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1. O0BJECTIVES

Task 1)

~ Task 2)

Task 3)

Task 4)

Task 5)

Task 6)

The Center for Energy Studies (CES) and Bureau of Economic
Geology (BEG) at The University of Texas at Austin (UT) will
provide speakers for interested organizations within‘the state
of Texas and present papers at national and local meetings and
industrial workshops on topics concerning the development and
research into geopressured-geothermal resourcés.

The Center for Energy Studies has an established Board of
Advisors to maintain rapport with industrial groups, state and
local governmental agencies, and research particfpants. These
people will meet periodicé]ly, and receive monthly reports of
progress in all geopressured-related activities from the CES.
CES and BEG personnel will coordinate with the Wells of
Opportunity and Design Well contractors and sub-cbntractors,
and will make recommendations involving well design, logging,
completion procedufés, and any mattersvrelated to ffé]d develop-
ments.

CES personnel will provide analysis of data from all wells,
including well log data, transient pressure analysis, compac-
tion and creep studies of cobes, and other related research.
CES personnel will provide a preliminary review of subsidence
insurance issues that may pertain to geopressured-geothermal

development in coastal zones in Texas.

CES personnel will continue and maintain a Geopressured-

Geothermal Information System, including updates of thesaurus

and bibliography of all geopressured-related papers and
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Task 7)

abstracts on computer data files. bevelopments will continue
of log digitizing techniques as well as of digitization of new
well logs for statistical and graphic presentation for use in
devliopment of various x-plots for optimization of drilling, and
for estimates of temperature and pressure vs. depth, tem-
perature mapping of various data, etc.

Special studies of log data and evaluation will be carried out

by H. F. Dunlap and others in an effort to correct sources of

extreme error in well log evaluation of water resistivities and

arrive at better estimates for future evaluation.
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2. OVERVIEW
During the contract period, Task 1, as shown in the preceding sec-
tion is reported in detail on a monthly basis in the ensuing section.

In addition to those meetings formally reported, many informal meetings

_ with various governmental officials and others were held concerning

future funding needs of the program, and priorities were discussed at
some length with the Department of Energy and the Office of Management
and Budget. The assistance of legislators of the State of Texas and
members of the Texas Railroad Commission was instrumental in assisting
CES and BEG coordinators in these meetings. |

Task 2 consisted primarily of monthly reports to the Board of
Advisors, which are not included in this document, due to the extreme
length of these reports. They are on file with the Department of
Energy, Division of Geothermal Energy, and have been cited extensively
in the literature in ensuing papers by various research entitites out-
side of The UniVersity of Texas at Austin. These reports go to approxi-
mately 150 units in addition to the Board of Advisors. The Board of
Advisors held one formal meeting during the contract period to review
progress in geopressured-geothermal research.

Task 3, coordination with contractors and sub-contractors on wells,
is not reported in detail herein, since many of these activities were

conducted on an ad-hoc basis, either by telephone or in informal

-meetings. For example, analysis of well logs on the Gladys McCall well

were conducted by Dr. Dorfman informally during the Fifth Geopressured-
Geothermal Conference in Baton Rouge upon completion of the logging

runs. Recommendations were made for additional dipmeter data requiring
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an additional logging run on this well. This proved to be of great
value in ascertaining the correct correlation of the well with regard to
the major fault in the field. Similar activities were conducted each
month during the contract period. In addition, ad hoc meetings with DOE
field personnel, IGT investigators and others were held in Houston on
such matters as perforation intervals on wells and potential stimulation
techniques. |
Tasks 4, 5, 6, and 7 are herein reported in some detail. It.should
be noted that the work in Task 7 has proven to be of great interest to
industry and has resulted in a major paper included in the Transactions

of the Geothermal Resources Council, 1981.
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3. COORDINATION ASSISTANCE - November 1980 - October 1981

November 1980

Discussed study of formation water salinity with
industry representatives at meeting of American
Association of Petroleum Geologists research subcommit-

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

Organized symposium on Gulf Coast geopressured-
geothérmal research for South Central Section meeting
of the Geological Society of America, April 1981.

(Robert A. Morton)

Sent map of Blessing Prospect to Oak Ridge National
Laboratory for environmental analysis and site inspec-

tion.

Discussed DOE geothermal program with Mr. Prapath
Premmani, Deputy Secretary General of the National

Energy Administration of Thailand.

Sent copy of Sandstone II final contract report to

Mr. Dimitri.Sverjensky, Lawrence Berkeley Laboratory.

December 1980

Attended SEPM Research Conference on Geology of the

Woodbine--Tuscaloosa Formation. (Robert A. Morton)

Discussed with Jim Clements (Houston), geothermal

prospects for possible use in ethanol production.
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Reviewed manuscript entitled “"Water Quality Impacts
Associated with Offshore Disposal of Geopressured
Brines" for the American Association of Petroleum

Geologists Bulletin.,

Presented test results at the Geothermal Resources
Committee meeting of the Interstate 0il1 Compact

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

January 1981

Text from GRI report describing geology of Blessing

Prospect sent to Technadril per their request.

Sent structure map and cross-section of Miocene inter-
val, Brazoria area, to C. K. GeoEnergy for injection

study.

Met with representatives from QOak Ridge National
Laboratory and Technadril to discuss geology and

environmental assessment of Blessing Prospect.

Reviewed core hand1ing procedure developed for Western
sands program and made recommendations for revision of

draft standard procedures for design well program.

Provided DOE with application documewnts for proposed
Enhanced Gas Recovery project, North Alazan Field,

Kleberg Co.,‘Texas.
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Reviewed Geopressured-Geothermal program with DOE offi-

cials in Austin.

Reviewed Geopressured-Geothermal program with National
Science Foundation officials, Washington, D.C. (Myron

Dorfman)

Discussed Blessing leases with Hank Coffer, C-K

GeoEnergy.

Sent copies of South Texas cross sections from methane

project to Magma Gulf Corporation.

Reviewed and commented on C-K Petroleum #1 Godchaux,
Vermilion Parish Louisiana as possible well of oppor-
tunity. Evaluated salinity calculations and revised

recommendation.

Discussed Pleasant Bayou geology and environmental
monitoring with Bob Sterret, Lawrence Berkeley
Laboratory. Provided copies of core analyses,
unpublished maps and cross-sections in Austin Bayou

Prospect area.

February 1981

Discussed status of geopressured-geothermal program

with Dick Need, Ames 0il Company, Houston,

Assisted Bi11 Hockenbrock in defining tracts of primary

interest for leasing purposes (Blessing Prospect),
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Provided Wayne Wood, independent in San Antonio, with
bottom hole temperature information for Pleasant Bayou

no. 2.

Responded to request from Los Alamos Laboratory for

thermal gradient information.

Provided DOE with sample salinity calculation for “A"
sandstone in the C and K Petroleum Frank A. Godchaux

well, Live Oak Field, Louisiana.

Sent copies of e-logs from Pleasant Bayou no. 2 to Don

Bebout for calibration of salinity calculations.

Provided landowner with information regarding
geopressured-geothermal potential near Powderhorn Lake,
Matagorda_County, Texas (request through Petroleum

Engineering).

Provided John Oddo, Rice University, with a copy of
sandstone consolidation report for Pleasant Bayou no. 2
(Fourth Geopressured-Geothermal Conference) as part of

his scaling and corrosion study.

Talked to Society of Petroleum Engineers chapter in
Houston on Geopressured-Geothermal Energy. (Myron

Dorfman)
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March 1981

Reviewed and commented on CK GeoEnergy draft report
entitled "Geopressure-Geothermal Reservoir Continuity--

Louisiana and Texas Gulf Coast."

Attended meeting of program review committee for the
Fifth Geopressured-Geothermal Energy Conference.

(Robert Morton)

Presented a talk on status of the geothermal program at
the monthly meeting of the Corpus Christi Geological

Society. (Robert Morton)

Sent copies of rock mechanics reports for Fourth
Geopressured-Geothermal Energy Conference to R. C.

Wilshusen, Corpus Christi, Texas.

Sent copy of Wilcox geopressure-geothermal resource
study to Warren Horowitz, Phillips Petroleum Company,

Houston, Texas.

April 1981

Reviewed report to EPRI prepared by Southwest Research
and responded to an article published in the 0il and

Gas Jdurnal. (Robert Morton and Myron Dorfman)

Participated in a DOE-sponsored meeting on salinities
calculated from electric logs and provided sample
calculations for specific wells. (Robert Morton and Ray

Gregory)
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Convened and participated in technical session on Gulf
Coast geopressured energy resources. (Robert Morton)
Meeting was sponsored by the south central section of
the Geological Society of America. The following
papers were presented:

R. A. Morton - Factors critical to the development
of energy fesources from geopressured aquifers in
Texas.

T. E. Ewing and R. A. Morton - Reservoir Continuity
and Gulf Coast geopressured resources.

W. R. Kaiser, K. Magara, K. L. Milliken, D. L.
Richmann - Petrography, water-rock interaction,
and caprock distribution as potential .indicators
of secondary porosity in the Frio Formation of

Texas.

Reviewed and commented on McMoRan A. J. Maier no. 2,
Plaquemines Parish, Louisiana, as a possib]é well of

opportunity.

Provided Syed A. Ali, Gulf Research and Development,

with a copy of Sandstone Consolidation contract report.

Provided Gene Scott, Ensearch (Dallas), access to

Vicksburg cross-sections and maps.

Provided Gary Kinsland, University of Southwest

Louisiana, with a copy of industry contract and

- 10
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shooting array for seismic data acquisistion in Cuero

area.

Reviewed and commented on Houston 0il and Mineral R. H.
Clarke et al. no. 1, Matagorda County, Texas as possible

well of opportunity.

Reviewed Geopressured-Geothermal with Gearhart

Industries, Ft. Worth. (Myron Dorfman)

May 1981

Discussed offshore geopressure-geothermal potential
with Larry Green, McDermott Engineering, New Orleans,

Louisiana.

Discussed status of geopressured-geothermal program
with representatives of Radian Corporation, Austin,

Texas.

Served on TENRAC Geothermal committee to set priorities

for state funding. (Myron Dorfman)

Discussed geopressured-geothermal program and DOE
budget reductions with Congressman Hamilton Fish of New

York.

June 1981

Attended CK GeoEnergy meeting to review program status
and present results of logging research and rock mechan-

fcs. (Morton, Dorfman, Dunlap)

11
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Provided George Moncure, Conoco Research, with copies
of Sandstone II final contract report and Sandstone III
interim technical report and access to Pleasant Bayou 1

and 2 cores.

Visited Assistant Secretary of Energy Joseph Tribble
and Gary Benethum of the Office of Management and
Budget, Washington, D.C. (Myron Dorfman)

Attended C.K. GeoEnergy meeting in Houston and pre-
sented updated information on design-well prospects in

Texas. (Robert Morton)

Discussed geopressured-geothermal logging with

S. Kelsey, Sandia Labs. (Myron Dorfman)

Met with Central Power and Light to discuss program

status. (Myron Dorfman)

July 1981

Discussed prospect potential of Point Comfort area with

Leo Rogers, CK GeoEnergy.

Spoke at UT Energy Symposium on Geopressured-

Geothermal Energy. (Myron Dorfman)

Provided Technadril-Fenix and Scisson with anticipated
depths, pressures, and temperatures for objective sands
in the Blessing area and a copy of the Blessing

Prospectus.

12
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Reviewed geopressured-geothermal logging at Louisiana

State University. (Myron Dorfman)

Reviewed and commented on Border Exploration #1 Beard

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

opportunity.

Discussed future funding with Keith Westhusing and Bob
Holliday, DOE. (Myron Dorfman)

Discussed with Gary Kinsland, Southwestern Louisiana,

~ the contract between The University of Texas and the

geophysical company used to acquire seismic data.

August 1981

Discussed DOE geopressured-geothermal research program
in Texas with Gas Research Institute Board of Advisors

on unconventional gas.

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 régional e-log and seismic interpreta-

tion as well as core interpretation.

Met with Dr. Walter Fertl, Vice-President of Dresser
Atlas, on geopressured-geothermal logging research,

(Myron Dorfman)

13
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Discussed skin factor of rocks in geopressured-

qeothermal gas wells with Texas 0il and Gas.

Discussed future funding of geopressured-geothermal in
U.S. House Science and Technology Committee--

Representative Fugua, Chairman. (Myron Dorfman)

September 1981

Sent cdpy of "Wilcox sandstone reservoirs in the deep
subsurface along the Texas Gulf Coast, thin potential
for production of geopressured-geothermal energy" to

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

Provided Clarence Albers (Amoco, Houston) with 33
selected shale samples from Pleasant Bayou no. 1 and
no. 2 cores for micropaleontological analysis including

paleobathymetry and possibly environment of deposition.

Presented talk entitled "Methane entrained in Gulf
Coast qgeopressured aquifers" at monthly meeting of the
Houston Geological Society, Houston, Texas. (Robert

Morton)

Invited to write "Distinguished Author" paper on

geopressured geothermal energy for Journal of Petroleum

Technology of SPE. (Myron Dorfman)

14
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Received a summary of foraminifera species in the
shales from Pleasant Bayou No. 1 and No. 2 cores and
the interpreted paleoenvironments. The micro
paleontologic zones agree closely with those
interpreted from core descriptions for the reservoir

continuity study.

Reviewéd and evaluated the Arco 0il and Gas #1 Fuqua
Industries well in Ft. Bend County, Texas, as possible

well of opportunity.

Chaired seminar at Fifth Geopressured-Geothermal Energy
Conference, Louisiana State University, Baton Rouge,
Louisiana, and presented paper with Henry Dunlap.
(Myron Dorfman) Five Center for Energy Studies papers

were presented,

Met with Houston Lighting and Power officials in
Houston to discuss geopressured-geothermal program

status.

15
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4, COMPACTION MEASUREMENTS ON TEXAS GULF COAST SANDSTONES AND SHALES
Following is a summary of the work carried out during the past year

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

Creep Testing
| Fourteen tests have been run on cores from the Pleasant Bayou wells,
two under drained conditions, eight undrained, two combined drained and
undrained, and two under conditions of pore pressure drawdown. Horizons
have ranged from 10251 feet to 14760 feet and times for creep
deformation up to 124 days (Table 1). A1l of these tests have been run
under varying loads to investigate history dependence. High temperature
tests have not been run. These tests are awaiting the completion of
nothime dependent testing in the high temperature rig. Petrographic
analyses have been performed on most of these test cores and are
reported by Richardson (M.S. Thesis, University of Texas, 1981).
Preliminary analyses of data show that the cores show considerable
specimen to specimen variation, indicative of formation heterogeneity.
History dependence appears to be contro11ed by a strain hardening

mechanism and models based on this are being formulated.

High Temperature Testing

Development of a high-temperature Simultaneous Property System has
proceeded with substantial difficulty, owing to the complete redesign
and construction of internal components of the rock sémp!e containment

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

have been completed. Data are béing analyzed to ensure proper operation

16
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TABLE 1 TABLE 1 (con't)
Axial Confining Test* Axial Confining Test*
Time Stress Pressure Con- Time Stress Pressure Con-
Test # Depth (Hours) (kpsi) (kpsi) ditions Test # Depth (Hours) (kpsi) (kpei) ditions
1 14097 0- 25 7 7 D
25-122 14 7 138 10259 - 711 5 5 D
122-138 7 7 71- 240 8.5 5
138-186 0 0 : 260- 264 S 5
2 14093 0~ 960 7 7 ] 264- 343 0 o
960-2161 14 7 14A 10266  0- 142 S 5 v
2161-2808 7 ? 142- 240 8.5 s :
. 2808-2974 0 0 240~ 362 s 5
3 14056 0~ 497 14 7 U 362- 481 0 0
497- 546 0 0 14B 10264 0-167 5 s D
6 14086 0 71 10 7 v K- 83
- 8 14 ? 553- 690 O 0
? 14082 g: 42 10 7 v 15 10251 0~ 93 5 5 uD
93- 240 8.5 5
8 14095 0- 95 10 7 v 240- 358 5 s
95- 100 14 7 358- 383 0O 0
10 10255 0- 51 6 5 v
51- 166 7 [
166~ 222 8.5 5 “"“ﬂ““"
222- 294 9 5 Confining - Pore
11 10264 0- S 7 5 U Pressure Pressure
s- 338 8.5 5
338- 360 0 0 16 10251 0- 420 5 s PPD
12 10264 O 333 s s ) 420-1776 5 3
1776-2256 S 2
333 719 8.5 S 2256-2400 O o
719~ 840 s 5
840-1006 0 0 17 14760 0- 168 S 5 PPD
13A 10259  9- 145 5 5 v 163‘“9';;"" 5 3
145~ 315 8.5 5 (960)
;:i: Z;: g 3 * D = Drained, U = Undrained, PPD = Pore Pressure

.Decline
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.of all components of the system prior to testing Brazoria County cores

under various loading paths and elevated temperatures.

Room Temperature Setting

Additionai compaCtioh tests on Pleasant Bayou cores have been
completed, using the Simultaneous’Propébty System. The results are
Summarized 16 Table 2. | |

' The results indicate that reservoir drive from compaction due to
pore pressure reduction is non-linear; it will bé high initially but
will diminish rather rapidly as pore pressure is reduced. Some general
observations from the experimental results are:

1. Bulk compressibilites show a decrease of 55 - 65% as effective
axial stress is increased to its maximum value.

2. Bulk compressibilities at atmospheric pore pressure are higher
than the values obtained at elevated pore pressures for the same level
of effective stresses., This show that matrix compressibilities are not
insignificant as is often assumed.

