e  process o f  reservo i r  s imulat ion was broken down i n t o  

several modules. These modules were then categorized i n t o  two classes, 

probl  em-i ndependent and probl em-dependent . 
The problem-i ndependent rout ines should be appl i cab1 e t o  various 

problems without s l g n i f i c a n t  changes. 

general rout ines below. They include the fol lowing: 

1. 

2. Input/Output 

3. Gr id d e f i n i t i o n  

4. 

These rout ines are refer red t o  as 

Preprocessing such as determination o f  data s t ructure 

Time-marching, i .e., construction and solut'lon o f  l i n e a r  equation 

systems, i t e r a t i o n  f o r  convergence and advancing t ime steps 

The problem-dependent rout ines are p r imar i l y  those tha t  ca lcu late PDE 

coef f ic ients  and other informat ive variables. They are stereotyped as 

fo l lows: 

I n i  ti at  i z a t i  on 

Update secondary dependent variables 

Storage term cal  cu l  a t  i on 

D i f f us ion  term ca lcu la t ion  

Convection term ca lcu la t ion  

Po in t / l ine  source ca lcu lat ion 

Other source term cal  cu l  a t1  on 

Boundary condi t ion ca lcu lat ion 

23 



9. Informative var iab le ca lcu la t ion  

The general rout ines c a l l  only these nine problem-dependent 
LJ 

subroutines besides the communication among the general rout ines them- 

.I selves. Since the centra l  memory s ize i s  very l i m i t e d  a t  UT, the 

programs were designed so tha t  unused data storage spaces would be mini-  

mized. Almost a l l  var iables were put i n  a s ing le common block. I n  the 

* 

general rout ines t h i s  common block i s  represented by a s ing le generic 

array variable. The preprocessing mentioned above includes the par- 

t i t i o n  o f  t h i s  generic array and se t t ing  address pointers o f  actual 

var iab les based on the var iable information (type, size, etc.) given by 

input. The address pointers f o r  arguments o f  the problem-dependent 

subroutines are a lso determined during the preprocessing. The general 

rout ines c a l l  the problem-dependent subroutines using the generic array 

w i t h  pointers set  during the preprocess as arguments. The problem- 

dependent rout ines w i l l  have r e a l i s t i c  var iab le names f o r  t h e i r  formal 

parameters so tha t  these programs are readable. 

The compiled binary general rout iens are stored on a permanent 

f i l e .  Currently, the user needs t o  read necessary general rout ines from 

the  permanent f i l e ,  combine them wi th  the problem-dependent rout ines t o  

form a complete program and load it t o  the centra l  memory. A mdre 

systematic and easier procedure t o  run the program would be desirable 

i n  the future. 

The cold-water i n j e c t i o n  pro ject  i s  proceeding w i th  the s ing le 

phase assumption. The problem-dependent rout ines were wr i t t en  based on 

t h i s  assumption and are being tested. Should the assumption prove t o  be 

inappropriate, the system o f  governing d i f f e r e n t i a l  equations must be 
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replaced by a more complex, multi-phase problem, and the problem- 

dependent rout ines would need t o  be accordingly rewrit ten. However, the 

general rout ines would not require any modif icat ion. 

Besides the simulat ion programs, the decent p l o t  capab i l i t y  has 

been a lso established. The output routines o f  the simulator create 

f i l e s  which are compatible w i th  the p l o t  programs. That i s ,  the output 

f i l e s  wr i t t en  during a simulat ion are fed as input  f i l e s  t o  the p l o t  

programs. The p l o t  programs use the NCAR (National Center f o r  

Atmospheric Research) graphic routines t o  generate h is to ry  curves, con- 

tour,  and vector plots. 

RESERVOIR PERFORMANCE I N  VISCOELASTIC POROUS MEDIA 

The mass balance equations f o r  a two-phase two-component f l u i d  

system are wr i t t en  f o r  v iscoelast ic  porous media. The resu l t ing  

equations are approximated by f i n i t e  di f ferences and the resu l t ing  

numerical simulator i s  used t o  conduct a s e n s i t i v i t y  study on the 

e f f e c t s  o f  un iax ia l  v iscoelast ic  deformation i n  geopressured aquifers. 

Results o f  t h i s  study ind icate tha t  v iscoelast ic  deformation may have 

considerable in f luence on the pressure maintenance o f  these aquifers. A 

numerical model o f  the geopressured aqui fer  i n  Brazoria county, Texas i s  

constructed and the numerical simulator i s  used t o  predic t  the u l t imate 

recovery o f  so lu t ion gas from t h i s  v iscoelast ic  geopressured aquifer. 

I n  the case o f  the v iscoelast ic  reservo i r  (at  40,000 STBW/day pro- , 

duct ion rate)  the l i f e  o f  the well  approaches ten years, whereas f o r  the 

e l a s t i c  reservo i r  the  l i f e  o f  the wel l  i s  about seven years. These 

resu l t s  ind ica te  40% improvement f o r  the wel l  l i f e  over the e l a s t i c  . 
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reservo i r .  I n  addi t ion,  a f t e r  f i v e  years o f  production, the 

v i scoe las t i c  reservo i r  ind icates t h a t  water recoveries w i l l  be 1.98% o f  

t he  i n i t i a l  water i n  place resu l t i ng  i n  a per wel l  recovery o f  1.83% of 

t h e  i n i t i a l  gas i n  place. These compare t o  a 1.5% recovery f o r  the 

pure ly  e l a s t i c  reservoir .  

PRELIMINARY TEST RESULTS OF THE FIRST GEOPRESSURED-GEOTHERMAL 

DESIGN WELL, BRAZORIA COUNTY, TEXAS 

The P1 easant Bayou 82 geopressured-geothermal t e s t  we1 1 was 

completed i n  the summer o f  1979. The C sand o f  the F r i o  formation was 

selected f o r  completion on the basis o f  core analysis, wel l  logs, and 

d r i l l s t e m  tests.  The purpose o f  t h i s  sect lon i s  t o  summarize the 

r e s u l t s  o f  the short  term production t e s t s  run on the Pleasant Bayou #2 

wel l  dur ing 1979 and the  F a l l  o f  1980. These tes ts  were analyzed using 

conventional t rans ien t  pressure t e s t  analysis methods. 

The most s i g n i f i c a n t  t e s t  run dur ing 1979 was a ten day drawdown 

t e s t  from December 3 t o  December 14 fol lowed by a 20 day bui ldup 

period, dur ing which reservo i r  pressure response was observed. Af ter  a 

h ia tus  o f  nine months, a second production t e s t  was conducted over a 

per iod of 45 days beginning on September 16, 1980. The wel l  was shut i n  

on October 31, 1980. 

Both production t e s t s  ind ica te  a formation permeabi l i ty  o f  200 

m i l l  i adarcies. The presence o f  a permeabi l i ty  i n te r rup t i on  located 

approximately 3790 feet from the wel l  bore i s  a lso suggested by these 

tests ,  
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During the  l a s t  production test ,  a producing gas-water r a t i o  o f  20 

standard cubic fee t  per bar re l  o f  produced water was observed. An addi- 

t i o n a l  9-12 standard cubic feet o f  gas per bar re l  was found i n  the water 

downstream of the separator. The t o t a l  gas-water r a t i o  o f  29-32 SCF/bbl 

i s  i n  reasonable agreement w i th  laboratory  data and cor re la t ions  f o r  

t h i s  produced brine. 

The major growth f a u l t  which forms the reservo i r  boundary t o  the  

northwest o f  the wel l  i s  evident from the pressure drawdown data 

obtained dur ing the  l a s t  production period. The l a s t  production t e s t  

a l so  ind icates an apparent ra te  dependent sk in  ef fect .  
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6. PRELIMINARY REVIEW OF SUBSIDENCE INSURANCE ISSUES i u  
‘c 

r 

i 

Overview 

This  review addresses the need o f  a geopressured-geothermal 

resource developer t o  secure 1 i abi 1 i ty insurance against damages a r i s i n g  

t o  t h i r d  pa r t i es  because o f  surface subsidence caused by h i s  o r  her 

pumping of geopressured brines. The review b r i e f l y  describes the poten- 

t i a l  f o r  la rge  l i a b i l i t y  exposure which ex i s t s  along the Gulf Coast, 

reviews Texas law ( p r i n c i p a l l y  the Friendswood case) arguably per t inent  

t o  the  l i a b i l i t y  o f  the  geopressured resource developer, and a r r i ves  a t  

t h e  conclusion t h a t  the geopressured resource developer should t u r n  t o  

insurers  who commonly work w i th  the mining indust ry  t o  secure insurance 

against  subsidence-i nduced 1 i a b i  11 ty. 

Discussion 

The po ten t i a l  f o r  surface subsidence caused by the pumping o f  

geopressured br ine  from geopressured-geothermal reservoi r s  i s  obviously 

great. As Dr. Tom Gustavson, probably the leading Texas au tho r i t y  on 

t h e  envi ronmental consequences o f  geopressured-geothermal development , 
has o f ten  commented, a geopressured-geothermal development we1 1 pro- 

ducing 30,000 bar re ls  o f  b r ine  per day would, I n  the per iod o f  a year, 

withdraw from subsurface formations more br ine  than has been pumped from 

beneath the  Texas Gulf  Coast by conventional o i l  and gas producers since 

t h e  advent o f  the  industry. Our understanding o f  the geophysical 

i n te rac t i ons  between the  reduction o f  reservo i r  pressure a t  depths 

beneath 15,000 fee t  and the subsidence o f  surface s o i l s  i s  not 
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s u f f i c i e n t  f o r  conf ident p red ic t ion  t h a t  deep, la rge  volume br ine  

product ion w i l l  necessar i ly  cause surface subsidence. 

The po ten t i  a1 f o r  economic 1 i abi 1 i t y  because o f  subsidence induced 

by a geopressured-geothermal developer i s  great. Surface subsidence 

along the  Texas Gulf Coast obviously exposes a c t i v i t i e s  on t h a t  surface 

t o  greater r i s k  o f  inundation by f resh water f loods and s a l t  water 

i n t rus ions  from the  Gulf o f  Mexico. Further, surface subsidence can 

cause important misalignments o f  man-made st ructures such as highways, 

bridges, ra i l roads,  pipel ines,  and wel ls  ( o i l  and gas, f resh water, and 

waste disposal). P a r t i c u l a r l y  i n  the  case o f  p ipe l ines and wells, even 

minor d is loca t ions  caused by surface subsidence can cause severe opera- 

t i o n a l  problems. 

The p r inc ipa l  Texas l a w  on the l i a b i l i t y  o f  one who produces water 

from beneath the  ground f o r  surface subsidence caused by t h a t  production 

i s  the Texas supreme cour t  case o f  Friendswood Development Company vs. 

Smith-Southwest Indust r ies,  567 S.W. 2nd 21 (Texas 1978). I n  

Friendswood, the  defendant (Friendswood) began pumping massive amounts 

of ground water from beneath the Houston-Galveston region f o r  sale t o  

i n d u s t r i a l  customers. A group o f  landowners brought a c lass ac t ion  s u i t  

a1 1 edging t h a t  the defendant I s  negl igent ex t rac t ion  o f  ground water 

caused t h e i r  land t o  s ink and exposed it t o  erosion damage and flooding. 

The t r i a l  cour t  threw out the landowners' su i t ,  because the  p reva i l i ng  

Texas law was t h a t  a landowner had the  absolute r i g h t  t o  produce ground 

water from h i s  land wi thout ' thereby exposing himsel f  t o  l i a b i l i t y ,  

unless t h a t  pumping was w i l l f u l  waste or w i t h  i n t e n t  t o  i n j u r e  other 

part ies.  The landwoners appealed t h e i r  case t o  the f i r s t  l eve l  
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appel la te  cour t  and t h a t  cour t  ru led  t h a t  the  t r i a l  cour t  should have 

no t  have thrown out the case because, if Friendswood's act ions were 

negl igent,  'the f a c t  t h a t  he Owns the water produced w i l l  not  i nsu la te  

him from the  consequences o f  t h i s  negl igent conduct.' 

Fo l lowing t h i s  ru l ing,  Friendswood appealed t o  the Texas Supreme 

Court. The Supreme Court reversed the f i r s t  l eve l  appel late cour t  and 

sa id  t h a t  the  t r i a l  cour t  had been correct  a f t e r  a l l .  The Texas Supreme 

Court said, however, t h a t  the l a w  which it was applying was harsh and 

outmoded. The cour t  announced t h a t  i n  the  fu tu re  it would not apply 

t h i s  law, but would do as the f i r s t  leve l  appel la te  cour t  had done. 

. 

The most important aspect o f  the Supreme Court's r u l i n g  i n  

Friendswood was that,  a f t e r  1978, the producer o f  ground water could be 

held l i a b l e  f o r  subsidence induced by h i s  ground water production i f  he 

were negl igent i n  the process o f  t ha t  production. 

There are two reasons why a geopressured-geothermal developer might 

no t  be too  concerned about the Friendswood ru l ing.  F i r s t ,  a p l a i n t i f f  

suing under Friendswood would have t o  prove t h a t  the developer knew h i s  

product ion would cause the surface Subsidence complained of. As men- 

t i oned  ea r l i e r ,  our understanding o f  the  in te rac t ions  o f  forces between 

t h e  geopressured-geothermal reservo i r  a t  15,000 fee t  and the surface i s  

not  su f f i c i en t l y  wel l  understood t h a t  a developer can be reasonably 

5 

charged w i th  foreseeeing the consequences o f  h i s  production o f  b r ine  

from the deep subsurface. 

The second reason i s  t h a t  the Friendswood' case deals w i t h  produc- 

t i o n  o f  "ground water"; other cases and the  Texas l e g i s l a t u r e  commonly 

use the  term "underground water" and "ground water'' interchangeably. 
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E i t h e r  term i s  commonly in te rpre ted  t o  mean: 

"water perco la t ing  below the surface o f  the ear th  and t h a t  i s  
s u i t a b l e  f o r  ag r i cu l tu ra l ,  gardening, domestic, o r  l i ves tock  
r a i s i n g  purposes..." (Quoted from the Texas Water Code, Section 
52.001, which sets f o r t h  the d e f i n i t i o n  f o r  terms for Texas' 
underground water conservation d i s t r i c t  law). 

By no reasonable s t r e t c h  o f  the imagination can our understanding o f  

geopressured b r ine  be sa id t o  include perco lat ion form the  surface o r  

s u i t a b i l i t y  f o r  any o f  the a c t i v i t i e s  ou t l ined  i n  the  preceding quote. 

The charac ter iza t lon  o f  geopressured br ines as minerals, ra ther  .than 

ground water, would be more f a c t u a l l y  appropriate and would be con- 

s i s t a n t  w i t h  the Texas l e g i s l a t u r e ' s  po l i cy  decis ion t o  t r e a t  

geopressured-geothermal development as an a c t i v i t y  under the j u r i s d i c -  

t i o n  o f  the Texas Rai l road Commission ra ther  than the  Department o f  

Water Resources. 

Though a sound argument can be made t h a t  the production o f  b r ine  by 

a geopressured-geothermal developer i s  not an a c t i v i t y  which i s  covered 

by the  Friendswood decision, there are other lega l  theor ies under which 

a developer could be held l i a b l e  f o r  surface subsidence. The theory 

which appears t o  be most appl icable i s  t h a t  o f  "subjacent support". 

Th is  theory holds t h a t  a landowner has a r i g h t  t o  expect the support o f  

h i s  so i l ,  both l a t e r a l l y  and ve r t i ca l l y .  One who causes another's land 

t o  lose  i t s  support w i l l  be held s t r i c t l y  l i a b l e  f o r  the  economic con- 

sequences o f  t h a t  loss  of support, This l a t t e r  rami f i ca t ion  can be par- 

t i c u l  a r l y  important t o  a geopressured-geothermal developer because the 

determinat ion o f  h i s  or  her l i a b i l i t y  would be i n  no way inf luenced by 

considerat ions o f  negligence; t h a t  is ,  the developer could be held 
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l i a b l e  whether o r  not the  production o f  geopressured br ine  was conducted 

i n  a negl igent  manner. 

The p l a i n t i f f s  i n  the Friendswood case ra ised the  subjacent support 

doc t r ine  as one o f  the grounds on which they sought recovery. The 

Supreme Court sa id  t h a t  theory d id  not apply t o  t h e i r  case and gave two 

reasons. The f i r s t  reason was tha t  theory h i s t o r i c a l l y  dea l t  w i th  the 

removal o f  minerals and the  court  was unw i l l i ng  t o  c l a s s i f y  ground water 

as a mineral . As prev ious ly  indicated, t h i s  reason would not appear t o  

apply i n  the  case o f  geopressured-geothermal b r ine  production because 

t h a t  b r ine  should not l o g i c a l l y  be considered ground water. 

The cour t ' s  second reason for r e j e c t i n g  the  theory as one ava i lab le  

t o  the  p l a i n t i f f s  i n  the  Friendswood case was t h a t  the 1939 Restatement, 

o f  Torts, the  p r inc ipa l  U.S. cod i f i ca t i on  o f  the ru les  f o r  assigning 

l i a b i l i t y  f o r  damages o f  t h i s  nature, s p e c i f i c a l l y  stated t h a t  " t o  the  

extent  t h a t  the  person i s  not l i a b l e  f o r  withdrawing subterranean waters 

from the land o f  another, he i s  not l i a b l e  f o r  any subsidence o f  the 

o ther 's  land which i s  caused by t h a t  withdrawal." This language was 

deleted from the Restatement (Second) o f  Torts, which was published i n  

1979, a f t e r  the  date o f  the  Friendswood decision. 

Producer l i a b i l i t y  f o r  production o f  geopressured-geothermal b r ine  

would appear t o  e x i s t  under the doct r ine o f  subjacent support. Because 

t h i s  doc t r ine  imposes s t r i c t  l i a b i l i t y  on the  i nd i v idua l  o r  organizat ion 

t h a t  removes a landowner's subjacent support, t h a t  ind iv idua l  o r  organi- 

za t ion  w i l l  not  be able t o  ava'll i t s e l f  o f  the  defense t h a t  it d i d  not 

know t h a t  the production on br ine  would cause the  removal o f  subjacent 

support. The most p rac t i ca l  consequence o f  t h i s  i s  that ,  as our 
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understanding o f  the  i n te rac t i ons  between deep subsurface geophysics and 

surface subsidence improves, causes o f  subsidence which are not commonly 

acknowledged by au tho r i t i es  today may come t o  be so 15 years l a te r ,  a t  

which time land Owners who suffered surface subsidence could sue the  

geopressured-geothermal producer f o r  losses s t re tch ing  back i n  time t o  

t h e  present. 

I n  the  absence o f  l i a b i l i t y  insurance a producer would be foolhardy 

t o  undertake development under these circumstances. There ex i s t s  a body 

o f  insurance law and custom which has ar isen because o f  more conven- 

t i o n a l  mining a c t i v i t i e s ,  both i n  the United States and other common law 

j u r i s d i c t i o n s  (such as England). It i s  t o  Insurance and s ta tu to ry  

beneff ts accorded the mining indust ry  t h a t  the geopressured-geothermal 

developer should t u r n  t o  sh ie ld  himself from l i a b i l i t y  f o r  surface sub- 

sidence induced by h i s  production o f  geopressured brines. 

Summary 

It may one day be possible t o  es tab l i sh  t h a t  the production of 

l a rge  volumes o f  geopressured br ine  from deep subsurface reservo i rs  

causes surface subsidence. I f  t h i s  proves t o  be the case, the producers 

o f  those br ines can expect t o  f i n d  themselves exposed t o  la rge  f i nanc ia l  

l i a b i l i t y  f o r  act ions which were undertaken i n  e a r l i e r  times when t h a t  

casual re la t tonsh ip  was not understood. The law governing t h i s  l i a b l l -  

i t y  w i l l  not spr ing from the  cases, such as the Friendswood case, which 

deal w i th  subsidence induced'by the production o f  groundwater or the  

a c t i v i t i e s  o f  underground conservation d i s t r i c t s .  This l i a b i l i t y  w i l l  

ins tead be based on law and cases which address the penal t ies f o r  
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removal o f  the l a t e r a l  o r  subj n t  support o f  surface 1 nd; the 

commercial e x p l o i t a t i o n  o f  underground minerals by mining indust r ies i n  

o ther  states and other common law j u r i s d i c t i o n s  has given r i s e  t o  a 

ra the r  mature body o f  law and insurance custom on the matter o f  removal 

o f  subjacent support. 

t h e  underground mining indust ry  t h a t  the geopressured-geothermal 

resource developer should t u r n  f o r  guidance and protection. 

It i s  t o  t h i s  law and t o  insurers operating i n  
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7 . GEOPRESSURED-GEOTHERMAL INFORMATION SYSTEM 

1.0 OVERVIEW 
? ' C d  

I 

The Geopressured-Geothermal Informat ion Systems (GGIS)  has 

5 developed a la rge  number o f  computerized data bases which serve as a 

t o o l  f o r  geopressured geothermal researchers. This body o f  informat ion 

forcuses on the Gulf Coast Basin and includes informat ion such as 

d i g i t i z e d  wel l  logs, wel l  header information, s a l i n i t y  data, sand 

p r o f i l e s ,  a geopressured geothermal bibl iography and thesaurus, and 

several other data bases. 

To augment the use o f  these data bases, many special ized software 

packages have been w r i t t e n  which analyze t h i s  data and produce 

s t a t i s t i c a l  information, graphical presentations, and reports f o r  the  

use o f  geopressure research teams. These software packages range i n  

scope from wel l  l o g  analysis packages t o  software which generates 

computer l i s t i n g s  o f  the geopressured geothermal bib1 iography. 

2.0 TASKS ACCOMPLISHED 

The f o l  1 owing tasks have been accompl i shed dur ing the  preceding 

cont rac t  year. 

2.1 Geopressured Analysis Program 

The ANALYZE package o f  subroutines was augmented t o  perform the  

fo l l ow ing  we l l  log analysis capab i l i t ies ;  

1. Normalize the  Spontaneous Potent ia l  (SP) baseline t o  zero 

m i l l i v o l t s  and p l o t  the resu l t i ng  SP curve versus depth. This i s  

done by i d e n t i f y i n g  the shale po ints  on the  log and t h e i r  dev iat ion 

from the  zero m i  11 i v o l t  SP level. A correspondi ng "complementary" 
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func t ion  i s  deveoped and t h i s  funct ion i s  used t o  determine the SP 

s h i f t  necessary a t  each two foot  loca t ion  t o  cause the shale 

baseline t o  f a l l  along the zero m i l l i v o l t  l ine.  This method has 

been compared t o  manual computations for several logs and proves t o  

g ive resu l t s  w i th  a t  most 10% e r ro r  whi le  the normal er rors  are on 

the  order o f  two t o  three percent. 

Calculate formation water r e s i s t i v i t y  (RM). The SSP i s  used t o  

ca lcu la te  the formation water r e s i s t i v i t y  o f  any desired porous 

and permeable zone. The user i s  provided three options t o  

ca lcu la te  these conate water r e s i s t i v i t i e s .  

The f i r s t  method the user may choose t o  ca lcu late the water 

r e s i s t i v i t y  i s  from inversion o f  the modified Nearnst Equation 

(SSP = -Klog R,,.,fe/Rw,). 

spontaneous potent ia l ,  Qfe i s  r e s i s t i v i t y  o f  the mud f i l t r a t e  

(assumed t o  be present i n  the "invaded zone"), and K i s  assumed t o  

I n  t h i s  method, SSP i s  the s t a t i c  

be dependent only upon formation temperature. Rwe i s  the 

equivalent formation water r e s i s t i v i t y .  

The second method a lso use the modified Nearnst Equation but 

i n  t h i s  instance K i s  assumed t o  be a funct ion o f  mud density. 

Accordingly, Schlumbergers Chart Gen 7 (K versus mud densi ty)  i s  

used t o  determine the K value given the appropriate mud density. 

Thi s method i s appl i cab1 e where re1 a t1  ve ly  1 i ght non 1 i gnosul f onate 

muds have been used i n  the d r i l l i n g  program. 

The t h i r d  method i s  a modi f icat ion o f  the second method i n  

which K i s  again a funct ion o f  mud density; however, an empir ical 
i 

u 
36 



z 

3. 

+ 

4. 

1 .  

5. 

6. 
i 

W 

curve f o r  heavy l ignosul fonate muds (used i n  d r i l l i n g  geopressured 

formations) i s  used rather than Schlumbergers Chart Gen 7. 

Calculate the formation s a l i n i t y  (PPM) and p l o t  the s a l i n i t y  versus 

depth. This i s  done i n  a straightforward manner from the formation 

water r e s i s t i v i t y .  S a l i n i t i e s  versus depth are p l o t t e d  and these 

p r o f i l e s  are used i n  determining the geopressured t r a n s i t i o n  zones 

as w e l l  as gas/water r a t i o s  i n  the geopressured aquifers. 

Calculate Qa and p l o t  versus depth. The apparent water 

r e s i s t i v i t y  i s calculated f o r  100% water saturat ion for  zones 

from: 

RW = Ril/F 

where F i s  the formation r e s i s t i v i t y  f ac to r  and f o r  sandstones i s  

assumed t o  be 

F = (Theta t) 2/0.81 

i s  the t r u e  bulk r e s i s t i v i t y  as read from the deep reading Ri 1 
r e s i s t i v i t y  sonde (uncorrected f o r  borehole ef fects) .  Theta t i s  

the  t r u e  formation poros i ty  and i s  obtained from the sonic poros i ty  

by : 

P Theta t = Sonic porosity/C 

where C i s  the compaction c o e f f i c i e n t  which i s  estimated from 
P 

regional  poros i ty  versus depth curves f o r  a p a r t i c u l a r  area. 

Rwa i s  hence calculated by: 

R,, = (Ril 0.81 (Cp 2))/Sonic Porosity 2 

A p l o t  o f  Qa versus depth i s  provided. 

P lo t  temperature versus depth curves. 

P lo t  mud weights versus depth. 

t 
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These subroutines are speci f  i c a l  l y  t a i  1 ored f o r  geopressured 

formations where s a l i n i t y  values are o f  importance i n  determining the 

gaslwater r a t i o  i n  geopressured aquifers. 

Several software packages were w r i t t e n  t o  make use o f  e x i s t i n g  data 

bases which are maintained by the GGIS. These packages produce 

graphical presentations o f  the the data contained i n  the data bases i n  

ways which may be useful t o  geopressured researchers. 

packages are the f o l 1  owing: 

1. Provide d i s t r i b u t i o n  maps o f  wel l  locat ions contained i n  the 

Examples o f  these 

d i g i t i z e d  wel l  l o g  data base. These maps are centered on 

i d e n t i f i e d  geopressured f a i  rways a1 ong the Texas Gulf Coastal 

Plain. The maps present well  locat ion,  county boundaries, and 

township-range l i n e s  f o r  reference. 

Provide cross-plots o f  temperature versus depth or  pressure versus 

depth f o r  selected areas. These p l o t s  are co lor  coded so t h a t  

po ints  above the geopressured zone are presented i n  one co lo r  whi le  

po ints  below the geopressured zone are presented i n  another color. 

Provide isotherm and isobar maps over selected areas. The maps are 

2. 

3. 

produced i n  a s u i t e  o f  p l o t s  descr ib ing a selected area. The f i r s t  

p l o t  i n  the ser ies locates the area o f  i n t e r e s t  w i th  county 

boundaries and county names being displayed. The second p l o t  then 

d isp lays an isotherm map o f  the area which i s  obtained from data i n  

t h e  GGIS wel l  header data base. The contour l i n e s  on t h i s  map are 

co lo r  coded so t h a t  cooler and ho t te r  areas on the map are e a s i l y  

i d e n t i f i a b l e .  Addi t ional ly,  wel l  locat ions and county l i n e s  ares 

displayed on the map. The t h i r d  o f  the series dupl icates the 
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second p l o t  with the exception tha t  contour l i n e s  are now 

shaded i n  so the user i s  presented w i th  a s o l i d  area f i l l e d  map. 

The fou r th  map i s  a three dimensional perspective o f  the isotherm 

map. The ser ies i s  then repeated f o r  pressure d is t r ibu t ion .  

Please see f i gu re  one f o r  examples o f  computer graphics 

appl icat ions t o  geopressured-geothermal research. 

2.2 Log D i g i t i z i n g  

1. The d i g i t i z e d  wel l  l og  data base was expanded t o  19,249,449 f e e t  o f  

d i g i t i z e d  w e l l  logs. This represents 1884 curves from 374 wel ls  

which are d i s t r i bu ted  along the Texas Gulf Coastal Plain. Numerous 

sonic and densi ty logs were d i g i t i z e d  f o r  the Bureau o f  Economic 

Geol ogy . 
The Department o f  Petroleum Engineering acquired a Terak-8510/A 

microcomputer t o  augment the d i g i t i z i n g  capab i l i t i es  o f  the 

project .  The Terak-8510/A i s  a DEC LSI-11/3 microcomputer w i th  two 

e igh t  inch IBM-3740 compatible disk drives, two se r ia l  RS-232c 

ports, and 32K o f  sixteen b i t  words worth o f  memory. D i g i t i z i n g  

rout ines have been wr i t t en  f o r  the microcomputer. Addi t ional ly,  

2. 

wel l  logs which have already been d i g i t i z e d  w i th  the ex i s t i ng  Data 

General Nova system have been down loaded t o  the microcomputer. 