3. Uniaxial compaction coéfficient, cm, range similarly as bulk
compressibility values. At the same effective stress level, C_ is
approximately 1% of bulk compressibility,

4, Cm values obtained over the same effective axial stress range
(approximately 7500 psi) but at lower levels of overburden stress (7500
to 15000 psi) and pore pressure (0 to 7500 psi) were significantly
higher than cm values obtained at overburden stress of 15,000 psi pore

pressure varying from 15,000 - 7500 psi. This is due to the higher

18
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TABLE 2

Reservoir Rock Parameters, GCO-DOE f1 & f2

Bulk Compressibility*#

Uniaxial Compaction Test*#®

v v (xlO.‘psi-')
Stress* | p =constant pc-increasing Cn
3 - e - -
Level pp-varies 0 (x10 *pst™?) ¢(2) k(ud) r
GCO-DOE #1
1-4-11755t & 1.4 - 71 2.4 - .87 1.22 - .45 19.65 ~ 19.13 20.5 - 15.5 21.1 - 25.2
L 2.0 - .84 1.17 - .43 19.31 - 18.94 11.5 - 11.0 23.9 - 27.52
1-7-14751 L .78~ .43 .64 -~ .21 19.31 - 18.99 86 -170 23.0 - 25,31
14765 H 40 - .23  17.63 - 17.34 69 - 62 16.99- 21.13
GCO-DOE #2
2-1-14696 H .60 - .21 18.23 - 17.89 92 - 83 26.25~ 30.46
14696 H 1.0 - .48 «87 - .29 17.18 -~ 16.93 7.2 - 4.2 27.6 - 32.35
L 1.1 - .50 067 - 029 17-18 - 16-30 70‘ - 5-2 22-15' 27076
14699 H +»88- .41 1.30- .71 42 - .19 16.77 - 16.38 91 - 87 22.9 - 26.74
L 1.1 - &4 .60 - .22 16,77 - 16.27 115 -~ 9% 21.3 - 26.45
14702t H 1.3 - .48 1.73- .81 273 - .29  19.52 - 19.17 25.5 - 23.4 23.75- 27.40
L 2.1 - .52 «90 = ,32 19.47 - 19.06 25.5 - 17.2 24.6 - 28,25
14703 H 1.4 -~ .61 .84 - .31 16.95 - 26.77 26.8 ~ 19.5 24.10- 28.15
14711t W 1.4 - .45 1.3 - .73 «52 - .23 21.16 ~ 20.90 168 -1S5 18.1 - 19.25
L 1.6 - .50 .57 - .23 21.2 -20.78 1446 -121 16.7 - 18.5
14712 H 1.33 - .76 .84 -~ .29 19.16 - 19,02 26 -19 23.3 - 25.80
L 1.95- .52 47 - .235 19.16 - 18.94 38.5- 35 23.55- 25.80
2-3-15665t ' L 1.1 - .53 .80 = ,30 19,68 -~ 19.25 79 = 66.5 21.15~- 23.63
15668 H +83- ,37 1.3 - .68 48 - .19 19.82 ~19.58 69 - 51,5 25.5 - 29.25
L 1.0 ~ .41 .99 - .29 19.75 ~19.27 68 - 56,5 26.3 - 30.2

®  H -~ Corresponds to the initial stress condition on the specimen, p_=p =p =gpecimen depth
L - Corresponds to the initisl stress condition on the specimen, p P -p?-k the specimen depth

+ = Measured matrix compressibilities varies from 0.31 to 0.33 x 10~ psi R

*% Range shoun as effective stress increases from low to high values

19
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values of confining pressure requried to keep lateral deformation zero
at the higher stress levels involved in these tests.

5. Porosity reductions are lower than corresponding permeability
reductions which suggests that preferential closure of flow
channels/cracks takes place as a result of compaction.

6. Resistivity increase and consequently the increase in formation
factor follows the same trend as porosity reductions.

7. The effective stress law applies well in terms of trends in rock
parameters with pressure. However, the numerical values for those
parameters depend upon the stress levels involved in achieving a

particular value of effective stress.

Modelling and Simulation

Three modelling efforts have been carried out simultaneously

- A numerical simulator has been developed based on the nucleus of
strain solutfon extended to linear viscoelasticity. This simulator
includes a finite element formulation for the reservoir performance.

- An existing finite element code has been extended to allow
piece-wise linear viscoelastic rock response.

- A reservoir simu]ato} has been extended to include linear

viscoelastic rock response.

20
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5. U.S. GULF COAST GEOPRESSURED-GEOTHERMAL AQUIFER SIMULATION

'The work described herein was performed for the Department of
Energy's Geopressured-Geotherma] Division under contract with The
University of Texas at Austin. The purpose of this work is to develop

methods for analyzing geothermal-geopressured reservoir production

"behavior and to predict such behavior in the future given specific

exploitation scenarios.

This report summarizes work accomplished during the fifth year of

this effort.

GENERAL PURPOSE RESERVOIR SIMULATOR

At the Center for Energy Studies of The University of Texas at
Austin, the reservoir simulation has been successfully éonducted to
assess the reservoir performance of geopressured aquifers by using an
isothermal, two-phase, two-dimensional model. Paralleling the work at
UT, Systems, -Science and Software (53) berformed the modeling of
geopressured-geothermal reservoirs for UT under the subcontract. On the
expiration of the subcontract, UT acquired the s* model. |

The early studies of geopressured-geothébmal reservoirs predicted
low recoveries and possible grqund subsidence and indicated the need of
expanding the reservoir study to include cold-water injection cases.
The isothermal model developed at UT, however, was found inadequate to
modify to handle the complex phenomena associated with the cold water
injection, for the model was coded for the specific purpose of black-oil
type simulations. Meanwhile, the great diffiéulties were encountered in

the implementing the s* model at UT mainly because of the differences of

21
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the FORTRAN languages at the two institutes. Under this circumstance

the decision was made to develop a general purpose reservoir simulator.

Applicable Problems

‘In writing the programs the problem type was restricted to
time-dependent, coupled convection-diffusion equations. Furthermore,
the approximation method was assumed to be finite differences. The main
features of problems to which the general purpose reservoir simulator is
applicable are summarized below.

1. The problem must be described by a system of up to five coupled
partial differential equations (PDE). The problem can be linear or
nonlinear. Some PDE's may be time-independent but the system of
PDE's as a whole is assumed to describe time-dependent phenomena.

2. The space domain can be one, two, or three-dimensional and can be
deformable in the vertical direction. The coordinate system can
be a Cartesian, 1-D radial, or 2-D cylindrical (r-z). The three-
dimensional models are practically impossible to run at UT because
of the small central memory allowed for each user (376K octal).

3. The temporal integration of PDE's is presently limited to the
backward difference. To solve nonlinear difference equations; four
iterative techniques are available; the Newton method, modified
Newton method, semi-implicit method, and simple substitution
method.

4, The system of linear equations resufting for each nonlinear itera-

tion is solved by one of the three methods; the LU decomposition,
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the Gaussian elimination with economized storage, and the line

successive over-relaxation method.

Program Structure

" The entire process of reservoir simulation was broken down into
several modules. These modules were then categorized into two classes,
prop]em-independent and problem-dependent.

The problem-independent routines should be applicable to various
problems without significant changes. These routines are referred to as
general routines below. They 1hc1ude the following:

1. Preprocessing such as determination of data structure

2. Input /Output

3. Grid definition

4. Time-marching, i.e., construction and solution of linear equation
systems, iteration for convergence and advancing time steps

The problem-dependent routines are primarily those that calculate PDE

coefficients and other informative variables. They are stereotyped as

follows:

1. Initialization

2. Update secondary dependent variables

3. Storage term calculation

4, Diffusion term calculation

5. Convection term calculation

6. Point/line source calculation

7. Other source term calculation

8. Boundary condition calculation
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9, Informative variable calculation

The general routines call only these nine problem-dependent
subroutines besides the communication among the general routines them-
selves. Since the central memory size is very limited at UT, the
programs were designed so that unused data storage spaces would be mini-
mized. Almost all variables were put in a single common block. In the
general routines this common block is represented by a single generic
array variab]e. The preprocessing mentioned above includes the .par-
tition of this generic array and setting address pointers of actual
variables based on the variable information (type, size, etc.) given by
input. The address pointers for arguments of the problem-dependent
subroutines are also determined during the preprocessing. The general
routines call the problem-dependent subroutines using the generic array
with pointers set during the preprocess as arguments. The problem-
dependent rodtines will have realistic variable names for their formal
parameters so that these programs are readable.

The compiled binary general routiens are stored on a permanent
file. Currently, the user needs to read necessary general routines from
the permanent file, combine them with the problem-depéndent routines to
form a complete program and load it to the central memory. A more
systematic and easier procedure to run the program woﬁld be desirable
in the future.

The cold-water injection project 1s proceeding with the single
phase assumption. The problem-dependent routines were written based on
this assumption and are be1ng tested, Should the assumption prove to be

1nappr6pr1ate, the system of governing differential equations must be
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replaced by a more complex, multi-phase problem, and the problem-
dependent routines would need to be accordingly rewritten. However, the
general routines would not-require any modification.

Besides the simulation programs, the decent plot capability has
been also established. The output routines of the simulator create
files which are compatible with the plot programs. That is, the output
files written during a simulation are fed as input files to the plot
programs. The plot programs use the NCAR (National Center for
Atmospheric Research) graphic routines to generate history curves, con-

tour, and vector plots.

RESERVOIR PERFORMANCE IN VISCOELASTIC POROUS MEDIA

The mass Ealance equations for a two-phase two-component fluid
system are written for viscoelastic porous media. The resulting
equations are approximated by finite differences and the resulting
numerical simulator is used to conduct a sensitivity study on the
effects of uniaxial visqoelastic deformation in geopressured aquifers.
Results of this study indicate that viscoelastic deformation may have
considerable influence on the pressure maintenance of these aquifers. A
numerical model of the geopressured aquifer in Bfazoria county, Texas is
constructed and the numerical simulator is used to predict the ultimate
recoveny‘of solution gas from this viscoelastic gedpressured aquifer,

In the case of the viscoelastié reservoir (at 40,000 STBW/day pro- .
. duction raté) the 1ife of the well approaéhes ten years, whereas for the
elastic reservoir the 1ife of ;he we11‘1s about seven years. These

results indicate 40% improvement for the well life over the elastic
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réservoir. In additidn. after five years of production, the
viscoelastic reservoir indicates that water recoveries will be 1.98% of
the initial water in place resulting in a per well recovery of 1.83% of
the initial gas in place. These compare to a 1.5% recovery for the

purely elastic reservoir,

PRELIMINARY TEST RESULTS OF THE FIRST GEOPRESSURED-GEOTHERMAL -
DESIGN WELL, BRAZORIA COUNTY, TEXAS

The Pleasant Bayou #2 geopressured-geothermal test well was

completed in the summer of 1979. The C sand of the Frio formation was

‘selected for completion on the basis of core analysis, well logs, and

drillstem tests. The purpose of this section is to summarize the
results of the short term productidn tests run on the Pleasant Bayou #2
well during 1979 and the Fall of 1980. These tests were analyzed using
conventional -transient pressure test analysis methods.

The most significant test run during 1979 was a ten day drawdown
test from December 3 to December 14 followed by a 20 day buildup
period, during which reservoir pressure response was observed. After a
hiatus of nine months, a second production test was conducted over a
period of 45 days beginning on September 16, 1980. The well was shut in
on October 31, 1980.

Both production tests indicate a formation permeability of 200
m1111-darc1es. The presence of a permeability interruption located
approximately 3700 feet from the well bore is also suggested by these

tests,
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During the last production test, a producing gas-water ratio of 20
standard cubic feet per barrel of produced water was observed. An addi-
tional 9-12 standard cubic feet of gas per barrel was found in the water
downstream of the separator. The total gas-water ratio of 29-32 SCF/bbl
is in reasonable agréement with laboratory data and correlations for
this produced brine.

The major growth fault which forms the reservoir boundary to the
northwest of the well is evident from the pressure drawdown data
obtained during the last production period. The last productidn test

also indicates an apparent rate dependent skin effect.
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6. PRELIMINARY REVIEW OF SUBSIDENCE INSURANCE ISSUES

Overview

. This review addresses the need of a geopressured-geothermal
resource developer to secure 1iability insurance against damages arising
to third parties because of surface subsidence caused by his or her
pumping of geopressuredlbrines. The review Briefly describes the poten-
tial for large liability exposufe which exists along the Gulf Coast,
reviews Texas law (principally the Friendswood case) arguably pertinent
to the 1iability of the geobbesSured_resource developer, and arrives at
the conclusion that the geopressured resource developer should turn to
insurers who commonly work with the mining industry to secure insurance

against subsidence-1nduced 1iability.

Discussion

The potential for surface subsidence caused by the pumping of
geopressured brine from geopressured-geothermal reservoirs is obviously
great. As Dr. Tom Gustavson, probably the leading Texas authority on
the environmental consequences of geopressured-geothermal development,
has often comménted, a geopressured-geothermal dgVelopment'well pro-
ducing 30,000 barrels of brine per day would, in the period of a year,
withdraw from subsurface formations more brine than has been pumped from
beneath the Texas Gulf\éoast'by conventional oil and gas producers since
the advent of the industry. Our understanding of the geophysical
interactions between‘the reduction of reservoir pressure at.dépths :

beneath 15,000 feet and the subsidence of surface soils 1s not
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sufficient for confident prediction that deep, large vo1dme brine
production will necessarily cause surface subsidence.

The potential for economic 1iability because of subsidence induced
by é geopressured-geothermal developer is great. Surface subsidence
along the Texas Gulf Coast obviously exposes activities on that surface
to greater risk of inundation by fresh water floods and salt water
intrusions from the Gulf of Mexico. Further, surface subsidence can
cause important misalignments of man-made structures such as highways,
bridges, railroads, pipelines, and wells (0i1 and gas, fresh water, and
waste disposal). Particular]y in the case of pipeliﬁes and wells, even

minor dislocations caused by surface subsidence can cause severe opera-

~ tional probiems.

The principal Texas law on the liability of one who produces water
from beneath the ground for surface subsidence caused by that production

is the Texas supreme court case of Friendswood Development Company vs.

Smith-Southwest Industries, 567 S.W. 2nd 21 (Texas 1978). In

Friendswood, the defendant (Friendswood) began pumping massive amounts

of ground water from beneath the Houston-Galveston region for sale to
industrial customers. A group of landowners broqght a class action suit
alledging that the defehdant's negligent extraction of ground water
caused their land to sink and exposed it to erosion damage and flooding.
The trial court threw out the landowners' suit, because the prevailing
Texas law was that a landowner had the dbéolute right to produce ground
water from his land Qithout'thereby éxposing himself to liability,
unless that pumping was wii]fql waste or with intent to injure other

parties. The landwoners appea]éd their case to the first level
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appellate court and that court ruled that the trial court should have

-not have thrown out the case because, if Friendswood's actions were

negligent, "the fact that he owns the water produced will not insulate
him'from the consequences of this negligent conduct."”

Following this ruling, Friendswood appealed to the Texas Supreme
Court. The Supreme Court reversed the first level appellate court and
said that the trial court had been correct after all., The Texas Supreme
Court said, however, that the law which it was applying was harsh and
outmoded., The court announced that in the future it would not apply
this law, but would do as the first level appellate court had done.

The most 1mportant aspect of the Supreme Court's ruling in

Friendswood was that, after 1978, the producer of grbund water could be

- held 1liable for subsidence induced by his ground water production if he

were negligent in the process of that production.

There are two reasons why a geopressured-geothermal developer might
not be too concerned about the Friendswood ruling. First, a plaintiff
suing under Friendswood would have to prove that the developer knew his
production would cause the surface subsidence compiained of. As men-
tioned earlier, our understanding of the 1ntefact10ns of forces between
the geopressured-geothermal reservoir at 15,000 feet and the surface is
not sufficiently well understood that a developer can be reasonably
charged with foreseeeing the consequences - of his production of brine
from the deep subsurface,

The second reason is that the Friendswood case dea]s with produc-
tion of "ground water"; other cases and the Texas legislature commonly

use the term “underground water" and “"ground water" interchangeably.
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Either term is commonly interpreted to mean:

"water percolating below the surface of the earth and that is

suitable for agricultural, gardening, domestic, or livestock

raising purposes...” (Quoted from the Texas Water Code, Section

52.001, which sets forth the definition for terms for Texas'

underground water conservation district law).
By no reasonable stretch of the imagination can our understanding of
geopressured brine be said to include percolation form the surface or
suitability for any of the activities outlined in the preceding quote.
The characterization of geopressured brines as minerals, rather -than
ground water, would be more factually appropriate and would be con-
sistant with the Texas legislature's policy decision to treat
ggopressured-geothermai development as an activity under the jurisdic-
tion of the Texas Railroad Commission rather than the Department of
Water Resources.

Though a sound argument can be made that the production of brine by
a geopressured-geothermal developer 1S not an activity which is covered
by the Friendswood decision, there are other legal theories under which
a developer could be held liable for surface subsidence. The theory
which appears to be most applicable is that df "subjacent support".
This theory holds that a landowner has a righf to expect the support of
his soil, both 1atera11y and vertically. One who causes another's land
to lose its support will be held strictly 1iable for the economic con-

sequences of that loss of support, This latter ramification can be par-

ticularly important to a geopressured-geothermal developer because the

- determination of his or her 1iability would be in no way influenced by

considerations of negligence; that is, the developer could be held
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liable whether or not the production of geopressured brine was conducted
in a negligent manner.

The plaintiffs in the Friendswood case raised the subjacent support
doctrine as one of the grounds on which they sought recovery. The
Supreme Court said that theory did not apply to their case and gave two
reasons. The first reason was that theory historically dealt with the
removal of minerals and the court was unwilling to classify ground water
as a mineral. As previously indicated, this reason would not appear to
apply in the case of geopressured-geothermal brine prbductign because
that brine should not logically be considered ground water.

The court's second reason for rejecting the theory as one available

to the plaintiffs in the Friendswood case was that the 1939 Restatement

of Torts, the principal U.S. codification of the rules for assigning

1iability for damages of this nature, specifically stated that "to the
extent that the person is not liable for withdrawing subterranean waters
from the land of another, he is not 1iable for any subsidence of the
other's land which is caused by that withdrawal." This language was

deleted from the Restatement (Second) of Torts, which was published in

1979, after the date of the Friendswood decision,

Producer liability for production of geopreésured-geothermal brine
would appear to exist under the doctrine of subjacent support. Because
this doctrine imposes strict 1iability on the individual or organization
that removes a landowner's subjacent support,'that individual or organi-
zation will not be able to avail itself of the defense that it did not
know that the production on brine would cause the removal of subjacent

support. The most practical consequence of this is that, as our
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understanding of the interactions between deep subsurface geophysics and
surface subsidence improves, causes of subsidence which are not commonly
acknowledged by authorities today may come to be so 15 years later, at
which time land owners who suffered surface subsidence could sue the
geopressured-geothermal producer for losses stretching back in time to
the present.

In the absence of 1fability insurance a producer would be foolhardy
to undertake development under these circumstances. There exists a body
of insurance law and custom which has arisen because of more conven-
tional mining activities, both in the United States and other common law
jurisdictions (such as England). It is to insurance and statutory
benefits accorded the mining industry that the geopressured-geothermal
developer should turn to shield himself from liability for surface sub-

sidence induced by his production of geopressured brines.

Summary ‘

It may one day be possible to establish that the production of
large volumes of geopressured brine from deep subsurface reservoirs
causes surface subsidence. If this prers to be the case, the producers
of those brines can expect to find themselves exposed to large financial
11ability for actions which were undertaken in earlier times when that
casual relationship was not understood. The law governing this 1iabil-
ity will not_spring from the cases, such as the Friendswood case, which
deal wifh subsidence induced by the production of groundwater or the
activities of underground codservation districts. This liability will

instead be based on law and cases which address the pena1ties for
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removal of the lateral or subjacent support of surface land; the
commercial exploitation of underground minerals by mining industries in
other states and other common law jurisdictions has given rise to a

bather mature body of law and insurance custom on the matter of removal

of subjacent support. It is to this law and to insurers operating in

the underground mining industry that the geopressured-geothermal

‘resource developer should turn for guidance and protection.
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7. GEOPRESSURED-GEOTHERMAL INFORMATION SYSTEM
1.0 OVERVIEW
The Geopressured-Geothermal Information Systems (GGIS) has

“developed a large number of computerized data- bases which serve as a

tool for geopressured geothermal researchers. This body of information
forcuses on the Gulf Coast Basin and includes information such as
digitized well logs, well header information, salinity data, sand
prof}les, a geopressured geothermal bibliography and thesaurus, and
several other data bases.

To augment the use of these data bases, many spec1a1izéd software
packages have been written which analyze this data and produce
statistical information, graphical presentations, and reports for the
use of geopressure research teams. These software packages range in
scope from well log analysis packages to software which generates

computer listings of the geopressured geothermal bibliography.

2.0 fASKS ACCOMPLISHED
The following tasks have been accomplished during the preceding

contract year.

2.1 Geopressured Analysis Program |

‘ The ANALYZE packaée of subroutines was augmented to perform the

fol]owing‘well log analysis capabilities;

1. Normalize the Spontaneous Potential (SP) baseline to zero
millivolts and plot the resulting SP}curve versus depth. This is
done by identifying the shale points on the log and their deviation

from the zero millivolt SP level. A corresponding “complementary"
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function is deveoped and this function is used to determine the SP
shift necessary at each two foot location to cause the shale

baseline to fall along the zero millivolt line. This method has

been compared to manual computations for several logs and proves to

give results with at most 10% error while the normal errors are on
the order of two to three percent.

Calculate formation water resistivity (RM). The SSP is used to
calculate the formation water resistivity of any desired porous
and permeable zone. The user is provided three options to
calculate these conate water resistivities.

The first method the user may choose to calculate the water
resistivity is from inversion of the modified Nearnst Equation
(SSP = -Klog Rmfe/Rwe)‘ In this method, SSP is the static
spontangous potential, Rmfe is resistivity of the mud filtrate
(assumed to be present in the "invaded zone"), and K is assumed to
be dependent only upon formation temperature. Rye is the
equivalent formation water resistivity.

The second method also use the modified Nearnst Equation but
in this instance K is assumed to be a function of mud density.
Accordingly, Schlumbergers Chart Gen 7 (K versus mud density) is
used to determine the K value given the appropriate mud density.
This method is applicable where relatively light non lignosulfonate
muds have been used in the drilling program.

The third method is a modification of the second method in

which K is again a function of mud density; however, an empirical
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3.

4.

5.
6.

curve for heavy lignosulfonate muds (used in drilling geopressured
formations) is used rather than Schlumbergers Chart Gen 7.
Calculate the formation salinity (PPM) and plot the salinity versus
depth. This is done in a straightforward manner from the formation
water resistivity. Salinities versus depth are plotted and these
profiles are used in determining the geopressured transition zones
as well as gas/water ratios in the geopressured aquifers.
Calculate Rwa and plot versus depth. The apparent water
resistivity is calculated for 100% water saturation for zones
from: |
Ry = Riy/F
where F is the formation resistivity factor and for sandstones is
assumed to be
F = (Theta t) - 2/0.81
Ri1 js the true bulk resistivity as read from the deep reading
resistivity sonde (uncorrected for borehole effects). Theta t is
the true formation porosity and is obtained from the sonic porosity
by:
Theta t = Sonic porosity/Cp
where Cp is the compaction coefficient which is estimated from
regional porosity versus depth curves for a particular area.
Rwa is hence calculated by:
Rya = (Ryp ¢ 0.81 (Cp e 2))/Sonic Porosity o 2
A plot of Rwa versus depth is provided.
Plot temperature versus depth curves,

Plot mud weights versus depth,
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These subroutines are specifically tailored for geopressured
formations where salinity values are of importance in determining the
gas/water ratio in geopressured aquifers.

Several software packages were written to make use of existing data
bases which are maintained by the GGIS. These packages produce
graphical presentations of the the data contained in the data bases in
ways which may be useful to geopressured researchers. Examples of these
packages are the following:

1. Provide distribution maps of well locations contained in the
digitized well log data base. These maps are centered on
identified geopressured fairways along the Texas Gulf Coastal
Plain. The maps present well location, county boundaries, and
township-range lines for reference.

2. Provide cross-plots of temperature versus dépth or pressure versus
depth for selected areas. These plots are color coded so that
points above the geopressured zone are presented in one color while
points below the geopressured zone are presented in another color.

3. Provide isotherm and isobar maps over selected areas. The maps are
produced in a suite of plots describing a selected area. The first
plot in the series locates the area of interest with county
boundaries and county names being displayed. The §econd plot then
displays an isotherm map of the area which is obtained from data in
the GGIS well header data base. The contour lines on this map are
colqr coded so that cooler and hotter areas on the map are easily
identifiable., Additionally, well locations and county lines ares
displayed on the map. The third of the series duplicates the
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second plot with the exception that contour lines are now
shaded in so the user is presented with a solid area filled map.

The fourth map is a three dimensional perspective of the isotherm

map. The series is then repeated for pressure distribution.

Please see figure one for examples of computer graphics

applications to geopressured-geothermal research.

2.2 Log Digitizing

1.

2.

The digitized well log data base was expanded to 19,249,449 feet of
digitized well logs. This represents 1884 curves from 374 wells
which are distributed along the Texas Gulf Coastal Plain. Numerous
sonic and density logs were digitized for the Bureau of Economic
Geology.

The Department of Petroleum Engineering acquired a Terak-8510/A
microconputer to augment the digitizing capabilities of the
project. The Terak-8510/A is a DEC LSI-11/3 microcomputer with two
eight inch IBM-3740 compatible disk drives, two serial RS-232c
ports, and 32K of sixteen bit words worth of memory. Digitizing
routines have been written for the microcomputer. Additionally,
well logs which have already been digitized with the existing Data
General Nova system have been down loaded to the microcomputer.
Software has been written which will take these digitized well logs
and display them on the monochrome raster display of the Terak.
Development of well log analysis routines for the microcomputer is

currently underway. Portions of this software package were
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demonstrated at the ACM SIGGRAPH convention in Dallas during August
1981,

3. A summary index (1) of the digitized well log data base was
published for use by geopressured researchers as a guide to well

log data available through GGIS.

2.3 Geopressured-Geothermal Bibliography and Thesaurus

The "Geopressured-Geothermal Bibliography: Volume I (Citation
Abstracts)" (2) and "Geopressured-Geothermal Bibliography: Volume II
(Geopressure Thesaurus)" (3) were published in August 1981. The
bibliography and its companion thesaurus have been compiled to assist
research in the area of geopressured-geothermal energy. The
bibliography is currently the most specialized and comprehensive
reference work on this subject. Volume I contains over 750
bibliographical enfries concerned with the scientific and technical
requirements of geopressured-geothermal energy research and development,
the sociaf and environmental effects of geopressured-geothermal energy
development and use, as well as the 1éga1, economic, and financial
aspects of its development and use. Each entry contains the pertinent
bibliographical data, notes the availability of the document, and lists
a set of descriptors (that have been assigned from the thesaurus, and
which index the entry). Most entries also contain an abstract. Upon
publication, the "Geopressured Thesaurus" contained more than 2800 terms
and references. Both of these publications are currently available from

the National Technical Information Service.
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Subsequent to publication of the bibliography, all activities
required for publication of an updated, revised, and expanded second
edition have been pursued by the GGIS staff. As of December 31, 1981,
there were 202 new bibliographical entries to be included in the second
edition, and several new terms had been added to the thesaurus.

Some industry interest has been generated by the publication of the
bibliography, as the GGIS has handled several requests for information

from private industry.

2.4 Services to Other Users
The GGIS provided the following services during the preceding

contract year: |

1. Digitized numerous maps and well logs for the Bureau of Economic
Geology and the Department of Geological Sciences.

2. Provided a magnetic tape containing a 1isting of names and
addresses in the GGIS mailing list to Lou1siaha State University.

3. Provided color graphics plotting routines to other projects
sponsored by the Center for Energy Studies and the Department of
Petroleum Engineering.

4. Provided computer 1istings of the "Geopressured-Geothermal
Bibliography" to several private companies who requested that

1isting.
3.0 REFERENCES
1. Hill, Thomas R., Sepehrnoori, Kamy "Summary of LOGDEX Data Base",

University of Texas at Austin, Center for Energy Studies, 1981.
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4.

5.

6.

7.

8.

9.

Reference for Figure One

Frame 1 Frame 2 Frame 3
Frame 4 Frame 5 Frame 6
Frame 7 Frame 8 Frame 9

Thermal distribution map at the top of the geopressured zone in the
Brazorié Fairway, Brazoria and Galveston Counties, Texas.

Thermal distribution map at the top of the geopressured zone in the
Brazoria Fairway, Brazoria and Galveston Counties, Texas.

Three dimensional perspective view of the thermal distribution at
the top of the geopressured zone in the Brazoria Fairway, Brazoria
and Galveston Counties, Texas.

Plot of pressure versus depth for Brazoria County, Texas.

Plot of temperature versus depth fqr Brazoria County, Texas.
Initial reservoir condition for reservoir simulation study of the
Austin Bayou Geopressured Reservoir Study, Brazoria Country, Texas.
Reservoir condition after one year for reservoir simulation study
of the Austin Bayou Geopressured Reservoir Study, Brazoria County,
Texas.,

Reservoir condition after ten years for reservoir simulation study
df the Austin Bayou Geopressured Reservoir Study, Brazoria County,
Texas., |

Reservoir condition after twenty years for reservoir simulation
study of the Austin Bayou Geopressured Reservoir Study, Brazoria

County, Texas.
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8. STUDY OF LOG DERIVED WATER RESISTIVITY VALUES IN GEOPRESSURED-
GEOTHERMAL FORMATIONS
The following progress reports have previously been submitted to

the Department of Energy.
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PROGRESS REPORT #13, MARCH 1981

STUDY OF LOG DERIVED WATER RESISTIVITY DATA IN

GEO2 FORMATIONS

SUMMARY :

We have obtained recent test data from Houston 0il and Minerals Prairie
Canal #1, Calcasieu Parish, La., and have added this as test #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. The two branches of this curve do
appear to be correlateable with geologic age, confirming our guess of last
month. All points on the upper branch of the curve are lower Frio and younger,
all points on the lower branch are lower Frio and older.

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 III {#1 well as an example. At
this meeting I was requested to summarize my recommendations for calculating
the formation water salinity from the S.P. in geopressured wells drillied with
lignosulfonate muds. This was done, and reported to Westhusing in a letter
dated April 1, 1981 (attached). Using &he method outlined, we should be able
to calculate the water salinity within - 21 000 ppm std. dev.

At the same meeting, Prof. Zaki Bassiouni of the Petroleum Engineering
Dept. at L.S.U. outlined a new method of calculating the formation water
resistivity from the S.P. He had applied this to a set of water data from a
rather limited area of S. Louisiana with good results. We plan to apply his
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 #25, Houston 0il and Minerals Prairie Canal #1, Calcasieu 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-
porteg 42,500 ppm T.D.S. (Ben Eaton) implies a water resistivity of ,045 @ M
@ 264 F well temperature, if the 42,500 T.D.S. is all NaCl. The 264 F well
temperature at test depth was obtained from the observed well temperature at
total deptg of 15,658' of 282° F, using an assumed temperature gradient at
depth of 2 F/100 ft. (Only one log run was available). The results of the

.calculations are shown in Table 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.

Additional work on the salinity corfection'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 testd 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. (See attached letter to Westhusing, dated April 1, 1981). This is
self explanatory except for a comment about the "final" correction referred
to in the letter. After making the salinity correction basegvon geologic age,
I expected that the salinity values would scatter about & 45  line when
plotted against true salinity, and was surprized when they did not. (See Fig 3
of the letter). Since there still appeared to be a systematic difference be-
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. Fig. & shows the scatter of Sglin-
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.

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 measure 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. api

April 7, 1981
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TABLE 2

MEASURED & S.P. DERIVED WATER DATA FROM

2

GEO™ RESERVOIRS

Sand  |Well |Mud  |Meas. Rw |Calc. Rw SP |Calc. Rw SP |Calc. Rw 5P| —rud Type
Test Well Location |Depth Temp |Dens. [at Well (Header) (Gen 7) (Curve) Header | Basic
# Name (Ft.) °F |#/Gal |Temp @ M QM QM QM Data
25 |Houston | Calcasieu }|14,775- 264° [17.3 |.045 .045 .039 .021 Ligno. | Ligno.
0i1 Parish, 820 '
Prairie | La. 2
Canal #1
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DEPARTMENT OF PETROLEUM ENGINEERING
AUSTIN, TEXAS 78712

Petroleum Engineering Building 211
AreaCode 512 471-3161 April 1, 1981

Mr. 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, | have done
additional work on the age correction plot we discussed there, and have
also included results from the Houston 0il and Minerals Prairie Canal #1,
which was not previously available to me. The results are shown in the
attached tables and graphs. Based on the 16 deep hot wells using ligno-
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. We have four tests with salinity between §300 and 42,500, with
standard deviation in % calculated salinity of + 69%.

The high % error in calculated salinity for low values of true salinity
is reasonable when we consider the error in calculated salinity in ppm, and
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 is
a replot of Figure | from 6th Progress Report)
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Keith Westhusing
page 2
Aprilt 1, 1981

(2) Rwl at formation temperature is obtained using conventional
calculation techniques, (as outlined in my letter to you of

February 26, 1981 with example calculation for FA Godchaux
1T #1 well.)

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

(4) *'Age" correction is applied to salinity | to obtain salinity 2
using Figure 2. This is a slightly modified version of the
salinity correction chart attached to my letter to you of
vFebruary 26, 1981. The additional point for the Prairie Canal
well has been added, and the curves for the upper branch

(tower Frio and younger) and lower branch (lower Frio 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 is 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 Imco data reviewed in Progress Report 12 are considered.
These errors in Rm can and do exceed 100%, 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, .

WS unl)

H. F. Dunlap
Adjunct Professor

cc: Myron 4. Dorfman/Chairman Petroleum Engineering,U.T.
Ray Grzgory/Bureau of Economiclpealqug u.T.

Raymond H. Wallace/U.S.G.S.
Zaki Bassiouni/L.S.U., Petroleum Engineering Dept.

.N.R., LA, !
Don Bebout/D ﬁﬁf
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. Table |
Data for Salinity Calculations in Deep Hot
Drilled with Lignosulfonate Muds

Wells

. Salinity 3
Test # Well Name & True Salinity  Salinity 1 Salinity 2 Salinity 3 minus
Location PPM PPM PPM PPM True Salinity
PPM
1 F.F. Sutter 2; 150,000 180,000 173,000 192,000 +42,000
St. Mary's Parish
Louisiana
2 Beulah Simon 2; 92,000 125,000 100,000 91,000 -1000
Vermilion Parish.
Lovisiana
3 E. DelCambre 1; 130,000 150,000 132,000 140,000 +10,000
) 12,575' Vermilion
Parish, Louisiana
4 E. DelCambre 1; 110,000 145,000 125,000 130,000 429,000
12,880 Vermilion ‘
Parish, Louisiana
Pleasant Bayou 2;
5 14,650 ;
Brazoria County Tx.; 130,000 85,000 120,000 123,000 '-7,000
) Pleasant Bayou 2; 110,000 80,000 105,000 105,000 -5,000
15,585'; Brazoria »
County Texas
7 Exxon Fee 80; 130,000 140,000 120,000 123,000 -7,000
Vermilion Parish,
Louisiana ,
1
8 Bentsen Bros. C-1; | 190,000 95;000 162,000 180,000 10,000
11,950; Hidalgo Co_
Texas
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Bentsen Bros. C-1;
12,070; Hidalgo
County Texas

150,000

100,000

180,000

202,000

+52,000

10

Phillip Gardener
#1; Brazoria County,

Texas

73,000

110,000

80,000

73,000

12

Exxon Armstrong 46;
Kenedy County,
Texas

98,000

125,000 -

98,000

98,000 -

16

Humble Armstrong 2;
Kenedy County, Tx.

90,000

74,000

80,000

72,000

-18,000

22

Wainoco Girauyd 1;
Layfayette P. LA.

22,000

80,000

38,000

18,000

-4,000

23

.Lear Koelemay 1;

Jefferson County,
Texas

15,000

64,000

44,000

22,000

-+7,000

24

Riddle Saidana 2,
Zapata County Texas

9273

51,000

7,000

2000

-7,000

25

Houston 0il Prairie
Canal 1; Calcasieu
P. LA.

42,500

115,000

83,000

75,000

+33,000
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PROGRESS REPORT #9, Nov. 1980
"STUDY OF LOG DERIVED WATER RESISTIVITY DATA
IN GEO? FORMATIONS"

SUMMARY: We have begun experimental work using the borrowed equipment
and supplies, but the material ordered in early November has not been

obtained as yet. Red tape requirements for multiple bids, etc. would

greatly interfere with efficient prosecution of the experimental work

if we had not been able to borrow equipment.