Software has been wr i t t en  which w i l l  take these d i g i t i z e d  wel l  logs 

and d isp lay them on the monochrome ras ter  display o f  the Terak. 

Development o f  wel l  l og  analysis rout ines f o r  the microcomputer i s  

cu r ren t l y  underway. Port ions o f  t h i s  software package were 
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demonstrated a t  the ACM SIGGRAPH convention i n  Dallas during August 

1981. 

A summary index (1) o f  the d i g i t i z e d  well  l o g  data base was 

published f o r  use by geopressured researchers as a guide t o  wel l  

l o g  data avai lab le through GGIS. 

3. 

2.3 Geopressured-Geothermal B i  b l  i ography and Thesaurus 

The "Geopressured-Geothermal Bibl iography: Volume I (Ci ta t ion 

Abstracts)"  (2) and "Geopressured-Geothermal Bib1 iography: Volume I1  

(Geopressure Thesaurus)" (3)  were publ ished i n  August 1981. The 

b i  b l  i ography and i t s  companion thesaurus have been compi 1 ed t o  assi s t  

research i n  the area o f  geopressured-geothermal energy. The 

b i  b l  i ography i s  cu r ren t l y  the most special i zed and comprehensive 

reference work on t h i s  subject. Volume I contains over 750 

b i  b l iographica l  e n t r i e s  concerned with the s c i e n t i f i c  and technical  

requi  rements o f  geopressured-geothermal energy research and devel opment , 
t h e  social  and environmental e f fec ts  o f  geopressured-geothermal energy 

development and use, as well  as the legal ,  economic, and f i nanc ia l  

aspects o f  i t s  development and use. 

b i  b l  i ographical data, notes the avai 1 abi 1 i ty o f  the document, and 1 i s t s  

a set o f  descr iptors ( that  have been assigned from the thesaurus, and 

which index the entry). Most en t r i es  a lso contain an abstract. Upon 

Each ent ry  contains the per t inent  

publ i cation, the "Geopressured Thesaurus" contained more than 2800 terms 

and references. Both o f  these publ icat ions are cu r ren t l y  avai lab le from 

t h e  Na t  i onal Technical Informat i  on Service. 
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Subsequent t o  pub l i ca t i on  o f  the bibl iography, a l l  a c t i v i t i e s  

required f o r  publ icat ion o f  an updated, revised, and expanded second 

e d i t i o n  have been pursued by the GGIS s ta f f .  

t he re  were 202 new b ib l iographica l  en t r i es  t o  be included i n  the second 

ed i t i on ,  and several new terms had been added t o  the thesaurus. 

As o f  December 31, 1981, 

Some indust ry  i n t e r e s t  has been generated by the publ icat ion o f  the 

b i  b l  i ography , as the GGIS has hand1 ed several requests f o r  in format i  on 

from p r i va te  industry. 

2.4 Services t o  Other Users 

The GGIS provided the fo l lowing services during the preceding 

contract  year: 

1, 

1 

2. 

3. 

4. 

3.0 

1. 

D i g i t i z e d  numerous maps and well  logs f o r  the Bureau o f  Economic 

Geol ogy and the Department o f  Geol ogi ca l  Sciences . 
Provided a magnetic tape containing a l i s t i n g  o f  names and 

addresses i n  the GGIS mai l ing l i s t  t o  Louisiana State University, 

Provided co lo r  graphics p l o t t i n g  rout ines t o  other pro jects  

sponsored by the Center f o r  Energy Studies and the Department o f  

Petroleum Engineering. 

Provided computer 1 i st ings o f  the "Geopressured-Geothermal 

B i b l  iography" t o  several p r i va te  companies who requested t h a t  

1 i s t i n g .  
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Reference f o r  Figure One 

Frame 1 Frame 2 Frame 3 

Frame 4 Frame 5 Frame 6 

Frame 7 Frame 8 Frame 9 

1. Thermal d i s t r i b u t i o n  map a t  the top o f  the geopressured zone i n  the 

Brazor ia  Fairway, Brazor ia and Galveston Counties, Texas. 

Thermal d i s t r i b u t i o n  map a t  the top o f  the geopressured zone i n  the 

B razo r i  a Fai rway , B razor i  a and Gal veston Counties , Texas. 

2. 

3. Three dimensional perspective view o f  the thermal d i s t r i b u t i o n  a t  

t h e  top o f  the geopressured zone i n  the Brazor ia Fairway, Brazor ia 

and Gal veston Counties, Texas. 

P lo t  o f  pressure versus depth f o r  Brazor ia County, Texas. 

P lo t  o f  temperature versus depth f o r  Brazor ia County, Texas. 

4. 

5. 

6. I n i t i a l  reservo i r  condi t ion f o r  reservo i r  simulat ion study o f  the 

Aust in Bayou Geopressured Reservoir Study, Brazor ia Country, Texas. 

Reservoir condi t ion a f t e r  one year f o r  reservo i r  simulat ion study 

of the Austin Bayou Geopressured Reservoi r Study, B razor ia  County, 

Texas . 
7. 

8. Reservoir Condition a f t e r  ten years f o r  reservo i r  simulat ion study 

o f  the Austin Bayou Geopressured Reservoir Study, Brazor ia County, 

Texas . 
Reservoi r condi t ion a f t e r  twenty years f o r  reservoi r simulat ion 

study o f  the Austin Bayou Geopressured Reservoir Study, Brazor ia 

9. 

I =  
1 
1 

; 
i v  
1 
! 

I 
1 .  

County, Texas. 
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8, STUDY OF LOG DERIVED WATER RESISTIVITY VALUES I N  GEOPRESSURED- 

GEOTHERMAL FORMATIONS 
b/ 

4 

The f o l l  owing progress reports have previously been submitted t o  

1 t h e  Department o f  Energy. 
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PROGRESS REPORT #13, MARCH 1981 
STUDY OF LOG DERIVED WATER RESISTIVITY DATA IN 

GE02 FORMATIONS 

SUMMARY : 

We have obtained recent test data from Houston Oil and Minerals Prairie 
Canal fl, Calcasieu Parish, La., and have added this as test 1/25 to our set 
of data. Results are shown in Table 2. For this well, use of the header 
data on RMF gives a good check of observed and calculated water resistivi- 
ties (very unusual). 

We have done further work on the salinity correction curve shown as 
Fig 1 of last month's progress report. 
appear to be correlateable with geologic age, confirming our guess of last 
month. 
all points on the lower branch are lower Frio and older. 

The two branches of this curve do 

All points on the upper branch of the curve are lower Frio and younger, 

At the request of Mr. Keith Westhusing, we attended a meeting at Ben 
Eaton's Offices on March 24 to discuss methods of calculating water resisti- 
vity from the S.P., using the F. A. Godchaux 111 At 
this meeting I was requested to summarize my recommendations for calculating 
the formation water salinity from the S.P. in geopressured wells drilled with 
lignosulfonate muds. 
dated April 1, 1981 (attached). Using $he method outlined, we should be able 
to calculate the water salinity within - 21,000 ppm std. dev. 

#1 well as an example. 

This was done, and reported to Westhusing in a letter 

At the same meeting, Prof. Zaki Bassiouni of the Petroleum Engineering 
Dept. at L.S.U. outlified a new method of calculating the formation water 
resistivity from the S.P. 
rather limited area of S. Louisiana with good results. 
method to our set of water data taken from a much wider area of the Texas 
and Louisiana Gulf Coast to see if it is broadly applicable. 

DISCUSSION: 
Test f25, Houston Oil and Minerals Prairie Canal 111, C'alcasieu Parish, 

La,, has recently been completed and data from this well has been added to 
our data bank. We have no measured formation water resistivity, but the re- 
porteQ 42,500 ppm T.D.S. (Ben Eaton) implies a water resistivity of &045 52 M 
@ 264 F well temperature, if the 42,500 T.D.S. is all NaC1. 
temperature at test depth wasoobtained from the observed well temperature at 
total dept$ of 15,658' of 282 F, using an assumed temperature gradient at 
depth of 2 F/100 ft. (Only one log run was available). 
calculations are shown inTable 2. It is interesting (and very unusual) that 
in this case the use of the header value of RMF gave the best check of ob- 
served water resistivity. 

He had applied this to a set of water data from a 
We plan to apply his 

The 264 F well 

The results of the 

Additional work on the salinity correction curve reported as Fig 1 of 
last month's progress report confirms our guess that the data for the two 
branches of this curve correlate with geologic age. (See Fig. 5) There is 
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some uncertainty about assigning tests to the lower or upper branch of the 
salinity curve if the age is in the lower Frio. In such cases, an assign- 
ment based on geography should be used (all test$ on the lower branch are 
from Texas, most tests on the upper branch are from Louisiana.) Also, in 
some cases, assignment of a test to the lower branch will lead to an impos- 
sibly high value of salinity. 

At the request of Mr. Keith Westhusing on March 24, we have summarized 
our recommendations for the best method of calculating water salinity from 
the S.P. 
self explanatory except for a comment about the “final“ correction referred 
to in the letter. 
I expected that the salinity values would scatter about a 45 line when 
plotted against true salinity, and was surprized when they did not. 
of the letter). 
tween Salinity 2 and true salinity, I fitted a curve to the observed points 
as shown, and corrected using the fitted line to obtain Salinity 3, the pre- 
sent best estimate of calculated salinity. 
ity3. As you can see, the scatter is now fairly random relative to the 45 
line, implying that most of the systematic error has been removed. 

(See attached letter to Westhusing, dated April 1, 1981). This is 

After making the salinity correction beset on geologic age, 

(See Fig 3 
Since there still appeared to be a systematic difference be- 

Fig. 4 shows the scatter of SBlin- 

Prof. Zaki Bassiouni of L.S.U. presented a new method for calculating 
the water resistivity from the S.P., which uses the shale resistivity as a 
parameter to measur$ the effectiveness of the shale membrane in selectively 
transporting the Na ion. His data were all derived from a limited area in 
Louisiana, however, and here the method worked well. I will try to extend his 
method to the much broader data base I have been working with, using tests ex- 
tending all along the Texas and Louisiana Gulf Coasts. 

Dr. Henry F. Dunlap\ 
April 7, 1981 
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~F Name 
2alc. Rw SP Calc. Rw SP Calc. Rw SI 

L o c a t  ion 
I 

C a l c a s i e u  
Parish, 
La.  

25 14,775- 
820 

H o u s t o n  
O i l  
P r a i r i e  
canal #I 

TABLE 2 

MEASURED & S.P.  DERIVED WATER DATA FROM 
G E O ~  RESERVOIRS 

Mud 
D e n s .  
#/Gal - 
17.3  

- 

Meas. Rw 
at Well 
Temp S2 M 

.045 

(Header)  
n M  

.045 

(Gen 7) 
n M  

.039 

(Curve) 
R M  

.021 

Header B a s i c  + Ligno . Ligno . 
03 
rs 



. 

e 

z 

t 

Prtrolrum Engineering Bnilding 211 
Arra Code SI2 471-3161 

THE UNIVERSITY OF "EXAS AT AUSTIN 
DEPARTMENT OF PETROLEUM ENGINEERING 

AUSTIN, TEXAS 78712 

April 1, 1981 

Hr. Keith Westhusing 
Geopressure Projects Office 
U.S. Department of Energy 
Federal Building and Courthouse, Suite 8620 
515 Rusk Ave. 
Houston, Texas 77002 

Dear Keith: 

Following our meeting at Eaton's office on March 24th, I have done 
additional work on the age correction plot we discussed there, and have 
also included results from the Houston Oil and Minerals Prairie Canal #l, 
which was not previously available to me. 
attached tables and graphs. 
sulfonate muds for which we have data, the standard deviation in - % cal- 
culated salinity for 12 tests with true salinity between 73,000 and 190,000 
ppm is - + 16%. We have no tests with salinity between 42,500 and 73,000 

ppm. 
standard deviation in % calculated sallnity of f.69%. 

The results ere shown in the 
Based on the 16 deep hot wells using ligno- 

We have four tests with salinity between 9300 and 42,500, with 

The high % error in calculated salinity for low values of true salinity 
is reasonable when we consider the error in calculated salinity in ppm, end 

not as % error. From Table 1 we see that the errors range from 0 to 52,000 
ppm, with no concentration of larger errors at low salinities. The stand- 
ard deviation in calculated salinities, expressed in ppm. is - + 21,000 ppm 
using all 16 tests. With this uncertainly in calculated salinity, high % 

errors for waters with salinities of 40,000 ppm or less follow automatically. 

The above results were obtained as follows: 

( 1 )  RMF is obtained from RM (Header Value) using Figure 1 (This i s  

a replot of Figure 1 from 6th Progress Report) 

li 
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Keith Westhusing 

April 1 ,  1981 
Page 2 

(2)  Rwl at formation temperature is obtained using conventional 
calculation techniques, (as outlined in my letter to you of 
February 26, 1931 with example calculation for FA Godchaux 
1 1 1  I1 well.) 

(3 )  Salinity 1 is obtained from Rwl using Schlumberger Chart 
Gen 9 (1972 Chartbook) or the equivalent. 

"Ages1 correction is applied to salinity 1 to obtain salinity 2 
using Figure 2. This i s  a slightly modified version of the 
salinity correction chart attached to my letter to you of 

(4) 

February 26, 1981. The additional point for the Prairie Canal 
well has been added, and the curves for the upper branch 
(lower Frio and younger) and lower branch (lower Frlo and older) 
have been slightly shifted and with an extrapolation to 0 
salinity sketched in. 

(5) A "Final" correction is applied using Figure 3, which is a plot 
of salinity 2 obtained ftom Figure 2, vs. true salinity. This 
gives salinity 3 ,  which i s  my best estimate of true calculated 
salinity. The standard deviations quoted in  the first paragraph 
of this letter are for salinity 3 estimates. 

Actually these results are suprisingly good when the large uncertainties 
in Rm implied by the lmco data reviewed in Progress Report 12 are considered. 
These errors in Rm can and do exceed loo%, and are almost certainly the con- 
trolling factor in calculating water resistivity from the S.P. Until this 
uncertainty (in Rm) is under better control, it appears of little value to try 
to "fine tune" the calculation in other ways. 

Sincerely, 

H.  F. Dunlap I 

Ad j unc t Professor 

cc: Hyron Y .  DorfmadChairman Petroleum En ineerin9,U.T. 
Ray Grtgory/Bureau of Economic $kologyj U.T. 
Raymond H. Wallace/U.S.G,S. 
Zaki Bassiouni/L.S.U., Petroleum Engineering Dept. 
Don Bebout/D.N.R., LA. isol 
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PPM 

150,000 

92,000 

PPM 

180,000 

125,000 

PPM 

192,000 

g1,ooo 

1 40,000 

True Salinity 
PPM 

+42,000 

- 1000 

+10,000 

1 

2 

3 

F.F. Sutter 2; 
St. Mary's Parish 
Lou i s iana 

Beulah Simon 2; 
Vermilion Parish 
b u  i s iana 

E. DelCambre 1; 
12,575' Vermilion 
Pari sh, Lou i s i  ana 

130,000 150,000 

Table 1 

Data for Salinity Calculations in Deep Hot Wells 
Drilled with Lignosulfonate Muds 

Test I We1 1 Name & True Salinity Salinity 1 Salinity 2 
PPM Loca t ion I 

173,000 

100,000 

132,000 

. .  

125,000 4 E. DelCambre 1;  
12,880 Vermilion 
Par i sh, Lou is iana 

120,000 130,000 85,000 

110,000 80,000 

130,000 140,000 

190,000 95,000 

Brazoria County Tx 

105,000 Pleasant Bayou 2; 
15,585 ' ; Brator la 
County Texas 

120,000 Exxon fee 80; 
Vermilion Parish, 
Lou i s i ana 

I 
I 

Bentsen Bros. C-1; 
11,950; Hidalgo C q  

~ Texas 

I 
162,000 180,000 10,000 

b f I 



150,000 1 00,000 

73,000 

98,000 

90,000 

22,000 

15,000 

9273 

110,000 

125,000 . 

74,000 

80,000 

64,000 

51,000 

42,500 115,000 

9 202 * 000 Bentsen Bros. C-1 ;  
12,070; Hidalgo 
County Texas 

I 80,000 +52 000 

10 Phi 11 i p Gardener 
#l; Brazoria County, 
Texas 80 , 000 73,000 0 

12 98 000 98.000 0 Exxon Armstrong 46; 
Kenedy County, 
Texas 

I6 Humble Armstrong 2; 
Kenedy County, Tx. 

80,000 72 000 - 1  8,000 

v) 

22 Wainoco Girauw I ;  
Layfayette P. LA. 

38,000 18,000 

Y I  

-4 000 

23 Lear Koelemay 1; 
Jefferson County, 
Texas 

44 , 000 22,000 +7 , 000 

7 8 000 2000 -7,000 Riddle Saidana 2, 
tapata County Texas 

25 83,000 75,000 Houston O i l  Pra i r i e  
Canal 1; Calcasieu 
P. LA. 

9 :  C 

li b 1 
C I - -7 
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PROGRESS REPORT #9, Nov. 1980 

IN G E O ~  FORMATIONS*~ 

"STUDY OF LOG DERIVED WATER RESISTIVITY DATA 

SUMMARY: 
and supplies, but the  material ordered i n  ear ly  November has not been 
obtained as yet. Red tape requirements fo r  mult iple  bids, etc. would 
great ly  i n t e r f e r e  with e f f i c i e n t  prosecution of t he  experimental work 
i f  w e  had not been ab le  t o  borrow equipment. 

W e  have begun experimental work using the  borrowed equipment 

Tests run on low and high density muds indicate  an increase in  mud f i l t r a t e  
viscosityby a fac tor  of 1.2 t o  1.5 r e l a t i v e  t o  water v iscos i ty  f o r  low 
densi ty  "standard" mud, but no increase i n  f i l t r a t e  v i scos i ty  w a s  observed 
f o r  the  high densi ty  standard mud, nor f o r  the  l ignosulfonate muds tes ted,  
whether low or  high density. 
data  t o  generalize as yet. 
and water showed no increase i n  v iscos i ty  over water viscosi ty ,  so w h a t -  
ever is increasing the  f i l t r a t e  v i scos i ty  I s  probably not l ignosulfonate 
alone. Tests of bentonite-water s l u r r i e s  showed v iscos i ty  increase over 
water v iscos i ty  of about 3% f o r  a %% bentonite s lurry,  and about 17% f o r  
a %% bentonite s lurry.  
studied show a s igni f icent  increase i n  viscosi ty ,  but w e  ce r t a in ly  don't 
understand everything that is going on here as yet. 

W e  don't understand th i s ,  but have too l i t t l e  
T e s t  of a .57% mixture of chrome lignosulfonate 

W e  are encouraged that some of the  f i l t r a t e s  

We have thought of another e f f e c t  which undoubtedly a f f e c t s  our calcula- 
t i on  of water r e s i s t i v i t y ,  and which would tend t o  cause calculat ion of 
too s a l t y  a formation water, as was the  case f o r  tests 23 and 24, t he  
Koelemay and Saldana w e l l s  reported las t  month. Most deep hot w e l l s  are 
d r i l l e d  with caus t ic  t reated muds, with pH ranging from 9 t o  above 12.5. 
The e f f ec t  of t he  OH ion i n  high pH muds is  t o  cause an overebtlmatlon 
of f i l t r a t e  s a l i n i t y ,  and hence an overestimation of formation water 
sa l in i ty .  This can be seen by re fer r ing  t o  Fig. 1 (chart Gen-8 i n  the  
Schlumbergerchart book). This chart shows OH ions to  be 5.5 times as 
e f f ec t ive  i n  carrying current as C 1  ions. The r e s u l t  i s  that i n  13 pH 
mud, f o r  example, the  NaC1 concentration estimated from a r e s i s t i v i t y  
measurement is  too high by 9350 ppm; f o r  a pH 1 2  mud, the e r ro r  is 
935 ppm, etc. 
d i r e c t l y  i n  the  mud f i l t r a t e  using a spec i f ic  ion electrode of t he  type 
developed by Orion, ra ther  than deducing the  N a  ion a c t i v i t y  from a 
r e s i s t i v i t y  measurement. 

DISCUSSION: 
last month. 
some progress. 
af the  Ostwald type, are reproduceable t o  f 3% f o r  water. 
measurements, made with a Fann type, two electrode, bridge system are 
usual ly  reproduceable t o  a few %, but occasionally la rger  e r ro r s  are 
observed, probably due t o  bubbles i n  the  r e s i s t i v i t y  cell. These are 
almost impossible t o  de tec t  when opaque l i qu ids  such as mud are i n  the  
cell. Mud density,  and f i l t r a t e  l o s s  i n  the  Baroid f i l t e r  press, are 
probably accurate t o  f 5%. 

The solut ion may be t o  measure the  N a  ion a c t i v i t y  

We set up the  borrowed equipment and began experimental work 
We are still working some of the  bugs out,  but have made 

Viscosity measurements, made with a capi l la ry  viscometer 
Res is t iv i ty  

Temperatures are read t o  f g0C. 
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Page 2 

Experiments have been carr ied out on low and high densi ty  versions of 
two muds-a "standard" mud consisting of 20 pds/bbl bentonite, 2 pds/bbl 
of tannex, and 1 pd/bbl of NaOH. In  l ab  quant i t ies ,  t h i s  converts t o  
20 gm bentonite/350 CC water, etc. 
8.7 pd/gallon. 
1.7 QM @ 2OoC f o r  several  m i x e s  of t h i s  recipe. A dense "standard" mud 
is  made from t h i s  low densi ty  mud by adding 452 gm b a r i t e  t o  obtain a 
densi ty  of 16.2 pd/gallon. 

The density of t h i s  mud is about 
The pH is about 11, and the  r e s i s t i v i t y  is 1.6 - LJ 

. 

* 
1 

A l ignosulfonate mud w a s  made using 15 gm bentonite /350CC water, plus 
25 gm low yield clay,  2 gms chrome lignosulfonate (Spersene) 4 gms 
l i g n i t e ,  and .8 gm NaOH. A 
dense l ignosulfonate mud w a s  obtained by adding 450 gm b a r i t e  which 
yielded a mud of densi ty  16.2 pd/gallon. 
type 1, 2, 3 and 4 respectively.  

This gave a mud of densi ty  8.9 pd/gal. 

W e  w i l l  ca l l  these muds 

T e s t s  w e r e  run on these muds as outlined i n  Table 1. 
done on separate m i x e s  of muds 1 and 2, which showed some var iat ion.  
The r e s i s t i v i t y  var ia t ion  may be due t o  the  presence of bubbles i n  the 
r e s i s t i v i t y  ce l l  on ce r t a in  tests. We are uncertain of t he  cause of 
the  other var ia t ions.  

Repeat tests were 

The only mud t o  give a f i l t r a t e  with v iscos i ty  greater  than water was 
#l, the  low densi ty  "standard" mud. This was surprising, as w e  had 
expected the  high density l ignosulfonate mud t o  show t h i s  e f fec t .  To 
check fu r the r  on what might be causing the  v iscos i ty  increase, w e  made 
up a s l u r r y  of .57% chrome lignosulfonate (Spersene) i n  water and 
measured the  viscosi ty .  
a l s o  made up two s l u r r i e s  of bentonite and water, one a t  k% and one at 
%% bentonite concentration. 
and 17% respectively,  r e l a t i v e  t o  water. 

It is  possible t h a t  mud type 1 shows the  obse rve8  v scosi ty  increases 
of 20% t o  50% relative t o  water due t o  bentonite passing thru the  
f i l t e r  paper. We w i l l  do fur ther  work on t h i s  using f ine r  f i l t e r  
paper. 
base muds. 

An e f f e c t  which would lead t o  overestimation of formation water s a l i n i t y  
may be important i n  high pH muds (pH of 1 2  and above). 
Fig. 1, which gives data  f o r  converting various + and - ions t o  
equivalent amounts of Na+ and C1-ions, w e  see that the  OH' ion i s  5.5 
times as e f f ec t ive  as the  Cl'ion i n  carrying current,  when both ions 
are measured i n  ppm. For a mud of pH 1 2  the  OH' ion concentration is 
10-2 mol / l i t e r ,  o r  .01(17) gm/li ter = 170 ppm. 
equivalent of 5.5(170) = 935 ppm C1' ion. 
data  usual ly  assuming a NaC1mlution, and f o r  t h i s  assumption, we see 
t h a t  t he  high pH r e s u l t s  i n  too low a r e s i s t i v i t y  f o r  t he  mud f i l t r a t e  
(too s a l t y  a mud f i l t r a t e )  , which gives too s a l t y  a calculated formation 
water when the  incorrect  f i l t r a t e  s a l i n i t y  is used 'in t h e  calculation. 

It showed no increase r e l a t i v e  t o  water. W e  

These showed v iscos i ty  increases of 3% 

1 rate 

W e  a l s o  plan t o  carry out addi t ional  tests using lime and gyp 

Referring t o  

This much OH' ion i s  the  
W e  i n t e rp re t  t he  r e s i s t i v i t y  

' U  t 
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TABLE 1 

LAB TESTS ON DRILLING MUD 

MUD FILT. 
YISC. # /ga l  QM m 

MUD MUD MUD MUD 
TYPE D E S ~ I P T I O N  DENSITY RES c 2ooc FILT. RES. 2ooc WATER VISC. MUD PH FILTRATE PH cc/3omin WATER LOSS MUD MUD 

1 Low Density 8.7 
standard " 1.2 + 1.5 11 11 

1.0 9 9 2 High Density 16.1 + 16.2 1.9 * 2.1 1.0 + 1.3* 
"standard" 

3 Low Density 
Chrome L.S. 8.9 2.9 1.78 1.0 - - 

4 High Density 
Chrome L.S. 16.2 1.84 1.1 1.0 - - 

* R e s i s t i v i t y  d a t a  probably high for some tests due t o  air  bubbles in cell. 

~ 

11.5 + 12 

15 + 30 

12 
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A s  an example of t h i s  e f f ec t ,  consider too l  #12, Exxon Armstrong #46, 
log run 54 from 10,710 - 13,054, where the  mud pH w a s  l ist  d as 12.7. 

this pH would correspond t o  an OH' Ion concentration of 10' f * 3  = .05 mol l l i t e r ,  
o r  .OS (17) -/liter = 850 ppm OH' ion concentration, which would be 
equivalent t o  5.5 (850) * 4675 ppmC1' ion concentration. The header 

h a  C 1 concentration of about 24,000 ppm. According t o  the  above 
analysis ,  t h i s  s a l i n i t y  is high by 4675 ppm, and t h e  correct  value 
should be 19,325 ppm. I n  t h i s  case, the  s a l i n i t y  e r ro r  due t o  the  high 
PH of t he  mud would be 4675 e: 24%. 

#lo,  P h i l l i p s  Gardiner #l, log run 113 from 11693 - 11806, where the  mud 
pH w a s  l i s t e d  as 12.2, indicates  a s a l i n i t y  e r ro r  due t o  high pH of 23%. 
The e r ro r  is about t he  same as before even though the  pH is lower here 
because the  
ably la rger  than f o r  t he  Armstrong w e l l .  
depend on both the  and pH values, but f o r  prac t ica l  cases, e r ro r s  are 
not l i k e l y  t o  be very la rge  f o r  pH values smaller than 11 to  12. 
(See Figure 2). 

I 
value shown f o r  t h i s  w e l l  was  . 2 5 m  @ 75OF. This is  equivalent t o  

A s imilar  analysis  applied t o  test 
1-5 

value f o r  t he  Gardiner w e l l  w a s  .62sZM @ 88OF, consider- 
I n  general, the  e r ror  w i l l  

f 

The two w e l l s  reported last  month where calculated formation water 
r e s i s t i v i t y  was  too high had mud pH of 10.5 ( for  L e a r  Koelemay test) 
and 11.5 ( fo r  t he  Riddle Saldana test). 
the  test r e s u l t s  i n  these two w e l l s .  

This e f f ec t  w i l l  not explain 

61 



, 

~ 

U 

I 

W 

7 1  

RESISTIVITIES OF SOLUTIONS2 
Actual resistivity measurements are always to be preferred, but, if necessary, the resistivity of a 

water sample can be estimated from its chemical analysis. An equivalent NaCl concentration deter- 
mined by use of the chart below is entered into Gen-9 to estimate the resistivity of the sample. 

The chart is  entered in abscissa with the total solids concentration of the sample in pprn (mg/kg) to 
find weighting multipliers for the various ions present. The concentration of each ion is multiplied by h 
weighting multiplier and the products for all ions are summed to get equivalent NaCl concentration. 
Concentrations are expressed in ppm or mg/kg, both by weight. These units are numerically equal. 

EXAMPLE 
A formation-water-sample analysis shows 460 ppm Ca, 1400 ppm SO,, and 19,000 ppm 

Total solids concentcation is  460 + 1400 4- 19,000 = 20,860 ppm. 

Entering the chart below with th is  total solids concentration, we find 0.81 as the Ca mul- 
tiplier and 0.45 as the SO, multiplier. Multiplying the concentrations by the corresponding 
multipliers, the equivalent NaCl concentration is  found as approximately: 

460 X 0.81 + 1400 X 0.45 4- 19,OoO X 1 -20,000ppm. 

Entering the NaCl Resistivity-Salinity nomograph (Gen-9) with 20,000 ppm and 75'F (24'C), the 

No plus CI. 

resistivity is  found to be 0.3 at 75'F. 

Gem-8 

Total Solids Concentration, ppm o r .  mg/kg 
*Mh&eri which do nof vary oppr*ciobly for low conantratfoni f I m  than 
obov? 10.000 ppm! are r h w w  ot the left rnorgin of ,he rhort. 
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Progress Report # 10, December 1980 

Study of Log Derived Water R e s i s t i v i t y  Data i n  Geopressured-Geothermal 
Fornation : 

We have ca r r i ed  ou t  a l ab  experiment which shows p r e t t y  conclusively 
t h a t  we cannot exp la in  the observed errors i n  calculated formation water 
s a l i n i t y  on the basis o f  v i scos i t y  induced errors i n  mud f i l t r a t e  r e s i s t i v i t y .  
A f i l t e r  loss t e s t  ca r r i ed  out using a f i l t e r  paper w i t h  a s l i t  c u t  i n  i t  
showed t h a t  the f i r s t  f i l t r a t e  caught was 14 times as viscous as the r e s t  o f  
the f i l t r a t e ,  y e t  there was l i t t l e  o r  no change i n  the r e s i s t i v i t y !  We 
t e n t a t i v e l y  exp la in  t h i s  very surpr is ing r e s u l t  on the basis o f  d i f ferences 
i n  micro and macro v iscos i ty ,  w i th  the r e s i s t i v i t y  a func t ion  o f  micro 
v i scos i t y ,  and the measured v i scos i t y  (from f low through a c a p i l l a r y  tube) a 
funct ion o f  macro v iscos i ty .  

The best approach t o  ge t t i ng  good-data now appears t o  be t o  abandon the 
r e s i s t i v i t y  measurement f o r  the mud and mud f i l t r a t e ,  and measure the Na+ i o n  
d i r e c t l y  using i o n  se lec t ive  electrodes o f  the type developed by Orion Research 
Inc.  We are encouraged by some prel iminary resu l t s  obtained using borrowed 
equipment. 
measured Na+ i o n  a c t i v i t y  i s  1.6 t o  1.7 times greater than Na+ i o n  a c t i v i t y  
in fe r red  from r e s i s t i v i t y  measurements. This i s  i n  the r i g h t  d i rec t i on ,  and 
i s  near ly l a rge  enough an e f fec t  t o  account f o r  the 100% er ro rs  i n  calculated 
formation water r e s i s t i v i t y  we have observed. We p lan  t o  continue t o  explore 
the use o f  i o n  Select ive electrodes f o r  d i r e c t  measurement of i o n i c  a c t i v i t y  
i n  muds and f i l t r a t e s .  

Tests on mud f i l t r a t e s  from laboratory muds show t h a t  d i r e c t l y  
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DISCUSS ION : 

hypothesis we had formulated i s  - not capable of explaining the errors we have 
encountered i n  calculating formation water resistivity from the SP. 

out  a s tandard  f i l t r a t e  loss tes t  w i t h  type 1 low density mud using a f i l t e r  
paper with a 1 cm long s l i t  i n  i t  made w i t h  a razor blade. The f i l t r a t e  was 
c a u g h t  i n  two batches--the loss in the f irst  minute and the loss i n  the l a s t  
29 minutes were kept separate. Total loss was about  20 cc, w i t h  9 cc lost  i n  
the f irst  minute. 
as compared to  1.6 cp for the last.29 minute sample. 
resistivities of these two samples of f i l t ra te  were about  the same, 2.3 t o  
2.4 i2 M @ 20° C .  The f i r s t  f i l t ra te  sample caught undoubtedly contains more 
clay and other materials t h a n  the second sample, which accounts for the large 
viscosity r a t i o  of 14. 

the very surprising result of essentially no change i n  resistivity 
accompanying this large change in viscosity may be explainable as follows. 
The resistivity is certainly affected by vfscosity on the micro scale, since 
the mobility of the ions must be directly affected by the viscosity of the 
medium they move through. (See Figure 2 from S i x t h  Progress Report, August,! 
1980, showing how closely the resistivity vs temperature and viscosity vs 
temperature for  brine solutions agree.) However, i t  may be possible for  

We have carried out a crucial experiment which shows t h a t  the viscosity 

We carried 

The viscosity of the f i r s t  minute f i l t r a t e  lost  was 22.6 cp, 
Surprisingly, the 

viscosity on the macro scale, as measured by flow through a capillary tube, 
for example, to  be affected by a relatively few large molecules and clay 
particles, and s t i l l  not affect the micro viscosity very much (as seen by 
ions i n  solut ion) .  T h i s  may be what  i s  happening here. We p lan  t o  do some 
additional experiments w i t h  sugar  and starch solutions t o  check this concept. 

clusive in ruling out  viscosity changes i n  the mud f i l t r a t e  as a primary 
factor  i n  exp la in ing  the error in calculating Rw from the SP log. 
believe t h a t  the best approach is to  measure the Na' ion activity directly 
i n  the mud f i l t ra te ,  using a specific ion electrode of the type developed by 
Orion. This  wou d avoid complications in relating ionic activity t o  
resistivity, and would also measure directly the variable involved i n  the 
SP equat ion ,  

For whatever reason, however, the above experiment seems pretty con- 

We now 
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The equation usua l ly  used, 

assumes t h a t  the "e f fec t i ve "  water and mud f i l t r a t e  r e s i s t i v i t i e s  are 
inverse ly  proport ional  t o  the respective Na' i o n  a c t i v i t i e s .  I f  we measure 
the Na' i o n  a c t i v i t y  i n  the f i l t r a t e  d i r e c t l y ,  we no longer have t o  make 
t h i s  assumption, and can ca lcu la te  the Na' i o n  a c t i v i t y  i n  the formation 
water from equation (1). The calculated a c t i v i t y  should lead d i r e c t l y  t o  
an "e f fec t i ve "  water r e s i s t i v i t y ,  Rwe, and thence t o  Rw (See charts SP 1 
and SP 2, Schlumberger Chart book, reproduced here as Figures 1 and 2). 
This approach a lso  automatical ly el iminates errors  due t o  high pH muds, 
discussed i n  the l a s t  progress report .  

We have made a few measurements on Na' i o n  a c t h i t y  i n  standard 
solut ions of various pH values, and i n  mud f i l t r a t e s  from some o f  the 
standard muds we have made i n  the laboratory. Borrowed equipment was used 
i n  these tests. 

o f  NaCl b r i ne  solut ions. The pH 6 data was obtained using tap water, the 
pH 11t data was obtained by adding NH40H t o  the various solut ions.  
i n t e r e s t i n g  values o f  Na' i o n  concentration (above a few hundred ppm) we 
see there i s  no a f f e c t  o f  pH over t h i s  l a rge  range o f  pH 6 t o  11+, which i s  
a f a c t o r  o f  l o 5  i n  OH- i o n  concentration. 

estimated from r e s i s t i v i t y  data re la tes  t o  Na* i o n  concentrat ion as estimated 
by the Orion Na electrode, and by atomic absorption analysis. (The l a s t  
method includes not  on ly  i o n i c  Na', but  a l l  Na, dissolved o r  undissolved, 
ionized o r  not ionized.) We see t h a t  i n  a l l  cases the Na' i o n  concentration 
i s  l e a s t  by the r e s i s t i v i t y  est imation. I n  the region above 2000 ppm Na', 
the a l te rna te  methods g ive  Na' i o n  concentrations t h a t  are 1.6 t o  1.7 times 
as grea t  as the estimate made from r e s i s t i v i t y  data. This i s  i n  the r i g h t  

Figure 3 shows Na' i o n  a c t i v i t y  vs ppm Na i n  so lu t i on  using a range 

For 

Figure 4 shows how Na' concentration i n  several mud f i l t r a t e s  as 

1 d i r e c t i o n  t o  exp la in  the usual e r r o r  i n  calculated formation water s a l i n i t y  
1 r d  
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(calculated salinity too low),  and i s  nearly as large a difference as some of 
the errors we have observed. We are encouraged by these inttial findings 
and will continue to explore use of Na' ion selective electrodes f o r  our 
appl i cation. 

\ ti .  F .  Dunlap 
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R,, DETERMINATION FROM THE SSP 
(CLEAN FORMATIONS) 

5. 

1. 

2. 
3. 

t a ,  
4. 

I .5 

I 

.3--1 
/ I  I I I I I 1 I I I '  I I I I  I I I I I I I I 

'G60 +40 C 2 0  0 -20 -40 -60 -80; -100 -120 -140 -160 -180 

STATIC SP ( miifltoits) 

Prcferably dctcmiinc SSP from a thick, homogeneous bcd using the shale base line from a sood adjacent :hale. I f  trcccrzar) 
corrc'ct the SP far bed thickness nnd invnrion to get SSP (Chart SP-3). Determine formotion tempcrntuic. (Chart Gcn-6 
may he used if ncceuwy.) 
Example of UIC of Chart SP-1: SSP 
For prdominnntly sodium chloride muds dcterminc R.,, as foilom: 
;I .  

:- 
For other n u b .  KCC remark: on next pagc. 
Using results of steps 2 unrl 3. computc R,. %. , ( l t~ . /R. . ) .  Go tochart SP-2 for convenion of'R.. to R ~t foiaia- 
tion temperature. 

. 2 mv, T = 300.F. Find from Chart R-dR. .  = 7 A  

I f  R.,I iit 75' i3  grr;iter than 0.1 ohm-m, correct Rrl to formotion teniprrnture using Chart Cen-9, nnd use 
R. ..,. =!a SSRI,.  

I: k.. . .I: 75 :. !e** ili:in d.1 crhni.tri uvr Chilit SI'.? to ilcrirc it value of R,,. ut formation tcmpr&turc. 
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R w  VERSUS Rwe AND FORMATION TEMPERATURE 
R,f VERSUS Rmfe FOR SALTY MUDS AND GYP-BASE MUDS 

1.0 
I 

.. 
- Y -  

E CF 0.2 

Y "t 3 0. I 

(2: g .05 

2 
¶ 

i o 0 5  .O 
IOi .002 .005 .01 .02 .05 0.1 0.2 0 5  1.0 2 

Rmfe or Rwe ( at Formation Temperature) 

Usc the solid lines of this chart for prcdoniinantly NaCl waters. Thc dashed lines ore approximate for "aver- 
.~ge" frcsh formation waters (where effects of salts other than NaCl bcconie significant). The dashed portions 
may nlso be used for gyp-base mud filtrates. 

Example: h,, = .025 at 150°F. From chart. R,. = ,037. 

Spccinl prncedures for muds containing Ca or Mg in solution arc discussed in thc reference.' Limc-base muds 
usually have a nepligiblc rrnount of C;I in solution. and niny 5~. treated as rcgular niud types. 

*Ciwi'!cttiiii. hi.. Tixier. M. F . arid Simard. G. I..: "An E..cpcrirncnt;il Study 011 the Jnflucncc of the Chrniical 
Cumpition of Elcctrolytes on the SP Curve," Journal @gPelrolcum .Technology. February. 1957. 

r SP-2 
A-12 
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PROGRESS REPORT #11 , JANUARY, 1981 

"STUDY OF LOG DERIVED WATER RESISTIV ITY DATA 

IN GEO* FORMATIONSII 

SUMMARY: 
h igh  molecular weight polymer, and w i t h  glycerol ,  a much l5wer molecular 

weight mater ia l ,  have been conducted. These support the hypothesis out- 
l i n e d  l a s t  month - namely t h a t  high molecular weight v i sco f i e rs  can a f f e c t  
the v i scos i t y  as measured by c a p i l l a r y  flow without appreciably a f f e c t i n g  
the "micro v iscosi ty ' '  inf luencing the m o b i l i t y  o f  ions i n  solut ion,  and 
therefore, wi thout a f f e c t i n g  so lut ion r e s i s t i v i t y .  

Ha l l ibur ton ,  showing mud r e s i s t i v i t y ,  temperature, and densi ty measured 
continuously as the wel l  i s  d r i l l e d .  These are being analyzed a t  present 
and w i l l  be reported i n  d e t a i l  l a t e r ,  bu t  i t  i s  obvious t h a t  large 
var ia t ions  i n  mud r e s i s t i v i t y  occur over f a i r l y  small time in terva ls .  

Overtreatment o f  muds w i t h  th inning agents, such as l ignosulfonates, w i l l  
lead t o  an excess o f  l ignosul fonate i n  the mud, and therefore i n  the mud 
f i l t r a t e  i n  the invaded zone. The l ignosul fonate w i l l  tend t o  adsorb on 
the shales bounding the sand above and below. The hypothesis i s  t h a t  
t h i s  adsorbed l ignosul fonate (or  other mud t rea t i ng  agent) w i l l  i n t e r -  
f e re  w i t h  the Na' i o n  t ransport  property o f  the shale, and therefore 
reduce the observed SP i n  the wel l  opposite t h i s  sand. The lower 
observed SP would r e s u l t  i n  a lower calculated water s a l i n i t y ,  i n  agree- 
ment w i t h  most o f  our data. 
imply t h a t  no t  a l l  l ignosul fonate muds would show the reduced SP - j u s t  
those which have been overtreated (perhaps the ma jo r i t y  o f  muds). 

To check t h i s  hypothesis we plan t o  car ry  ou t  experiments s i m i l a r  
t o  those reported by Mounce and Rust i n  1944. They se t  up a doughnut 
shaped c e l l  d iv ided i n t o  3 compartments by porous unglazed porcelain 
membranes. One compartment was f i l l e d  w i t h  shale, one w i t h  s a l t  water, 
and one w i t h  fresh water (representing the mud f i l t r a t e ) .  We plan t o  

check the e f f e c t  on the c e l l  po ten t i a l  o f  various mud components (such 
as l ignosul fonate) when added t o  the f resh water section. I f  our 

hypothesis i s  correct, the c e l l  po ten t i a l  would be subs tan t ia l l y  decreased 
wnen mater ia l  i s  added t h a t  i n t e r f e w w i t h  the a b i l i t y  o f  shale t o  trans- 
p o r t  the Na' ion. 72 

Experiments using viscous solut ions made-wi t h  Xanthan gum, a 

Data have been obtained from Imco Services, a subsidiary o f  

Ye have developed a new concept which may explain some o f  our resu l t s .  

If t h i s  hypothesis i s  correct, i t  would 

' 
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We have b u i l t  a c e l l  and made some preltminary measurements b u t  
have no r e l i a b l e  data yet. 

The l a b  work has been transferred from the Balcones Research Center, 
about 10 mi les  o f f  campus, t o  the Petroleum Research Bu i ld ing  on campus 

i n  order t o  improve work e f f i c i ency ,  We s t i l l  have n o t  received much 
o f  the equipment ordered l a s t  November 1st. 

DISCUSSION: Following up on the hypothesis out l fned l a s t  month, we 
have ca r r i ed  ou t  experiments which support the idea t h a t  "macro viscosity," 
as measured i n  a c a p i l l a r y  tube, can be q u i t e  d i f fe ren t  from "micro 

v iscosi ty,"  as measured by i o n i c  mobtl i ty, Viscosity o f  mixtures o f  
Xanthan gum and water varying 14 f o l d  as measured i n  a c a p i l l a r y  v i s -  
cometer showed c no change i n  r e s i s t i v i t y  over t h i s  v i scos i t y  range. 
Glycerol -water mixtures with an equivalent v i scos i t y  v a r i a t i o n  were 
shown by our data t o  be accompanied by an 8 f o l d  v a r i a t i o n  i n  r e s i s t i v i t y .  
We a t t r i b u t e  these r e s u l t s  t o  the high molecular wetght (about lo6)  and 
small concentrat ion o f  the Xanthan gum used (up t o  .15%), as compared 
t o  ra the r  low molecular weight, (92) and large concentrations (up t o  
70%), o f  g lycero l  used. The few, bu t  l a rge  molecules o f  Xanthan a f fec t  
the c a p i l l a r y  v iscos i ty ,  bu t  do not appreciably i n t e r a c t  with the ions. 
The much more numerous g lycero l  molecules can and do a f fec t  the i o n i c  
n o b i l i t y ,  and hence the r e s t s t i v i t y ,  as shown by the r e s u l t s  i n  
Figure 1. 

i n  d r i l l i n g  we l ls  f r o m  Imco Services, and f r o m  Anschutz Corporation, both 
a t  Houston, Texas. This involves data obtained by Imco's on s i t e  
"Commander" service, which measures many variables continuously as the 
wel l  i s  d r i l l e d ,  inc lud ing mud weight, temperature, r e s i s t i v i t y ,  etc. 
Data were obtained from 10 Gulf  Coast wells, a l l  ustng l ignosul fonate 
muds, A t y p i c a l  p l o t  of mud r e s i s t i v i t y  (corrected t o  75OF) vs. depth 
over about 1,000 f e e t  d i s t r i b u t e d  from 8,600 t o  10,200 ft. i n  one o f  
the we l ls  (#3) shows res is t i v i t y *decreases  e r r a t i c a l l y  from about 3 QM t o  
1.75 nM (about 42%) whi le the mud densi ty - r i s e s  from 9,6 t o  10.6 pds/gal. 

See Figure 1. About 9 days were required t o  d r i l l  t h i s  i n te rva l ,  and no 
major mud changes were recorded. 

We have obtained considerable data on the v a r i a t i o n  o f  mud r e s t s t i v i t y  
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It is. obvious t h a t  a mud (or mud f l l t r a t e )  r e s i s t i v i t y  measurement 
made a t  10,200 ft, w.ould be badly i n  e r r o r  i f  used t o  represent the mud 

(or  f l l t r a t e )  i n  the hole when d r i l l t , n g  th.e 8500 9800 ft. i n t e r v a l  i n  
t h i s  wel l .  We plan t o  analyze a l l  o f  these we l ls  t o  ge t  an idea o f  the 
expected v a r i a t i o n  i n  mud r e s i s t i v i . t y .  

1 A recent paper g i v ing  s a l i n i t y  data comparison obtalned from uphole 
and downhole mud r e s i s t i v i t y  measurements shows var ia t ions  o f  50% 
(down hole data s a l t i e r  than up hole data a f t e r  cor rec t ing  for  

temperature d i f fe rence)  The authors do no t  explain the d i f fe rence 
other than t o  say they are surpr is ing,  Such dif ferences, if real ,  
would obviously a f f e c t  SP derIved water r e s i s t i v i t y .  

and logs  on one o f  t h e i r  deep, ho t  we1 1s a the G. C. Cannan #1 , 
Brazoria County, Texas, T.D. 16030'. We hope t o  ge t  considerable 
information from revi.ew of t h i s  well .  

The experimental work has been moved from the Balcones Research 
Center, about 10 mi les from the main Un ivers i ty  o f  Texas campus, t o  the 
Petroleum Engineering bu i l d ing  on the main campus. 
i n e f f i c i e n t  t o  t rave l  back and forth, espec ia l l y  for  the ha l f - t ime 
research assistant,  who has t o  work an hour o r  two a t  a time, as d i c ta ted  
by h i s  course schedule. We are p r e t t y  w e l l  se t  up i n  the new labwow, 
and obtained the data shown i n  Figure 1 a t  our new locat ion.  

has l e d  t o  a new concept which may exp la in  the errors  we have observed 

i n  ca l cu la t i ng  formation water r e s i s t i v i t y  from the S,P. Br ief ly ,  the 
Raper po in ts  out t h a t  many l ignosul fonate muds are t reated w i t h  an excess 
o f  t h i s  mater ia l .  I n  such cases, the f i l t r a t e  l o s t  when sands are 
d r i l l e d  (spurt loss) w i l l  contain excess l ignosulfonate, which w i l l  tend 

t o  adsorb on the shales which bound the sands above and below, We 
soeculate t h a t  t h i s  adsorbed laye r  w i l l  I n te r fe re  w i t h  (decrease) the 
shale's a b i l i t y  t o  se tec t i ve l y  t ransmit  the Nat Ion, and so reduce the 

observed S.P. If t h i s  does happen, t t  would cause us t o  ca lcu la te  too 
f resh  a formation water, i n  agreement w i thmos t  o f  the data. We further 
speculate t h a t  the l ignosulfonate w i l l  also reduce the a b i l i t y  of 

The Anschutz Corporation has generously provided us complete data 

It had become too 

A recent paper2 describing 1 ignosulfonate ac t ion  i n  " th jnning" muds 
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membranes used i n  i o n  se lec t ive  electrodes t o  t ransmit  the chosen ion, 

good measure o f  a mud f i l t r a t e  property which can be used t o  ca lcu la te  

b/ 
. so t h a t  Na' a c t i v i t y  measurements o f  the mud f i l t r a t e  may s t i l l  g i ve  a 

, cor rec t  formation water r e s i s t i v i t y  from the SP. 
To check t h i s  hypothesis we plan t o  se t  up a doughnut shaped c e l l  

o f  the type used by Mounce e t .  a l .  i n  t h e i r  c lass ic  experiment reported 
i n  1944.3 (See Figure 3 ,  which includes a sketch o f  Mounce's c e l l . )  
We w i l l  t e s t  our hypothesis by measuring the e f f e c t  o f  various mud 
add i t i ves  such as l ignosul fonate t o  the f resh  water po r t i on  o f  t h i s  
c e l l .  We have made some pre l iminary measurements using a c e l l  we have 
constructed , 
t roub le  w i t h  

bu t  have no r e l i a b l e  data t o  repo r t  as yet .  We are having 
electrode d r i f t  . 

H. F. Dunlap, February 9, 1981 
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illustrated. If the water in the sand is more 
d i e  than the mud, current will flow from 
the shale into the drilling mud. Fig. IC 
illustrates the corresponding potential log. 

setion is 6Ilcd with shalt. Section I k Ned 
with fresh water. Section fl is flied with 
d t  water. The two sections are separated 
by a permeable membrane. Current b w s  

Pot rat lo I 
- * + *  

i 
0 b C 

FIG. 1.-EX?EKIMENTS WtTU COSfJtXNATXON 01 EUcrxDLYTSS. 
1 

:jnthedimtionfrornscctionItoKctionII. 
%both sections were dlled with fresh or 

I -  0th with salt water of equal concentration, 
go:currcnt would flow.'If section I were 

Fig. la shows that if the mud k more 
salihe :than the water in the sand, the 
direction of current &w will be rev& 
and as 8 result the potential log will be 

f .  
,, .% 

YhUb8 

FIG ~ . - R C U ~ O N  I - Z ~  A#o ~ ~ w Y O ~ L  m-. 

with salt water-and section I1 were 
.%with fresh water, the dimtion of cur- 
.w, &#ow 0 would be reversed. In Fig. 16, the 
s&gous situation as it uistsin a well is 

reversed. A ax hu,been observed when 
ordinary tannate mud was teplued by 
silicate mud after the well bad. reached 8 
coiuiderablc depth'and after preliminary 
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PROGRESS REPORT # 12, February, ?981 

"STUDY OF LOG DERIVED WATER RESISTIVITY DATA 

b/ IN G E O ~  FORMATIONS" 

~ SUMMARY: We have obtained some lab measurements of shale membrane potential 
using fresh lower Cretaceous shale from a well i n  SE Montana a t  about 1300'. 
All attempts to  use "synthetic" shales made i n  the lab were unsuccessful, 
apparently due t o  the lack of compaction. Lignosulfonate additions to  the 
fresh water portion of the cell d i d  not affect the shale potential. T h i s  
does - n o t  suppqrt the "1 ignosul fonate overtreatment" hypothesis advanced 
l a s t  month (Progress Report #11). We will attempt t o  get other shales for  
testing of this hypothesis i n  the l ab .  

A t  the request of Mr. Keith Westhusing, I have calculated the sa l in i ty  
for  two zones i n  the F. A .  Godchaux I11 # 1 well using the SP (curve); and 
the Rwa (sonic) methods. The salinity appears t o  be well over 100,000 ppm 
NaCl i n  b o t h  zones. (See attached l e t t e r  to Westhusing dated February 26, 
1981). 
correction curve I recently plotted which is quite interesting. 
culated sal ini ty  values using the "curve" method fa l l  i n t o  two groups, 
shown i n  Figure 1,  as the upper and lower branches of the "curve" data. 
What is interesting is  the wide separation of the branches, combined w i t h  
the good grouping of p o i n t s  along each branch. All the points on the lower 
branch have mud weights > 15.9 ppg and well temperatures > 26OoF. Except 
for p o i n t  (12), a l l  the points on the upper branch fa i l  t o  meet one or 
both of these conditions. On the upper branch, six of the wells are from 
Louisiana and four are from Texas. On t h e  lower branch, a l l  five are from 
Texas. The two branches may reflect  geologic age. We will investigate 
this further. 

of mud res is t ivi ty ,  mud weight, etc. i n  a number of d r i l l i n g  wells (See 
Figures 4-13). 
resis t ivi ty  (100% or more), combined w i t h  a general trend to  decreasing mud 
resist ivity w i t h  well depth a f te r  correcting for temperature effects.  
general trend implies t h a t  the mud f i l t r a t e  will tend to  be fresher t h a n  
the mud a t  time of logging which would tend to reduce the observed S.P. 
This effect would be superimposed on the e r ra t ic  short term variation of 

J 

Figure 1 attached to this l e t t e r  shows an empirical sal ini ty  
The cal- 

We have plotted up some of the Imco data showing continuous measurement 

These data show a wide short term variation i n  mud 

The 

,. 

L, 
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mud resis t ivi ty ,  which might  lead to increased or  decreased observed S.P. 

bi 
c 

Overall, the situation is very complicated, and the outlook for accurate 
calculation of water resist ivity from the S.P. i s  poor i f  mud res is t ivi ty  
variations of the magnitude shown by the Imco data are comnon. 

Discussion: 
Work w i t h  the doughnut shaped cell  described i n  l a s t  month 's  progress 

report (Figure 3, Progress Report 11) has continued. A l l  attempts t o  obtain 
a stable voltage reading w i t h  lead electrodes were unsuccessful , the sl ightest  
scratch or scrape of the surface creating new d r i f t  even af te r  the electrodes 
were aged for,  days. We have used Orion single junction reference electrodes 
Model 90-01 w i t h  some success. These diffuse KC1 slowly through a porous 
membrane to establish contact w i t h  the solution. 
diffuse a t  about the same rate,  very l i t t l e  l i q u i d  junction potential should 
develop a t  the electrode. These seem stable t o  one or two M.V. over a few 

Since the K+ and C1' ions 

hours. 
can apparently occur, as measured when both electrodes are placed i n  a beaker 
o f  t a p  water. 
out of the data shown i n  Figure 2, which gives the open circui t  voltage 
observed across a shale membrane* for about a week. 
measured using the Orion 90-01 reference electrodes and a Simpson Model 313 
solid s ta te  voltmeter w i t h  an internal impedance of 11 megohms. 
voltage rises to i ts  ini t ia l  value of around 37 or 38 mv rather quickly ( i n  
less than 15 minutes af ter  f i l l i n g  the ce l l )  and decays slowly as shown. 
Atabout 149 hours both the fresh and s a l t  water solutions were replaced, as 
there appeared to have been some evaporation. The fresh solutions caused a 
short tern rise i n  voltage, b u t  by the following day (172 hours) the 
voltage was apparently declining as before. 

A comparison of a similar (a few inches deeper along core) shale 
membrane's behavior w i t h  t h a t  of the Orion # 94-11 Na electrode behavior as 
the sal ini ty  contrast across the membrane is varfed is  shown i n  Figure 3. 
Presumably the Orion Na electrode has fa i r ly  good'Na' ion transport 
properties (54 mv/decade salinity change vs 59 mv/decade for a perfect 
membrane). We see t h a t  our shale membrane is  only about half as efficient 
as the Orion membrane. Also, the shale membrane saturates rather badly a t  
h igh  sal ini t ies .  This i s  not too surprising since the Orion solid s ta te  Na 
electrode i s  carefully engineered t o  selectively transport the Na' ion. 
*This  membrane was cut from a fresh shale core obtained from a well i n  S.E. 
Montana, 1310', lower Cretaceous i n  age. A l l  attempts t o  make "synthetic" 
shales i n  the lab using bentonite, inert clay, and various sa l in i ty  brines 
were failures. 80 

However, long term polarization of the electrodes (as much as 15 M V )  

A l l  such long term polarization effects have been subtracted 

The voltage was 

The 
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We tested the hypothesis outlined las t  month T i .e.  - that an excess of 
lignosulfonate i n  the mud and or mud f i l t r a t e  would interfere w i t h  the Na' 
ion transport ab i l i ty  of the shale, thereby reducing the observed S.P. Wi th  
the shale membrane cell s e t  u p  w i t h  solution sal ini t ies  o f  1000 ppm and 
100,000 ppm, .57% of Spersene (chrome lignosulfonate) was added to the 
1000,ppm solutions. T h i s  i s  equivalent to about  2 pds/bbl of mud. No 
change i n  cell  potential was observed. This result casts some doubt on 
the validity of the hypothesis. We hope to  obtain other shales and repeat 
t h e  test,  however. 

A 9 1,5450-16,000 f t  and B @ 14900-15275 f t  i n  the F. A .  Godchaux 111 # 1 well, 
Vermilion Parish, Louisiana. We d i d  this using both the SP (curve) method 
and the Rwa (sonic) method. See attached le t te r  to Westhusing dated 
February 26 for  details .  Figure 1 ,  which i s  referred t o  i n  the l e t t e r ,  
deserves some additional comment. 
and lower branches o f  the "curve" da ta  strongly implies some underlying 
reason fo r  this behavior. 