Tests run on low and high density muds indicate an increase in mud filtrate
viscosityby a factor of 1.2 to 1.5 relative to water viscosity for low
density "standard" mud, but no increase in filtrate viscosity was observed
for the high density standard mud, nor for the lignosulfonate muds tested,
whether low or high density. We don't understand this, but have too little
data to generalize as yet. Test of a .57% mixture of chrome lignosulfenate
and water showed no increase in viscosity over water viscosity, so what-
ever is increasing the filtrate viscosity is probably not lignosulfcnate
alone. Tests of bentonite-water slurries showed viscosity increase over
water viscosity of about 3% for a %% bentonite slurry, and about 177 for

a %% bentonite slurry. We are encouraged that some of the filtrates
studied show a significent increase in viscosity, but we certainly don't
understand everything that is going on here as yet.

We have thought of another effect which undoubtedly affects our calcula-
tion of water resistivity, and which would tend to cause calculation of
too salty a formation water, as was the case for tests 23 and 24, the
Koelemay and Saldana wells reported last month, Most deep hot wells are
drilled with caustic treated muds, with pH ranging from 9 to above 12.5.
The effect of the OH ion in high pH muds 1is to cause an overestimation
of filtrate salinity, and hence an overestimation of formation water
salinity. This can be seen by referring to Fig. 1 (chart Gen-8 in the
Schlumbergerchart book). This chart shows OH ions to be 5.5 times as
effective in carrying current as Cl ions. The result is that in 13 pH
mud, for example, the NyC; concentration estimated from a resistivity
measurement is too high by 9350 ppm; for a pH 12 mud, the error is

935 ppm, etc. The solution may be to measure the Na ion activity
directly in the mud filtrate using a specific ion electrode of the type
developed by Orion, rather than deducing the Na ion activity from a
resistivity measurement.

DISCUSSION: We set up the borrowed equipment and began experimental work

last month. We are still working some of the bugs out, but have made
some progress. Viscosity measurements, made with a capillary viscometer
of the Ostwald type, are reproduceable to t 3% for water. Resistivity
measurements, made with & Fann type, two electrode, bridge system are
usually reproduceable to a few %, but occasionally larger errors are
observed, probably due to bubbles in the resistivity cell.  These are
almost impossible to detect when opaque liquids such a&s mud are in the
cell, Mud density, and filtrate loss in the Baroid filter press, are
probably accurate to ¥ 5%. Temperatures are read to * %°C.
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Page 2

Experiments have been carried out on low and high density 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 lab quantities, this converts to

20 gm bentonite/350 CC water, etc. The density of this mud is about

8.7 pd/gallon. The pH is about 11, and the resistivity is 1.6 -

1.7 QM @ 20°C for several mixes of this recipe. A dense "standard" mud
is made from this low density mud by adding 452 gm barite to obtain a
density of 16.2 pd/gallon.

A lignosulfonate mud was made using 15 gm bentonite /350CC water, plus
25 gm low yield clay, 2 gms chrome lignosulfonate (Spersgene) 4 gms
lignite, and .8 gm N,OH. This gave a mud of density 8.9 pd/gal. A
dense lignosulfonate mud was obtained by adding 450 gm barite which
yielded a mud of density 16.2 pd/gallon. We will call these muds

type 1, 2, 3 and 4 respectively.

Tests were run on these muds as outlined in Table 1. Repeat tests were
done on separate mixes of muds 1 and 2, which showed some variation.
The resistivity variation may be due to the presence of bubbles in the
resistivity cell on certain tests. We are uncertain of the cause of
the other variations.

The only mud to give a filtrate with viscosity greater than water was
#1, the low density "standard" mud. This was surprising, as we had
expected the high density lignosulfonate mud to show this effect. To
check further on what might be causing the viscosity increase, we made
up a slurry of .57% chrome lignosulfonate (Spersene) in water and
measured the viscosity. It showed no increase relative to water. We
also made up two slurries of bentonite and water, one at %% and one at
4% bentonite concentration. These showed viscosity increases of 3%
and 177 respectively, relative to water.

It is possible that mud type 1 shows the observeg}%iggggity increases
of 207 to 50% relative to water due to bentonite passing thru the
filter paper. We will do further work on this using finer filter
paper. We also plan to carry out additional tests using lime and gyp
base muds. :

An effect which would lead to overestimation of formation water salinity
may be important in high pH muds (pH of 12 and above). Referring to
Fig. 1, which gives data for converting various + and - ions to
equivalent amounts of Nat+ and Cl™ions, we see that the OH™ ion is 5.5
times as effective as the Cl™ion in carrying current, when both ions

are measured in ppm. For a mud of pH 12 the OH™ ion concentration is
10~2 mol/liter, or .01(17) gm/liter = 170 ppm. This much OH™ ion is the
equivalent of 5.5(170) = 935 ppm C1~ ion. We interpret the resistivity
data usually assuming a N,Cj sdlution, and for this assumption, we see
that the high pH results in too low a resistivity for the mud filtrate
(too salty a mud filtrate), which gives too salty a calculated formation
water when the incorrect filtrate salinity is used in the calculation.
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TABLE 1

LAB TESTS ON DRILLING MUD

MUD FILT.
#/gal QM M VIscC.
MUD MUD MUD MUD MUD o
TYPE DESCRIPTION DENSITY RES @ 20°C FILT. RES. @ 20°C WATER VISC.
1 Low Density 8.7 1.6 » 1,7 1.6 + 2.0% 1.2 » 1.5
"standard" :
2 High Density 16.1 + 16.2 1.9 + 2.1 1.0 + 1.3% 1.0
"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

% Reéistivity data probably high for some tests due to air bubbles in cell.

MUD pH

11

Page 3

MUD WATER LOSS
FILTRATE pH CC/30min
11 C11.5 » 12
9 15 + 30
(o)
w
- 12



w

Page 4

As an example of this effect, consider tool #12, Exxon Armstrong #46,
log run #4 from 10,710 - 13,054, where the mud pH was listfd as 12.7.
This pH would correspond to an OH ion concentration of 10~ = ,05 mol/liter,
or .05 (17) gm/liter = 850 ppm OH™ ion concentration, which would be
equivalent to 5.5 (850) = 4675 ppmCl™ ion concentration. The header
RMﬁ value shown for this well was .2560M @ 75°F. This is equivalent to

aC1 concentration of about 24,000 ppm. According to the above

'analysis, this salinity is high by 4675 ppm, and the correct value

should be 19,325 ppm. 1In this case, the salinity error due.to the high

pH of the mud would belg6;gs = 24%. A similar analysis applied to test

1 .
#10, Phillips Gardiner #1, log run #3 from 11693 - 11806, where the mud
pH was listed as 12.2, indicates a salinity error due to high pH of 23%.
The error is about the same as before even though the pH is lower here
because the Ryp value for the Gardiner well was .62QM @ 88°F, consider-
ably larger than for the Armstrong well. In general, the. error will
depend on both the Ryp and pH values, but for practical cases, errors are
not likely to be very large for pH values smaller than 11 to 12.
(See Figure 2).

The two wells reported last month where calculated formation water
resistivity was too high had mud pH of 10.5 (for Lear Koelemay test)
and 11.5 (for the Riddle Saldana test). This effect will not explain
the test results in these two wells.

AN nlef

;Dc;c,é})l%o
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- Schlumberger :

RESISTIVITIES OF SOLUTIONS?

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 ppm (mg/kg) to

. find weighting multipliers for the various ions present. The concentration of each ion is multiplied by its

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
Na plus Cl.

Total solids concentration is 460 + 1400 + 19,000 = 20,860 ppm.

Entering the chart below with this 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 + 19,000 X 1= 20,000 ppm.

Entering the NaCl Resistivity-Salinity nomograph (Gen-9) with 20,000 ppm and 75°F (24°C), the
resistivity is found to be 0.3 at 75°F.

o Li(2.55% OH(5.5)*
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Progress Report # 10, December 1980

Study of Log Derived Water Resistivity Data in Geopressured- Geothermal
Formation :

We have carried out a lab experiment which shows pretty conclusively
that we cannot explain the observed errors in calculated formation water
salinity on the basis of viscosity induced errors in mud filtrate resistivity.
A filter loss test carried out using a filter paper with a slit cut in it
showed that the first filtrate caught was 14 times as viscous as the rest of
the filtrate, yet there was little or no change in the resistivity:! We
tentatively explain this very surprising result on the basis of differences
in micro and macro viscosity, with the resistivity a function of micro
viscosity, and the measured viscosity (from flow through a capillary tube) a
function of macro viscosity.

The best approach to getting good -data now appears to be to abandon the
resistivity measurement for the mud and mud filtrate, and measure the Na* ion
directly using jon selective electrodes of the type developed by Orion Research
Inc. We are encouraged by some preliminary results obtained using borrowed
equipment. Tests on mud filtrates from laboratory muds show that directly
measured Na* ion activity is 1.6 to 1.7 times greater than Na* ion activity
inferred from resistivity measurements. This is in the right direction, and
is nearly large enough an effect to account for the 100% errors in calculated
formation water resistivity we have observed. We plan to continue to explore
the use of ion selective electrodes for direct measurement of ionic activity

in muds and filtrates.
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DISCUSSION:
We have carried out a crucial experiment which shows that the viscosity

hypothesis we had formulated is not capable of explaining the errors we have
encountered in calculating formation water resistivity from the SP. We carried
out a standard filtrate loss test with type 1 low density mud using a filter
paper with a 1 cm long slit in it made with a razor blade. The filtrate was
cqught in two batches--the loss in the first minute and the loss in the last

29 minutes were kept separate. Total loss was about 20 cc, with 9 cc lost in
the first minute. The viscosity of the first minute filtrate lost was 22.6 cp,
as compared to 1.6 cp for the last.29 minute sample. Surprisingly, the
resistivities of these two samples of filtrate were about the same, 2.3 to
240 M @ 200 C. The first filtrate sample caught undoubtedly contains more
clay and other materials than the second sample, which accounts for the large
viscosity ratio of 14.

" The very surprising result of essentially no change in resistivity
accompanying this large change in viscosfty may be explainable as follows.
The resistivity is certainly affected by viscosity 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 Sixth Progress Report, August,
1980, showing how closely the resistivity vs temperature and viscosity vs
temperature for brine solutions agree.) However, it may be possible for
viscosity on the macro scale, as measured by flow through a'capi11ary tube,
for example, to be affected by a relatively few large molecules and clay
particles, and still not affect the micro viscosity very much (as seen by
ions in solution).' This may be what is happening here. We plan to do some
additional experiments with sugar and starch solutions to check this concept.

For whatever reason, however, the above experiment séems pretty con-
clusive in ruling out viscosity changes in the mud filtrate as a primary
factor in explaining the error in calculating R, from the SP log. We now
believe that the best approach is to measure the Na* ion activity directly
in the mud filtrate, using a specific ion electrode of the type developed by
Orion. This would avoid complications in relating onic activity to
resistivity, and would also measure directly the variable invo]ved in the

SP equation,
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0 Na ion Act. MF

" The equation usually used,

RMFE
5.S.P. = K log;, I (2)

assumes that the "effective" water and mud filtrate resistivities are
inversely proportional to the respective Nat ion activities. If we measure
the Nat ion activity in the filtrate directly, we no longer have to make
this assumption, and can calculate the Na* ion.activity in the formation
water from equation (1). The calculated activity should lead directly to
an "effective" water resistivity, Rwe, and thence to Rw (See charts SP 1
and SP 2, Sch1umberger Chart book, reproduced here as Figures 1 and 2).
This approach also automatically eliminates errors due to high pH muds,
discussed in the last progress report.

We have made a few measurements on Na* ion activity in standard
. solutions of various pH values, and in mud filtrates from some of the
standard muds we have made in the laboratory. Borrowed equipment was used
in these tests.

~ Figure 3 shows Na® ion activity vs ppm Na in solution using a range
of NaCl brine solutions. The pH 6 data was obtained using tap water, the
pH 11+ data was obtained by adding NH40H to the various solutions. For
interesting values of Na* ion concentration (above a few hundred ppm) we
see there is no affect of pH over this large range of pH 6 to 11+, which is
a factor of 10° in OH™ {on concentration.

Figure 4 shows how Na* concentration in several mud filtrates as
estimated from resistivity data relates to Na* fon concentration as estimated
by the Orion Na electrode, and by atomic absorption analysis. (The last
method includes not only jonic Na*, but all Na, dissolved or undissolved,
jonized or not ionized.) We see that in all cases the Na* fon concentration
is least by the resistivity estimation. In the region above 2000 ppm Na*,
the alternate methods give Na* fon concentrations that are 1.6 to 1.7 times
as great as the estimate made from resistivity data. This is in the right
direction to explain the usual error in calculated formation water salinity

66



(calculated salinity too low), and is nearly as large a difference as some of
the errors we have observed. We are encouraged by these inf¢ial findings
and will continue to explore use of Na* fon selective electrodes for our

application. ‘
H. F. Dunlap
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t. Preferably determine SSP from a thick, homogeneous bed using the shale base line from a good adjacent shale. 1f necessary
correct the SP for bed thickness and invasion to get SSP (Chart SP-3). Determine formation temperature. (Chart Gen-6

may be used if necessury.)
2. Example of use of Chart SP-1: SSP = - ' mv, T = 300°F, Find from Chart Rare/Rwe = 7.3,

3, For predominantly sodium chloride mu&s determine Ruve 83 follows:

a. If Raeat 75° is greater than 0.1 ohm-m, correct Ray 1o formation temperature using Chart Gen-9, and use
Rita TO8IRu1. O
Dl e an 78 fesa ihan 1 ohmem vse Chast SP-2 to derive a value of Rm/ at formation temperature.

For other muds, sec remurks on next page.

4. Using results of steps 2 and 3, compute Reo
tion temperature.

=6§.:./(R..../R..). Go to Chart SP-2 for conversion of R.. to R . at fouma-
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Use the solid lines of this chart for predominantly NaCl waters. The dashed lines are approximate for “aver-
age” fresh formation waters (where effects of salts other than NaCl become significant). The dashed portions
may also be used for gyp-base mud filtrates.

Example: k.. = .025 at 150°F. From chart, R, = .037.
Special procedures for muds containing Ca or Mg in solution arc discussed in the reference.* Lime-base muds
usually have a negligible amount of Ca in solution. and may be treated as regular mud types.

*Gondoain, M., Tixier. M. P., and Simard. G. L.; “An Expcrimenml Study on the Influence of the Chemical
Composition of Electrolytes on the SP Curve,” Journal ggPetroleum Technology. February, 1957.
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PROGRESS REPORT #11, JANUARY, 1981
"STUDY OF LOG DERIVED WATER RESISTIVITY DATA
IN GEOZ FORMATIONS"

SUMMARY: Experiments using viscous solutions made-with -Xanthan gum, a
high-molecular weight polymer, and with glycerol, a much 1ower molecular
weight material, have been conducted. These support the hypothesis out-
lined last month - namely that high molecular weight viscofiers can affect
the viscosity as measured by capillary flow without appreciably affecting
the "micro viscosity" influencing the mobility of ions in solution, and
therefore, without affecting solution resistivity.

Data have been obtained from Imco Services, a subsidiary of
Halliburton, showing'mud resistivity, temperature; and density measured
continuously as the well is drilled. These are being analyzed at present
and will be reported in detail later, but it is obvious that large
variations in mud resistivity occur over fairly small time intervals.

We have developed a new concept which may explain some of our results.
Overtreatment of muds with thinning agents, such as lignosulfonates, will
lead to an excess of lignosulfonate in the mud, and therefore in the mud
filtrate in the invaded zone. The lignosulfonate will tend to adsorb on
the shales bounding the sand above and below. The hypothesis is that
this adsorbed lignosulfonate (or other mud treating agent) will inter-
fere with the Na+ ion transport property of the shale, and therefore
reduce the observed SP in the well opposite this sand. The lower
observed SP would result in a lower calculated water salinity, in agree-
ment with most of our data. If this hypothesis is correct, it would
imply that not all lignosulfonate muds would show the reduced SP - just
those which have been overtreated (perhaps the majority of muds).

‘ To check this hypothesis we plan to carry out experiments similar
to'those reported by Mounce and Rust in 1944. They set up a doughnut
shaped cell divided into 3 compartments by porous unglazed porcelain
membranes. One compartment was filled with shale, one with salt water,
and one with fresh water (representing the mud filtrate). We plan to
check the effect on the cell potential of various mud components (such
as lignosulfonate) when added to the fresh water section. If our
hypothesis is correct, the cell potential would be substantially decreased
wnen materfal is added that interfereswith the ability of shale to trans-
port the Na¥ ion. | -T2 |




Rrogress Report #11, January, 1981
Page 2.

We have built a cell and made some preliminary measurements but
have no reliable data yet.

The Tab work has been transferred from the Balcones Research Center,
about 10 miles off campus, to the Petroleum Research Building on campus '
in order to improve work efficiency. We still have not received much
of the equipment ordered last November 1st. '

DISCUSSION: Following up on the hypothesis outlined last month, we

have carried out experiments which support the idea that "macro viscosity,"
as measured in a capillary tube, can be quite different from "micro
viscosity," as measured by ionic mobility, Viscosity of mixtures of
Xanthan gum and water varying 14 fold as measured in a capillary vis-
cometer showed no change in resistivity over this viscosity range.
Glycerol-water mixtures with an equivalent viscosity variation were

shown by our data to be accompanied by an 8 fold variation in resistivity.
Ne attribute these results to the high molecular weight (about 108) and
small concentration of the Xanthan gum used (up to .15%), as compared

to rather low molecular weight, (92) and large concentrations (up to

70%), of glycerol used. The few, but large molecules of Xanthan affect
the capillary viscosity, but do not appreciably interact with the ions.
The much more numerous glycerol molecules can and do affect the {onic
mobility, and hence the resistivity, as shown by the results in

Figure 1.
We have obtained considerable data on the variation of mud resistivity

in drilling wells from Imco Services, and from Anschutz Corporation, both
at Houston, Texas. This involves data obtained by Imco's on site
"Commander" service, which measures many variables continuohsly as the
well is drilled, including mud‘weight; temperature;resistivity, etc.
Data were obtained from 10 Gulf Coast wells, all using lignosulfonate
muds, A typical plot of mud resistivity (corrected to 75°F) vs. depth
over about 1,000 feet distributed from 8,600 to 10,200 ft. in one of

the wells (#3) shows resistivity decreases erratically from about 3 oM to
1.75 oM (about 42%) while the mud density rises from 9.6 to 10,6 pds/gal.
See Figure 1. About 9. days wereyrequired to drill this interval, and no
major mud changes were recorded. ‘
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Progress Report #11, January, 1981
Page 3.

It is obvious that a mud (or mud filtrate) resistivity measurement
made at 10,200 ft. would be badly in error if used to represent the mud
(or filtrate) in the hole when dr1111ng the .8500 + 9800 ft. interval in
this well. We plan to analyze all of these wells to get an idea of the
expected variation in mud resistivity.

A recent papeflgIVIng salinity data comparison obtained from uphole
and downhole mud resistivity measurements shows variations of 50%

(down hole data saltier than up hole data after correcting for
temperature difference), The authors do not explain'the difference
other than to say they are surprising, Such differences, if real,
would obviously affect SP derived water resistivity.

The Anschutz Corporation has generously provided us complete data
and'logs on one of their deep, hot wells, the G. C. Cannan #1,

Brazoria County, Texas, T.D, 16030'. We hope to get considerable
information from review of this well,

The experimental work has been moved from the Balcones Research
Center, about 10 miles from the main University of Texas campus, to the
Petroleum Engineering building on the main campus. It had become too
inefficient to travel back and forth, especially for the half-time
research assistant, who has to work an hour or two at a time, as dictated
by his course schedule. We are pretty well set up in the new lab ‘now,
and obtained the data shown in Figuré 1 at our new location.

A recent paper2 describing lignosulfonate action in "thinning" muds
has Ted to a new concept which may explain the errors we have observed
in calculating formation water resistivity from the S.P. Briefly, the
paper points out that many Tignosulfonate muds are treated with an excess
of this material. In such cases, the filtrate lost when sands are
drilled (spurt loss) will contain excess lignbsu1fonate, which will tend
to adsorb on the shales which bound the sands above and below. Me
sneculate’that this adsorbed layer w111‘inferfere’with (decrease) the
shale's ab111ty to selectively transmit the Na* {on, and so reduce the
~ observed S.P. If this does happen, it would cause us to calculate too
fresh a formation water,’injagfeement with most of the data. We further
speculate that the lignosulfonate will also reduce the ability of
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Progress Report #11, January, 1981

Page 4.

membranes used in ion selective electrodes to transmit the chosen ion,
so that Nat activity measurements of the mud filtrate may still give a
good measure of a mud filtrate property which can be used to calculate
correct formation water resistivity from the SP.

To check this hypothesis we plan to set up a doughnut shaped cell
of the type used by Mounce et. al. in their classic experiment reported
in 19443 (See Figure 3, which includes a sketch of Mounce's cell.)

We will test our hypothesis by measuring the effect of various mud
additives such as lignosulfonate to the fresh water portion of this
cell. We have made some preliminary measurements using a cell we have
constructed, but have no reliable data to report as yet. We are having

trouble with electrode drift. !

H. F. Dunlap, February 9, 1981

References:

(1) L. H. Robinson Jr. et. al., "Exxon MWD Tools Yield Unexpected
Downhole Data," 0i1 and Gas Journal, April 21, 1980, pp. 86-95.

(2) R. V. Lauzon et. al., "Zeta Potential Can Help Optimize
Lignosulfonate Treatment," 0il and Gas Journal, January 26, 1981,
pp. 188-202.

(3) W. D. Mounce et. al., "Natural Potentials in Well Logging,"
Trans. AIME, Volume 155, 1944, pp. 49-57.
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W. D. MOUNCE AND W. M. RUST, J&. $3

section is filled with shale. Section I is filled

.with fresh water. Section 1I is filled with

.salt water. The two sections are separated
by a permeable membrane. Current flows

Current

illustrated. If the water in the sand is more
saline than the mud, current will flow from
the shale into the drilling mud. Fig. 1¢
illustrates the corresponding potential log.
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direction of current flow will be reversed
and as & result the potential log will be
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PROGRESS REPORT # 12, February, 1981
“STUDY OF LOG DERIVED WATER RESISTIVITY DATA
IN GEO? FORMATIONS"

SUMMARY: We have obtained some lab measurements of shale membrane potential
using fresh Tower Cretaceous shale from a well in SE Montana at about 1300'.
A1l attempts to use "synthetic" shales made in the lab were unsuccessful,
gpparent1y due to the Tack of compaction. Lignosu]fohate additions to the
fresh water portion of the cefl did not affect the shale potential. This
does not suppart the "lignosulfonate overtreatment" hypothesis advanced
last month -(Progress Report #11). We will attempt to get other shales for
testing of this hypothesis in the lab.

At the request of Mr. Keith Westhusing, I have calculated the salinity
for two zones in the F. A. Godchaux III # 1 well using the SP (curve); and
the Rya (sonic) methods. The salinity appears to be well over 100,000 ppm
NaCl in both zones. (See attached letter to Westhusing dated February 26,
1981). Figure 1 attached to this letter shows an empirical salinity
correction curve I recently plotted which is quite interesting. The cal-
culated salinity values using the "curve" method fall into two groups,
shown inuFigure 1, as the upper and lbwer’branches of the "curve" data.
What is intéfesting is the wide separation of the branches, combined with
the good grouping of points along each branch. A1l the points on the lower
branch have mud weights > 15.9 ppg and well temperatures > 260°F. Except
for point (12), all the points on the upper branch fail to meet one or
both of these conditions. On the upper branch, six of the wells are from
Louisiana and four are from Texas. On the lower branch, all five are from
Texas. The two branches may reflect geologic age. We will investigate
this further. « ' '

We have plotted up some of the Imco data showing continuous measurement
of mud resistivity, mud weight, etc. in a number of drilling wells (See
Figures 4-13). These data show a wide short term variation in mud
resistivity (100% or more), combined with a general trend to decreasing mud
resistivity with well depth after correcting for temperature effects. The
general trend implies that the mud filtrate will tend to be fresher than
the mud at time of logging which would tend to reduce the observed S.P.
This effect would be superimposed on the erratic short term variation of
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mud resistivity, which might lead to increased or decreased observed S.P.
Overall, the situation is very complicated, and the outlook for accurate
calculation of water resistivity from the S.P. is poor if mud resistivity
variations of the magnitude shown by the Imco data are common.

Discussion:
Work with the doughnut shaped cell described in last month's progress

report (Figure 3, Progress Report 11) has continued. A1l attempts to obtain
a stable voltage reading with lead electrodes were unsuccessful, the slightest
scratch or scrape of the surface creating new drift even after the electrodes
were aged for-days. We have used Orion single junction reference electrodes
Model 90-01 with some success. These diffuse KC1 slowly through a porous
membrane to establish contact with the solution. Since the K* and C1- ions
diffuse at about the same rate, very little liquid junction potential should
‘develop at the electrode. These seem stable to one or two M.V. over a few
hours. Howéver, long term polarization of the electrodes (as much as 15 MV)
can apparently occur, as measured when both electrodes are placed in a beaker
of tap water. All such long term polarization effects have been subtracted
out of the data shown in Figure 2, which gives .the open circuit voltage
observed across a shale membrane* for about a week. The voltage was
‘measured using the Orion 90-01 reference electrodes and a Simpson Model 313
solid state voltmeter with an internal impedance of 11 megohms. The
voltage rises to its initial value of around 37 or 38 mv rather quickly (in
‘less than 15 minutes after filling the cell) and decays slowly as shown.

At about 149 hours both the fresh and salt water solutions were replaced, as
there appeared to have been some evaporation. The fresh solutions caused a
‘short term rise in voltage, but 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 with that of the Orion # 94-11 Na electrode behavior as
the salinity contrast across the membrane is varied is shown in Figure 3.
Presumably the Orion Na electrode has fairly good'Na+ ion transport
properties (54 mv/decade salinity change vs 59 mv/decade for a perfect
membrane). We see that our shale membrane is only about half as efficient
as the Orion membrane. Also, the shale membrane saturates rather badly at '
high salinities. This is not too surprising since the Orion solid state Na
electrode is carefully gngineered to selectively transport the Nat ion.

*This membrane was cut from a fresh shale core obtained from a well in S.E.
~ Montana, 1310', lower Cretaceous in age. All attempts to make "synthetic"

shales in the lab using bentonite, inert clay, and various salinity brines
were failures. 80
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‘change -in cell potential was observed. This result casts some doubt on

We tested the hypothesis outlined last month - i.e. - that an excess of -
Tignosulfonate in the mud and or mud filtrate would interfere with the Na*
ion transport ability of the shale, thereby reducing the observed S.P. With
the shale membrane cell set up with solution salinities of 1000 ppm and
100;000 ppm, .57% of Spersene (chrome lignosulfonate) was added to the
1000: ppm solutions. This is equivalent to about 2 pds/bbl of mud. No

the validity of the hypothesis. We hope to obtain other shales and repeat
the test, however. '

Mr. Keith Westhusing requested that we calculate water salinity in sands
A ©.15450-16,000 ft and B @ 14900-15275 ft in the F. A. Godchaux III # 1 well,
Vermilion Parish, Louisiana. We did this using both the SP (curve) method
and the Rya (sonic) method. See attached letter to Westhusing dated
February 26 for details. Figure 1, which is referred to in the letter,
deserves some additional comment. The good grouping of points on the upper
and lower branches of the "curve" data strongly implies some underlying
reason for this behavior. The séparation into high temperature (> 260° F),
and. dense mud (> 15.9 ppg) wells for the lower branch. and all ather wells into
the upper branch does not work all the time, since test # 12 (Exxon
Armstrong # 46), which has a mud weight of 17.9 ppg and a well temperature
of 304°’F, falls very nicely on the upper rather than the lower branch of
the curve. The best idea that I have at present is that the difference may
be related to geologic age. The upper branch of the curve contains all the
Louisiana wells, and the Texas wells on the upper branch have a shallower
average depth than the Texas wells on the lower branch; 12,250 ft vs.
14,340 ft. Note that all the wells on the lower branch of the curve are
from Texas, and these wells should be geologically older than the wells at
equal depth in Louisiana. I hope to be able to get more accurate estimates

‘of formation age on all these tests to follow up on this idea. Whatever the

reason, the correlation shown in Figure 1 ]ooké pretty good, and if we can
get a reliable method to assign tests to the upper or lower branch of this
correlation, we should improve the accuracy of the salinity estimate

considerably.
‘Note that both the upper and lower branches of the correlation seem to o !

converge at about 50,000 ppm calculated salinity for O ppm true sa]inity.
This would imply negative true salinity for calculated salinities
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< 50,000 bpm, which is, of cdurse, impossible. What must happen is that

~ =.oth the upper and lower branches of the correlation should rise sharply

<ron the'origin as true salinity rises from 0 to 10,000 ppm.

Work on the Imco data showing continuously measured values of mud
~esistivity, mud weight, etc. in a number of recent Gulf Coast wells
Zrilled with lignosulfonate muds has been both illuminating and discouraging.
we see from Figures 4-13 that the short term variations in mud resistivity
zre large (100% or more), that they do not always correlate with changes in

‘~ud weight, and that there. is é significant trend in most wells for mud

'esist1v1ty corrected to 75° F to decrease with depth. Finally, the value
of mud resistivity as reported by Imco was checked in several we]ls
against the header value of Ry corrected to 75% as shown on the electric
log (See Figures 7, 9, 10, 12). We see that these do not always agree. _
- A11 of the above operate to make accurate calculation of the formation
water §a1inity from the SP.log very difficult, if not impossible, par-
ticularly if the mud resistivity history as the well is drilled is not
available. This data is almost never available - and using it if it were
available would not be easy. The trouble is that if there is a significant
variation in mud salinity between the time the well is drilled and the time
it is logged, then the mud filtrate in the invaded zone will have a
different salinity than_the mud in the hole, and two electrochemical shale
cells will be set up - one corresponding to the salinity contrast between
the mud and the formation water, the other corresponding to the salinity
contrast between the mud filtrate in the invaded zone and the formation
watér. These may create a smaller SP- (as when the mud filtrate is fresher
than the mud) or a greater SP (when the mud is fresher than the mud filtrate).
The magnitude of the correction would be difficult to estimate accurately,
but the changes in S.P. should be quite significéﬁt for the changes in mud

resistivity shown in Figures 4-13.

When drilling new wells, one obvious conclusion is to change mud
resistivity (and salinity) as little as possible. between logging runs.

‘Monitoring the mud resistivity continuously is needed to be sure that this

is done. F1na11y, the differences sometimes seen between log header values
of Ry at a given depth and the imco values of Ry at the same depth require
that one of these is wrong. If the header value is wrong, then ca1cu1at10ns
made using the "curve" approach will also be wrong, since this approach
assumes that the header value of Ry fs correct. The inference is that we
should be very careful (obtain multiple mud samples for measurement) in
getting the Ry value entered on the log header.

H. F. Dunlap
82 March 4, 1981
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THE UNIVERSITY OF TEXAS AT AUSTIN
DEPARTMENT OF PETROLEUM ENGINEERING
AUSTIN, TEXAS 978712

Petrolenm Engineering Building 211
Area Code 512 471-3161 February 26, 1981

Mr. Keith Westhusing, Director
Geopressure Projects Office
Suite 8620, Federal Bldg.
515 Rust St.

_ Houston, Texas 77002

Dear Keith:

In reply to your letter of Feb. 14, 1981 concerning water salinity
calculations in the F. A. Godchaux I1II #1 well, I have calculated the
formation water salinity by several methods in sand A, from 15450-16000 ft,
and sand B, from 14900-15275 ft. The results and details of the calcula~-
tion, are shown in the attached appendix. I believe that the water salinity
in both sands is greater than 100,000 ppm, and that a "best estimate" of
the salinity from data available at present would be 140,000 ppm for sand A
and 115,000 ppm for sand B, bascd on SP calculations. Calculations from the
sonic log. (Rwa method) lead to substantially higher salinities, 180,000 ppm
for sand A, and 160,000 ppm for sand B, but these are not very reliable due
to the uncertain compaction factor correction, Cp, which must be used to
obtain correct porosity values from the sonic log.

I have discussed the S.P. calculations with Ray Gregory and his associ-
ates at the Bureau of Ecounomic Geology, and I believe we are in basic agree-
ment on this calculation. There is an unresolved temperature difference
between us which accounts for some of the difference in salinity results.

He chose to interpolate linearly between an assumed 70°F surface temperature
and well temperature at T.D. to get uphole temperatures at various depths.

I chose to use a temperature gradient of 2.4°F/100 ft. at depth to calculate
temperatures in the neighborhood of T.D. This gradient comes from tempera-
tures measured in the Exxon Fee #80 well (also in Vermilion Parish) at depths
of 13984 to 15960 ft. The best way to get the uphole temperatures in the
Godchaux well would be to obtain a temperature gradient for this well, using
temperature and depth from the next shallower logging run, but these data
were not sent to either Gregory or me. Gregory also did not have the sonic
log data, and so did not calculate the Rwa values and equivalent salinities.

In obtaining the "best estimate" SP derived values I used the "curve"
method where the mud filtrate resistivity is calculated from the measured
mud resistivity using the Kp factor for lignosulfonate muds read from Figure 1
of my Sixcth Progress Report (August 1980). The results are then further
corrected by using a second, salinity correction curve, attached to this
letter as Figure 1, which allows for the effect of formation water salinity.
This is a curve 1 have only recently plotted, and is strictly empirical, but
the data does seem to fall rather well into two groups-defining an upper line
where nearly all the points are for wells with temperatures < 260°F and mud
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Keith Westnusaiug
page 2
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weights < 15.9 p.p.g., and a lower line where all the points are for wells

with temperatures > 260°F and mud weights > 15.9 ppg. Only wells with ligno-
sulfonate muds are shown. Calculated salinity values for both "header"

data (RMF value read from log header) and "Curve" data (RMF value calculated -
from Kp curve, 6th Progress Report, August 1980) are shown on this figure.

We see that calculations using header data apparently give too low a calcul-
ated water salinity for salinities > about 40,000 ppm, and too high a calcul-
ated salinity for salinities lower than this. The lower branch of the "curve"
calculated salinity gives too low a value of salinity for salinities > sbout
70,000 ppm, and the upper branch of "curve" calculated salinity data gives

too high a calculated value for all salinities < about 200,000 ppm. The
Godchaux well data puts us on the upper branch of curve (mud wt. 17.8 pd gal,
well above the 15.9 ppg. limit, but well temperature for sand A = 259°F and

for sand B=247° F, which are both below the 260°F 1imit), In making this salinity
correction for sand A, for example, I entered the value of 160,000 ppm obtained:
from the "curve" calculation on the ordinate, and read the true value of salinity
from the abcissa as 140,000 ppm, using the upper branch of the "curve' data.

The "curve' value calculated for sand B was 140,000 ppm, which leads to 115,000
Ppm true salinity, again using the upper branch of "curve'" salinity correction.

At the moment I have no idea why the salinity correction shown in Figure 1,
works as it appears to - it is purely empirical. However, the grouping of points
is consistentenough to make me believe that the effect is real.

In summary, I don't think that the formation water in these two sands
could be as low as 75,000 ppm. The best estimate I can make is 140,000 ppm
for sand A, and 115,000 ppm for sand B.

Sincerely,
. F. Dun'

HFD/sma
Enclosures
cc: Dr. Dorfman and Ray Gregory
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Appendix: Details of Calculation

SP Method
F. A. Godchaux III #1 Well, Vermilion Parish, La. Sands A (15450'-15980')

and B (14900'-15275') Lignosulfonate mud, 17.8 p.p.g.; Header value of
Ry = .534 @ 68%F; R = .229 @ 70°F. Well temp. @ T.D. of 16000’ = 271°F.
S.P. in upper, "B" sand = 20 MV (note shale base line drift here) and in

 lower, "A" sand, SP = 32 MV. Take geothermal gradient from Exxon Fee 80

well (Test #7 in progress reports), also in Vermilion Parish, where there
are well temperatures of 285°F @ 15690 and 244°F @ 13984 ft., leading to a
temp. gradient at depth of. 2.4°F/100 ft. This gives a well temperature in
Codchaux well ‘@ 15000 fc. (Sand B) of 247°F, and @ 15,500 ftr. (Sand A) of
259°F.