. and dense mud (> 15.9  ppg) wells for the lower branch, and a11 other wells into 
the upper branch does not work a l l  the time, since tes t  # 12 (Exxon 
Amstrong # 46), which has a mud weight of 17.9 ppg and a well temperature 
of 304' F ,  f a l l s  very nicely on the upper rather t h a n  the lower branch of 
the curve. The best idea t h a t  I have a t  present is t h a t  the difference may 
be related t o  geologic age. The upper branch of the curve contains a l l  the 
Louisiana wells, and the Texas wells on the upper branch have a shallower 
average depth t h a n  the Texas wells on the lower branch; 12,250 f t  vs. 
14,340 f t .  Note t h a t  
from Texas, and these wells should be geologically older t h a n  the wells a t  
equal depth i n  Louisiana. I hope to be able to get more accurate estimates 
of formation age on a l l  these tests to  follow up on this idea. Whatever the 
reason, the correlation shown i n  Figure 1 looks pretty good, and i f  we can 
get a reliable method to assign tes ts  t o  the upper or lower branch of this 
correlatfon, we should improve th.e accuracy of the salinity estimate 
consjderably . 

Note t h a t  bo th  the upper and lower branches of the correlation seem to 
converge a t  about 50,000 ppm calculated sal ini ty  for 0 ppm true sa l in i ty .  
This would imply negative true salinity for  calculated sal ini t ies  

Mr. Keith Westhusing requested t h a t  we calculate water sal ini ty  i n  sands 

The good grouping of points on the upper 

The separation i n t o  h i g h  temperature (> 260° F ) ,  

the wells on the lower branch of the curve are 
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c 50,000 ppm, which i s ,  o f  course, impossible. What must happen i s  tnar 
=*oth the upper and lower branches o f  the correlat ion should r i s e  sharply 
=ran the o r i g i n  as t rue s a l i n i t y  r ises from 0 t o  10,000 ppm. 

Work on the Imco data showing continuously measured values o f  mud 
-es is t i v i t y ,  mud weight, etc. i n  a number of recent Gulf Coast wells 
i r i l l e d  w i th  lignosulfonate muds has been both i l luminat ing and discouraging. 
de see from Figures 4-13 t h a t  the short term var iat ions i n  mud r e s i s t i v i t y  
3 r e  large (100% o r  more), tha t  they do not always correlate w i th  changes i n  

m d  weight, and that t h w e , i s  a s ign i f i can t  trend i n  most wells f o r  mud 
r e s i s t i v i t y  corrected t o  75' F t o  decrease with depth. 
Df mud r e s i s t i v i t y  as Eeported by Imco was checked i n  several wells 
against the header value of 

F ina l ly ,  the value 

corrected t o  75' as shown on the e lec t r i c  
log (See Figures 7, 9, '10, 12). We see that these do not always agree. 

A l l  o f  the above operate t o  make accurate calculat ion o f  the format 
water s a l i n i t y  from the SP- log very d i f f i c u l t ,  i f  not impossible, par- 
t i c u l a r l y  i f  the mud r e s i s t i v i t y  h is tory  as the well  i s  d r i l l e d  i s  not 

on 

available. This data i s  almost - never avai 
avai lable would not be easy. The trouble 
var ia t ion i n  mud s a l i n i t y  between the t ime 
i t  i s  logged, then the mud f i l t r a t e  i n  the 

able - and using i t  if i t  we 
s tha t  i f  there i s  a s ign i f i can t  
the w e l l  i s  d r i l l e d  and the t i m e  

invaded zone w i l l  have a 
dif ferent s a l i n i t y  than,$be mud i n  the hole, and two electrochemical shale 
c e l l s  w i l l  be set  up - one corresponding t o  the s a l i n i t y  contrast between 
the mud and the formation water, the other corresponding t o  the s a l i n i t y  
contrast between the mud f i l t r a t e  i n  the invaded zone and the formation 
water. These may create a smaller SP (as when the mud f i l t r a t e  i s  fresher 
than the mud) o r  a greater SP (when the mud i s  fresher than the mud f i l t r a t e ) .  
The magnitude o f  the correction would be d i f f i c u l t  t o  estimate accurately, 
b u t  the changes i n  S,P, should be qui te  s ign i f i can t  f o r  the changes i n  mud 
r e s i s t i v i t y  shown i n  Figures 4-13. 

r e s i s t i v i t y  (and s a l i n i t y )  as l i t t l e  as possible. between logging runs. 
Monitoring the mud r e s i s t i v i t y  continuously issneeded t o  be sure tha t  t h i s  
i s  done. 
o f  Rm a t  a given depth and the lmco values o f  R, a t  the same depth require 
t h a t  one o f  these i s  wrong. 
made using the "curve" approach w i l l  also be wrong, since t h i s  approach 
assumes t h a t  the header value o f  Rm i s  correct. The inference i s  that  we 
should be very careful (obtain mult ip le mud samples f o r  measurement) i n  
ge t t ing  the R,,, value entered on the log header. 

When d r i l l i n g  new wells, one obvfous conclusion i s  t o  change mud 

Ftnal ly,  the differences sometimes seen between log header values 

If the header value i s  wrong, then calculations 

H. F. Ounlap 
82 March 4, 1981 
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THE UNIVERSITY OF TEXAS A T  AUSTIN 
D E Y A R T h l 6 N T  OF P E T R O L E U M  ENCINLERING 

A I ~ S T I N .  T E X A S  7 8 7 1 2  

February 26, 1981 

Mr. Kei th  Westhusing, Di rec tor  
G e q r e s s u r e  P r o j e c t s  Of f i ce  
S u i t e  8620, Federal  Bldg. 
515 Rust S t .  
Houston, Texas 77002 

Dear Keith: 

In  r ep ly  t o  your l e t te r  of Feb. 14, 1981 concerning water s a l i n i t y  
c a l c u l a t i o n s  i n  t h e  F. A. Godchaux 111 E l  well ,  I have ca l cu la t ed  t h e  
formation water s a l i n i t y  by several methods i n  sand A, from 15450-16000 f t ,  
and sand B, from 14900-15275 f t .  The results and d e t a i l s  of t he  ca lcu la-  
t i on ,  are shown i n  the  a t tached  appendix. I be l ieve  t h a t  the  water s a l i n i t y  
i n  both sands is greater than 100,000 ppm, and t h a t  a "best estimate" of 
the s a l i n i t y  from d a t a  a v a i l a b l e  a t  present  would be 140,000 ppm for sand A 
:ind 115,000 ppm for sand R, h;isc?cl 011 SP ca lcu la t ions .  Calcu la t ions  From tlic 
sonic  log. (Rwa method) lead t o  s u b s t a n t i a l l y  higher  s a l i n i t i e s ,  130,000 ppm 
for sand A, and 160,000 ppm for sand B ,  but these  are not  very r e l i a b l e  due 
t o  the  uncer ta in  compaction f a c t o r  cor rec t ion ,  Cp, which must be used t o  
ob ta in  correct po ros i ty  va lues  from the sonic  log.. 

I have discussed the  S.P. ca l cu la t ions  with Ray Gregory and h i s  assoc i -  
ates a t  the  Bureau of Economic Geology, and I be l i eve  w e  are i n  b a s i c  agree- 
ment on t h i s  ca l cu la t ion .  There is an unresolved temperature d i f f e r e n c e  
between us which accounts f o r  some of the  d i f f e rence  i n  s a l i n i t y  r e s u l t s .  
H e  chose to  i n t e r p o l a t e  l i n e a r l y  between an  assumed 70°F su r face  temperature 
and w e l l  temperature a t  T.D. to get uphole tgmperatures a t  va r ious  depths .  
I chose t o  use a temperature gradien t  of 2 .4  F/100 f t . a t  depth t o  c a l c u l a t e  
temperatures in t h e  neighborhood of T.D. This  grad ien t  comes from tempera- 
t u r e s  measured i n  the  Exxdn Fee 1180 w e l l  ( a l so  i n  Vermilion Par i sh)  a t  depths  
of 13984 t o  15960 f t .  The bes t  way to  g e t  t he  uphole temperatures i n  the  
Godchaux w e l l  would be t o  obta in  a temperature grad ien t  f o r  t h i s  w e l l ,  us ing 
temperature and depth from the  next shallower logging run, bu t  t hese  d a t a  
were not  s e n t  to  e i t h e r  Gregory o r  me. Gregory also d id  not  have t h e  sonic 
log  da ta ,  and so d id  not  c a l c u l a t e  the  Rwa va lues  and equiva len t  s a l i n i t i e s .  

'In ob ta in ing  the  "best estimate" SP der ived va lues  I used t h e  "curve" 
method slhere the  mud f i l t r a t e  r e s i s t i v i t y  is ca lcu la t ed  from the measured 
mud r e s i s t i v i t y  using the  KF f a c t o r  f o r  l ignosul fona te  muds read from Figure 1 
of my Six th  Progress Report (August 1980). The r e s u l t s  are then f u r t h e r  
cor rec ted  by using a second, s a l i n i t y  co r rec t ion  curve,  a t tached  to  t h i s  
le t ter  as Figure 1, which al lows f o r  the  e f f e c t  of formation water s a l i n i t y .  
Th i s  i s  a curve I have only r ecen t ly  p lo t t ed ,  and is s t r i c t l y  empir ica l ,  bu t  
the d a t a  does seem t o  Fall rather well in to  two groups-dcfining ag uppcr l i n c  
where nearly a l l  tlm po in t s  arc  for wells with temperatures C 26D F and mud 
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weights  < 15.9 p.p.g., and a lower l i n e  where a l l  t h e  p o i n t s  are for  w e l l s  
w i th  tempera tures  > 260°F and mud weights  > 15.9 ppg. 
s u l f o n a t e  muds are shown. Calcu la ted  s a l i n i t y  v a l u e s  for both  "header" 
d a t a  (RMF value read  from l o g  header)  and "Curve" d a t a  (FM? v a l u e  c a l c u l a t e d  
from K F c u r v e ,  6 t h  P rogres s  Report ,  August 1980): are shown on t h i s  f i g u r e .  
We see t h a t  c a l c u l a t i o n s  us ing  header d a t a  appa ren t ly  g i v e  too  l o w  a c a l c u l -  
a t e d  water s a l i n i t y  f o r  s a l i n i t i e s  > about  40,000 ppm, and too  h igh  a c a l c u l -  
a t ed  s a l i n i t y  for s a l i n i t i e s  lower than t h i s .  
c a l c u l a t e d  s a l i n i t y  g i v e s  too  low a va lue  of s a l i n i t y  f o r  s a l i n i t i e s  > about  
70,000 ppm, and t h e  upper branch of "curve" c a l c u l a t e d  s a l i n i t y  d a t a  g i v e s  
too h igh  a c a l c u l a t e d  va lue  f o r  a l l  s a l i n i t i e s  < about  200,000 ppm. 
Codchaux w e l l  d a t a  p u t s  us on t h e  upper branch of curve  (mud w t .  17.80pd g a l ,  
w e l l  above t h e  15.9 ppg. l i m i t ,  bu t  w e l l  tempegature for sand A = 259 F and 
f o r  sand B=247'F, which are both below t h e  260 F l i m i t ) .  I n  making t h i s  s a l i n i t y  
c o r r e c t i o n  f o r  sand A, f o r  example, I en te red  t h e  v a l u e  of 160,000 ppm ob ta ined  
from t h e  "curve" c a l c u l a t i o n  on t h e  o r d i n a t e ,  and read t h e  t r u e  v a l u e  of s a l i n i t y  
from t h e  a b c i s s a  as 140,000 ppm, us ing  the  upper branch of t h e  "curve" d a t a .  
The "curve" v a l u e  c a l c u l a t e d  f o r  sand B was 140,000 ppm, which l e a d s  t o  115,000 
ppm t r u e s a l i n i t y ,  aga in  us ing  the  upper branch of "curve" s a l i n i t y  c o r r e c t i o n .  

A t  t h e  moment I have no idea  why t h e  s a l i n i t y  c o r r e c t i o n  shown i n  F igu re  1, 
works as i t  appea r s  t o  - it is pure ly  empir ica l .  
is  cons is ten tenough to  make me b e l i e v e  t h a t  t h e  eEfec t  is real. 

could be as l o w  as 75,000 ppm. 
for sand A, and 115,000 ppm f o r  sand B. 

Only wells wi th  ligno- 

The lower branch of t h e  "curve" 

The 

However, t h e  grouping of p o i n t s  

I n  sunimary, I d o n ' t  t h ink  t h a t  t h e  formation water i n  t h e s e  two sands  
The b e s t  e s t i m a t e  I can make i s  140,000 ppm 

S i n c e r e l y ,  

HFD/sma 
Enclosures 
cc: Dr. Dorfman and Ray Gregory 
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Appendix: Details of C a l c u l a t i o n  

SP Method 

F. A. Godchaux 111 0 1  Well, Vermi l ion  P a r i s h ,  La. 

and B (14900'-15275') L i g n o s u l f o n a t e  mud, 17 .8  p.p.g.; Header v a l u e  of 

I$ = .534 @ 68OF; SF = .229 @ 7OoF. 
S.P. in upper, "8" s a n d  = 20  MV (no te  s h a l e  base l i n e  d r i f t  he re )  and in 
lower, "A" sand ,  SP = 32 MV. 

w e l l  (Tes t  87 i n  p r o g r e s s  r e p o r t s ) ,  also i n  Vermil ion P a r i s h ,  where t h e r e  

are w e l l  t empera tu res  of 28S°F @ 15690 and 244OF @ 13984 f t . ,  l e a d i n g  t o  a 

temp. g r a d i e n t  a t  d e p t h  of 2.4'F/100 f t .  T h i s  g i v e s  a w e l l  t empera tu re  i n  

Codchaux w e l l  '@ 15000 f t .  (Sand 8) of 247OF, and @ 15,500 f t .  (Sand A) of 

259OF. 

Sands A (15450'-15980') 

Well temp. @ T.D. of 16000' - 271OF. 

Take geothermal  g r a d i e n t  from Exxon Fee 80 

i o n s i d e r  Sand "A": 

%IFE Header 

%E Header 

54 Header 

E;F,=  .15 (From Fig 1, S i x t h  P r o g r e s s  Report ,  Au8, 1980) 

5~ Curve  

RI\T Curve 

Rt: C u r v e  
S a l i n i t y  C u r v e  - 160,000 ppm (From Gen-9, Schl .  Char t  Book) 

Header = .229 @ 70°F = .0663 @ 259'; 

= .85 (.0663) - .056 fZM @ 259' 

5 .056/2.1 = .027 RM @ 259' (From SP-1, Sch l .  C h a r t  Book, '72ed.) - .030 fib1 @ 259' (From SP-2, Sch l .  Char t  Book, '72 ed.)  

=76,000 E E ~ !  (From Gen-9, Schl .  Char t  Book, '72 ed . )  t Y  (Header) 

= .15 (. 151) - .023 9M @ 259'; ~ i F E C u r v e  =.85(.023) = .020 RN 
= .02/2.1 = .0093 RM @ 259'F (From Sp-1, Sch l .  C h a r t  Book) - .017 f i M  @ 259'F (From SP-2, Schl .  Chart  Book) 

n 
V 

Sand "B": 

%FE Header 

%E Header 

%I Header 
S a l i n i t y  ([Ifeader) 5 66,000 ppm (From Cen-9) 

'kF Header - .229 @ 70°F = .069 RM @ 247'F; 

= .059/1.64 = .036 S2M C! 247OF (From SP-1) 
= .85(.069) - .OS9 RM 247'F 

- .037 RM @ 247'F (From SP-2) 

n 
V 

E;F = .15 (From F ig  1, S i x t h  P r o g r e s s  Report ,  Aug, 1980) 

&F Curve 

RUE Curve 

% Curve 
S a l i n i t y  (Curve) 

- .15(.158) - .0237 S2M @ 247OF; SEE Curve - .85(.0237) = 

- .020/1.64 = .012 OM @ 247'F (From SP-1) 
..020 91 @ 247OF; 

- .019 RM @ 247OF (From SP-2) 

142,000 pprn (From Gen-9) 

I U  
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Rwa Nethod 

i 

What shall w e  u s e  f o r  Cp = compaction f a c t o r ,  t o  co r rec t  f o r  overestimation 

of po ros i ty  4 by sonic  log? Big uncer ta in ty  here. A t s h a l e  considerably 

> 100 us / f t . ,  i nd ica t ing  need f o r  Cp > 1.0. 
A t  s h a l e  =130 ps / f t . ;  a t  g r e a t e r  depths  A t  shale s l i g h t l y  less 

15420-50 f t .  f o r  example. Assume F = A t m a t r i x  = 55.5  ps f t . ,  and 

make c a l c u l a t i o n  f o r  Cp = 1.0; 1.1; 1.2;  1.3. 

A t  14,900 f t .  and higher 

122 d f t .  @ 

I 
Sand A: Atsand v a r i e s  from 90-100 ps / f t . ,  use  95 u s / f t .  From Schlumberger 

cha r t  POR-3. we have p o r o s i t i e s  of :  @ = 29.5% if Cp = 1.0; Cp - 27% i f  Cp = 1.1; 

41 = 24.5%-l t  CP- 1.2 and = 22.5% i f  Cp = 1.3. 

f a c t o r s  (from Schlumberger Chart POR-I) are F = 9.31; 11.1; 13.5; and 16.0. 

The va lue  of Ro from deep induction log is about .17 BI. (See sand s t r e a k s  @ 

1.5512 -20; 15632-42; 15720; 15785-94; and 15930-36). For an of .17 i2t-l and 
R 

F values  a's given above w e  ge t  ba = 

ha = .0183 RM; Cp = 1.1, ha * .015 QM; Cp = 1 . 2 ,  ka = .0126; Cp = 1.3, 

R,, = .0106 s2M. These va lues  of Rwa correspond to  s a l i n i t y  values (using Cen-9) 

of: 140,000 ppm; 180,000 ppm; 250,000 ppm, and > 300,000 ppm respec t ive ly .  

Sand E: 
15020; 14933-43'). 

Proceeding a s  f o r  sand A, w e  f ind  f o r  var ious  assumed values of Cp: 

Corresponding formation 

O/F  values  @ 259OF of: Cp - 1.0, 

Atsand ranges from 105-110 p s / f t .  e e e  sand i n t e r v a l s  @ 15230-35; 

Assume Atsand = 107 p s / f t ;  R o S  .14 S&f, Temp. - 247OF. 

cn d F Rwa S a l i n i t y  (ppm) 

1.0 38.5 5.5 .026 95,000 

1-1 35 6.3 -022 120,000 

1.2 32 8.0 -0175 160,000 

1.3 29.5 9.3 .015 200,000 

We are f a i r l y  s u r e  we need some Cp value g r e a t e r  than 1.0 i n  view of t he  

l a r g e  Atshale values .  

unreasonably high p o r o s i t i e s  i n  sand B. 
ra ther  uncertain "best estimate" of s a l i n i t y  for  Sand A: 

s a l i n i t y  - 180,000 ppm and f o r  Sand 8: 

Also, u s e  of small  Cp values  of 1.0 and 1.1 l k d s  t o  

These considerat ions lead us t o  a 
Cp = 1.1, I$ 27%; 

Cp = 4 . 2 ,  Q * 32%; s a l i n i t y  - 160,OOG ppm. 

c 

u 
.j 

I 86 







1 



,
.

 
1 















W
 

i
 

.)
 





Progress  Report # 14,  Apri l  1981 

c 

Study of Log D e r i v p  Water R e s i s t i v i t y  Data 
in Geo Formations 

Summary: W e  have appl ied  Prof. Bassiouni 's  method of ca l cu la t ing  water sal- 
i n i t y  based on u s e  of shale r e s i s t i v i t y  t o  the 16 w e l l s  in our da ta  set which 
were d r i l l e d  with l i g n o s u l f a t e  muds over a broad area of t h e  Texas-Louisiana 
Gulf Coast. Results were not  g r e a t l y  d i f f e r e n t  from those obtained using the 
conventional method, with a standard dev ia t ion  in both cases of about 69,000 
ppm. The d f f f e r -  
ence between t h e s e  results and t h e  good r e s u l t s  reported by Bassiouni earlier 
presumably arises from t h e  much broader geographic and geologic coverage of 
our da t a  set. Bassiouni 's  earlier r e s u l t s  were from da ta  taken in a f a i r l y  
r e s t r i c t e d  area near Lafayet te ,  La. and were mostly wells d r i l l e d  wi th  non- 
l i g n o s u l f a t e  muds, while our da t a  set was f o r  l i g n o s u l f a t e  muds exclusively.  

The Bassiouni method usua l ly  p r e d i c t s  too low a s a l i n i t y .  

We hage a l s o  ca l cu la t ed  t h e  standard devia t ion  between log 'header va lues  
of Rm @ 75 F and t h e  Imco (continuously recorded) 
i n  5 wells f o r  which we have these  data. 
which is  discouragingly high. 
t i o n  is  t h a t  t h e s e  v a r i a t i o n s  would also be la rge .  

va lues  of R f o r  10 cases 

We have no Imco da ta  f o r  h, but t h e  assump- 
The standard devia t ign  was 36%, 

We have put considerable  e f f o r t  into preparat ion of a paper, covering 
the work of the pas t  year  on t h i s  pro jec t .  
Geothermal Resources Council f o r  presenta t ion  a t  t h e i r  1981 annual meeting 
a t  Houston, Texas,  Oct. 25-29, 1981; and w i l l  also be presented a t  the F i f t h  
Geopressured Geothermal Energy Conference, Baton Rouge, La., Oct. 13-15, 1981. 

This  paper w i l l  be submitted t o  

Discussion: Table 1 shows da ta  and results obtained from use  of Prof .  Bass- 
i oun i ' s  method when appl ied t o  our da t a  set. As can be seen, ca l cu la t ed  salin- 
i n i t e s  are usua l ly  too  low. 
t o  be almost exac t ly  t h e  same as f o r  t h e  convent ia l  method of ca l cu la t ing  water 
s a l i n i t y  from t h e  SP, 68,500 ppm f o r  Bassiouni 's  method vs .  69,000 ppm f o r  
t h e  standard method. Figure 1 shows a p l o t  of ca lcu la ted  vs. t r u e  s a l i n i t y  f o r  
our da t a  set when using t h e  Bassiouni method. 

The standard devia t ion  f o r  t h i s  method t u r n s  out  

I n  telephone conversat ions with Prof .  Bassiouni, I learned that most of h i s  
d a t a  was f o r  w e l l s  not using l i g n o s u l f a t e  muds. 
d a t a  comes from a rather l imi ted  geologic age range and a l imi ted  geographic 

a r e a n e a r  Lafayet te ,  L a . ,  may explain the d i f f e rence  in t h e  results f o r  t h e  two 
da ta  sets. 

This, p l u s  the f a c t  tha t  his 

In  our d a t a  obtained from Imco on continuous measurement of in d r i l l i n g  
w e l l s  using a r e s i s t i v i t y  sensor i n s t a l l e d  in the  r e t u r n  mud flow ?! h e ,  we had 

?if at 
opportuni ty  t o  check log  header va lues  of 
t h e  same depth. 
(Some w e l l s  had more than one logging run  in t h e  interval f o r  which we had con- 
t inuous % da ta ) .  

aga ins t  t h e  Imco values  of 
There were 10 such checks poss ib le ,  d i s t r i b u t e d  through w e l l s .  

The d a t a  are shown i n  Table 2 .  The per  cent  d i f f e r e n c e s  in 
values  ranged from near  zero t o  70%, with a standard devia t ion  of 36%. 

Figure 2 shows continuous va lues  of Imco measured mud r e s i s t i v i t y  and den- 

, and depths  a t  which E l o g s  were run. 
s i t y  f o r  a deep well in Brazoria County, Texas, along with log header va lues  

$enera1 trend" line) we see a reasonable  trend of decreasing mud r e s i s t i v i t y ,  

I f  w e  connect t h e  Imco va lues  of 
the E log  depths  wi th  a dot ted  line, as has been done in t h i s  f i g u r e  (the 
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, 

with  no h in t  of t h e  l a r g e  and erratic v a r i a t i o n s  i n  % occurring between t h e  
E l og  depths. va lues  

depths  in t h i s  and i n  t h e  o the r  w e l l s  where w e  have such da ta ,  we find a stan- 
dard devia t ion  of 32% between t h e  continuously recorded Imco va lues  and values 
read from t h e  dotted "general trend" lines. 

I f  we c a l c u l a t e  the d i f f e rence  between t h e  measured 
reported by Imco, and t h e  dot ted  t rend  line connecting t h e  va lues  'k a t  E log 

We are in t h e  process of preparing a paper covering the work on t h i s  
p ro jec t  during t h e  pas t  year, and w i l l  include a d r a f t  of the paper as an  
attachment t o  our next progress report .  We will present t h e  paper at  t h e  
F i f t h  Geopressured-Geothermal Energy Conference a t  Baton Rouge, La., on Oct. 
13-15, 1981, and w i l l  also s u b i t  i t  f o r  consideration for t h e  Geothermal 
Resources Council meeting a t  Houston, Texas, on Oct. 25-29, 1981 

100 





3.5 r- 
C 
I 

1 
L 

3.: t . 

3 t 

'.w 
3 
2 3 2 . O  i 

.5 

P 

--General trend, Rm 
 loo 5 Header values of Rm 8' 
? E  Log 

Mud Resistivitv .4 

0 Mud Weight i 

Depth ( feet ) 
 figure 2 Mud Resistivity versus Depth 

BrazQg-ia County, Texas 



k/ 
i 

Table  2 

Comparison of l og  header % w i t h  Imco 9 75' F 

A =  a =  
A-B - Imco Log Header Imco % 

Well # RM IZM A 

2 .59 .48 .I9 

. 

s 

,. 

I( 
I 
i 

4 .86 .90 -.os 

1.12 1.32 -. 18 
1.15 1.25 -. 09 

11 

VI 

6 1.55 1.04 .35 

7 .89 .70 .20 

9 .96 1.35 - .39 

1.25 1.95 -.70 * I  

1.20 1.45 -. 25 *I 
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Progress Report # 15 - May 1981 
Study of Log Deriv2d Water Res is t iv i ty  Data 

in Geo Formations 

. 

Summary: 
on t h i s  project  during last year. 
these results a t  t h e  DOE/Industry Geopressured Geothermal Energy Forum a t  New 
O r l e a n s ,  on June 17, as w e l l  as a t  other meetings mentioned in last month's 
report .  

We have completed preparations of a paper reporting the research 
WS olan t o  present A copy is attached. 

W e  have calculated the  standard deviation, u, of calculated water salin- 
ities f o r  the 9 cases of non-lignosulfonate muds in our da ta  set using the 
Bassiounimethod, thegGen. 7 method, and the  

The geologic age correct ion useful  in t h e  % calculat ion o r  l ignosulfonate 
muds is not helpful  f o r  non-ligno'sulfonate muds. 
give standard deviations not too d i f f e ren t  from the  value of 21,000 ppm f o r  
t h e  l ignosulfonate muds a f t e r  applying the  geologic age correction f o r  the l i g -  
nosulfonate mud tests. They are much smaller than t h e  70,000 ppm standard dev- 
i a t i o n  found f o r  l ignosulfonate muds using e i the r  t he  header 

the  l ignosulfonate muds may be qui te  d i f f e ren t  i n  t h e i r  SP behavior from the  
other  muds i n  our da ta  set. 

method. These are: Ba s- 3 t iouni: u = 25.6 x 10 ppm; Gen. 7 :  d = 29.7 ppm; : u = 15.7 x 1 0  ppm. 

Note that a l l  these methods 

conventional calculat ion,  o r  t he  Bassiouni method. The 

W e  w i l l  attempt t o  ge t  more non-lignosulfonate mud tests t o  add t o  our 
We are consideriag data from several  w e l l s  in t h e  Red Fish Reef 

These are mostly lime base muds. 

data  base. 
Field, Chambers County, Texas (obtained from f i l e s  of Bu. Ec. Geol.) which may 
be su i t ab le  f o r  analysis.  

Discussion: 
of t he  past  year on t h i s  problem, including only data  on w e l l s  using lignosul- 
fonate muds. 
l a ted  water s a l i n i t y  down from about 70,000 ppm t o  21,000 ppm is a s igni f icant  
improvement over t he  conventional calculation. W e  believe t h e  remaining e r r o r  
is  as high as it is mainly due t o  la rge  var ia t ions  in mud proper.ties between 
logging runs. 

W e  have prepared a paper (attached) summarizing our research e f f o r t s  

The f i n a l  r e su l t ,  which brings the  standard deviation in calcu- 

In  addi t ion t o  the l ignosulfonate data, wehave 9 tests involving gyp, lime, 
driscose,  o r  tannin muds. W e  have studied these data,  t o  see whether t h e  meth- 
ods outlined i n  t h e  attached paper would be applicable. Usigg a 'I%'* curve ap- 
propr ia te  t o  t h e  mud type r e s u l t s  in a standard deviation of 15, 70 ppm. 
s a l i n i t y  results do not correlate with geologic age f o r  these muds, so no age 
correct ion is  possible. 
29,600 ppm, and using 
deviation is 29,700 ppm. 
21,000 ppm found f o r  l ignosulfonate mud tests us in  

determinations f o r  t he  vatious muds, in par t icu lar ,  are questionable. 
k a i n e d  5 f o r  a given non lignosulfonate mud from Fig. 1, Progress Re- 

The 

Using the  Bassiounl method, the standard deviation is  
values from Schlumberger's Gen. 7 curves, t h e  standard 
None of these deviations B r e  g rea t ly  d i f f e ren t  from the  

the  geologic age correction. 
Since not many tests were avai lable  f o r  a ,T8 g ven mud .type, t h e  accuracy of 

port  # 6 . )  

U 
104 



2. 

The da ta  f o r  these w e l l s  are shown in  Table 1. Location of t h e  w e l l s ,  in 
Texas and Louisana, is sbwn in Figure 1. 
s a l i n i t y  for t h e  Bassiouni, Gen. 7, and "ICF" methods. 

Figure 2 shows calculated VS. t r u e  

We believe we can get  considerably more data  on weirs using non ligno- 
sulfonate  muds, and w i l l  attempt t o  do th i s  in order t o  be t t e r  def ine the 
"%*' curves f o r  these spec i f ic  muds. We are presently studying nine cases 
(mostly lime base muds) from the  Red Fish Reef Field, Chambers Co., Texas. 

H. F. Dunlap 
June 2, 1981 
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PROBLEMS AND PARTIAL SOLUTIONS I N  

IN DEEP HOT WELLS 
USING me S.P. LOG TO PREDICT WATER SALINITY 

8. F. Dunlap and M. Dorfmsn 

The University of T a u s  at Austin 

* 

Abstract 

Predict ions of formation water s a l i n i t y  from 
S.P. logs using conventional methods are usual ly  
too low in deep, hot wells of t h e  Texas-Louisiana 
Gulf Coast. We found a standard deviat ion of 
69,000 ppm when comparing predicted salinities 
with good measured values. 
of s a l i n i t y  leads  t o  a n  overestimation of t h e  a- 
mount of methane which can be dissolved in these  
waters, an  important parameter in assessing the 
economic f e a s i b i l i t y  of geothermal-geopressured 
projects .  
using an inferred value, and a geologic age 

t o  21,000 ppm. 

The underestimation 

We have developed an improved technique 

correction. This % r uces t h e  standard deviat ion 

Several f a c t o r s  cont r ibu te  t o  the high uncer- 
tainties in S.P. d e r i v d  salinities. We bel ieve 
th+ two most important f a c t o r s  are v a r i a t i o n s  in 
Na ion t ransport  e f f ic iency  of t h e  shales, p l u s  
la rge ,  erratic v a r i a t i o n s  in mud r e s i s t i v i t y .  

Introduction 

The DOE Division of Geothermal Energy is car- 
rying out  a project  t o  test the f e a s i b i l i t y  of pro- 
ducing dissolved methane from some of t h e  deep, hot, 
geopressured a q u i f e r s  along t h e  Texas-Louisiana 
Gulf Coast. Since t h e  amount of methane which can 
be dissolved in water increases v i t h  temperaturf , 
and pressure, but decreases  with Water s a l i n i t y  , 
it is important t o  select test a r e a s  which are 
thought t o  contain r e l a t i v e l y  f r e s h  waters. The 
se lec t ion  has been =de using s a l i n i t y  e a t h a t e s  
from the S.P. logs  of wel ls  d r i l l e d  by t h e  o i l  and 
gad  industry. Unfortunately, when the f i r s t  w e l l  
tests were made in areas selected in t h i s  way, the 
produced water turned out  t o  be much saltier than 
expected. Since t h i s  serired t o  reduce s o l u b i l i t y  
of methane and, hence, methane production s i g n i f i -  
cant ly ,  t h e  problem is a ser ious one. 

Therefore, aa.a port ion of our  WE related re- 
search, ve have attempted t o  improve the accuracy 
of s a l i n i t y  estimation from the  S.P., and t o  def ine  
those var iab les  which l i m i t  its accuracy. Our ap- 
proach has been t o  ge t  da ta  on deep hot v e l l s  with 
good S.P. logs, and r e l i a b l r  measurements of prod- 
uced water r e s i s t i v i t y  andfor s a l i n i t y ,  6nd see 
how we could systematical ly  c a l c u l a t e  the  best 
match of t he  known w a t e r  salinities i n  these wells. 

Getting good measured values  of formation wa- 
ter r e s i s t i v i t y  and/or s a l i n i t y  in deep hot vells 
has been surpr i s ing ly  d f f f i c u l t .  After  consider- 
a b l e  e f f o r t  we have assembled 16 tests which form 
the d a t a  base f o r  tk r e s u l t s  reported herein. 
Table 1 6howa per t inent  d a t a  f o r  these  16 tests. 
These wells were a l l  d r i l l e d  v i t h  l ignosulfonate  
muds, most of them since 1977, so they represent 
moderu d r i l l i n g  pract ice .  Mud weights ranged from 
12.4 t o  17.9 ppg, and temperatures ranged from 
196 F t o  332'F. Geologic age of formations tes ted  
ranged from Upper Miocene t o  Eocene Wilcox, as 
shovn in Fig. 1. Geographic loca t ion  of vells 
t e s t e d  range from the R i o  Grande to the middle 
Louisiana Gulf Coast, as shown in Fig. 2. 

Table 1 
Test  Data Plus  Conventionally Calculated S a l i n i t i e s  

Log 
value S a l i n i t y  Well 

zp"* sp RMF@75'F 1000 ppm 
Test  # A?p? H v m  Calc. True 

1 Anahlac 270 80 .75 68 150 
2 u. Frio 256 60 .5Q 72 92 
3 L. Miocene 196 60 .67 54 130 
4 L. Miocene 204 60 .69 s1 110 
5. L. &io 260 60 .61 SO 130 
6 L. Fr io  288 60 .ai 38 110 
7 0. Miocene 248 60 .74 48 130 
8 Vtcksburg 266 30 .35 48 190 
9 Vicksburg 266 30 .35 48 150 
10 M. hio 219 60 .73 49 73 
11 L. Fr io  304 30 .27 49 98 
12 Vicksburg 332 20 .24 52 90 
'13 Anahuac 238 35 .45 42 23 
10 Jackson 209 10 A 3  21 15 
15 wilcox 250 25 .34 42 13 
16 x.Fr io  264 40 .46 43 42 

The conventionally calculated salinities sbwn 
In Table 1 were obtained using the log header vkl- 

uea of mud f i l t r a t e  r e s i s t i v i t y ,  , 6nd wel l  
temperatures at test depth, interpo % a ted  between 
da ta  from logging rune above and belov t h e  form- 
8 t i o n  tes ted.  

(1) S t a t i c  S.P. - K loglo An($ 

where Av urd pkF are the "ac t iv i t ies"  respect ively 
of the formation water and mud f i l t r a t e .  
8 c t i v i t i e a  are not commonly measured in the f i e l d ,  
equation (1) is universa l ly  approximated by 

(2) S t a t i c  S.P. - K l o g l O b E R t ) E  

The basic equation used is: 

Since 
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where the  reciprocal of the equiva lmt  r e s i s t i v i t -  
ies of t h e  formation Mter and mud f i l t r a t e  replace 
the  a c t i v i t i e s  in equation (1). 
f re sh  solutions, the r e s i s t i v i t i e s  and equivalent 
r e s i s t i v i t i e s  are about equal. 
lutions,  a conversion of R t o  % is needed which 
is given in2the Schlumberger chart  manual and 
elsewhere. 
t he  Schlumberger cha r t s  and conversion schemes 
shown in t he  1972 edition). 
(2) is expedited using cha r t s  SP-1 and SP-2, in 
t he  Schlumberger manual. 
s i s t i v i t y  a t  a lmown temperature, t o  NaCl content 
in ppm, is given in Schlumberger chart Cen. 9. 

For r e l a t ive ly  

For very s a l t y  so- 

(For convenience we w i l l  r e f e r  t o  

Solution of equation 

A conversion of water re- 

&a Series Group pau p p L a  

Plioceno Gohod 

Niocene Upper h e m h e  -7 
Yiddie Flemlni -3 r4 
bwor ?lemLy 

Anahuac -1 *I3 

-2 
F 
I 
8 Olieocmo Upper Frio c UIddlo M a  810 8 16 

Lowor Frio *6 '6 811 

1.0 

'E 

W 
2 

m a  - 
f 

s 

Eocene Jackson *I4 

Cldborno 

Wilcox *IS - b w e r  Trond. rig. 5 - - Upper Trend. rlg. 6 

Fkwo I 4 0  of Tesla 

It is  apparent from an inspection of the t r u e  
and conventionally calculated salinities 8hown in 
Table 1 tha t  l a rge  e r ro r s  occur. 
s a l i n i t i e s  range from 26,000 ppm t o  72,000 pprn, 
while the t rue  salinities range from 13,000 ppm t o  
190,000 ppm. 

The calculated 

F(9un 1. LouLTIQ( Of TEST ELLS 

Procedures for Reducing Estimation Errors 

I f  we know the formation water s a l i n i t y  fo r  a 
produced water sample, we can use equation (2) t o  
ca lcu la te  the  "true" 'kr, i.c. t h a t  value which 1s 
needed t o  make equation (2) give the  correct form- 
a t ion  water sa l in i ty .  
ac tua l  measured b.) 

(It may o r  mayenot be t h e  
This vas done fo r  each 

O*Olt I3 It 15 IC I 7  la I¶ 
Yud W&h& P.P.C. 

Ilgurm 3 Lag Header Rmf/"True" RmI voraua Mud hight  

In 1958, H. t. Overton' studied the relation 
between mud and mud f i l t r a t e  r e s i s t i v i t i e s  f o r  a 
number of muds (none of which were lignosulfonate, 
which had not been developed a t  tha t  time). 
derived an empirical expression f o r  t h i s  r e l a t ion  
from h i s  dataI 

where "C" is a function of mud weight. Hi. 
data are presented in Schlumberger's chart Gcn-7, 
vhich is prominmt)p labelled "Do Not Use For Lig- 
nosulfonate Kuds." A review of Overton's da ta  
8hoWe considerable sca t t e r  when C is plotted a- 
ga ins t  mud weight, so that a f i t  with % t o  the 
1st power is about as good as  equation (3). 

H e  

..5 

Mud Weigh& P.P.C. 

Plgure 4 KI VOM. Mud Donally 

A similar plot  fo r  lignosulfonate muds, uaing 
our data, 18 shown in Figure 4. This shown 

KF - %F ('?e") v s  mud weight. 
\ (Header) 

W 
t 107 



Dunlap, et 81. 
Alro ahown in Fig. 4 is Overton's 
r e l a t i o n  &dotted), and a point l a a e l h d  "From 
F - .81/@ ,'I a t  22 l b / g a l  mud densi ty .  This mud 
weight corresponds t o  30% porosi ty  f o r  a s l u r r y  
with solid component consis t ing of 40% barite and 
60% silica. A t  t h i s  poros i ty  an estimate of Kp 
can be obtained from t h e  convqntianal fotmation 
f a c t o r  re la t ionship  F - .Sl/+ , since t h e  "forma- 
t ion factor"  of t he  mud is l/%. The poin ts  f o r  
our d a t a  set show a l a r g e  amount of scatter, but a 
smooth curve can be drawn along the lower bound- 

mate of than use  of log header values  f o r  h. 
Some improvement was obtained in t h i s  m y  but 

e r r o r s  were still large.  A marked addi t iona l  im- 
provement was achieved when we noted t h a t  t h e  cal- 
culated salinities cor re la ted  with t h e  geologic 
age of t h e  formation tes ted.  
of water salinities calculated using 

Pig.5 shows a p l o t  
values  ob- 

curve of Pig .4 ,  ( " k i n i t y  l"), 
inities. The data  breaks n i c e l y  

into two trends; an upper t rend which turns  out  t o  
be Lover Fr io  or younger in age, and a lower t rend 
which includes poin ts  from t h e  Lower Fr io  and old- 
er age rocks, (See F i g . 1 ) .  Three of t h e  forma- 
t i o n s  in our da ta  set are in t h e  Lower Frio, p o i n t s  
15, 16, and P11. 
confusion, but t h i s  can sometimes be avoiaed by 
noting that  a l l  of t h e  Texas  tests f a l l  on t h e  
tower trend line, and most of the Louisiana tests 
f a l l  on t h e  upper t rend &be, 

Here there is a p o s s i b i l i t y  of 

Zy103D - 
. 

l ~ ~ ~ l o  - 
m Lorer Frio and older 

. Lower Frio and younger 

llne U no y s  
Correction 
needed. 

1L 
0 

I = -  tests - 
2 

. .- - 
n 

c 

*..- 
e!. . wxlpo' . ;moco - ;so& . & .  & 

True Water Salinity P.P.U. 

figure S Salinity Corrcction Based on Geologic M e  

I f  w e  cor rec t  t h e  "Sal ini ty  1" data  using the 
age correct ion of Fig.5, we obta in  "Sal ini ty  2", 
as shown i n  Fig.6. 

f.' ,. . IS 
e!. . .&' ' io& . I& . ;oobm' . MbDo 

True Water Sallatty P.P.Y. 
CalcuIated Salurity 2 ( d t t r  y e  correcUon ) 

versus True Salinity 
The standard deviat ion of t h e  "Sal ini ty  3" val-  

ues is Z l , O O O  ppm, compared t o  69,000 ppm f o r  sal- 
h i t y  values  conventionally calculated. 

*Rml Heedsr T&S ( Conventional calculation ) 
=Calculated Salinity 3 valuss 

True Water Salinity P.P.Y. 

Figure I Calculated Srlinily 3 versur Truw Salh~ty 

Reasons f o r  Errors  

A number of f a c t o r s  probably cont r ibu te  t o  t h e  
high standard deviat ion f o r  S.P. derived s a l i n i t y  
values. These Include: use  of N a C l  r e s i s t i v i t y  
vo temperature correct ions f o r  t h e  complex solu- 
t i o n s  found in muds and mud f i l t r a t e s ;  e r r o r s  in 
sampling, and f i e l d  measurement of t h e  r e s i s t i v i t y  
of muds and mud f i l t r a t e s ;  use  of r e s i s t i v i t y  d a t a  
rather tban a c t i v i t y  d a t a  In equations (1) and (2); 
v a r i a t i o n  in ef f ic iency  of d i f f e r e n t  shal$ mem- 
brrnee in se lec t ive ly  t ransport ing the Na ion; 
and shor t  term v a r i a t i o n s  in mud and mud f i l t r a t e  
r e s i s t i v i t y  during d r i l l i n g  operations. Of these, 
we bel ieve t h a t  the lart  two  var iab les  are most 
important, 

Lab tests show that Ohale compaction is es- These da ta  still  show a s lope d i f f e r i n g  
s l i g h t l y  from 4S0, so a f i n a l ,  empirical correc- 
tion based On Fig* 
3". our best esthate of calculated water s a l i n i t y  
f o r  t h i s  data  set. Fig. 7 shows "Sal ini ty  3" plot-  
t e d  against  t r u e  s a l i n i t y ,  together with t h e  ~ l i n -  
i t y  values  obtained i f  log header 
used t o  c a l c u l a t e  s a l i n i t y  in t h e  usual  way. The 
'Sal ini ty  3" 
t r u e  values  much more c l o s e l y  than do Khe conven- 
t i o n a l l y  calculated values. 

s e n t l a l  t o  make a good Na 
I f  geopressured shales are less compacted than nor- 
mal,  t h e  membrane e f f ic iency  may be decreased, 
which reduces the. calculated Water s a l i n i t y .  Also, 
tests made using a f r e s h l y  c u t  Cretaceous sha le  
from Kontana showed t h i s  shale t o  develop only 
half t h e  poten t ia l  calculated using equation (1). 
I f  t h i s  shale is only 50% e f f i c i e n t ,  o ther  sha les  
probably vary ,in their e f f i c i e n c i e s  as w e l l .  

ion t ransport  membrane. was used t' Obtain 

values  arc % 
values  are seen t o  agree with t h e  
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Ue have had t h e  opportunity t o  study records 
of mud r e s i s t i v i t y  continuously recorded in several  
Gulf Coast wells, (none from our d a t a  sample, un- 
fortunately). These show very l a r g e  short  term, as 
well as  long term v a r i a t i o n s  in mud r e s i s t i v i t y  as 
the  w e l l  is d r i l l e d .  I n  par t icu lar ,  t h e  data  imply 
that it is unl ike ly  t h a t  t h e  value of % obtained 
by t h e  logging company corresponds very c lose ly  
with the value of 4 in t h e  w e l l  when a p a r t i c u l a r  
formation up hole =s d r i l l e d .  Since much of the 
f i l trate e n t e r s  the  formation during d r i l l i n g  
(spurt  loss) ,  ra ther  than later, when t h e  w e l l  i s  
logged, the  value of in t h e  invaded zone is 
l i k e l y  t o  d r y  considerably from t h e  

log header. 

value mea- 
sured by t h e  logging engineer and recor  % ed on t h e  

Fig. 8 s h o w s  a record of such a w e l l ,  
d r i l l e d  in Brazoria County % 1979 using s ligno- 
sulfonate  mud. Both %@ 75 F and, mud weight v s  
depth are shown, toget  r with log depths. For 
t h e  two deaepest log runs, . the log header values  
of 4 @ 75 F are a l s o  shovn. 
and 'erratic short  term v a r i a t i o n s  in . These 

a l s o  the  long term trend f o r  
as depth increases. Note t h e  l a r g e  d i f f e r -  
ences between the  log header values  of s, and the 
% v a l u e s  measured by t h e  sensor ins ta l led  in t h e  
mud flow line. 
observed in some IO recent  Gulf Coast wells 
studied. 

Note t h e  la rge  (100%) 

c o r r e l a t e  poorly v i t h  mud weight v a r i a  ff ions. Note 
@ 75'F t o  decrease 

These phenomena are typica l  of data  

'"[ --General trend, Rm + 1" 
'Log Header values 'of Rm 
tE Log 
=!dud Resistivity 

f t .  .? ] 0.01 t . I- 

moo y)I1D )R)o 11000 lDDD l5oao 17OW 
Depth ( f e e l )  

Mud Reststmty versus Depth 
Brozoria County, Texas flguro 8 

We calculated t h e  standard deviat ion of t h e  
continuously measured h values  between logging 
runs f o r  10 i n t e r v a l s  in 5 d i f f e r e n t  w e l l s ,  rela- 
t i v e  t o  the general  trend of 

c lose  t o  zero, t o  1nM @ 75 F. 
erratic var ia t ions  in Q, it  is no wonder t h a t  5P 
derived formation water s a l i n i t i e s  are a l s o  not  
very re l iab le .  

values between log- 

With these l a r g e  and 
ging runs. The standard dgvia % ions ranged from 

Application t o  O i l  and Cas Exploration 

Obtaining a correc t  value f o r  formation water 
r e s i s t i v i t y  is a l s o  important i n  log ana lys i s  f o r  
o i l  and gas production. According t o  t h e k c h i e  

equation, t h e  formation r e s i s t i v i t y  % is a func- 
t i o n  of water r e s i s t i v i t y  s, porosi ty  0 ,  and water 
sa tura t ion  s as shown &+quat ion (4). 

W' 

;8 1 Rv 
(4) "r - ,- 

Since formations with S values  g r e a t e r  t b n  
50 t o  60% are l i k e l y  t o  prod&e la rge  amounts of 
water. a decis ion t o  test a zone in a n  exploratory 
w e l l  is of ten  made on the basis of S 
culated using eq. 4. If R is too h$h by a f a c t o r  
of 2 (water too f r e s h  by f a c t o r  of 2) the  Sw val-  
u e  w i l l  be too high by fac tor  of - 1.4. For ex- 
ample, a formation with t r u e  S of 45%. which 
plight make o i l  o r  gas with ver? l i t t l e  water, 
would ca lcu la te  an S of .45(1.6) - 63%. This 
might discourage a t&t of t h e  zone and lead t o  
l o s s  of valuble  o i l  and gas retaerves. 

values  cal- 
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Table 1 

Pest # 

11 

13 

14 

15 

17 

18 

-- 19 

Well N a m e  

Humble 
La. Terre D-7 
Terrebonne Par, La  

Sun J e f f r i e s  # 2 
Hidalgo Co., Tex. 

Sun S t a t e  Laguna 
Madre # 1 
Kenedy Co., Tex. 

Texas Welting C 1 
Brazoria  Co. Tex. 

Sun S t a t e  76 # 8 
Aransas Co., Tex. 

P h i l l i p s  Houston M-2 
Brazoria CO, Tex. 

P h i l l i p s  Houston 2-1 
Brazoria Co., Tex. 

11 11 I1  20 
I 

15225- 
Miocene 380 17.1 235 68 

Vicksburg 9913-20 15.9 244 52 

P h i l 1  i p  s 
Kentzelman # 1 

KF Bassiouni' Gen. 7 

65 70  70 

14.5 60 59 

Mud Type 

Mid Fr io  

Lower FrFo 

I1 11 

I t  I1 

11 11 

Gyp 

I1 

10348-53 13.0 244 82 47 96 91 

12101-29 17.1 227 90 60 60 130 

9644-64 16.1 193 80 52 37 75 

11470-80 13.5 191 48 47 78 46 

12620-28 17.2 235 68 78 100 55 

Lime 

I1 I1 

Mid Fr io  

I1 

12829-38 17.1 240 55 76 98 57 

10960- 
11032 14.9 193 56 37 40 67 

I1 

Dciscose 

I 1  

I1 

Tann in 

Non Lignosulfonate Mud Test Resul ts  

-7 1 I I 
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Study of Log Derived Water Res is t iv i ty  Data 

i n  Geo Formations 2 

Summary: 

a computer program f o r  drawing the  shale baseline f o r  SP logo. 

grams used have not been sat isfactory.  

ieved, and in a test on three w e l l s  t he  standard deviation of t he  computer cal- 

culated SP ( r e l a t i v e  t o  values I would have read from log) ranged from 3.2 M.V. 
t o  6.6 M.V., w i t h  an average of 5.3 M.V. For a typ ica l  hot deep w e l l ,  an e r ro r  

ana lys i s  shows that t h i s  corresponds t o  a standard deviation of 12% in  calculated 

Rw, 

We have worked with Messers Eddie Parker and F. M. Rag0 in devising 

Previous pro- 

Considerable improvement has been ach- 

which is not  la rge  compared t o  other e r ro r s  in the  system. 

W e  attended the recent meeting of t h e  DOE-Industry Geopressure Geothermal 

Forum a t  New Orleans, and presented our paper on "Problems and P a r t i a l  Solutions 

etc", attached t o  last month's Progress Report. We a l so  attended the SPWLA 22nd 
Annual Logging Symposium a t  Mexico City, where Bassiouni and Silva'a paper "New 

Approach t o  Determination of Formation Water Res is t iv i ty  

and Kaufman's (Chevron) paper "Your Unsuspected Problems: 

Analysis" were evidence of interest in t h i s  area. 

from SP Log"; and Moore 

Res is t iv i ty  and Water 
Our own paper was submitted 

too late f o r  consideration at  t h i s  meeting. 

W e  have obtained copies of logs and data  sheets used in Bassiouni and S i l -  

va's paper courtesy of Prof. Bassiounl. 
from two papers by K. K. Kharaka et all,*. 
derstanding 

some of the  data,  and inclusion of water samples of doubtful v a l i d i t y  (too much 
gas production with the  water). 
r e s i s t i v i t y  values used by Bassiouni i n  some of these calculations.  We plan t o  

make a de ta i led  calculat ion using Bassiouni's method with t h i s  da ta  set. 

Bassiouni's paper, attached.) 

a t  some convenient time in t h e  future.  

Most of Bassiouni's water da ta  comes 
We are having some d i f f i c u l t y  in un- 

some of t h i s  data  since there  seem t o  be depth discrepancies i n  

We a l so  have t rouble  understanding the  shale 

(See 

Hopefully we can resolve questions by discussion 

Discussion: 

Use of t h e  d ig i t ized  logs in t he  log data base "Logdex" has been held up 

in par t  due t o  lack  of e f f ec t ive  software, which would ca lcu la te  R,, from the  SP 



and t o  read the SP on the  sands encountered in the  w e l l ,  using only the  d ig i t ized  

l o g  and t h e  computer program. Previous attempts t o  do t h i s  have not been too sat- 
isfactory,  due t o  f a i l u r e  of programs t o  recognize base line s h i f t s ,  etc. W e  

have worked with Messers Eddie Parker and Francis Rag0 dur- t h e  past  month t o  

t r y  t o  improve t h i s  capabi l i ty ,  w i t h  some success. Mr. Rag0 has devised a pro- 
gram that shows a l o t  of promise. 

dard deviation of t h e  computer derived SP r e l a t i v e  t o  the  SP which I measured on 

a t o t a l  of 50 sands i n  these w e l l s  averaged 5.3 MV. (See Table 1.) An er ror  an- 
a l y s i s  shows that a 5.3 MV. uncertainty in SP translates t o  a 12% er ror  i n  Rw f o r  

a typ ica l  deep hot wel1,all other var iables  being known perfectly.  

ment 1.) 

k, 
- 

In a test carr ied out on three w e l l s ,  the stan- - . 

(See at tach-  

A t  t h e  DOE-Industry Geopressure Geothermal Forum meeting a t  New Orleans. 

Prof. Bassiouni very kindly provided u s  with copies of t he  logs and data sheets  

f o r  t h e  data  presented i n  h i s  and Silva's paper. (Sek attachment 11.) We have 
begun t o  r e v i e w  t h i s  data, preparing t o  carry out t h e i r  calculat ion method using 

t h e i r  data  set, but have encountered problems. 
of several  of t he  water samples used (mostly taken from Kharaka's papers"') i n  

view of depth discrepancies between l i s t e d  depths of samples and depths where 

sands occur on s o m e  of the  logs; because some of the  samples were taken from w e l l s  

with ra ther  high g a s h a t e r  r a t io s ,  leading t o  possible df lut ion of formation water 
with water condensed from gas; and also because of uncertainty i n  j u s t  how t h e  

shale r e s i s t i v i t y  values were selected. 
above and below t h e  sand being analyzed, and in these cases we have been to ld  that 

the mean res i s t iv i ty  should .be used. 

should be taken qui te  c lose  t d  t h e  sand (10' o r  less away), since the  shale prop- 

erties control l ing the  NaS ion transport  (and hence, t he  SP generated) must be 

close t o  t h e  sand t o  a f f e c t  t h e  system. 

on Bassiouni's data  sheet do not occur within 50' t o  100' of t h e  sand being ana- 

lyzed. 
iouni, Kharaka, and myself. 

W e  are not sure  about t h e  v a l i d i t y  

Often t h e  shale r e s i s t i v i t y  is d i f f e ren t  

Also w e  understand that the shale res i s t iv i ty  

Some of t he  shale r e s i s t i v i t i e s  l i s t e d  

We hope t o  c l ea r  up these questions with fur ther  discussions between Bass- 

* 

. 

w 

H. F. Dunlap 

July 1, I981 
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Logdex # Depth I n t e r v a l  
td 

Well N a m e  & 
Locat ion processed ( f t )  

S.W. Gas, McDonald #l 
Brazoria Co, Texas 141 2486-9280 

Texaco, Harris et a1 
#I .Brazoria Co, Tex. 122 2144-6740 

Gen. Crude, P1. Bayou 
Bl-Brazoria Co, Tex. 218 131 0-691 0 

V 

No. of Sands wx. D i f f . '  Bias' Std. Devii 
analyzed  ins.^. (MV) (MV) (ro) 

17 18 +3* 5 6.6 

19 13 -3.9 6.2 

18 6 +1.3 3.2 

c 

I 

Notes: 1. SP d i f f e rence  is measured between computer derived SP and SP va lue  

picked by author. 

2. B i a s  with + s ign  ind ica t e s  computer derived SP is too la rge .  

3. Std. Deviation is computed relative t o  SP va lues  picked by author. 
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Attachment 1 

For a deep, hot w e l l ,  K might be 100 MV 
case, we see that a 5% er ror  in  $translates  d i r ec t ly  t o  a 5% er ror  in  Rw, 
and a 5 MVerror in SP t rans la tes  t o  an 11.5% er ror  in Rw, and a 5% er ror  i n  
K (which defines the efficiency of the shale membrane) t rans la tes  t o  an 11.5% 

and SP might be a 100 Mv. For t h i s  

If a l l  e r ro r s  are acting together, our best  estimate of dRw = X er ror  - 

since the  individual e r ro r s  o f A G ,  dSP, and dK can be e i ther  + or  -, with un- 

known sign. 

. 

. 
i y  
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ATTACHMENT 11 

A NEW APPROACH TO THE DETERMINATION OF 

FORMATION WATER RESISTIVITY FROM THE SP LOG 

bY 

Pedro Silva and Or. Zaki Bacaiouni 
Petroleum Enginsering Department 

Louisiana S t a t e  University 

ABSTRACT 

Formation water r e s i s t i v i t y  (Rw) i s  an important in terpretat ion parameter. 
When water samples are available, Rw i s  determined by d i r e c t  measurement or  
calculated from the wa te r  chemical analysis. 
t o  estimate Rw from the SP log. Poor correlat ions between the values obtained 
from water samples and those estimated from the SP a re  common. 

It i s  more pract ica l ,  however, 

The basic SP equation SP = -K l o g  (aw/amf) was examined, and two modifi- 
cat ions deemed necessary. F i r s t ,  the chemical a c t i v i t i e s  aw and amf were 
d i r e c t l y  expressed i n  terms of the r e s i s t i v i t i e s  R, and Rmf. The use of the 
a r t i f i c i a l l y - d e f i n e d  equivalent r e s i s t i v i t i e s ,  R, and Rmfe, i s  no longer 
necessary. Second, the parameter K was found t o  vary wi th  the shale res is-  
t i v i t y  (Rsh). A new chart r e l a t i n g  SP t o  RSh, Rmr and Rw was obtained. 