Consider Sand "A": Ry ... = .229 @ 70°F = .0663 @ 259°;
.85 (.0663) = .056 oM @ 259°

RMFE Header’

= = o - 1]

RWE Header .056/2.1 .327 OM @ 259 (From SP-1, Schl. Chart Book, '72ed.)
= - T

Ry, Header .030 QM @ 259" (From SP-2, Schl. Chart Book, '72 ed.)

salinity(ﬂeader) =76,000 ppm (From Gen-9, Schl. Chart Book, '72 ed.)

KF = .15 (From Fig 1, Sixth Progress Report, Aug, 1980)

Ryr cupye - 15 (-151) = .023 M @ 259% Ryper . =.85(.023) = .020 QM
Rye. cupve = +02/2.1 = .0093 M @ 259°F (From Sp-1, Schl. Chart Book)

Ry curve ~ .017 OM @ 259°F (From SP-2, Schl. Chart Book)
Salinity Curve = 160,000 ppm (From Gen-9, Schl. Chart Book)

——l)
N

Sand "B": Ryp o, = .229 @ 70°F = .069 oM @ 247°F;
° _

RMFE Header ~ .85(.069) = .059 OM @ 24: F

RWE Header ™ .059/1.64 = ;036 M @ 247°F (From SP-1)

Ry peader - .037 @M @ 247°F (From SP-2).

Salinity (Header)= 66,000 ppm (From Gen-9)

Fal
A’

'KF = .15 (From Fig 1, Sixth Progress Reporct, Aug, 1980)
= .15(.158) = .0237 QM @ 247°F; Ryrk Cupve = -85(-0237) =
020 D @ 247°F; ,
e = .020/1.64 =..012 OM @ 247°F (From SP-1)
Curve o
Ry curve = +019 1 @ 247°F (From SP-2)
Salinity (Curve)= 142,000 ﬁpm (From Gen-9)

KAF Curve
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Rwa Method

What shall we use for CP = compaction factor, to correct for overestimation
of porosity ¢ by sonic log? Big uncertainty here. Atgp.j, considerably

> 100 us/ft., indicating need for Cp > 1.0. At 14,900 ft. and higher

At shale =130 us/ft.; at greater depths At shale slightly less = 122 us/ft. @

'15420-50 ft. for example. Assume F = '81/¢2; Atpaerix = 35.5 uﬁ/%t-. and

make calculation for Cp =1.,0; 1.1; 1.2; 1.3.

Sand A: Atgyng varies from 90-100 us/ft., use 95 us/ft. From Schlumberger

chart POR-3, we have porosicigs of: ¢ = 29.5Z if Cp = 1.0; ¢ = 27% if Cp = 1.1;
¢ = 24.5%-1F Cp'=~1.2 and ¢ = 22,57 if Cp = 1.3. Corresponding formation
factors (from Schlumberger Chart POR-1}) are F = 9.31; 11.1; 13.5; and 16.0.

The value of R, from deep induction log is about .17 M. (See sand streaks @
15512 -20; 15632-42; 15720; 15785-94; and 15930-36). For an Ry of .17 M and

F values as given above we get R, = R°/F values @ 259°F of: Cp = 1.0,

R,, = .0183 QM; Cp = 1.1, Ry, = .015 M Cp=1.2, R, = .0126; Cp = 1.3,

= .0106 M. These values of Ry, correspond to salinity values (using Gen-9)

Rya
of: 140,000 ppm; 180,000 ppm; 250,000 ppm, and > 300,000 ppm respectively.

Sand B: At 4 ranges from 105-110 ps/ft. See sand intervals @ 15230-35;

15020; 14933-43"). Assume Atgang = 107 ps/ft; Ry 2> .14 2, Temp. = 247°F.

Proceeding as for sand A, we find for various assumed values of Cp:

qp ¢ F Rua Salinity (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 fairly sure we need some Cp value greater than 1.0 in view of the
large Atghale values. Also, use of small Cp, values of 1.0 and 1.1 léads to
unreasonably high porosities in sand B. These considerations lead us to a
rather uncertain "best estimate" ofAsalinity for Sand A: Cp = 1.1, ¢ = 27%;
salinity = 180,000 ppm and for Sand B: Cp = 1.2, ¢ = 32Z; salinity = 160,000 ppm.

86




E #

L
—

viiin
\/

".Z?:'.s{'ﬂ.'s'*

Fa

R RECT]
IL'V(

e Y

RRTAL TS
IAS

Y

e

'l
]
T
- e
s e R

A1

N B i W mw\ ; lm doidedes Hlﬁl . -
I I IS B 15/ S SRR o I S S O T O i
T ST T g
vl B v 3
L o S B 3 N .. - -

! :r'N_.)

: ] .wll | .*.r..
- <Y v 7 -
11 - -3 = 4
~ R O kS I
NS Y R
OV W ? ln.n.. - :WIL;A
I»mlr.. . o X - R =5 -..4 ..m..,....,z.
— - m N HER
i =~ : T
! ! - OUO e SNy w . w... 3
I.MT e Sl
=t yas L
7. o

C20D

Tl

.I..-.....'-A“,\- po s R Rkt R X : e
- wrl-.. _F R g R R -
IR S O S UL W S SO i — IO MRV A
RENNE RSN AV 2 T DO A
" i ; ie
llu ..m..._. ! . ;..M..i. - w.. PR S S r .ur . . “. /r %D -~
e NN Y
— i lw.. deode ...,u.. R [ . RN : gt
— .=} S P ’ - vo/nl — - -4
i T I /1_ RN
- 4'."“' . bll.n.l 'M - T - .“ .- - _ -M — m s ..b - o A .'
I [ b - i n.n._
m FE ! : ; m ¢ . . 1>4) 3 .
rn..w..L - ..i..w e ,M.J. .. A .~ m m e ,.* - |/ s o i R l../l 1.
-- h...ln_ e ||. Ao A “ _ 1VHHmln—v b e /...a
.l_ - S S SRl G _ FREE R N A R A N B V N R /. . R
B VL N R R T \ QD ERA 0 i
| ol | pomt A 2.
oy ¢ 8] ~ A )
-1 1 T - aa)- et
TN SR Ll B S 2t o .WJ " by \‘ - - ..L.wllllJ —~ ,”. L + -"
TN DU SN G I S N I . Y] i B .... 4O1. ~ .
RSN Ll A Y N R T I S A
| =, 1 N WNEEE
f 7 N \ 1
e N N
) N, b
...... 1TrrTrrTre - .bcl |!||.J/l. .||.|.l.*..h.n —zm .v
] s . r T - [
S S I - - I I O A.:. P o M»ﬂ‘ﬂ“ap.m:wﬂ- «tJ“ A, M
: : X
p 5, INRECCRER

= "l/dd .\:_z:?w

ALY A

I N
-

43 LW1091

R SALINITY.PPU—>

WAT

i
F

£

E

K

"




N ..vﬂl.\” R U ke -y i3 " w v‘
o) : N ™
wESE=mE B =R
!. M | N A..,c,n._l. . b} ”
S T 11T &
I 3 | - ,
AT o Tk B L At G PP =L ~
L < , _. - £ w
. = 1 4 [
o MY CARn .
. T LoD
A ’.J«. . " m.. =4
L= B — - h - i) e o
- b 3 - - 1 m iz \ E o] B
r_l. /«a g ”... X . ot §
el == =k cdﬁ ol
w19 | Q-
. T~ i
L - 2 Ihs S o TIRN I ﬂ
NN S T 1 7
nu. x| 7= It sod. .
-I. -1 A - . ™ Pt N . - PYPR DY S .. -
: . 3 e —
. o | s 7] 8 v
| P LT Y : RN >
? T ) X5 .
: i { X : /.
N T T T ™. T
- S S S ﬁ# _
s o kgt SIS T doped 4 . 4 1 v
. TN by 5//
o] o . . /4_:- .ﬁ
! 4 v.].\,.w,‘w \ .11 |
ANAREA:EIN |
:KW A e - D
A AV R P iR \\_ .4, 3 i - - o
- " . . l.., ” .Ivhv.ﬂ..w |r—7 .. of . o o e A
RN \ “H
- S [ NV IR e et S OO KRN O " 1 s %
) \ n.ﬂ.-l -

20

1
| Bt

|
LI

60,

!L r_,;_-..‘.... :L 1

/]



i ' 7
it [y bl
{am Xttt g
[} €y
bill nd ) qQ
Al t Sun }
A it S
! in | p\
L) A i (.&” Xl °4 i -
) i w ; LY giiil .
N T f Ty 3 :
A.h.\. | w_ : ..w..!‘uu i
H A IKILHH : *
1 T i B “H IR T \
i _ I i HIA HIT¥* T -ﬂ
I _ § [
9 ! i ﬂ..#% : 4
_ . _ il T
; st N et r& $1+ T
f { f f} { “u.i .me. g T ..iru
3 - I i) ; q_. H HH
_ NG T e ¥ i =T TN
| 1 i + it -k -.A.v..l-.wl
r H _ i il Li .«.4 K —]_I_I.J%
) i N e
H i " I
A M 1 i H
nt tin 2L _ 1T : 7
3 L ! _ -k
- Y - v
] o .
b~ Fow d ¢
- i fi i .. w
Bng i ; :
I l
T b
0 ti i i Y
o it
1 t i
i i ;
i | i
[ i 1 T } m
i ! -f
b
Q0 i 1
it I ;
I i Py
! [
dHHH]
: | —
il ) :
] { i
i
it I f ___
- i3 L8y
- - i _ "
' i i __ |
il
| HI 1l m
] IR nig )
[ i
i ] i il
3 MK 1) i
- T
2 whe Yo o
= T & g I V10 Ny aavR <

DA A e R R T Y T



; ER PO 1. .
¥ rm ) HISKRI W NIAINBN S .
EPEX -u_?*-':aﬂf gl X q.‘;,R-H i i



A §1

1
16000

S iy g el

S ST A Y
el
‘<

;

i
o I
i

) 28°H

-+ =
ST
13 =
EE
ik
i

|

000

“

(L]



PR P W

-4
'

L]
i

T

;..».._..'t...-

\J

[¢]




]
H

RS

bt i

o

TN DI

My

nd

AL

ve

et
ox A

[t

AR S

‘

é-en

L}

]
B ke oot LSS P

.




Ry ] e U

3
“
L L .
i R
3. 4
1 i
i i
| H
- T
RIS T
B
+
i
e ad
H

oo ol o

'
el

N I N

1

¢

_‘
BN Ay
T e L
et by .3
' < %_/t

LN
og 14

; 5 %Q. =3 =
M ..Ml.-. )
\u

3y




N

S N

4@75'F ]

¥

FYTOY P

.
ANLL

{ye 4'\{

ald

Ne

-

\

¥ oWk ..%




(ode’) dianti 'y

E flbeelte

Y
.

.*.4 .
A ]
C _

W

K
P

i

|

ot yivd:

¥ P v

0\}[4«

A

ne

2 (2

[ DR S,
PO IDSU SR T S g L Y

- Q_e
s

oM

If

D

qz'o

&

% N
- N




13,060 -

t0

b

Vsl
oo
&

R,

0560

1,0

10,50

.i.._ [
+

1
3
' 1 R »
_{....."A.A-.!...... B R B R A2

‘/‘V,
y

i J“ ] “ lwu -
1 b Aol me .+ -~ b JM MU‘\-
; ; N i | { T { i <
...... '4.!. -.-.4! m‘ ’ .. P llﬁxcv.‘ “ — - —
[} . : ! } H |
s . !'.T.J_-..lll Lo - - m.. ok 7 !4” - ‘:.\l - -f:rm
- H .ot ! | [ -t
e s anfuoms B et e Bl ST s v e .
i “ ﬁ t ! i R - S
I | ! Py ! IR (N B 1 !
- ! ! A R 7 e
- Li e g .4.; 4 - . - i e o e -4 i P2t = i oo ool
v [ [ : ! [ ;
AI.W o b —ben . - 4.| & lq.V - - e - et - g bn {w -
-~ | Ly . L. T N W lll““ol%.”il
-t B Sl aths piitces SRl R -+ + !
~ 1 P i , P i ; 1 '
_ : H - — i “r w e Sikan rabh ol "G ;
1
M L
_ " 11 =<{
) " . i i |.ﬂ k
& ; ! :
{ i B . 1 B g - .
71 | A !
-~ i 4.1 PR N R i
- ! H ! m w
- r— ' :
{4 - L O I S _“ :
=g 3 T
= —y I _
T - } H N 1
: & 4 i L4 i i :
T > o S o ]
! . I . i
: A )N ” b oy T o j
- T ST e T _ ST
+e m | 11 oyt Am TS N M- ”_ R H B
; P SR SOV SR I SR S S U WU SN SN
¢ | / i g : ) { : H e D : “
— 4. ..Yh - — - - — - B - + - ¢ 3 ﬂl\l . T ]
TNIY RN _
T T T -t - |ml i [ oY 1
Ar@. H T N . . : “ wj., ]
H T . . H i i P -
S I Y Uy I FURSI TR SO VRO . U S S
: N YA R T~ '
. : by D PSRN SO TR SR SO R
JIOUE NS ISR LU~ SRR . -4 . pr—— S .¢ = .
' H . | m 1 _ 4 H h
b . g ef e d
i
——

'
PR WP I

_.,_I
AR

£en

o

+

'

é
anill sl Relid ERE Bl |

H

—ef b

- Jo,6e¢

o i i ; b

B DR R ¢ B i i -
I O - I LT O N AN I Y D Ot s
T L R |
P f i | _ T
] | v~

i
}
t

T——
! ;l. I SEY - S0 P
e
<1

951

fero

T

At
LIRS
i

e

-

-_i..-.q;....,.‘-.f

S SO

J e
5 ai_ﬁs L 1
3. 4 [N S T .
! ¥
T T i ' ] !
T .v. 4.. SRE S % 7 $- . -4 - s © o e E e Y .—— - -t . Iw! c g - ..
A o : ! , - . H
. : ! H : i ; } ' - . el - e e U
EREREREE AR e SRR | A T e v ; i ¢ ENE O
: HE | i | : :
i.. i . N b - ...—. s . R SR S -
i I

o

0o

]




M Rl ey B

o

I [l Wt

w1
en

17¢

— &-'en erhf

Fewv.




e st ol b

»

Progress Report # 14, April 1981

Study of Log Derivsd Water Resistivity Data
in Geo” Formations

Summary: We have applied Prof. Bassiouni's method of calculating water sal-
inity based on use of shale resistivity to the 16 wells in our data set which
were drilled with lignosulfate muds over a broad area of the Texas-Louisians
Gulf Coast. Results were not greatly different from those obtained using the
conventional method, with a standard deviation in both cases of about 69,000
ppm. The Bassiouni method usually predicts too low a salinity. The differ-
ence between these results and the good results reported by Bassiouni earlier
presumably arises from the much broader geographic and geologic coverage of
our data set. Bassiouni's earlier results were from data taken in a fairly
restricted area near Lafayette, La. and were mostly wells drilled with non-
lignosulfate muds, while our data set was for lignosulfate muds exclusively.

We haye also calculated the standard deviation between log header values
of R.m @ 75 F and the Imco (continuously recorded) values of R for 10 cases
in 5 wells for which we have these data. The standard deviatibn was 36%,
which is discouragingly high. We have no Imco data for RMF’ but the assump-
tion is that these variations would also be large.

We have put considerable effort into preparation of a paper, covering
the work of the past year on this project. This paper will be submitted to
Geothermal Resources Council for presentation at their 1981 annual meeting
at Houston, Texas, Oct. 25-29, 1981; and will also be presented at the Fifth

 Geopressured Geothermal Energy Conference, Baton Rouge, La., Oct. 13-15, 1981.

Discussion: Table 1 shows data and results obtained from use of Prof. Bass-
iouni's method when applied to our data set. As can be seen, calculated salin-
inites are usually too low. The standard deviation for this method turns out
to be almost exactly the same as for the convential method of calculating water
salinity from the SP, 68,500 ppm for Bassiouni's method vs. 69,000 ppm for

the standard method. Figure 1 shows a plot of calculated vs. true salinity for
our data set when using the Bassiouni method.

In telephone conversations with Prof. Bassiouni, I learned that most of his
data was for wells not using lignosulfate muds. This, plus the fact that his
data comes from a rather limited geologic age range and a limited geographic
area near Lafayette, La., may explain the difference in the results for the two

data sets.

In our data obtained from Imco on continuous measurement of in drilling
wells using a resistivity sensor installed in the return mud flow line, we had
opportunity to check log header values of against the Imco values of at
the same depth. There were 10 such checks possible, distributed through 5 wells.
(Some wells had more than one logging run in the interval for which we had con-
tinuous data). The data are shown in Table 2. The per cent differences in
RM values ranged from near zero to 70%, with a standard deviation of 36Z.

Figure 2 shows continuous values of Imco measured mud resistivity and den-
sity for a deep well in Brazoria County, Texas, along with log header values
of Rg, and depths at which E logs were run. If we connect the Imco values of
RM at the E log depths with a dotted line, as has been done in this figure (the
“general trend” line) we see a2 reasonable trend of decreasing mud resistivity,
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with no hint of the large and erratic variations in RM occurring between the
E log depths. If we calculate the difference between the measured values
reported by Imco, and the dotted trend line connecting the RM values at E log
depths in this and in the other wells where we have such data, we find a stan-
dard deviation of 32% between the continuously recorded Imco values and values
read from the dotted "general trend” lines.

We are in the process of preparing a paper covering the work on this
project during the past year, and will include a draft of the paper as an
attachment to our next progress report. We will present the paper at the
Fifth Geopressured-Geothermal Energy Conference at Baton Rouge, La., on Oct.
13-15, 1981, and will also submit it for consideration for the Geothermal
Resources Council meeting at Houston, Texas, on Oct. 25-29, 1981

H, F. Dunlap
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Table 2

Comparison of log header RH with Imco RM @ 75° F

A= 3=

Imco Log Header RM Imco A-B
Well # oM i OM A
2 .59 | .48 .19

" .61 .20 .67

4 .86 .90 -.05

i 1.12 1.32 -.18

" 1.15 1.25 -.09

6 1.55 1.04 .35

7 .89 .70 .20

9 .96 1.35 -.39

" 1.25 1.95 -.70

! 1.20 1.45 -.25
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Progress Report #f 15 ~ May 1981
Study of Log Derivsd Water Resistivity Data
in Geo™ Formations

Summary: We have completed preparations of a paper reporting the research

on this project during last year. A copy is attached. We olan to present
these results at the DOE/Industry Geopressured Geothermal Energy Forum at New
Orleans, on June 17, as well as at other meetings mentioned in last month's
report.