The use o f  the new chart resul ted i n  a tremendous improvement i n  the 
co r re la t i on  between RW values obtained from water samples and those estimated 
from the SP log. 

INTRODUCTION 

The SP l og  has been extensively used t o  evaluate the formation water 
r e s i s t i v i t y .  The formation water r e s i s t i v i t y  (R,) i s  an important interpre- 
t a t i o n  parameter used i n  the estimation o f  hydrocarbon saturation. It has 
been noted i n  several wells t ha t  have been tested i n  deep abnormally-pres- 
sured South Louisiana formations that logging calculat ions do not appear t o  
give accurate representation of water r e s i s t i v i t y .  The discrepancy between 
Rw values obtained from water samples and those estimated from SP logs could 
be due t o  the q u a l i t y  o f  water samples. Water samples recovered may exh ib i t  
d i l u t i o n  and contamination character ist ics due t o  mixing w i th  condensation 
water o r  d r i l l i n g  f lu ids.  , discrepancy continues t o  e x i s t  when 

- 
However, i 
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reliable water samples are available. 

The purpose of the study reported in this paper was to examine the method 
treditionally used to calculate Rw from the SP Log and to develop a new calcu- 
lation approach yielding more reliable Rw values. 

TRADITIONAL APPROACH 

The method traditionally used to calculate R, from the SP log is based on 
1 the well known equation: 

a 

amf 
SP = -K log - w 

where: 
SP = SP log deflection in millivolts; corrected for bed thickness and other 
measurement environment , 

= Activity of the formation water in gr-ion/liter, 
= Activity o f  the mud filtrate in gr-ion/liter, amf 

K = Coefficient which depends on the formation temperature 
(K = 61 + 0.133T; T in OF.) 

Assuming that the mud filtrate and the formation water are pure NaCl 
solutions, one can relate solution activities and resistivities using experf- 
mental data, as shown in Fig. 1. In order to express this relation analyti- 
cally, Gondouin, Texier, and Simard introduced the concept of equivalent 
resistivity. The equivalent resistivity is inversely proportional to the 
activity. By the definition equation (1) becomes: 

2 

where afe and R, are the mud filtrate equivalent resistivity and the form- 
ation water equilvalent resistivity, respectively. The relatbn between 
true and equivalent resistivities is given graphically by the chart of Fig. 2 
Equation (2) has been extensively used t o  estimate Rw from SP values. 

formation water samples from 7 oil and gas fields in the Lafayette, LA, area. 

3 Kharaka and co-woikers reported detailed chemical analysis of several 
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4 These chemical analyses were determined using a new, reliable technique. 
These waters are predominantly NaCl with an average concentration of Ca and 
Mg less than 52 by weight. The water resistivity values o f  these samples were 
calculated using the techn que proposed by Ucok, Ershaghi and OlhWft.' The 
comparison of these values and those estimated from the corresponding SP l o g  
deflections using equation (2) resulted in' Fig. 3. The discrepancy between 
SP- log-cal culated values and chemi cal-analysis-cal culated values is evident. 

This discrepancy could be the result of one or both of the two assump- 
tions which are implicit in equation (2). These two assumptions are: 

1. Both formation water and mud filtrate are pure NaCl soultions. 
2. The shale is a perfect membrane, i .e., one through which only cations 

can pass. 

The purpose of this study is to: 

1. Evaluate the effect of these assumptions on the calculated Rw values. 
2. Modify equation (2) to include the effect o f  salts other than NaC1. 
3. Modify equation (2) to take into account the non-ideal membrane 

nature of the shale. 

EFFECT OF SALTS OTHER THAN NaCl 

When the mud filtrate and/or the formation water contain solutes other 
2 than NaCl, the problem becomes very complex. Gondouin and co-workers , 

treating the case o f  solutions of mixtures of calcium, magnesium, and sodium 
chlorides, have arrived at the following expression: 

and a,,, are the ionic activities of Na, Ca and Mg in the form- where aNB, aca 
ation water and in the mud filtrate. 
Mg ions are known, the total activity aT o f  a solution, that is (aNa + 
4 - g  + a ), can be determined using the chart of Fig.  4. 

resistivity for the samples used to construct Fig. 3. This plot shows a 

9 
If the concentrations of Na, Ca and' 

Fig. 5 i s  a plot o f  formation water total activity (fiT)w versus water 
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linear relationship and suggests that, for predominantly NaCl solutions where 
limited concentration of other salts is present, a relation of the form 

( 4 )  

exists between the activity and the resistivity. The a and b coefficients 
reflect the composition of the samples considered. For the present example, 
a and b are 0.0756 and 1.07, respectively. 

A similar expression can be developed for mud filtrates. Optimum values 
of the coefficients a and b can be obtained if the detailed chemical compo- 
sition of the filtrates is available. In the absence of  chemical analysis, 
mud filtrates will continue to be considered pure sodium chloride solutions. 
For pure NaCl filtrates with resistivities higher than 0.1 ohm.m, the values 
of the coefficients a and b are 0.075 and 1, respectively. These values are 
derived from the straight-line portion of the plot of Fig. 1. 

Using the above results, equation (1) can be written in the modified 
form: 

8 
SP = -K log a %f (5) 

For the samples considered in the present study the coefficients a, 8 and Y 

are 1.008, 1 and 1.07, respectively. 
The above suggested that equation (1) can be reduced to 

in the following cases: 
filtrates with limited Ca and Mg ions; and (2) for predominantly NaCl form- 
ation water in the absence of  filtrate chemical analysis. 

(1) for predominantly NaCl formation waters and mud 

It should be noted that equation (6) was previously used before the 
2 introduction of the equivalent resistivity concept in 1956 by Goudouin. 

Fig. 6 is a plot of Rw values calculated, for the samples In consider- 
ation, using equation (6) versus R, calculated from chemical analysis. The 
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correlation between the two groups of values is s t i l l  very poor, as the 
figure illustrates. 

c NON-IDEAL MEMBRANE BEHAVIOR OF SHALES 

Equation (5) s t i l l  assumes t h a t  shale formations behave ideally as cationic 
permeable membranes. Laboratory measurements w i t h  shale membranes cut from 
cores comnonly show a potential different from that calculated for an ideal 
membrane. For non-ideal membranes, K I s  a function of shale cation exchange 
characteri stics . Unfortunately , cation exchange characteri J ti cs are seldom 
available. For the purpose of practical interpretation, K should be related 
t o  an available shale electric property which would reflect shale membrane 
characteristics . 

I 

I 

' W  
1 

The only shale etectric property readily available i s  the shale electric 
resistivity, Rsh, reported on a resistivity log. Several attempts were made 
t o  incorporate Rsh i n  the SP expression. Fig. 7 Is a p lo t  of a hypothetical 
value I$ ofthe coefficient K calculated from equation (6) using Rw values 
from chemical analysis. KT Is then the value of coefficient K, which if used 
i n  equation (e), will yield a perfect agreement between a values from the 
SP and Rw values from chemical analysis. Although no precise relationship 
can be inferred, i t  can be noticed t h a t  In general for a fixed f$h value, 
the value of 5 tends t o  increase as (1) Rmf decreases and (2) the SP reading 
increases. 

In Fig. 8, the same 5 values are plotted against the ra t io  Rsh/Rmf. 
T h i s  was done i n  an attempt t o  include, i n  one dimensionless term, two of 
the parameters which seem t o  be important. Two interesting features can be 
noticed on this p lo t .  Again, for a constant Rsh/Rmf value, 5 tends t o  
increase as the SP reading increases. This  fs indicated by dotted-line trends. 
A trend defined by a solid line i s  also indicated. This  trend could be 
related, according t o  the high  SP values, t o  clean formations. 

Fig. 7 and 8 show t h a t  coefficient K is a function not only of the  temp- 
erature, but also of the measurement environment as well, An expression for 
K would be hard t o  obtain because of the many unknowns Involved. Hawever, a 
parameter exists t h a t  reflects all  the possible variables controlling the SP 
phenomenon. Such a parameter is, o f  course, the SP reading Itself. 
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In fact, when the ratio Rmf/Rw is plotted versus Rsh/Rmf, (Fig. 9) a 
well-defined relationship is obtained for each value of the SP. In order to 
present the correlation in a more convenient way, interpolated values of Fig. 
9 are plotted on Fig. 10, where Rmf/Rw is plotted against the SP reading as a 
function of several RSh/Rmf values. 

the graphical presentation of equation (2) representing the old interpretation 
approach, Fig. 11. The old and new interpretation approaches are close at high 
SP values. A considerable deviation is noticed at low SP values. 

For comparison purposes, the correlation of Fig. 10 was superimposed on 

Using the correlation of Fig. 10 the Rw values for the samples used in 
Fig .  3 were calculated and plotted in Fig. 12 versus the values calculated 
from the chemical analysis. An excellent agreement is clearly indicated, 
despite the fact that some of the data points were obtained in shaly formations. 
The examination of the raw data explained why points 1, 2, 3, and 14 do not lie 
on the main trend: 

Points 1 and 2: A discrepancy exists between the sample depth and the 
depth o f  the formation on the loa, suaaestlna an erroneous data point. 

Points 3: 

Points 14: No mud data were available for the zone o f  interest. Data 

Formation was drilled with a high Ca content mud, which does 
not meet the consideration used to get equation (6). 

trom the preceding run were used. 

EXAMPLE OF APPLICATION 

Rw values were calculated using the conventional and new approaches for 
the marked formation'on the electric log shown in Fig. 13. The subject 
formation is a Miocene sand in the interval 12,870 to 12,910 ft. The results 
o f  these calculations and data obtained from chemical analysis are sumnarized 
in the table below: 

Method Rw 4 75°F. R.m X Deviation 

Water Ana lysi s 0.072 e-- 

Conventional Approach 0.170 136 
New Approach 0.078 8 

(chart of Fig. 10) 
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This table clearly indicates the validity of the new approach and its super- 
iority over the conventional interpretation technique. 

1 

I c CONCLUSIONS 

1. If representative chemical analysis of mud filtrates and formation waters 
are available for a certain field, a relation o f  the form 

* 

c 

1 

t 

should be developed and used in future SP log interpretation. 

2. In the absence of detailed chemical analysis of mud filtrates, the follow- 
ing simple relation 

is valid for all practical purposes. 

3. The traditional SP equation 

aW 

a'mf 
SP = - K  log - 

which assumes ideal membrane behavior of shales where K i s  only temperature 
dependent, yields inaccurate values of Rw. 

4. To account for the non-ideal membrane behavior of shales, K should be ex- 
pressed in terms of RSh, Rmf and Rw. A new relation giving SP as a 
function of Rsh, Rmf and R, was established, Fig.  10. The use of this new 
correlation resulted in a tremendous improvement of the accuracy of Rw 
values, as indicated by their excellent agreement with values obtained from 
chemical ana 1 ys i s . 
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W e l l  Datat 

W e l l :  Edna Delcambre I.1 
tCieldr Tigre Lagoon 
County: Vermil l ion 
State: Louisiana 
?ormation: Sand 4 3  (Miocene) 
tnterval: 12,870 to 12,910 f t  

3craical Analysis bats: 

TDS: 133.300 m g / l t  
c!alculatcd \: 0.072 n . m  C 75.P 

am bats: 

w Z P= - 6 M  - 0.74 Q 8 2 V  w 
w 5nf 

YJd Type: C X d S  

6 - 9  - 18.2 lb/gal 
8W = 240.t P 14,160 f t  

Fig. 13 

Example of Application 
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Summary: 
and two wi th  l ignogul fona te  muds. 
e r a t u r e  (about 180 F), and low mud weight (about 12 ppg), so there is some doubt 
as to  whether they  r e a l l y  f i t  t h e  high temperature, high mud weight tests we have 
considered previously.  The app l i ca t ion  of t h e  age co r rec t ion  does no t  he lp  the 
s a l i n i t y  estimate f o r  t h e  two l ignosul fona te  cases of Table 1. It appears  t h a t  
t h e  age  co r rec t ion  w i l l  be app l i cab le  only f o r  h o t t e r  and higher p re s su re  zones 
than those  l i s t e d  i n  t a b l e  1, and only f o r  l ignosul fona te  muds ( see  Progress  Re- 
p o r t  # 15). 

Six a d d i t i o n a l  cases have been ca lcu la ted ,  four  w i t h  lime base muds, 
A l l  cases were f o r  low temp- (See t a b l e  1.) 

A new method f o r  es t imat ing formation water s a l i n i t y  has bgen worked out  which 
g i v e s  f a i r l y  good r e s u l t s  f o r  header va lues  of % > .4Q d @ 75 F. 
been appl ied t o  the 16 cases of l ignosul fona te  mud w e l l s  discussed in our  paper 
(a t tached  t o  P.R.. # 151, p l u s  tests 30 and 31 of Table 1, which also used L. S. 
mud. A p l o t  of r a t i o  of t r u e  formation water saAini ty  t o  convent ional ly  ca lcu l -  
a t e d  water s a l i n i t y  vs. header va lue  of RMF @ 75 F is shown i n  Fig. 1. 
> .4 QM , the s tandard devia t ion  of t h e  p lo t t ed  po in t s  from t h e  t rend  l ine shown 
is 26,500 ppm. This  is not too d i f f e r e n t  from the 21,000 ppm standard devia t ion  
achieved by i h e  much more complicated procedures discussed in our paper. 
< .4 QM @ 75 F, the da ta  are very erratic. 
The heavy chemical treatment of these muds probably causes  t h e  low RMF values ,  and 
may lead  t o  t h e  l a r g e  d ispers ion  in t h i s  region of Fig. 1. 

The method has 

For 

For 
These are n e a r l y  a l l  very  heavy muds. 

We have appl ied  Prof ,  Bassiouni 's  method t o  h i s  own set of da t a ,  and f ind  a 
s tandard dev ia t ion  of 24,000 ppm i n  ca l cu la t ed  vs.  observed salinities, using 
va lues  of shale r e s i s t i v i t y  and o the r  parameters picked 
s tandard dev ia t ion  using Bassiouni 's  parameters is 32,400 ppm. 
There is some unce r t a in ty  about many of these tests because of ques t ions  concern- 
ing sample depth, excessive gas-water r a t i o ,  
pprn va lue  f o r  standard devia t ion  i s ' n o t  t o o ' d i  
ported i n  our  paper. 

by t h e  author.  The 
(See Figure 3.) 

vAlues, etc. However, t h e  24,000 
eren t  from t h e  21,000 ppm value re- 7% 

We plan t o  c a r r y  out  a regress ion  a n a l y s i s  on our da t a  t o  improve t h e  match 
of ca l cu la t ed  and observed s a l i n i t i e s ,  and t o  b e t t e r  d e f i n e  t h e  remaining r e s i d u a l  
e r r o r .  

Discussion: We have found 6 add i t iona l  cases from the  f i l e s  of t h e  Bureau of Ec- 
onomic Geology wbich appear t o  be r e l i a b l e  enough t o  use. A l l  make more than 1 0  
bbls .  H20 per  10 MCF gas ,  so t h e  d i l u t i o n  of formation water by d i s t i l l e d  water 
brought up as a vapor in t h e  gas  stream and condensed i n  the separa tor  should not 
be g r e a t e r  than about 10%. Data, and r e s u l t s  of t h e  s a l i n i t y  ca l cu la t iogs ,  are 
shown i n  Table 1. 
wi th  average temperature of 181 F), and low pressure  (mud weights range from 11.3 
t o  12.6 ppg., wi th  average of l t . 9  ppg), By comparison, t h e  16 w e l l s  used as-a 
d a t a  base f o r  our  paper had an average temperature of 254'F, and an average mud 
weight of 16.2 ppg. We see that the 6 wells of Table 1 are d e f i n i t e l y  not  i n  t h e  
temperature and pressure  regime of t h e  wells previously considered. Nevertheless 
t h e  "KF1' derived water s a l i n i t y  matches t h e  measured water s a l i n i t y  about as w e l l  
as t h e  header, or t h e  Gen. 7, derived water salinities do. 

Note that  thg  w e l l s  are a31 l o w  temperature (from 170 F t o  201°F, 
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The attempt t o  g e t  more information on a ''KFtt curve s p e c i f i c a l l y  app l i cab le  t o  
lime based mudqmentioned in l a s t  month's progress  r epor t ,  was not  very  successfu l  
s ince  a l l  our  mud weights are so low. 
not  too bad. 

For low mud weights, t h e  da t a  of Gen.7 are 

The age  co r rec t ion  discussed i n  our paper, when appl ied t o  tests # 30 and 31 
of Table 1 (both d r i l l e d  with l ignosul fona te  muds) makes t h e  ca lcu la ted  s a l i n i t y  
much - worse ins tead  of bekter.  
w e l l s  were too  cool  (201 F and 170°F) and/or too low pressure  (11 .4  and 11.3 ppg 
mud wt . )  to  make t h i s  co r rec t ion  appropriate .  

We t e n t a t i v e l y  i n t e r p r e t  t h i s  t o  mean that t h e s e  

A new, simpler method of ca l cu la t ing  formation watgr s a l i n i t y  has been devised 
(Header) > .4  Q M @ 75 F. Referr ing t o  Fig. 1, we 

p l o t  theoratio of t r u e  t o  conventionally ca lcu la ted  s a l i n i t y  VS. header 
which works f a i r l y  well f o r  

@ 75 F. For > .4 Q M there seems t o  be a f a i r l y  good c o r r e l a t i o n  between 
t s r a t i o  and k. B e l o w  
no c o r r e l a t i o n  is possible .  

= .4 QM, t h e  da t a  shows a tremendous d ispers ion ,  and 

When is p lo t t ed  aga ins t  mud weight, as i n  Fig. 2, we see 
first a genera l ly  r i s i n g  t rend  of 

t h i s  decrease  in 
t o  16 ppg, t h e  

treatment 
The Imco da ta  r e f e r r e d  t o  in  previous progress  r e p o r t s  a l s o  seems t o  i n d i c a t e  a gen- 

as mud weight increases. Then, a t  around 14 
values  f a l l  y as mud weight increases.  We specula te  that 

mud p rope r t i e s  when d r i l l i n g  these  high pressure  zones. 

as mud weight increases. 

as mud weight increases is  due t o  t h e  much heavier chemical 

eral t rend  for decreasing s (and hence of decreasing R 
See Fig. 8 of our  paper, f o r  example. (Prog. Report # The heavier  chemical 

i t y  in  t h e  mud f i l t r a t e ,  which is  
treatment of t h e  mud implies t h a t  

This  may account for t h e  g rea t  scatter of t h e  da t a  at 

is not  a very good measure of Na+ ion  activ- 
asic assumption of t h e  conventional ca l cu la t ion .  

< .4 QM. 

Whatever t h e  reason f o r  t h e  vs. mud weight b e p v i o r ,  Fig. 1 provides  a sim- 
p l e  method f o r  es t imat ing water s k i t y  when % @ 75 F > .4 s2M. The standard de- 
v i a t i o n  of t h e  12 po in t s  meeting t h i s  condi t ion,  r e l a t i v e  t o  a "best f i t "  line, is 
25,500 ppm. This  is not  very  much l a r g e r  than t h e  21,000 ppm s td .  dev. found using 
t h e  much more complicated method discussed in our paper. 

Using t h i s  s impl i f ied  method, I have not  y e t  found a way t o  help the estimate 
by using t h e  formation age. 

Using l o g s  and water da ta  supplied to  u s  by Prof.  Bassiouni, we have appl ied  
h i s  method t o  h i s  d a t a  set. We g e t  a standard devia t ion  of 24,000 ppm in ca lcu la t ed  
VS. observed salinities, when using va lues  of shale r e s i s t i v i t y ,  etc. picked by t h e  
author .  Using Bassiouni 's  va lues  of shale r e s i s t i v i t y ,  etc. t h e  standard devia t ion  
is 32,400 ppm. (See Fig. 3 )  Both va lues  are not  g r e a t l y  d i f f e r e n t  from the 21,000 
ppm s td .  devia t ion  we found i n  our  paper. Inc identa l ly ,  t h e  standard devia t ion  f o r  
t h e  Bassiouni d a t a  set for  t h e  conventional ca l cu la t ion  of water s a l i n i t y  from the 
S.P. is  only 38,200 ppm, compared t o  69,000 f o r  t h e  d a t a  set In  our paper. This  
d i f f e rence  probably r e s u l t s  from t h e  lower temperatures and pressures  i n  t h e  Bass- 
iouni  d a t a  set. 

The r e l a t i v e l y  close agreement in standard devia t ion  between Bassiouni and my- 
s e l f  is  su rp r i s ing ,  s ince  we picked d i f f e r e n t  shale r e s i s t i v i t i e s  i n  a number of 
cases. Also, t h e  o v e r a l l  r e l i a b i l i t y  of t h i s  da t a  set is questionable,  due t o  un- 
certainties in sample depth, gas water ratios, and fag  l e g i b i l i t y .  
I excluded from t h e  standard /&via t ion  calculat ion) ,  is an extreme case of t h e  poor 
d a t a  qua l i ty .  
ever  t h e  total  depth  of t h i s  w e l l  is only 15,810f 
15680-710: and compared t h i s  with the Kha 

Point  82 (which 

This  water sample is l i s t e d  by Kharaka as being from 15,882: How- 
Bassiouni analyzed a zone a t  

water da ta  a t  158821 



u 
i 

We are going t o  t r y  a regression analysis  on our various data sets t o  see I f  
w e  can improve the  s i tuat ion.  W e  might speculate that the  r a t i o  

True 
Calc. Sa l in i ty  = R = 1 i f  t h e  calculation is perfect.  I f  it is not perfect  (and 

of course it never is) w e  should have 

where 
of R over 1. 
temperature, formation age, and boundary shale r e s i s t i v i t y )  cover w h a t  seem 
l i k e l y  variables,  but o thers  could be used. 
i s t i c a l  analysis  t o  decompose the  residual e r ro r  from a given calculation method in- 
t o  e r ror  components resul t ing from specif ic  known variables,  I f  regression analysis  
can give us  good values f o r  the  C 's, then we can solve t h e  or ig ina l  equation f o r  a 
be t t e r  esimate of the t r u e  sa l in i ty .  

the C i ' s  indicate  the r e l a t i v e  contribution of i ' t h  var iable  t o  the  excess 
The f i v e  var iables  shown (mud f i l t r a t e  r e s i s t i v i t y ,  mud weight, w e l l  

In  pr inciple  we w i l l  t r y  t o  use stat- 
the most 

H.F.  Dunlap, Aug. 4, 1981 

I r  . 
i y  
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Table 1 - Measured 9 SP Derived Water 
Data from Geo Formations 

Test # . N a m e  Locat ion f t .  F PPG 
Chambers Co. 

Sun S t a t e  Texas 
Tract 288 Red Fish  10,000- 

26 # 6  Reef Fld. 116 176' 12 

Sun S t a t e  
Tract 288 9334- 

27 # 2  I 1  S I  47 181' 11.9 

Sun State 
Tract 307 1083 6- 

28 I 1  II I t  46 177O 12.6 

Sun S t a t e  
Lse. 288 9 69 6- 

29 # 1  I1 I t  9708 179' 12 

Sun S t a t e  
Tract 288 9730- 

30 # 13 II I t  42 201' 11.4 

Sun State 

4 1 1  I 1  I1 -23 170' 11.3 I160 
Tract 288 8720 

31 

Meas. 
Salin.  
1000 
PPM 

65 

142 

64 

Calc. Calc. Calc . 
Sal in .  Salin.  
(Header ) Geol, 

Salin.  1 
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Progress Report #18, August 1981 
Study o f  Log Deri ed Water R e s i s t i v i t y  Data 

i n  Geo !! Formations 

Summar : We have obtained data on the v a r i a t i o n  o f  both 4 and R,,l i n  a w e l l  

v a r i a t i o n  o f  RM i n  d r i l l i n g  wel ls.  The new data supports the i n d i c a t i o n  o f  
wide f luctuat ions i n  both bd and RMF as the w e l l  i s  d r i l l e d  (see Fig. 1). 
I n  the upper sect ion o f  the we l l ,  a ser ies o f  h igh po ros i t y  sands occur. The 
spher i ca l l y  focused l o g  (S .F.L.) measures p r i m a r i l y  the invaded zone r e s i s t i v i t y .  
Fig. 2 shows the SFL r e s i s t i v i t y  i n  these sands, which appears t o  roughly 
t rack  the ~ Y F  var ia t ions.  This supports our idea t h a t  i t  i s  the mud i n  the 
wel l  when i t  i s  d r i l l e d ,  r a t h e r  than when i t  i s  l o  ed, t h a t  mainly determines 
the mud f i l t r a t e m i v i t y ,  and therefore,  the d % i g  response. 

t o  improve the match o f  observed.and ca lcu lated s a l i n i t i e s .  We can reduce the  
standard dev iat ion o f  our 16 wel l  l ignosul fonate mud data s e t  from 21,000 ppm 
(Salinity 3 ca l cu la t i on )  t o  about 15,000 ppm by t h i s  approach. For our 13 we l l ,  
non l ignosul fonate mud data set ,  we can reduce the standard dev iat ion from 
about 20,000 ppm (KF calcu lated s a l i n i t i e s ) ,  t o  6300 ppm by t h i s  approach. 
I f  we use convent ional ly calculated (Gen 7) s a l i n i t i e s ,  t he  standard dev iat ion 
drops from 32,000 ppm to 14,000 ppm by using regression analysis. 

We have given some thought t o  possible fu tu re  work on t h i s  problem. 
These ideas are s e t  out i n  Appendix 1. 

Discussion: We have been for tunate i n  obta in ing data on both and R , 
taken about every 15 hrs i n  a d r i l l i n g  we l l  i n  Grimes C o u c T e x a s .  K e  
mud was l ignosulfonate, 9 t o  9.5 pd/gal . , formation pressures were hydrostat ic ,  
and temperature was moderate (max. we1 1 temperature Q 9500 ft was 214" F) . 
Fig. 1 shows the record o f  RH and RMF (both Q 75"F), plus mud weight, vs 
depth. 
t h a t  RMF > hd. Normallyweexpect bf > RMF, due t o  the presence o f  nonconducting 
so l i ds  (Bar i te ,  etc.) i n  the mud. However when the mud i s  qu i te  f resh  ( r e s i s t i v i t y  
high),  the surface conduct iv i ty  along the i n te r face  between the mud s o l i d s  and 
mud l i q u i d  more than makes up f o r  the volumetric e f f e c t  o f  the mud s o l i d s  i n  
blocking current flow. Fig. 1 shows large var ia t ions i n  both 
wel l  i s  d r i l l e d ,  even though the  mud weight i s  not  changing substant ia l ly .  

readings of invaded zone r e s i s t i v i t y  i n  a ser ies o f  shallow, h igh po ros i t y  sands 
(middle and lower WiTcox ?) i n  t h i s  wel l .  Note t h a t  the general ly dec l i n ing  
MF values between 3000 and 5000 ft are tracked f a i r l y  wel l  by the S.F.L. 
invaded zone r e s i s t i v i t y  readings. Below 5000 ft there are almost no sands 
so i t  i s  impossible t o  ca r ry  the comparison deeper. However t h i s  data does 
seem t o  support our idea t h a t  most o f  the mud f i l t r a t e  i s  l o s t  when the sand 
i s  d r i l l e d ,  and t h a t  the r e s i s t i v i t y  o f  the invaded zone should more near ly  
r e f l e c t  the RMF a t  t ime o f  d r i l l i n g  instead of RMF a t  t ime o f  logging. O f  
course, there are var ia t ions i n  po ros i t y  and formation fac to r  from sand t o  sand, 

d recen t l y  i n  Grimes County, E. Texas. Previa* we had on F y data on 

We have c a r r i e d  out a number o f  regression analyses o f  our data t o  attempt 

In this rather high resistivity mud system, it is interesting to note 

and RMF as the  

Fig.  2 shows a p l o t  o f  RMF var ia t ions,  p lus spher i ca l l y  focussed l o g  (S.F.L.) 
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so a perfect c o r r e l a t i o n  o f  invaded zone r e s i s t i v i t y  w i t h  MF should no t  be 
expected. 

We have c a r r i e d  out a ser ies o f  regression analyses on our various data 
sets t o  try t o  improve our water s a l i n i t y  predic t ion,  and t o  estimate what 
var iab lescontr ibute most t o  our residual  e r ro r .  The basic equation we have 
used f o r  the 16 t e s t  l ignosul fonate mud data set  discussed i n  our paper i s :  

(1) V8 = True S a l i n i t y  = C R + 
C P + C~TOF + C4A106 yrs + c5%H 1 M F  2 m  

+ Ci(Calc. Sal.; o r  S.P.) + Constant 

where RMF = Resis. o f  mud f i l t r a t e ,  nM = V1 
Pro = mud density, pd/gal . = V2 
TOF = Well temperature a t  formation depth, O F  = V3 

= Formation age, l o 6  y r s  = V4 
RSH = R e s i s t i v i t y  o f  bounding shales, SZM = V5 

A~ 06 y r s  

For the term i n  brackets; i f  we use convent ional ly calculated s a l i n i t y ,  i n  
1000 ppm, we would have c6v6; i f  we use a S a l i n i t y  3 ca lcu lat ion,  i n  1000 ppm, 
we would have C7V7; i f  we use only  the SP ( i n  m i l l i v o l t s )  we would have CgVg. 
The t r u e  s a l i n i t y ,  i n  1000 ppm, we have defined as V8. 

Package f o r  Social Science) program on the Univers i ty  computer t o  carry  out  the 
regressions. Results are shown i n  Table 1. We see t h a t  when we do t h e  regression 
analysis using convent ional ly calculated s a l i n i t i e s ,  v6, we can roughly cu t  the 
standard devtat ion near ly  i n  h a l f ,  from 69,000 ppm t o  about 39,000 ppm. Further, 
i t  doesn't seem t o  matter much whether we use the conventional ly calculated 
s a l i n i t y ,  t h e  S.P. value, o r  (and t h i s  i s  a shocker) ne i the r  i n  the regression. 
The standard dev iat ion i s  about the same a t  38,500 to- ppm whether e i t h e r  
W,none o f  these i s  included. 

With the assistance o f  Mr.  Eddie Parker, we have used the SPSS ( S t a t i s t i c a l  

I f  we work w i t h  S a l i n i t y  3 values, V7, calculated as ou t l i ned  i n  our paper, 
and use the f u l l  regression equation with V7, we can reduce the standard dev iat ion 
a l i t t l e ,  from 21,000 ppm t o  15,200 ppm. None o f  the var iables VI through V5 
appears t o  be o f  ove r r i d ing  importance. I f  we drop them from the equation one 
a t  a t i m e ,  we see from Table 1 t h a t  the importance, as measured by the increase 
i n  standard dev iat ion when a var iab le i s  dropped, i s  i n  the order V4 = Age; 
V3 = TOF; V5 = RSH; V i  = RMF, and V2 = Pm, w i t h  V4 = Age. being the most important 
var iab le.  

I n  Table 2, we show values f o r  the constants CpCg i n  the various regression 
equations . 

For the  13 cases of nonlignosulfonate muds, we have ca r r i ed  out  a s i m i l a r  
regression analysis. The basic equation i s  t he  same as (l), except t h a t  the 
convent ional ly ca lcu lated s a l i n i t y  i s  usua l l y  done w i t h  the Gen 7 co r re la t i on  
ra the r  than using a log header value f o r  MF, since most o f  these wells were 
d r i l l e d  before 4 was r o u t i n e l y  recorded on the header. Also, the S a l i n i t y  3 

l fgnosul fonate muds) i s  replaced by a "KF Salinity" w i t h  the RM value der ived 
ca l cu la t i on  (whic E we have p r e t t y  w e l l  shown not  t o  be appl icable t o  the non- 

from a K F  curve appropriate t o  the mud type. (See Fig. 1 , S i x t  E Progress Report, 
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August 1980). I.E. we def ine V7 as the "KF s a l i n i t y " ,  and use a l l  o ther  
var iables as previously defined. Results are shown i n  Table 3. 

3 We see t h a t  the standard deviat ion f o r  the conventional ca l cu la t i on  i s  
31 ,600 ppm. This can, as before, be cut  about i n  ha l f  by use o f  the regression 
euqations, t o  about 14,000 ppm. The standard deviat ion f o r  the KF ca lcu la t i on  
i s  19,600 ppm. This can be considerable reduced, t o  about 6000 t o  7000 ppm, 
by use o f  the regression equations. Here again, no one var iab le i s  of over- 
r i d i n g  importance. 
var iab le wi thout loss o f  accuracy. 
t h a t  V3 was the  second most important var iab le.  

I n  fac t ,  i t  appears we could drop V3 = Temperature as a 
For the l ignosul fonate data set ,  r e c a l l  

c 

J, 

Table 4 shows values f o r  constants 
f o r  the nonlignosulfonate muds. 

n the various regression equations 

A word of caut ion i s  desirable here 
f o r  the L.S. muds; 13 t e s t s  f o r  non L.S. muds. The f i t s  t o  the data using 
regression analysis are undoubtedly be t te r  than the fit would be i f  the  
equations using constants shown i n  Tables 2 ti 4 were appl ied t o  a second 
sample o f  data o f  s i m i l a r  s ize.  Much more data i s  needed before the regression 
equations can be used w i t h  a great deal o f  confidence. I n  the  absence o f  such 
data, they s t i l l  represent the best estimate o f  t he  formation water s a l i n i t y  
which i s  present ly  avai lable.  

Both data sets are small; 16 t e s t s  

I was requested t o  give some thought t o  fu tu re  e f f o r t  on t h i s  problem 
( a f t e r  Nov. 1, 1981). Results are shown i n  Appendix 1. There i s  some doubt 
t h a t  I w i l l  be involved a f t e r  November 1 due t o  a c o n f l i c t  between Socia l  
Secur i t y  laws, Income Tax laws, and my 65th bir thday. 

H.F. Dunlap 
September 1, 1981 
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Id Table 1 

Regression Analysis Results, Lignosulfonate Muds 
r? 

* 

i 

c 

Regression 1 Variables Used i n  Regression 

Conventional s a l i n i t y  ca lcu lat ion from S.P. l o g  = v6 

v6 plus a l l  var iables i n  equ. (1) except V7 and Vg 

Same as (I) except replace v6 by Vg ( the S.P. )  

Same as (1) except drop v6 

S a l i n i t y  3 calcu lat ion,  as ou t l ined  i n  our paper = V 7  

Same as (1) except replace v6 by V7 ( S a l i n i t y  3 )  

Same as (4) except drop V2 = P, 

Same as (4) except drop VI = RMF 

Same as (4) except drop V5 = RsH 

Same as (4) except drop V3 = TOF 

Same as (4) except drop V4 = Age 

Same as (4) except drop both V, and V3 = pm and TOF 

Std. Dev. o f  Calc. S a l .  
(PPd 

6 9,000 

38,500 

38,500 

38,700 

21,000 

15,200 

15,600 

15,730 

15,850 

16,100 

16,250 

17,100 
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Table 2 

c2 

-.067 

-1.24 ' 

'ti 
c 

. 
c3 c4 

1.26 4.95 

1.42 5.17 

Regression # 
(from Table 1) 

-1.23 

4.1 

- 
.792 

3.67 

5.5 

2.41 

- 

Regression Equation Constants, Lignosulfonate Muds 

1.42 5.17 

.322 2.01 

.381 1.64 

.156 .580 

.114 .761 

- .923 

.112 - 
- . i o  

- 
c1 - 

158 

167 

166 

63 

43.1 

- 
39.9 

39.2 

23.3 

4.07 

- 

c5 

-83.6 

-94.4 

-94.3 

-20.3 

-18.8 

-6.49 

- 
-2.46 

.42 

4.57 

c7 

- 
- 
- 

.772 

.759 

.817 

,826 

.84 

.81 

.838 

Constant 

-4 05 

-399 

-399 

-209 

-136 

-52.2 

-124 

-128 

-66.5 

-1 

. .  

. . 

w 

\ 
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W Table 3 

Regression Analysis Results , Non-Lignosulfonate Muds 

Regression # Variables Used i n  Regression 

Conventional (Gen 7) Calculat ion from S.P. Log = v6 

V6 p lus  a l l  var iables i n  equ. (1) except V7 and Vg 

Same as (1 ) except replace v6 by Vg ( the S .P .) 

Same as (1) except drop v6 

KF S a l i n i t y  (= S a l i n i t y  1, as ou t l i ned  i n  our paper) 

Same as (1 ) , except replace V6 by V7 (KF S a l i n i t y )  

Same as (4) except drop V3 = TOF 

Same as (4) except drop Y1 = RHF 

Same as (4) except drop V2 = p, 

Same as (4) except drop V4 = Age 

Same as (4) except drop V5 = RsH 

Std. Dev. of Calc. Sal. 
( P P d  

31 ,600 

13,700 

14,000 

16,600 

19,600 

6,300 

6,300 

6,500 

6,500 

6,500 

7,500 
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W Table 4 

- Regression Equation Constants, Non-Lignosul fonate Muds 

. 
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Appendix 1 

Status o f  Log Derived Water S a l i n i t y  
Work, and P o s s i b i l i t i e s  f o r  Future Work 

Problem: Predict ions o f  water s a l i n i t y  from S.P. logs using conventional methods 
are usua l l y  too low i n  geothermal, geopressured wel ls o f  the Texas-Louisiana Gu l f  
Coast. The underestimation o f  s a l i n i t y  leads t o  an overestimation of methane 
s o l u b i l i t y ,  and hence, an overestimation o f  po ten t i a l  gas production from 
geothermal wel ls.  

Status:  Work dur ing the l a s t  year and a hal f  has l e d  t o  an improved method o f  
m a t i n g  water s a l i n i t y  from the SP i n  these deep hot we l l s  (standard dev iat ion 
reduced from 69,000 ppm t o  21,000 ppm), and has i d e n t i f i e d  several f ac to rs  con- 
t r i b u t i n g  t o  the remaining uncertainty.  The most important o f  these are probably 
the  variation i n  mud and mud f i l t r a t e  propert ies as the we l l  i s  d r i l l e d ;  and use 
of r e s i s t i v i t y  data r a t h e r  than a c t i v i t y  data f o r  the mud and mud f i l t r a t e  when 
ca l cu la t i ng  the water s a l i n i t y ,  The main r e s u l t s  o f  our work have been w r i t t e n  
up i n  a paper, "Problems and P a r t i a l  Solut ions i n  Using the S.P. Log t o  Predic t  
Water S a l i n i t y  i n  Deep Hot Wells". This paper w i l l  be presented a t  t he  5 t h  
Geopressured-Geothermal Energy Conference a t  L.S .U., Baton Rouge, L A ,  Oct. 13-15, 
1981; and a t  t he  Geothermal Resources Council Meeting, Houston, Texas, Oct. 

P o s s i b i l i t i e s  f o r  Future Work: There i s  a . p o s s i b i l i t y  o f  some f u r t h e r  improvement 
i n  accuracy o f  s a l i n i t y  predic t ions by use o f  regression analysis t o  include e f f e c t  
o f  var iables no t  considered i n  the conventional ca l cu la t i on  ( t h i s  study i s  j u s t  
now g e t t i n g  under way). A possible major improvement i n  accuracy could come from 
measurements and use o f  Na+ i o n  a c t i v i t y ,  i n  add i t i on  t o  r e s i s t i v i t y ,  o f  t he  mud 
and mud f i l t r a t e .  The need f o r  a c t i v i t y  measurements would have t o  be demonstrated 
bymeasurements o f  muds and f i l t r a t e s  from a number o f  deep, hot wel ls,  but  the 
theo re t i ca l  argument i n  favor o f  using a c t i v i t y  data ra the r  than r e s i s t i v i t y  data 
i s  strong. Addi t ional  data on v a r i a b i l i t y  o f  muds and mud f i l t r a t e s  i n  d r i l l i n g  
wel ls i s  a l so  needed. F i n a l l y ,  add i t i ona l  experimental data on va r ia t i ons  o f  
mud and f i l t r a t e  r e s i s t i v i t y  and a c t i v i t y  as a funct ion o f  temperature are needed, 
t o  replace the  data for  NaCl so lut ions which i s  convent ional ly used i n  t h i s  work. 
Most mud f i l t r a t e s  from deep hot wel ls  are much more complicated than simple 
NaCl solut ions.  

25-29, 1981. 

August 21, 1981 
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TABlE . (cont.) 

10 
11 

40 
56 

- - -- Same as 1 but drop V4 47,150 38.7 -8.23 1.02 - -55 -38 -- 
Same as 1 but drop V5 53,160 35.1 -1.11 -36 -1.98 - -46 - - - -  



TAB;': 1 

Da:a f.:r k%ress&o:: Analvsis - S I ' S  - ;2: -as3 Data ",et, L.S. Mud) 

Regression Equation: Est Sal.= CIVl + C V + C V + C V -+ C:jY5 i- C v i- Constant 2 2  3 3  4 4  6 6  

Serial Test True Sal. Headero p.,, g a p .  Geol. RsH 3M Conv. Sal. 1 Sal. 2 Sal. 3 SP 
Calc . 1000 ppm 1000 ppm 1000 ppm M.V. 
SaL,1000 = V7 '8 v9 = vlo 
PPm v6 

= v5 
F'V3 %' 

'V. = v4 

# # TSA -1000 %@75 ppg-V2 
10 years nM 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

10 10 
11 12 
12 16 
13 22 
14 23 
15 24 
16 25 
17 30 
18 34 
19 35 
20 37 
21 38 
22 39 
23 40 
24 42 
25 44 
26 45 

150 .75 
92 .50 

130 .67 
110 .69 
130 .61 
110 .81 
130 .74 
190 .35 
150 .35 

73 .73 
98 .27 
90 .24 
23 .45 
15 .43 
13 .34 
42 .46 
88 .23 

184 .64 
45 .56 

187 .83 
57 1.34 

130 .38 
99 .82 
70 .38 
24 .58 
57 .68 

14.3 
17.5 
12.2 
13.3 
16.1 
15.9 
16.8 
17.6 
17.6 
15.6 
17.9 
17.3 
17.3 
16.0 
16.1 
16.2 
11.4 
17.5 
17.0 
15.7 
16.5 
16.1 
16.0 
14.3 
14.6 
14.4 

270 
256 
196 
204 
260 
288 
248 
266 
266 
219 
304 
332 
238 
209 
250 
264 
20 1 
254 
209 
221 
213 
230 
185 
194 
243 
238 

25 .85 
29 .63 
35 .60 
35 .60 
35 1.2 
35 2.0 
29 .91 
37 .73 
37 1.35 
32 1.10 
35 1.67 
37 2.0 
25 .55 
40 1.67 
52 2.0 
32 .80 
32 .77 
35 .77 
35 .84 
35 .69 
35 .79 
35 .65 
35 70 
35 .56 
52 3.33 
52 1.67 

68 180 
72 125 
54 150 
51 145 
50 85 
38 80 
48 140 
48 95 
48 100 
49 1€0 
49. 125 
52 74 
42 82 
21 65 
42 51 
43 115 
85 90 
52 160 
25 78 
32 160 
62 200 
41 90 
31 102 
63 98 
22 25 
23 45 

173 
100 
132 
130 
120 
105 
120 
160 
180 
80 
98 
85 
41 
15 
10 
80 
52 

148 
35 

147 
200 
140 
66 
62 

2 
5 

192 
91 

140 
130 
123 
105 
123 
180 
202 

73 
98 
72 
18 
22 
2 

75 
38 

160 
15 

160 
225 
150 

55 
50 

1 
2 

80 
60 
60 
60 
60 
60 
60 

6 0  
3 0  
60 
30 
20 
35 
10 
25 
40 
35 
58 
26 
50 
90 
30 
45 
40 
24 
32 
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PROGRESS REPORT #20, Oct. 1981 

STUDY OF LOG DERIVED WATER RESISIT IVITY DATA 

IN G E O ~  FORMATIONS 

Summary: Our paper, "Problems & P a r t i a l  Solutions in  using the  S.P. Log t o  
Predict  Water Sa l in i ty  i n  Deep Hot Wells" was presented a t  the Geothermal 
Resources Council meeting a t  Houston, and a l so  a t  the F i f th  Conference on 
Geopressured - Geothermal Energy a t  Baton Rouge. 

The problem of the  "an6maloUs" points on the  5 vs mud w t .  plo t  (See 
Figure 1, 19th Progress Report) has been studied further.  
fo r  well@ with ra ther  high mud resistivities. 
shows a p lo t  of point6 with nearly constant mud w t .  (18-18 PPG) v8 mud 
re s l e t iv i ty .  We see t h a t  f o r  R above about Urn a t  75 F, I$ rises sharply. 
This is probably due t o  the incpeasing e f f ec t  of surface conductivity due t o  
the clay 8nd other  dispersed so l ids  relative t o  the  ionic  conductivity of 
the dissolved salt8 i n  the  re la t ive ly  f resh  mud filtrates. 

These points are a l l  
Figure 1 of t h i s  month's report  

Regression analyses have been run on the  enlarged 26 case ldata set. 
Standard deviations are not great ly  d i f fe ren t  from those reported earlier 
f o r  the 16 case data set provided test 638 ( the most anomalous of the  
anomalous points) is dropped from the data. I f  test 38 is  included, the  
standard deviation rises from 20,000 ppm for the 16 case data set t o  35,000 
ppm fo r  the 26 cage data set. (See Table 1, 19th Progress Report, and Table 2, 
t h i s  Progress Report) . 

This w i l l  be the  las t  progress report  on this  problem under the  present 
arrangement. For November and following months, the work w i l l  be done by a 
graduate student, including consultation twice a month with the  author. This 
arrangement i a  forced on us due t o  the present soc ia l  securi ty  and income tax  
lawe 

Discussion: 
preeented a t  two technical society meetings i n  October -- once at  Baton Rouge, 
La., the other  a t  Houston, Texas. 

The "anomalous" points discussed i n  last month's report  (110, 22, 23, 24,  
25, & 38) have been s tuidied further.  
resistivities. 
narrow range of mud weight values (le18 ppg.), we see from Figure 1 that a 
p l o t  of 5 v8 Q at 75 , w i l l  include a l l  except test 10 (mud w t .  15.6 ppg). 
The r a i n i n g  5 '%momalous" points def ine a rieing treud of I$, values f o r  %> 
"J5aM at 7S°F. 
Report 118, August '81, 

Our paper covering r e su l t s  of our research through las t  May was 

A l l  of these have ra ther  high mud 
I f  we minimiee the effect of mud w t .  by considering only a 

Recall a l so  t h a t  for the  Grlxuea County w e l l  discussed inoProgress 
was  about 1.5, f o r  an R,,, value at  75 F of 

Z2.2WK. Although the  d i f fe ren t ,  about 9 p.p.g. f o r  t he  Grimes 
in Fig. 1, t h i s  does seem t o  support a trend 
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It appears t ha t  a proper correlat ion of 5 with mud weight must a l so  include 
mud r e s i s t i v i t y ,  a t  least i n  those cases where Rm is large. 

define t h i s  family of curves. 

I suspect t ha t  a 
vs mud weight curves, one fo r  each value of Rm, would best  

e s i tua t ion .  We would need much more data than we now have t o  

A series af regressionlanalyses, s imilar  t o  those reported i n  the last  
two months progress repocts, have been run on the enlarged, 26 case data set. 
Table 1 gives the data  f o r  the variables used i n  the 
gives the standard deviation$ between known s a l i n i t y  and s a l i n i t y  estimated 
from the regression, plus constants in the  estimation equation, fo r  each of the  
regressions. 
19th Progress Report and Table 2 of the 18th Progress Report indicate tha t  
i f  Test 38 is omitted (the most "anomalous" of the anomalous points i n  the  
data s e t )  r e su l t s  are not great ly  d i f fe ren t  f o r  the 26 case data set as com- 
pared t o  the  16 case data set (20,000 ppm s t d  dev. fo r  the 16 case set, r i s ing  
to  23,000 ppm fo r  the  26 case data set). 
deviation increases t o  35,000 ppm fo r  the 26 case data set. Apparently standard 
deviations in  the  low 20,000 range r e f l ec t  about the best  tha t  can be done using 
t h i s  data. This is qui te  a reasonable r e su l t  when w e  remember the unresolved 

regressions, and Table 2 

Comparison of t h i s  data with the r e su l t s  shown on Table 1 of the  

I f  case 38 is  included the  standard 

problem of short  term fluctuations i n  % and when the w e l l  is being 
.* dr i l led .  
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Corrected Standard Deviations f o r  Regression Analyses 

Lignosulfonate Muds Non Lignosulfonate Muds 

Regression # Variables i n  Regression Corrected Std. Variables i n  Regression Corrected Std. 
dev. 1000 ppm dev. 1000 ppm 

( 5 )  

( 7 )  

Conv. Sal. C a l c .  from 

V plus a l l  V a r .  i n  eq. 

Same as (1) except replace 

'6 SP Log = 

6(1) except v7 & vg 

'6 '9 

Same as (1) except drop 

'6 

Sa l in i ty  3 calculiktion = V7 

Same as (1) except replace 
V6 by V7 (Sa1.3) 

v2 =pm 
Same as (4)  except drop 

Same as (4) except drop 

'1 = RmF 

Same as (4)  except drop 

Same as 64) except drop 

Same as (4) except 'drop 

V 3 = T F  

U4 = Age 

Same as (4) except drop 

69.0 

49.7 

49.7 

47.4 

21.0 

19.6 

19.0 

19.2 

19.3 

19.6 

19.8 

20.0 

Same as L.S. case 31.6 

Same as L.S. case 19.2 

Same as L.S. case 19.6 

;?; Same as L.S. case 21.7 V- I  

19.6 KF Sal. = S a l .  1 calculation = V7 

Same as (11,  except replace 8.8 
V6 by V7 (Sal. 1) 

Same as L.S. case 8 . 5  

Same as L.S. case 8.5  

Same as L.S. case 9.8 

Same as L.S. case 

Same as L.S. case 

8.3 

8 .5  

V and V3 2 P u  + 



TABLE 2 Lignosulfonate Muds - Texas 

m i v .  
NaCl 
P W  x 
1000 

184 

45 

187 

57 

130 

99 

70 

24 

57 

-01. 

Age 

l&fl?r 
Frio 

b a r  
Frio 

Lover 
Frio 

Lover 
Frio 

Lover 
Frio 

bwer 
F r i O  

lPvl2C 
Frio 

Wilcu 

W i l C O  

34 

35 

37 

38 

39  

40 

42 

44 

45 

Exxon rumstrong $60 
Candalaria Fld 
Socony Mobil 
Leahan 81,. xobi l  
David Fld 
C i t i e s  Service 
S ta t e  Tract  e494, 
corpus Chr i s t i  
Bay Fld 
Union Tex. Pet. 
E.L. Suuuners H l ,  
N. Rawan Fld 
Superior 6 Pan 
Am Winton Unit el, 
Alga Fld 
LockhartBMk 
Unit 1, I2, 
s. Alvin Pld 
superior  w. L. 
h a y l o r  D 6 j N .  
Wude 8. Traylor F1 
Exxon K.P.C.U. I1 
Well N-42, *aty Pld 
Wuon WGU W l ,  Well 
W-34,K.t~ Fld 

.77 

.84 

.69 

.79 

.65 

.70 

.98 

1.09 

1.06 

1.60 

1.04 

1.30 

.56 

1.33 

..67 

.80 

1.71 

1.24 

KF 

- 

.153 

.33 

.10 

.ee 

.ll 

.20 

.4e 

.32 

.25 

Tests Well N a m e  h Field I Perforation T-P. 
OF 

Mud 
W t .  
pm 

aC1 
F m l  
000 - 

01 

43 

135 

57 

07 

96 

69 

24 

52 - 

County S.I 
1.v 

- 

58 

2 6  

50 

90 

30 

45 

40 

24 

32 - 

T.D.S 
Ppn x 
1000 

sal. 3 uter age 
meet ion- 
Sal. 2 

148 

35 

148 

200 

140 

66 

62 

2 

5 

eader 

- 
52 

25 

32 

62 

41 

u 

63 

22 

23 - 

;en 7 

- 
85 

35 

62 

120 

46 

55 

77 

17 

29 
_I 

p= sal I 

T- 12781- 
e70 

11102- 
140 

10954- 
60 

10858- 
64 

11472- 
99 

10497- 
574 

9293- 
9323 

10414- 
42 

10049- 
58 

160 

1 5  

160 

225 

150 

55 

50 

1 

2 

Kenedy 

uueces 

Nueces 

Brazoria 

Galverton 

B r u o r i a  

Calhmn 

wa11er 

Waller 

254 

209 

221 

2l.3 

230 

185 

194 

243 

238 - 

17.5 

17.0 

15.7 

16.5 

16.6 

16.0 

14.3 

14.6 

14.4 - 

.64 

.56 

. e3 

.34 

.3e 

. e2 

.3e 

. se 

.a 

246 

43 

213 

57 

133 

99 

70 

26 

60 

160 

78 

160 

200 

90 

102 

98 

25 

45 

"Equivalent NaCl" is obtained from chemical analysis  of formation water using Schluaberger chart Ccn 8. 
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Standard Deviations - Lignosulfonate Muds (26 Cases) 

Method of Calculating Water Sa l in i ty  from S.P. Standard Deviations 

3 

I 

Conventional, using log header values of 

D i t t o ,  Except exclude test  38 

Conventional, using Gen 7 values of 

D i t t o ,  except exclude tes t  38 

Ekf 

71.2 

72.6 

63.9 

63.9 

Sa l in i ty  1 calculation as outlined i n  our paper 49.3 

D i t t o ,  except exclude tes t  38 41.0 

Sa l in i ty  2 caluulation (after age correction) 37.2 

D i t t o ,  except exclude tes t  38 24.3 

Sa l in i ty  3 calculat ion 42.5 

Ditto,  except exclude test  38 26.5 

156 



iell Name 6r Fld 

Jackson 
(Yegua) 

h’ilcox 

M. FriO 

? h i l l i p s  
;ardiner #1 ;. Choc. Bayou 

Jainoco, 
Srouard #1 
&de Fld 

tear 
<oelemay #1 
rJ.C. 

Riddle, 
Saldana #2 
W.C. 

Houston 
Prairie 
Canal #1 
w. c. 

Union Tex. 
P e t .  Summers 
#1 
N. Rowan Fld 

Location 

Brazoria 

Texas 

Iaf aye t t e  

La. 

Jefferson 
County 
Texas 

Zapata 
County 
Texas 

Calcasilu 

La. 

county 

Brazoria 
county 
Texas 

TABLE 4 

Data f o r  Anomalous Cases on $ Curve, Lignosulfonate Mud 

k p t h  
(ft) 

11772- 
36 

14717- 
324 

11641- 
780 

9745- 
9835 

14775- 
820 

10858- 
64 

m P  
Of 

- 
19 

38 

09 

50 

!64 

!13 

- 

Wd W t ,  
P.P.G, 

15.6 

17.3 

16.0 

16.1 

17.3 

16.5 

3.P. 
!i.v. 

- 
60 

35 

10 

25 

40 

90 

- 

2 
97S°F 
2 m  - 

.98 

1 .21  

.89 

1.33 

.93 

1.60 

- 

hF 
!75O 
l m  - 
72 

,44 

.43 

.34 

.46 

1.34 

- 

-I 
1.10 

.55 

1.67 

2 .o 

.80 

.79 

M. 
Lrio 

Anahuac 

L. Frio I 

True 
Sal  i n  i t y  
1000 ppm 

73 

23.5 

15 

13 

42.5 

57 

L w  
Header 
Sa l in i ty  
1000 ppm 

49 

42 

2 1  

42 

43 

62 

i l i n i t y  3 
100 P P  

73 

18 

22 

2 
h 
v) 
4 

75 

225 
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Progress Report #19 
September 1981 

Study of Log Derived Water R e s i s t i v i t y  Dat2 
i n  &o2 Formations 

Summ z: W e  made an  error last  month i n  c a l c u l a t i n g  t h e  s tandard dev ia t ion  

(-JeC-' where n is  t h e  number of d a t a  po in t s ,  and CA devia t ion  

sum of squares  of devia t ions  between t r u e  and ca l cu la t ed  s a l i n i t y .  
i s  correct f o r  cases where regress ion  ana lys i s  i s  not  used, bu t  f o r  t h e  
regress ion  a n a l y s i s  cases, we should have used t h e  formula 

where k is t h e  number of constants  determined i n  t h e  regress ion  ana lys i s .  
Cor rec t ed . f igu res  for t h e  standard dev ia t ions  are shown i n  Table 1. These 
should replace t h e  data given i n  Tables 1 and 3 i n  l a s t  month's progress 
report. For l ignosul fona te  muds, t h e  regress ion  ana lys i s  (based on t h e  
cor rec ted  s tandard devia t ion  f igu res )  does not  s i g n i f i c a n t l y  improve t h e  
ca l cu la t ed  s a l i n i t i e s  over t he  r e s u l t s  obtained i n  our  paper. 
l ignosul fona te  muds, t he re  seems t o  be a s i g n i f i c a n t  improvement by use of 
r eg res s idn  ana lys i s .  

- 
of s a l i n i t i e  'ng regression ana lys i s .  We used t h e  formula s tandard 

is t h e  

Th i s  
I? 

- 
u =E, 

For non 

We have obtained 9 add i t iona l  tests ( a l l  i n  Texaslusing dense 
l ignosul fona te  muds from the  Bureau of Economic Geology (See Table 2 ) .  
These, p l u s  test  30 (see Table 1, Progress Report #17),  and t h e  16 cases 
reported i n  o u r  paper, g ive  a total  data set of 26 cases f o r  SP c a l c u l a t i o n s  
i n  w e l l s  wi th  dense,  ho t ,  l ignosul fona te  muds. Table 3 shows standard 
devia t ions  f o r  var ious  methods of ca l cu la t ing  water s a l i n i t y  from t h e  
SP for t h i s  enlarged da ta  set. 
f o r  t h e  16 case data set f a i r l y  w e l l  f o r  t h e  s tandard ca l cu la t ion  method 
using log header RMF data. 
s a l i n i t y  c a l c u l a t i o n  is  st i l l  about 70,000 ppm. 
for s a l i n i t y  2 or s a l i n i t y  3 is increased t o  about  40,000 ppm (as compared 
t o  21,000 ppm f o r  t h e  16 case da ta  se t  reported i n  our paper).  
however, t h a t  if test #38 is  el iminated from t h e  d a t a  set, t h e  s tandard 
dev ia t ion  f o r  t h e  convent ia l  ca l cu la t ion  is e s s e n t i a l l y  unchanged, while  
t he  s tandard dev ia t ion  f o r  s a l i n i t y  2 or s a l i n i t y  3 drops to  about 25,00Oppm, 
very close t o  t h e  21,000 ppm reported earlier. 