We have calculated the standard deviation, o, of calculated water salin-
ities for the 9 cases of non-lignosulfonate muds in our data set using the
Bassiouni method, the,Gen. 7 method, and the "K_".method. These are: Bags-
iouni: 0 = 25,6 x 10° ppm; Gen. 7: 0 = 29.7 x 10° ppm; K.: 0 = 15.7 x 10" ppm.
The geologic age correction useful in the KF calculation for lignosulfonate

‘muds is not helpful for non-lignosulfonate muds. Note that all these methods

give standard deviations not too different from the value of 21,000 ppm for

the lignosulfonate muds after applying the geologic age correction for the lig-
nosulfonate mud tests. They are much smaller than the 70,000 ppm standard dev-
iation found for lignosulfonate muds using either the header values in a
conventional calculation, or the Bassiouni method. The implication is that

the lignosulfonate muds may be quite different in their SP behavior from the
other muds in our data set.

We will attempt to get more non-lignosulfonate mud tests to add to our
data base. We are considering data from several wells in the Red Fish Reef
Field, Chambers County, Texas (obtained from files of Bu. Ec. Geol.) which may
be suitable for analysis. These are mostly lime base muds.

Discussion: We have prepared a paper (attached) summarizing our research efforts
of the past year on this problem, including only data on wells using lignosul-
fonate muds. The final result, which brings the standard deviation in calcu-
lated water salinity down from about 70,000 ppm to 21,000 ppm is a significant
improvement over the conventional calculation. We believe the remaining error

is as high as it is mainly due to large variations in mud properties between
logging rumns.

In addition to the lignosulfonate data, wehave 9 tests involving gyp, lime,
driscose, or tannin muds. We have studied these data, to see whether the meth-
ods outlined in the attached paper would be applicable. Usipg a "KE" curve ap-
propriate to the mud type results in a standard deviation of 15, 700 ppm. The
salinity results do not correlate with geologic age for these muds, so no age
correction is possible. - Using the Bassiouni method, the standard deviation is
29,600 ppm, and using values from Schlumberger's Gen. 7 curves, the standard
deviation is 29,700 ppm. None of these deviations are greatly different from the

21,000 ppm found for lignosulfonate mud tests using the geologic age correction.
Since not many tests were available for a given mud type, the accuracy of

the determinations for the various muds, in particular, are questionable.
(We obtained KF for a given non lignosulfonate mud from Fig. 1, Progress Re-
port # 6.) -
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The data for these wells are shown in Table 1. Location of the wells, in

Texas and Louisana, is shown in Figure 1. Figure 2 shows calculated vs. true
salinity for the Bassiouni, Gen. 7, and "KF" methods.,

We believe we can get considerably more data on wells using non ligno-
sulfonate muds, and will attempt to do this in order to better define the
"K." curves for these specific 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 IN
USING THE S.P. LOG TO PREDICT WATER SALINITY
IN DEEP HOT WELLS

H. F. Dunlap and M. H. Dorfman

The University of Texas at Austin

Abstract

Predictions of formation water salinity from
S.P. logs using conventional methods are usually
too low in deep, hot wells of the Texas-Louisiana
Gulf Coast. We found a standard deviation of
69,000 ppm vhen comparing predicted salinities
with good measured values., The underestimation
of salinity leads to an overestimation of the a-
nmount of methane which can be dissolved in these

- waters, an important parameter in assessing the

economic feasibility of geothermal-geopressured
projects. We have developed an improved technique
using an inferred value, and & geologic age
correction. This reduces the standard deviation
to 21,000 ppm.

Several factors contribute to the high uncer-
tainties in S.P., derived salinities. We believe
the two most important factors are variations in
Na ion transport efficiency of the shales, plus
large, erratic variations in mud resistivity.

Introduction

The DOE Division of Geothermal Energy is car-
rying out a project to test the feasibility of pro-
ducing dissolved methane from some of the deep, hot,
geopressured aquifers along the Texas-Louisiana
Gulf Coast. Since the amount of methane which can
be dissolved in water increases with temperaturg ,
and pressure, but decreases with water salinity’,

it is important to select test areas which are
thought to contain relatively fresh waters. The
selection has been made using salinity estimates
from the S.P. logs of wells drilled by the oil and
ga¢ industry. Unfortunately, when the first well
tests were made in areas sclected in this way, the
produced water turned out to be much saltier than
expected, Since this served to reduce solubility

" of methane and, hence, methane production signifi-

cantly, the problem is8 2 serious one,

Therefore, as.a portion of our DOE related re-
search, we have attempted to improve the &ccuracy
of salinity estimation from the S.P., and to define
those variables which limit its accuracy. -Our ap-
proach has been to get data on deep hot wvells with
good S.P. logs, and reliable measurements of prod-
uced water resistivity and/or salinity, and see
how we could systematically calculate the best
match of the known water salinities in these wells.

Getting good measured values of formation wa-
ter resistivity and/or salinity in deep hot wells
has been surprisingly difficult, After consider-
able effort we have assembled 16 tests which form
the data base for the results reported herein.
Table 1 shows pertinent datz for these 16 tests.
These wells were all drilled with lignosulfonate
muds, most of them since 1977, so they represent
modern drilling practice., Mud weights ranged from
12.3 to 17.9 ppg, and temperatures ranged from
196°F to 332°F. Geologic age of formations tested
ranged from Upper Miocene to Eocene Wilcox, as
shown in Fig. 1. Geographic location of wells
tested range from the Rio Grande to the middle
Louisiana Gulf Coast, as shown in Fig. 2.

Table 1
Test Data Plus Conventionally Calculated Salinities

Log

Well Value Salinicy

Jemp. SP Ryp@7s°p 1000 ppm

Test # Abe ¥ MV oM Calc. True
1 Anatwac 270 80 .75 68 150

2 U. Frio 256 60  .SO 72 92

3 L, Miocene 196 60 «67 54 130

4 L. Miocene 204 60 .69 s1 110

S. L. Frio 260 60 .61 50 130

6 L. Frio 288 60 .81 38 110

7 U. Miocene 248 60 .74 48 130

8 Vicksburg 266 30 .35 48 190

9 Vicksburg 266 30 .35 48 150

10 M. Frio 219 60 .73 49 73
11 L. Frio 304 30 .27 49 98
12 Vicksburg 332 20 .24 52 90
13 Anahuac 238 35 .45 42 23
14  Jackson 209 10 .43 21 15
15 Wilcox 250 25 .34 42 13
16 M, Frio 264 40 .46 43 &2

The conventionally calculated salinities shown
in Table 1 were obtained using the log header val-
ues of mwud filtrate resistivity, RMI, and well
temperatures at test depth, interpolated between
data from logging rune above and below the form-
ation tested. .The basic equation used 1s:

(1) Static S.P. = K logy, AwlAm_.

vhere Aw and A are the "activities" respectively
of the formation water and mud filtrate. Since
activities are not commonly measured in the field,
equation (1) is universally approximated by

(2) sStatic S.P, =K 108105-,@3'/3«”3
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where the reciprocal of the equivalent resistivit-
{es of the formation water and mud filtrate replace
the sctivities in equation (1). For relatively
fresh solutions, the resistivities and equivalent
resistivities are about equal. For very salty so-
lutions, 2 conversion of R to is needed which

is given in,the Schlumberger chart manual and
elsevhere. (For convenience we will refer to

the Schlumberger charts and conversion schemes
shown in the 1972 edition). Solution of equation
(2) is expedited using charts SP-1 and SP-2, in
the Schlumberger manual. A conversion of water re-
sistivity at a known temperature, to NaCl content
in ppm, is given in Schlumberger chart Gen. 9.

Age Series Group {:,‘,_"’ E;‘ti:i‘n‘
Pliccene  Goliad
Miocene Upper Fleming u?
Middle Fleming ") a4
Lower Fleming
1y Anshuac =i w13
.t‘.' Oligocene Upper Fria =2
b Middle Frio *10 =16
Lower Fric 8 *% =1
Vickaburg 8 *5 *12
Eocene Jackson 14
Claiborne
Wilcox 18

¢ » Lower Trend, Fig. 8 « = Upper Trend, Fig. 8

Figure 1 Age of Tests

It is apparent from an inspection of the true
and conventionally calculated salinities shown in
Table 1 that large errors occur. The calculated
salinities range from 26,000 ppm to 72,000 ppm,
while the true salinities range from 13,000 ppm to
190,000 ppm. :

1 L LA ;y\

GULF OF MEXICO

Figure .2, LOCATION OF TEST WELLS

Procedures for Reducing Estimation Errors

If we know the formatjion water salinity for a
produced water sample, we can use equation (2) to
calculate the "true" , i.e. that value which is
needed to make equation (2) give the correct form-
ation water salinity. (It may or may.not be the
actual measured &m..) This was done for each

of the 16 tests in our sample group. The results
are shown in Fig, 3, which shows the ratioc of Log

Header to "true" RH;A rsus mud weight. There
is a very wide sgcatter the data. Most of the
data indicate that the log header is greater

than the "true" R° ., which would imply that the
calculated formation water salinity would usually
be .I:yer than the true- salinity.

>
-1
A\l

=8 =7
9
u)

Log Header Rmf/*True” Rmf
-
o

2.or=d =4 e =
a0 =2
1.0 ()
d a3
s
N . " s " " -
°'°lz 12 13 15 113 ” 18 19

Mud Weight, P.P.G.
Figure 3 Log Header Rmf/"True” Rmf versus Mud Weight

In 1958, H. L. Overton> studied the relation
between mud and mud filtrate resistivities for a
number of muds (none of which were lignosulfonate,
which had not been developed st that time). Ee
derived an empirical expression for this relation
from his data, 1.07

3 R ™ C(R“) e
vwhere "C" 18 a function of mud meight. His
data are presented in Schlumberger's chart Gen-7,
vhich s prominently labelled "Do Not Uge For Lig-
nosulfonate Muds." A review of Overton's data

.shows considerable scatter when C is plotted a-

gainst mud weight, so that a fit with R.“ to the
lst power is about as good as equation " (3).

10
st
-
\
t SF \
% & Overton’s Relation for Non
] 2 Lignosulfonate Nuds
— o9 "y .
E )
~ (3]
= af o0
P
1
" 2F
-] o
oSf .t "
Fro .
: mrotid

|-o 1 I" [ 18 ] 2
Mud Yeight, P.P.C.

Figure 4 K! versus Mud Density

A similar plot for lignosulfonate muds, using
our data, 1is shown in Figure 4. This shows

K, = '*m? ("True") vs mud weight.

Ry Gleaden)
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. for this data set,

'Salinity 3"

Alsc shown in Fig. 4 is Overton's

relation (dotted), and a point lavelied "From

F = .81/6°," at 22 1b/gal mud density. This mud
weight corresponds to 30% porosity for a slurry
with solid component consisting of 40% barite and
602 silica. At this porosity an estimate of

can be obtained from the convintional formation
factor relationship F = .81/¢", since the “forma-
tion factor” of the mud is 1/K.. The points for
our data set show a large amount of scatter, but a
smooth curve can be drawn along the lower bound-
ary of the data set between = 1.0 @ 8.3 P.P.G.
and K = ,11 @ 22 P,P.G. l(H values read from the
solid curve hopefully should allow a better esti-~
mate of &m. than use of log header values for Rm-‘

Some improvement was obtained in this way but
errors were still large. A marked additional im-
provement was achieved when we noted that the cal-
culated salinities correlated with the geologic
age of the formation tested. Fig.5 shows a plot
of water salinities calculated using values ob-
tained from the Kf curve of Fig.4, ("Salinity 1"),
vs. true water salinities. The data breaks nicely
into two trends; an upper trend which turns out to
be Lower Frio or younger in age, and a lower trend
which includes points from the Lower Frio and old-
‘er age rocks, (See Fig.l). Three of the forma-
tions in our data set are in the Lower Frio, points
#5, #6, and #11, Here there is a possibility of
confusion, but this can sometimes be avoided by
noting that all of the Texas tests fall on the
lower trend line, and most of the Louisiana tests
fa]z.s]aooon the upper trend jine,

o

s rd
= Lower Frio and older /
/
. 5 200000 ¢+« lLower Frio and younger 4
:‘; [ ,.-"o-l’tl)intl would
= Lower Frio snd younger - e {i.nle & é‘:‘:“
10000 tests - correction
> 4 needed,
£ 3 i
@ | .16 3
g toooo g "5~ .o
o [
3 > 512 Lower Frio and older
3 4 tests
© socogff*15
n""
[} N . N A "
0 $0000 100000 150000 200000 50000

True Water Salinity P.P.M.
Figure 3 Salinity Corrcction Besed on Geologic Age

If we correct the “Salinity 1" data using the
age correction of Fig.5, we obtain "Salinity 2",
as shown ian Fig.6. -

These data ostill show a slope differing
slightly from 45, so a final, empirical correc-
tion based on Fig. 6 was used to obtain "Salinity

3", our best estimate of calculated water salinity
Fig. 7 shows "Salinity 3" plot-
ted against true salinity, together with the salin-
ity values obtained if log header values are
used to calculate salinity in the usual way. The
values are seen to agree with the

true values much more closely than do Che conven=-
tionally calculated values.

Dunlap, et al.
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The standard deviation of the "Salinity 3" val-
uves 1is 21,000 ppm, compared to 69,000 ppm for sal-
inity values conventionally calculated.
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True Water Salinity P.P.M.
Figure 7 Calculated Salinity 3 versus True Salinity

Reagons for Errors

A nunber of factors probably contribute to the
high standard deviation for S.P., derived salinity
values. These include: wuse of NaCl resistivity
ve temperature corrections for the complex solu-~
tions found in muds and mud filtrates; errors in
. gampling, and field measurement of the resistivity
of muds and mud filtrates; use of resistivity data
rather than activity data in equations (1) and (2);
variation in efficiency of different shale mem-
branes in selectively transporting the Na {on;
and short term variations in mud and mud filtrate
resistivity during drilling operations., Of these,
we believe that the last two variables are most
important, . ‘

Lab tests show that ghale compaction is es-
sential to make & good Na ion transport membrane.
If geopressured shales are less compacted than nor-
mal, the membrane efficiency may be decreased,
which reduces the calculated water salinity. Also,
tests made using 2 freshly cut Cretaceous shale
from Montana showed this shale to develop only
half the potential calculated using equation (1).

~ If this shale is only S0Z efficient, other shales

probably vary in their efficiencies as well.
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We have had the opportunity to study records
of mud resistivity continuously recorded in several
Culf Coast wells, (none from our data sample, un-
fortunately). These show very large short term, as
well as long term variations in mud resistivity as
the well is drilled. In particular, the data imply
that it is unlikely that the value of obtained
by the logging company corresponds very closely
with the value of in the well when a particular
formation up hole was drilled. Since much of the
filtrate enters the formation during drilling
(spurt loss), rather than later, when the well is
logged, the value of in the invaded zone 1is
likely to vsry considerably from the value mea-
sured by the logging engineer and recorded on the
log header.

Fig. 8 shows a record of such a well,

drilled in Brazoria County ig 1979 using a ligno-
sulfonate mud. Both @ 75 F and mud weight vs
depth are shown, together with log depths. For
the two deepest log runs, .the log header values’
of @ 75°F are also shown. Note the large (100%)
and erratic short term varistions in R,. These
correlate poorly with mud weight variations. Note
also the long term trend for @ 75°F to decrease
as depth increases. Note finally the large differ-

" ences between the log header values of , and the

values measured by the sensor installed in the
mud flow line, These phenomena are typical of data
observed in some I0 recent Gulf Coast wells
stu;!sied.

BY
--General trend, Rm
sol alog Header values of Rm
1 *E Log 1
b »Mud Resistivily
"wast eMud Weight 13 5
>
e | A
2ol n &
£y [
5 £
5 1.5 oo 4
-
= s 2
10t 7]
2 N\hu T )
St .
0.0 !

3008 $030 7000 9000 11000 13000 1S00G 17000
Depth ( feet)

i Mud Resistivity versus Depth
Figure 8 Brazoria County, Texas

We calculated the standard deviation of the
continuously measured RM values between logging
runs for 10 intervals in $ different wells, rela-
tive to the general trend of values between log-
ging runs, The standard dgvia ions ranged from
close to zero, to 10M @ 75 F. With these large and
erratic varfations in RM’ it i8 no wonder that SP
derived formation water salinities are also not
very reliable, i

Application to 01l and Cas Exploration

Obtaihing a correct value for formation water
resistivity is also important in log analysis for
oil and gas production. According to the Archie

equation, the formation resistivity &r is a func~
tion of water resiacivity‘!?_v, porosity ¢, and water
saturation Sw, as shown in“equation (4),

“ &r - .BIRV
¢%s2

Since formations with § values greateér than
50 to 60% are likely to produce large amounts of
water, 8 decision to test a zone in an exploratory
well is often made on the basis of S values cal-
culated using eq. 4. If R_1is too high by a factor
of 2 (water too fresh by & factor of 2) the S_ val-
ue will be too high by factor of vZ = 1.4, For ex-
ample, a formation with true S of 45Z, which
might make o1l or gas with vcr‘)! little water,
would calculate an s, of A45(1,4) = 63%., This
might discourage a test of the zone and lead to
loss of valuble 01l and gas reserves.
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Table 1

Non Lignosulfonate Mud Test Results

Test Mud Test Salinity ppm x 1000
Test # Well Name Mud Type Geol. Age Depth We. pp Temp True Bassiounij . Gen. 7 KF

Humble
La. Terre D-7 15225~ .