Results check those  reported i n  our paper,  

The s tandard devia t ion  f o r  t h e  convent ional  
The s tandard dev ia t ion  

Note, 

We have no s p e c i f i c  reason to  reject test 38, bu t  it does seem t o  be 
unusual. Figure 1 shows a p l o t  of K = RMF vs.  mud w t .  All t he  new data F -  

except f o r  test  38 f a l l s  f a i r l y  close t o  the  dashed l i n e ,  reproduced from 
from Figure 1 of Progress Report #6. Test 38 shows the  g r e a t e s t  dev ia t ion  
from t h e  dashed l i n e .  Data f o r  t h e  6 anomalous cases (5  from the  o l d  data 
set  p lus  test 38)  are shown i n  Table 4. There are not  any obvious simi- 
lar i t ies  i n  data f o r  these anomalous cases. 

RM 
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We plan to apply regression analysis to the enlarged data set and 
will report this next month. 

Discussion : 
An error was made in calculating the standard deviations for 

regression analysis studies in last month's progress report. We used 
an incorrect number of degrees of freedom in calculating the standard 
deviation. 
each constant fitted by the regression analysis (counting both the 
coefficients of the variables in the regression equation and the constant 
tern in this equation). 
regression analysis and we only had 16 cases in OUT data set, this made 
a significant difference in the standard deviation equation changing 
it from (1 =% (incorrectly used last month) to l x l ; h i c h  is 

what should be used for the regression cases. The correct standard 
deviations are given in Table 1. 
muds, use of regression analysis does little to reduce the standard 
deviation of calculated salinity below the 21,000 ppm value reported previously. 
For the non lignosulfonate muds, regression analysis lowers the standard 
deviation from about 20,000 ppm (using the K or Salinity 1 calculation) to 
about 9,000 pp. 

In general, the degrees of freedom must be reduced by 1 for 

As we were fitting from 5 to 7 constants in the 

(I= - 
We see that for the lignosulfonate 

F 

We have reviewed a large number of additional Texas water samples 
obtained by the Bureau of Economic Geology (described by them in the September 
10 Geothermal Board of Advisors Report from M.H. Dorfman). 
were from low temperature, low mud weight wells, but 9 additional 
lignosulfonate cases which appear to have acceptable gas/water ratios, 
high mud weight, and high temperature were obtained. 
were: 
%&-average temperature was 221°F and average mud weight was 15.8 ppg. 
range of true salinities was from 24,000 to 287,000 ppn, averaging 95,000 ppn. 
No measurements of R were available, but complete chemical analysis had 
been run, from which Wequivalent" NaCl salinities could be calculated using 
the Schlumberger charts shown on Gen 8 of their chart manual. 

Many of these 

Criteria for acceptance 
Gas/water ratio < 100 MCF/Bbl., Temperature > 185'F; mud weight > 14.3ppg/ 

The 

It is interesting that in some cases the Ca content was quite high 
(apparently present as C a C l  1 .  In test #34, the Ca/Na ratio was 32/40; 2 
in test #37 it was 21/54; and in test #39, it was 9/42. 
those large deviations from a simple NaCl formation water, the calculated 
salinity 2 or salinity 3 checks the true "equivalent" salinity reasonably 
well-much closer than the conventionally calculated log header salinity 
does. 

In spite of 

Note that 7 of the 9 new cases are the fnwer Frio. This is unfor- 
tunate, since it was the dividing line in our earlier study, with wells 
in this age level being assigned to either the "younger" or "older'! age 
group when calculating salinity 2. 
assigned the test to the "younger" correlation, since the "older" correlation 
would have implied super saturation of formation water. 

In three cases, #34,  37, and 38 I 

In the other 
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fou r  cases, t h e  assignment w a s  made t o  g e t  t h e  best check t o  t h e  equiva len t  
water s a l i n i t y  ca l cu la t ed  using Gen 8. This turned out  t o  be t h e  "younger" 
c o r r e l a t i o n  f o r  a l l  except  case 39, where t h e  "older" c o r r e l a t i o n  w a s  used. 

A c a l c u l a t i o n  of standard dev ia t ions  using var ious methods of c a l c u l a t i n g  
t h e  water s a l i n i t y  w a s  made f o r  t he  e n t i r e  26 case da ta  set (16 cases reported 
i n  our paper,  p l u s  test  30, reported i n  Progress R e p o r t  #17, Table 1, p lus  
t h e  9 new cases l i s t ed  i n  Table 2 ) .  Results are shown i n  Table 3. The r e s u l t  
is no t  g r e a t l y  d i f f e r e n t  from t h a t  obtained using the  16 case da ta  set  (reported 
i n  our  paper) when using t h e  log header der ived R value and t h e  conventional 
c a l c u l a t i o n  method, about 70,000 ppm f o r  e i t h e r  d8Fa set. The s tandard 
dev ia t ion  f o r  s a l i n i t y  1 (obtained using 
Figure 1) drops t o  about 50,000 ppn. I f  we make the  age co r rec t ion  ( S a l i n i t y  
2 )  t h e  va lue  drops f u r t h e r  t o  37,000 ppm. 
( S a l i n i t y  3) a c t u a l l y  raises the  value a l i t t l e  to  43,000 ppm. 
f o r  s a l i n i t y  2 and 3 are about twice as great as the  21,000 ppm value for 
t h e  16 case data se t  repor ted  e a r l i e r .  
w e  drop case 38, t h e  s tandard devia t ions  are unchanged f o r  t h e  conventional 
c a l c u l a t i o n  but drop t o  41,000 ppm for s a l i n i t y  1, 24,000 f o r  s a l i n i t y  2 
and 27,000 f o r  s a l i n i t y  3. 
f r o m  t h e  21,000 ppm value reported earlier. 

values from t h e  dashed curve of 

Applying t h e  f i n a l  co r rec t ion  
These va lues  

However w e  should note  t h a t  if 

These last  t w o  va lues  are no t  too d i f f e r e n t  

W e  have no s p e c i f i c  reason f o r  r e j e c t i n g  t e s t  38, bu t  it does appear 
unusual. Figure 1 shows a p l o t  of ICF = Rm vs mud weight taken from - 
Figure 1, Progress report #6,  toge ther  with t h e  IC values  f o r  a l l  26 cases 
i n  our enlarged data set. 
considerably from t h e  genera l  t r end  of t he  data #lo, 22, 23, 24, 25, and 38. 
Of these ,  test  38 dev ia t e s  t h e  most. Table 4 shows da ta  f o r  t hese  s ix  
anomalous points .  
between these  and t h e  remaining cases i n  our data set. 

There are s ix  p o i n t s  wf;ich seem to  deviate 

We have not  been able to  deduce any p a r t i c u l a r  d i f f e r e n c e s  

We hope t o  c a r r y  out  regress ion  a n a l y s i s  for t he  enlarged data set 
and w i l l  report these next  month. 

c 
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snential decay in ctrics and 
of correlated sys 

L. A. Dhsado & W. M. HI! 
Chelsea College. University of London, Pilton Place. London SW6. UK 

A n2w model forthe relaxation of a potential perturbation in 
dielectric materials is developed based on the correlated 
propertiies of a two-level system containing two types of 
dewy mechanism. The time and frequency behaviour of 
the general relaxation process is shown to be in accord with 
recent experimental analyses. The technique developed to 
analyse the model is of general applicabillty in the solid, 
and liquid, state. 

IT has been shown' previously that for materials exhibiting a 
dielectric loss peak the magnitude of ihe imaginary part of the 
susceptibility. as a function of frequency, obeys the empirical 
relationship 

(1) 

where 0 c m, n and s 1. In the post-peak region, a, > w , this 
relationshi can be written in the form ,,cC(iw)-c1-n4 and 
Jonscher' has suggested that the behaviour can best be under- 
stood as 

0- 
XL) = (@,* + w2n)(l-n+m)/Zs 

-P 

x&)/x(-) =cot ( 4 2 )  =constant (2) 
which states that the ratio of the encrgy lost to the energy stored 
is a constant. In the pre-peak region the imaginary part of the 
susceptibility exhibits a power law dependence, d', and equa- 
tion (2) is not obeyed. The empirical equation (1) describes a 
complete decay characteristic for the materids exhibiting !os 
peaks. It can be Kmmers-Kronig transformed to give ~ j - ) .  and 
agreement with experimental measurements has been observed. 
We use here the presence of a loss peak to define our term 
dipolar dielectric, and wg shall only considcr this class of 
materials. 
The universal cquation (2) requires the susceptibility to follow 

a power law in time ( I -")  in the equivalent, Short time, rea 
hasreccat:y been postulated by Ngai et aL' that the origm 
form of decay lies in an infrared divergence mechanism and that 

the basic requirements for the application of this mechanism is a 
wide range of systems have been established computationdiy. 

Starting from the concept of an assembly i.r wluch the local 
units possess two equilibrium positi~ns'~~ (a hvo-levrl syst-an) 
we will show that the consequence of interaction bztwzcn the 
local units leads to a complete description of the susceptibilityof 
dipolar dielectrics. The post-peak behaviour arises naturally 
from this description. The method used is powerful and yidds 
detailed and quantitative information on the microscopic struc- 
ture and its dynamics. As the final expresims describe the 
macroscopic behaviour they can be conceived in a variety o€ 
ways and reveal the flexibility of the approach prcsentcd her:. 
The results of this analysis have 8 wide range of applicability 
outside purely die:ec%ric behaviour and similar appr0;lChts 
should be generally applicable. 

The t-" behaviour 
Before describing dielectric relaxation in terms of the coopera- 
tive model we must describe briefly the originsand req=?irements 
of the t-" behaviour. which is a spcciol case of the time 
development of transients'. Consider a system divided into two 
interacting sub-systems. The first of these responds rapidly to a 
stimulus generating a change in the interaction which, in huo, 
causes a much slower response of the second sub-system. The 
state of the total system then corresponds to the excited 6nt 
system together with the unresponded second system, a d  can 
be considered as a transient or metastable state which slowly 
decays as the second system responds. In &is way a Franck- 
Condon progression is developed in moleclrlar che 
fast syst~m being a high frequency transition which is coepled to 
the slow response of a discrete spectrum of low frequency 
oscillations. 

The special requirements for ti fen behaviour arc": (l! a 
continuous spectrum of slow responden extending to mxo 
frequency; (2) a constant density of transition states. per unit 
energy, for the slow system, in the same energy range; (3) an 
effective populaiion distribution in thc slow stated such that they 
can be regarded 8s either fully occupied or unoccupied only- 
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The timc behaviour of the state vector of the transient can be 
obtained from the total hamiltonian H as 

exp (-*HI) = 010) (3) 

which in second order perturbation in 
energylfrequency normalized units, becomes 

exp (-iEr) - exp {-F(f)} (4) 

with E the unspecified excitation energy of the transient, and 
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td 
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.- 
I 

3 

s 

c 
F(t) = inct-lo m{1 -exp (-iut)} du (5) 

U 

N is the total number of slow responders and tis their m a h u m  
excitation energy, the constant density of states is thus N/f: V is 
the interaction change brought about by the fast excitation and u 
the energy ditlerence for nett excitations within the slow 
response system. Equation ( 5 )  is obtained by allowing V to 
cause excitations and de-excitations in the slow system, the 
double sum over initial and final states being replaced by the 
already completed sum over initial states. for a given energy 
difference u. and an integration over u. This is shown in Fig. 1. 

The average energy change per fast excitation will be dis- 
tributed over the N slow responders and is W. As c is the 
maximum excitation energy, ~ i z / ( { ) 2  is less than unity and is 
set equal to n. Integrating equation (5)'3*1s*16gives 

where y is Euler's constant and E&) an exponential Integral". 
For short times, such that YCl 

F(t) =inp-n{y+In(iP)+E,(ic~} (6) 

F(t)+O (7) 
and the transient oscillates with its excitation frequency cor- 
responding to the energy E. At long times (y> 1) 

F(t)  = exp {-i(E - n{)t} . exp ( -ny) .  exp (in?r/2) . ( t K "  
(8) 

where the excitation energy of the transient has been r e d u d  by 
n[. and the transient decays as 1-". 

In applying this result to our problem &e fast excitations and 
the slow responders are assumed to lie in the same continuum of 
states. the slow responders merely being slower than a particular 
fast transient excitation within the same total system. The 
system returns to its unexcited state by means of exatations of 
the slow responders, which decay monoton;cally. For this reason 
E is taken equal to nf; and it has already been shown that n lies 
between zero and unity corresponding to no excitation or total 
excitation of the system respectively. Note that any observable 
property of the transient follows a behaviour governed by the 
r=al part of equation (4). and thus oscillates with diminishing 
Irequency while decaying as t-". 

formalism in which the energy tensor is 

(9) 

where Bt is half the energy difference between local potential 
minima and Ut is the off-diagonal tunnelling (transition) ele- 
ment. Such systems can couple to elastic deformations and have 
been used to describe a range of glass properties'*. When the 
local system possesses a dipole moment the coupliig to an 
electric field takes the form 

(1 -3. 
with the off-diagonal elements allowing a resonance absorp- 
tion, the diagona! elements a relaxation spectra. A spinapin 
interaction arises from the coupling of pairs of local spin systems 
through the off -diagonal elements of the tensor in equation (9). 
These interact with phonons and give the usual dipolar spin*pin 
interaction through B virtual two-phonon exchange 
mechani~m'~. The spinapin interaction can be regarded as a 
perturbation on an unperturbed local system with energy levels 
*Bt together with a local transition interaction. It contains three 
types of term, each of which has a definite and unique influence 
on the overall system. 

(1) The secular interaction: this is a dipole-dipole cooperative 
interaction which contributes to the energy of each unperturbed 
spin. It is the basis of the king hamiltonian and when calculated 
in the mean field approximation has a contribution to B of Ta, 
where M is the mean value of the z component of the local 
dipole unit vector, in this caw electric, and T. is a characteristic 
parameter of the system. The system can no longer be regarded 
as a set of local systems because of the cooperative interaction. 
Its energy levels are macroscopic and the macroscopic thermal 
average, M., of M is 

M. = tanh ( (11) 

which is a consequence of the condition that the dipoles can only 
be In one of two states. B is the average of Bt over all the system, 
and the dipole of the system inaquilibrium is NIW.d. The value 
of M. is defined by equation (1 1) and is determined from B, T. 
and the temperature T. The energy B can be regarded as the 

. splitting of a two-level system by a well-defined internal field. In 
amorphous glassy systems the local value of Bt is not constant 
but takes a continuous range of values with a constant number 
density at each v a l ~ e ' ~ * ~ .  It has been suggested6 that this applies 
to a wide variety of materials. 

(2) The flip-flop interaction: this interaction allows a pair of 
dipoles to exchange spins synchronously and without altering M. 
Local spins move through the whole system by this mechanism. 
The time taken to complete a spin exchange is 

r .=dV,  (12) 

Jnteractitig twa-level systems 

where Ve is the flip-flop interaction energy. The time has been 
estimated as 10-'-lO-'os (ref. 19). 
On a time scale greater than t. the local spins will sample the 

whole of the local values of Bt. In general those local spins whose 
valurs of Bt differ by less than the maximum value of the 
interaction energy, Ve,, can be regarded as in resouance and 
hence involved in a true spin-spin exchange. Those spins with a 
greater difference than Ve, interact in an off resonance 
manner and do not have a true spinspin exchange. 

In this way, on a time scale greater than t ,  the macroscopic 
valueofB inequation (ll)willaltcrwithoutdteringM..Butthe 
nature of equation (1 1) requires an alteration in B to generate a 
consequent change in Me. Thus the flip-flop interaction has to bc 
regarded as causing fluctuations in Me about a well defined 
averape. 
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system, and generate absorptions at multiples ~f the Larmor 
Irequency in nuclear magnetic resonance spectra". When 
paixci together the value of M is unchanged and oscillations are 
gar;c.ratcd at frequencies cqual to the difference between excited 
acd uncxcited local systems2'. Since the frequencies span the 
rdnge from zero up to a particular maximum they can be 
regarded as a system of slow responders. 

All spins will be connected by this interaction, hence a 
fluctuation such as a flip-flop interaction will create a transient 
which decays as t-'" as the frequencies less than Vu,, that is, 
1O8-10"' I-Iz. respond. The magnitude of the parameter being 
given by 

=(vu.vc,,/vu-)2 (13) 

The rate equation 
The fundamental concepts required to establish the framework 
of our approach have already been established. The basic model 
is that a deviation from equilibrium in a macroscopic system 
resulting from the application or removal of an external field is 
restored to an equilibrium that is itself fluctuating on a long time 
scale. Because of the connection betwsen 1W and B in equation 
(1 1) fluctuations in the ground state energy B must affect the 
rate of restoration of equilibrium. Calculations using this model 
are applicable to many fields but we shall consider here a dipolar 
dielectric. 

The dipolar dielectric is represented by a double minimum in 
the total (macroscopic) free energy as indicated in Fig. 2. Each 
minimum refers to a set of configurations of local dipoles with 
their orientations effectively in one of two alternative directions. 
Each configuration is thus specified by a set of local dipole 
orientations, simultaneously fully occupied, which have an equal 
number of unoccupied levels belonging to a configuration with 
an opposing dipole orientation and separated from them by a 
large potential barrier. The two sets of configurations are there- 
fore only accessible to each other either by thermally activated 
or tunnelling processes. Thermal equilibrium is established 
between groups of macroscopic configurations rather than 
independent local orientations. 

After the removal of an externally applied perturbing 
influence there are two competing relaxation processes as well as 
the fluctuations to consider. These are thermal activation and 
local tunnelling, (Fig. 2c and b). 

The rate equation for the thermal process can be  written as2' 
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where vE has an activated form with a pre-exponential 
frequency of the order of 10" Hz, that is 

BE v,j exp (-AIkT) (15) 
Writing 

a linear form of equation (14). exact in M., can be found, 

dM' - = -vE cosh ( +,":a')[M'{ 1 - (1 -M: )TJ T}] 
dr 

= -"pM' (17) 

where M' is the deviation from equilibrium of M. 
As wp involves Me it can be considered as an expectation value 

of an operator in the fluctuating system. Thus the rate itself 
fluctuates and must be averaged over these fluctuations in up. To 
carry out this averaging, the form of the equilibrium fluctuations 
mast be determined. 

Resonance flip-flops exchange dipoles between the two 
minima, in each of which a new configuration is generated. The 
initial eqiiilibrium value of B of the macroscopic state is 46s 
appropriate to the new configurations and the state evolves in 

Fig. 2 A double minima potential. u. A tunnelling p r o ~ ~ ~ . ?  of 
synchronous excitation and de-excitation. b, A cooperative 
tunnelling relaxation process. e. A thermally activated relaxation 
process. A, the average energy of the maximum above the two 

minima. 

time to accommodate the change. The state of the configuration 
in each minimum immediately following a flip-flop will 
effectively be that due to the excitation of a dipole from a fully 
occupied to a non-owwpied level. The popGIation criterion (3) 
for the slow responders is completely fulfilled and the time 
evolution of each configuration, and hence the system, follows a 
time power law. the exponent of which has been defined as m. 

During the transient decay the requirement of a well defined 
average necessitates a balance which arises from the multiply- 
connected pairs between the two configurations of the transient, 
generating a new equilibrium state of the system that satisfies 
equation (11). 

The fluctuations must therefore follow a time development of 
the farm 

( I  - ti)'". r;" (18) 
as the balancing is delayed in time by ti to allow for the initial 
decay. Equation (18) represents fluctuations about a well 
defined average expectation value because of the constant time 
average 

I-' [o~(t-tl)'". t;" dt, =r ( l+m) .  r ( l -m)  (19) 

To allow for these fluctuations a time average has to be taken 
in the rate equation, equation (17), 

The evolution of the initial state, t;", competes with the thermal 
decay process. hut the balancing{(t - ti)'"} initiated by the decay 
at tl generates a new macroscopic state satisfying the initial 
conditions and thus initiates a new contribution to the relax- 
ation, giving the composite relaxation rate at time t shown in 
equation (20). The value of M'(r - I,) is evaluated from 

giving 

ln[M'(tJ/M'd = -up 0.- tr)"'ti"' d(t.-tr) (22) 

and hence, using equation (20), and normalising to unity, 

M'(t - ti) = MIo, exp {-op(f - ti)} (23) 
The variable in equatioii (21) is thc time span, (rs-ri), during 
which the relaxation proceeds uninterrupted as opposed to the 
actual time, t, at which measurements are made. 

The initiai deviation from equilibrium, MI,,, arises from the 
removal of a perturbation which alters B, for example an 
external electric field which makes a contribution Fd to R where 
d is the local t coniponent of the dipole moment. and is give11 by 
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'That is, I; rntntes the macroscopic dipole towards or away from 
ihc Sxtd iirtcrnal ficld direction. 

?'he rate constant wp is the mnxinium probability that a 
tlicrmally xtivated process leads to a transition of a dipole 
I*..tw-.en .i!terniitc minima. The activated Pactor is the prob- 
iiLility for a thermal process of suthcicnt energy tu surinount the 
barrier, and the pre-exponential factor is the quantum 
mechanical transition rate at the barrier peak. 

A s e c o d  indepmdent relaxation process, that of local 
t i innehg,  may also occur. Each tunnelling event takes place in 
a time of approximately vi' and flips a dipole from one mini- 
mum to the other. A transient configuration is thus created in 
each well in a manner similar to that generated by flip-flops, and 
which decays by a time power law with a different exponent, 

cos ( 4 2 ) .  (t{)-" (25) 
the range of frequencies, {, in the slow system being from zero up 
to yo, or the niaximum value iii the system, whichever is lower. 
This behaviour describes the tunnelling re!axation of a deviation 
in M, and in this case there is no balancing time behaviour. The 
magnitude of n is proportional to the amount of configuration 
change introduced by exciting a single dipole, as a fraction of the 
maximum possible change, and is therefore the degree of 
cooperation of dipole tunnelling: 

I I \ 
9-' 

log 

Pig. 3 A log-log plot of the decay current as a function of time. 
The power law limiting behaviour regions can be clearly wen. 

This cooperative tunnelling relaxation process competes 
independently with the thermally activated relaxation, equation 
(23). and takes place on the same time scale.Therefore, at a time 
r - r l  after the relaxation has been initiated at fl,  M' has 
relaxed to 

W ( r  - t l )  = Mlo) cos (nlr/2) . [ ~ ( r  - rl)l-n exp {-op(t - r t ) }  
(26) 

The value of the relaxation current observed at time r is that 
siven in equation (20) with M'(r - r, )  given in equation (26) and 
is 

a -opcos (Y)~--M:~)  e-%'. r-ntFl(1-m;2--rt;w;t) 

(27) 
wtlcrl: IF:( ; . I  is the confluent hyprgeomctric functionz4. 
I +1; !1 .~n  t27)dcscribcs acornplcxsituation. An initialdeviation 
t f c 5 ~ ~ y s  ~ltrcwgh two independent processes. One is an internal 
rcdtusimcnt, and is dcscribcd by thc f -" behaviour. The other 
1s I\ Ihernial decay process in which the rate constant tluct:iates 
dwut an average value. These fluctuations are the result of a 

second microscopic interaction. The composite rate observed at  
time f, therefore, has to be averaged over the fluctuations. A 
linear king model calculation of configuration correlation 
functions2' has revealed sonic of thc features of the above 
expression. 

Frequency-dependent susceptibiliiy 
To obtain thc linear frequency-dependent susceptibility a form 
of (dM'/df), equation (26). requires to be determined in which 
the initial deviation from equilibrium is linear in field strength. 
Expanding equation (24) gives 

Fd 
kT A& = - (1  - M:)(  1 -(I -A{: )Tc/T}-' (28) 

The frequency dependence of the susceptibility is given by a 
standard transformation of equation (26). The time develop- 
ment of equation (26) is shown in Fig. 3. At short times the 
confluent hypergeometric function has a limiting value of unity, 
as has the exponential term, and hence 

where J is the decay current. At infinite time the asymptotic 
form of the hypergeometric term is proportional to 
exp (+opt). (opt)"-'"-' and the equivalent current is given by 

(opt)-(l+m) (30) 
In the limited region around t = 0;' the decay is dominated by 
the exponential term. The Laplace transform of equation (26) 
isz6, in normalised form, 

in which &(. ; ; ) is the gaussian hypergeometric functionz6. 
Equation (31) has the simple asymptotic behaviour that at 
frequencies greater than wp both the real and imaginary arts of 
the complex susceptibility are proportional to a-('-"), in 
agreement wit.h equations (1) and (2). At frequencies less than 
wp the imaginary part of the susceptibility is proportional to om 
and the real part is given by x;--o,-AxfW) where A is a 
constant, in agreement with equation (1). The curvature 
parameter s of equation (1) is found to be a single-valued 
function of m and n. 

The particular value of m equal to unity is of interest as it can 
arise either when there is perfect correlation in the flip-flop 
processes, or when measurements are made at sufficiently high 
frequencizs that the slow responders cannot give rise to the 
fluctuation process. Both forms have been observed experi- 
mentally'. 

Discrtlssjlon 
The basic requirements for the present modcl is the presence of 
a set of two-level systems in which the frequency difference 
ranges from zero upwards, and in which the number density if 
effectively constant. The existence of these states has been 
demonstrated experimentally in gla~ses '~ and theorctically 
established in other niaterials6; from this the high frequency 
behaviour follows. It should be pointed out that most dielectric 
susce tibility measurenients are made close to a phase tran- 
r?tio~$~*~" where a cooperative system of structural changes with 
a t  least two local potentials must exist. The local two-level 
aystem considered here can be regarded as describing the struc- 
tural chsnges involved in a phase transition. Thc processes 
described here are the microscopic reality behind Jonschcr's 
'screened hopping mod~l"~ .  The exponents n and m have bcen 
determined as follows; m is the degree of structural adjustment 
required for the werage flip-flop process. It is therefore a 

f%rrclation of thcse processes in the ground state. )I  Is the d w e e  
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than enpoiicntid at short tirncs and slower than exponential at 
IGIIE tirncs. The transitional behaviour between these rcgions :s 
close to exponential in form, as it is here. Uszally the availapl:: 
er,wirnental time region issuc!i that on1ymiirordeviatio;lsfrom 
:I:: cXpol?rlitia! bchaviour can be obscr-vcd. !!:cause dk!ectri:1 
srcsxptihility is observable. over wide mnges of frequency a n d  
amplitude, and is amenable to temperature scnling. it provides a 
unique opportunity to study the details of the non-exponential 
decay and the microscopic rnechanisms involved. 
We thank the SRC for an assistantship for L.A.D., and A. K. 
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Thermal modelling suggests that the problems posed by the 
nigh liquid temperatures (-1,650 "C) of perid3titic lavas 
in Archuean greenstone belts, and the implied high degree 
of mantle melting (-70%), are significantly reduced by 
considering uprise of a more refraclory mantle diapir hav- 
ing an inherent density contrast with the surroundirrg 
mantle, and in a tectonic environrcent analogous to a 
marginal basin. 

LAVAS of komatiitic composition'.', representing very high 
magnesian liquids with up to 33%.Mg0, are a common and 
distinctive magma type in Archaean greenstone belts, although 
comparable high magnesian liquids become increasingly rare in 
younger post-Archaean volcanic provinces. They occur most 
frequently in the lower parts of greenstone volcanmedimen- 
tery sequences, where there may be several cycles of ultramafic- 
mafic lavas. Although crystal fractionation has been demon- 
strated in some ultramafic-mafic lavas'. the presence of spinifex 
quench textures4 indicates that in most cases the high-MgO 
character is primary and not due to olivine accumulation. 
Derivirig such highly magnesian liquids 5y mantle fusion poses 
severe thernral problems. 

Experimental studies' havc shown that the hizh liquidus 
teiiiperatuces of peridotitic konihite (- 1,650' at 1 atm) would 
require -70% partial mejting oI mantle pyiolite. Similar 
tin;; experiments on mantIe noddcs' have also dcmms 
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that high degrees of melting would be required to produce 
periodotitic komatiite liquids. Modelling of the thennal evolu- 
tion of ascending pyrolite diapirs7*" indicntcs that attainment d 
this high degree of partial melting would necessitate initiation of 
mantle diapirs from depths in excess of 300 km. This somewhat 
extreme requirement has led to suggestions' that the mantle 
source regions may have been enriched in radioactive heat- 
producing elements. 

Recent detailed geochemical studies of Archaean greenstone 
volcanic sequences In Canada, Australia, Rhodesia, South 
Africa and Finland9-'' have shown. however, that many perido- 
titic komatiite lavas not only have low trace element abua- 
dances. as may be expected with high degrees of mantle melting, 
but also have light rareearth depleted raretarth clement 
patterns and low incompatible clement abundances (Fig. 1). 
These features have been taken as indicating that such perido- 
titic komatiites are derhed from a 'dep!eted' mantie source'2 
similar to that for modern mid-ocean ridge basalts, and are most 
unlikely to have been enriched in U, Th, K arld Rb. Other 
peridotitic komatiites niay have essentially undepleted or even 
slightly enriched geochemical characteristics". but these are not 
a dominant group. The geochemical studies have also demon- 
strated that associated tholeiitic basalts in greenstone sequences 
have flat chrondritic rare-earth patterns (Fig. l), higher levels of 
incompatible elements and essentially 'iindeplcted' incompati- 
ble element ratios. They do not seem to be consanguiilous wit!] 
the depleted komdtiitic lavas but have been derived from a 
diHerent mantle source. Inhomogeneity in the Archaean mantle 
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