11 Terrebonne Par, La Gyp Miocene 380 17.1 235 68 65 0 70
Sun Jeffries # 2

13 Hidalgo Co., Tex. " Vicksburg 9913-20 | 15.9 244 52 14,5 60 59
Sun State Laguna
Madre # 1

14 Kenedy Co., Tex. Lime Mid Frio 10348-53| 13.0 244 82 47 96 91
Texas Weiting # 1

15 Brazoria Co, Tex. " Lower Frio | 12101-29{ 17.1 227 90 60 60 130
Sun State 76 # 8

17 Aransas Co., Tex, " " " 9644-64 | 16,1 193 80 52 37 75
Phillips Houston M-2

18 Brazoria CO, Tex. Driscose " " 11470-80{ 13.5 191 48 47 . 78 46
Phillips Houston 2-1

19 Brazoria Co., Tex. " " * 12620-28( 17,2 235 68 78 100 55

20 " " " " " " 12829-38] 17.1 240 55 76 98 -

"~ Phillips
Kentzelman # 1 10960-
L2l Brazoria Co., Tex. Tannin Mid Frio 11032 14.9 193 56 37 40 67

J.
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Progress Report # 16 June 1981
Study of Log Derived Water Resistivity Data
‘in Geo2 Formations

Summary: We have worked with Messers Eddie Parker and F. M. Rago in devising

a computer program for drawing the shale baseline for SP logs. Previous pro-
grams used have not been satisfactory. Considerable improvement has been ach-
ieved, and in a test on three wells the standard deviation of the computer cal-
culated SP (relative to values I would have read from log) ranged from 3.2 M.V.
to 6.6 M.V., with an average of 5.3 M.V. For a typical hot deep well, an error
analysis shows that this corresponds to a standard deviation of 12% in calculated

Rw’ which is not large compared to other errors in the system.

We attended the recent meeting of the DOE-Industry Geopressure Geothermal
Forum at New Orleans, and presented our paper on "Problems and Partial Solutions
etc”, attached to last month's Progress Report. We also attended the SPWLA 22nd
Annual Logging Symposium at Mexico City, where Bassiouni and Silva's paﬁer "New
Approach to Determination of Formation Water Resistivity from SP Log"; and Moore
and Kaufman's (Chevron) paper "Your Unsuspected Problems: Resistivity and Water
Analysis" were evidence of interest in this area. Our own paper was submitted

too late for consideration at this meeting.

We have obtained copiés of logs and data sheets used in Bassiouni and Sil-
va's papér courtesy of Prof. Bassiouni. Most of Bassiouni's water data comes
from two papers by K. K. Kharaka et all’z. We are having some difficulty in un-
derstanding some of this data since there seem to be depth discrepancies in
some of the data, and inclusion of water samples of doubtful validity (too much
gas production with the water)., We also have troubie understanding the shale
resistivity values used by Bassiouni in some of these calculations, We plan to
make a detailed calculation using Bassiouni's method with this data set. (See
Bassiouni's paper, attached.) Hopefully we can resolve questions by discussion

at some convenient time in the future.

Discussion:

Use of the digitized logs in the log data base "Logdex" has been held up .
in part due to lack of effective software, which would calculate Rw from the SP

log, for example. Ome of the problamshéé{been to draw a good shale base line
| 113| -
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and to read the SP on the sands encountered in the well, using only the digitized
log and the computer program. Previous attempts to do this have not been too sat-
isfactory, due to failure of programs to recognize base line shifts, etc. We ”
have worked with Messers Eddie Parker and Francis Rago during the past month to
try to improve this capability, with some success.- Mr. Rago has devised a pro-
gram that shows a lot of promise. In a test carried out on three wells, the stan-
dard deviation of the computer derived SP relative to the SP which I measured on
a total of 50 sands in these wells averaged 5.3 MV. (See Table 1.) An error an-
alysis shows that a 5.3 MV. uncertainty in SP translates to a 12% error in Rw for
a typical deep hot well, all other variables being known perfectly. (See attach-
ment 1.)

At the DOE-Industry Geopressure Geothermal Forum meeting at New Orleans. '
Prof. Bassiouni very kindly provided us with copies of the logs and data sheets
for the data presented in his and Silva's paper. (See attachment II.) We have
begun to review this data, preparing to carry out their calculation method using
their data set, but have encountered problems. We are not sure about the validity
of several of the water samples used (mostly taken from Kharaka's papersl’?) in
view of depth discrepancies between listed depths of samples and depths where
sands occur on some of the logs; because some of the samples were taken from wells
with rather high gas Mater ratios, lleading to possible dilution of formation water
with water condensed from gas; and also because of uncertainty in just how the
shale resistivity values were selected. Often the‘shale\resistivity is different
above and belo& the sand being analyzed, and in these cases we have been told that
the mean resistivity should .be used. Also we understand that the shale resistivity
should be taken quite close to the sand (10' or less away), since the shale prop-
erties controlling the Na+ fon transport (and hence, the SP generated) must be
close to the sand to affect the system. Some of the shale resistivities listed
on Bassiouni's data sheet do not occur within 50' to 100' of the sand being ana-
lyzed. We hope to clear up these questions with further discussions between Bass-

D vl

H. F. Dunlap
July 1, 1981

iouni, Kharaka, and myself,
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Iable 1

Test, of Computer Derived S.P. Values
Well Name & Logdex # | Depth Interval | No. of Sands| Max. Diff.1 Bias™| Std. Devi:
Location processed (ft) | analyzed inv¥s.p. (MV)| (MV) (MV)
S.W. Gas, McDonald #1
Brazoria Co, Texas 141 2486-9280 13 18 +3.5 6.6
Texaco, Harris et al
#1 Brazoria Co, Tex. 122 21446740 19 13 -3.9 6.2
Gen. Crude, Pl. Bayoul
#1 Brazoria Co, Tex. 218 1310-6910 18 6 +1.3 3.2

Notes: 1.

2.

SP difference is measured between computer derived SP and SP value

picked by author.

Bias with + sign indicates computer derived SP is too large.

Std. Deviation is computed relative to SP values picked by author.
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Attachment 1
Error Analysis, S.P. Calculation

%'O(Ru:\ - «Qn (‘RMF\

(S‘P) R ‘2-3(31’)
e =2 Rue ’Rw:RMFQ L3
Differentiate, get —2.3(5P)
__li._- -2 2ot 23(5P

K'L

Divide by Rw to get % error in R o Bet

IRw . dRmr __ 3&(SP) + GLS‘P) dK

“TRoe T Rur K K K

For a deep, hot well, K might be 100 MV and SP might be a 100 MV, For this
case, we see that a 5% error in RMFtranslates directly to a 5% error in R,
and a 5 MVerror in SP translates to an 11.5%Z error in Rw, and a 5% error in
K (which defines the efficiency of the shale membrane) translates to an 11.5%

in R .
W

If all errors are acting togethei,'our best estimate of dR = 7 error

in R is given by

ggy = Ry 500 (4804 g (SP\'L(

since the individual errors OfARMF’ dSP, and dK can be either + or -, with un-

known sign,
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| ATTACHMENT II |
A NEW APPROACH TO THE DETERMINATION OF
FORMATION WATER RESISTIVITY FROM THE SP LOG

by

Pedro Silva and Dr. Zaki Besgsiouni
Petroleum Engineering Department
~ Louisiana State University

ABSTRACT

Formation water resistivity (Rw) is an important interpretation parameter.
When water samples are available, Rw- is determined by direct measurement or
calculated from the water chemical analysis. It is more practical, however,
to estimate Rw from the SP log. Poor correlations between the values obtained
from water samples and those estimated from the SP are common.

The basic SP equation SP = -K log (aw/amf) was examined, and two modifi-
cations deemed necess;ry. First, the chemical activities a, and a5 Were
directly expressed in terms of the resistivities Rw and Rmf' The use of the
artificially-defined equivalent resistivities, Rwe and Rmfe' is no longer
necessary. Second, the parameter K was found to vary with the shale resis-
tivity (Rsh). A new chart relating SP to Rsh' 'Rmf and Rw was obtained.

The use of the new chart resulted in a tremendous improvement in the
correlation between Rw values obtained from water samples and those estimated
from the SP log.

INTRODUCTION

The SP log has been extensiveTy used to evaluate the formation water

resistivity. The formation water resistivity (Rw) is an important interpre-

tation parameter used in the estimation of hydrocarbon saturation. It has
been noted in several wells that have been tested in deep abnormally-pres-
sured South Louisfana formations that logging calculations do not appear to
give accurate representation of water resistivity. The discrepancy between
Rw values obtained from water.samples-and those estimated from SP logsvcou1d
be due to the quality of water samples. Water samples recovered may exhibit
dilution and contamination characteristics due to mixing with condensation
water or drilling fluids. However, Eﬁ;ﬁﬂdiscfepancy continues to exist when
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reliable water samples are available.

The purpose of the study reported in this paper was to examine the method
traditionally used to ca'lcu1ate}.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 Rw from the SP log is based on
the well known equation: !

SP = =K log iﬁ_ , (1)
Bf
where: v
SP = SP log deflection in millivolts; corrected for bed thickness and other
measurement environment,
a, = Activity of the formation water in gr-ion/liter,
anf © Activity of the mud filtrate in gr-fon/liter,
K = Coefficient which depends on the formation temperature
(K= 61 +0.133T; T in °F)

Assuming that the mud filtrate and the formation water are pure NaCl
solutions, one can relate solution activities and resistivities using experi-
mental data, as shown in Fig. 1. In order to express this relation analyti-
cally, Gondouin, Texier, and Simard2 introduced the concept of equivalent .
resistivity. The equivalent resistivity is inversely proportional to the
activity. By the definition equation (1) becomes:

SP = -K log ;fig . | (2)

e , .
where Rmfe and Rwe arg the mud filtrate equivalent resistivity and the form-
ation water equilvalent resistivity, respectively. The relation between
true and equivalent resistivities is given graphically by the chart of Fig. 2
Equation (2) has been extensively used to estimate R from SP values. :

Kharaka and co-wofkers3'reported detailed chemical analysis of several

formation water samples from 7 oil and gas fields in the Lafayette, LA, area.
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These chemical analyses were determined using a new, reliable techm‘que.4

These waters are predominantly NaCl with an average concentration of Ca and

Mg less than 5% by weight. The water resistivity values of these samples were
calculated using the technique proposed by Ucok, Ershaghi and Olhoeft.5 The

~comparison of these values and those estimated from the corresponding SP log'

deflections using equation (2) resulted in Fig. 3. The discrepancy between
SP-log-calculated values and chemical-analysis-calculated 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.

Modify equation (2) to include the effect of salts other than NaCl.

3. Modify equation (2) to take into account the non-ideal membrane
nature of the shale.

N
.

EFFECT OF SALTS OTHER THAN NaCl

When the mud filtrate and/or the formation water contain solutes other
than NaCl, the problem becomes very complex. Gondouin and co-workersz,
treating the case of solutions of mixtures of calcium, magnesium, and sodium

chlorides, have arrived at the following expression:

(a,. + wda + a,.)
SP = -K Jog —\2 Ca Mg w (3)
(2y, + JaCa * o)y |

where s’ 3ca’ and ayq 2re the ionic activities of Na, Ca anq Mg in the form-
ation water and in the mud filtrate. If the concentrations of Na, Ca ;nd'

Mg fons are known, the total activity a; of a solution, that is (ay, + |

), can be determined using the chart of Fig. 4.

3ca * _aMg
Fig. 5 is a plot of formation water total activity (aT)w versus water
resistivity for the samples used to construct Fig. 3. This plot shows 2
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linear relationship and suggests that, for predominantly NaCl solutions where
1imited concentration of other salts is present, a relation of the form

(a), = -95 (4)
- . " Rw

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 chemica) 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 o Rmf_ (5)
RwY

| For the samples considered in the presént study the coefficients a, 8 and v
are 1.008, 1 and 1.07, respectively.
The above suggested that equation (1) can be reduced to

SP = -K log Rmf | (6)
.
w .
in the following cases: (1) for predominantly NaCl formation waters and mud

filtrates with 1imited Ca and Mg fons; and (2) for predominantly NaCl form-
ation water in the absence of filtrate chemical analysis.

¢ ' . It should be noted that equation (6) was previously used before the
introduction of the equivalent resistivity concept in 1956 by Goudouin.

LY

Fig. 6 is a plot of Rw values ca1culatéd. for the samples in consider-
ation, using equation (6) versus Ru>ca1culated from chemical analysis. The
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correlation between the two groups of values is still very poor, as the
figure illustrates.

NON-IDEAL MEMBRANE BEHAVIOR OF SHALES

Equation (5) still assumes that shale formations behave ideally as cationic
permeable membranes. Laboratory measurements with shale membranes cut from
cores commonly show a potential different from that calculated for an ideal
membrane. For non-ideal membranes, K is a function of shale cation exchange
characteristics. Unfortunately, cation exchange characteristics are seldom
available. For the purpose of practical interpretation, K should be related
to an available shale electric property which would feflect shale membrane
characteristics.

The only shale electric property readily available is the shale electric
resistivity, Rsh‘ reported on a resistivity 10og. Several attempts were made
to incorporate Rsh in the SP expression. Fig. 7 §s a plot of a_hypothetica1
value K; of the coefficient K calculated from equation (€) using R values
from chemical analysis. KT is then the value of coefficient K, whlch if used
in equation (6), will yield a perfect agreement between Rw values from the
SP and Rw values from chemical analysis. Although no precise relationship
can be inferred, it can be noticed that in general for a fixed Rsh value,
the value of K; tgnds to increase as (1) Rt decreases and (2) the SP reading
increases.

In Fig. 8, the same K. values are plotted against the ratio Rsh/Rmf‘
This was done in an attempt to inc1ude. in one dimensionless term, two of
the parameters which seem to be important. Two interesting features can be
noticed on this plot. Again, for a constant R h/Rmf value, KT tends to
increase as the SP reading increases. This is indicated by dotted-line trends
A trend defined by a solid line is also’ indicated. This trend could be
related, according to the high SP values, to ¢lean formations.

Fig. 7 and 8 show that 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 to obtain because of the many unknowns involved. However, a
parameter exists that reflects all the possible variables controlling the SP
phenomenon. Such a‘parameter'is. of course, the SP reading itself.
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In fact, when the ratio R /R 1is plotted versus Ron/Rug (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 2
function of several Rsh/Rmf values.

For comparison purposes, the correlation of Fig. 10 was superimposed on
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.

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 of the formation on the loao, suagestina an erroneous data point.

Points 3: Formation was drilled with a high Ca content mud, which does
not meet the consideration used to get equation (6).

Points 14: No mud data were available for the zone of interest. Data
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
of these calculations and data obtained from chemical analysis are summarized
in the table below:

' Method R, 8 75°F, a.m % Deviation
Water Analysis | 0.072 .m-
~ 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-
jority over the conventional interpretation technique.

CONCLUSIONS

1. If representative chemical analysis of mud filtrates and formation waters
are available for a certain field, a relation of the form

B

2 Rmf
X - C Y
mf Rw

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

aw Rmf

amf W

is valid for all practical purposes.
3. The traditional SP equation

a
SP = -K log -a—“’—-
mf
which assumes ideal membrane behavior of shales where K is 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 R ., R . 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 analysis.
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Well Data:

¥Well: Edna Delcambre 1
Field: Tigre Lagoon
County: Vermillion

‘State: 1louisiana
. Pormation: Sand #3 (Miocene)

Interval: 12,870 to 12,910 ft

“hemical Analysis Data:

‘™dS: 133,300 mq/lt
Calculated P\' 0.072 o.m € 75°F

iogq Data:

¢Pm ~60mMV

Fpe = 0.74 € B2°F

¥3d Type: CILCLS

¢a = 18.2 1b/gal

BHT = 240°F € 14,160 ft

Fig. 13
Example of Application
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Progress Report # 17, July 1981
Study of Log Derived Water Resistivity Data
in Geo~ Formations

Summary: Six additional cases have been calculated, four with lime base muds,

and two with lignosulfonate muds, (Sec table 1.) All cases were for low temp-
erature (about 180°F), and low mud weight (about 12 ppg), so there is some doubt
as to whether they really fit the high temperature, high mud weight tests we have
considered previously. The application of the age correction does not help the
salinity estimate for the two lignosulfonate cases of Table 1. It zppears that
the age correction will be applicable only for hotter and higher pressure zones
than those listed in table 1, and only for lignosulfonate muds (see Progress Re-

port # 15).

A new method for estimating formation water salinity has been worked out which
gives fairly good results for header values of Ry > .4Q M @ 75°F. The method has
been applied to the 16 cases of lignosulfonate mud wells discussed in our paper
(attached to P.R. # 15), plus tests 30 and 31 of Table 1, which also used L. S.
mud. A plot of ratio of true formation water salinity to conventionally calcul-
ated water salinity vs. header value of Ryp @ 75°F is shown in Fig. 1. For Ry
> .4 QM , the standard deviation of the plotted points from the trend line shown
is 26,500 ppm. This is not too different from the 21,000 ppm standard deviation

' achieved by the much more complicated procedures discussed in our paper. For

<.6ome 75° F, the data are very erratic. These are nearly all very heavy muds.
The heavy chemical treatment of these muds probably causes the low RMF values, and
may lead to the large dispersion in this region of Fig. 1.

We have applied Prof. Bassiouni's method to his own set of data, and find a
standard deviation of 24,000 ppm in calculated vs. observed salinities, using
values of shale resistivity and other parameters picked by the author. The
standard deviation using Bassiouni's parameters is 32,400 ppm. (See Figure 3.)
There is some uncertainty about many of these tests because of questions concern-
ing sample depth, excessive gas-water ratio, R§ vAlues, etc. However, the 24,000
ppm value for standard deviation is not too di Perent from the 21,000 ppm value re-
ported in our paper.

We plan to carry out a regressioh analysis on our data to improve the match
of calculated and observed salinities, and to better define the remaining residual

error.

Discussion: We have found 6 additional cases from the files of the‘Bureau of Ec-

onomic Geology wgich appear to be reliable enough to use. All make more than 10
bbls. H,0 per 10 MCF gas, so the dilution of formation water by distilled water
brought“up as a vapor in the gas stream and condensed in the separator should not
be greater than about 10%. Data, and results of the salinity calculations, are
shown in Table 1. Note that the wells are all low temperature (from 170°F to 201° F,
with average temperature of 181°F), and low pressure (mud weights range from 11.3
to 12.6 ppg., with average of 11.9 ppg). By comparison, the 16 wells used as-a
data base for 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 definitely not in the
temperature and pressure regime of the wells previously considered. Nevertheless
the "K_" derived water salinity matches the measured water salinity about as well
as the header, or the Gen. 7, derived water salinities do. ;
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The attempt to get more informatjon on a "K_" curve specifically applicable to
lime based muds mentioned in last month's progress report, was not very successful '
since all our mud weights are so low. For low mud weights, the data of Gen.7 are
not too bad. g

. The age correction discussed in our paper, when applied to tests # 30 and 31
of Table 1 (both drilled with lignosulfonate muds) makes the calculated salinity
much worse instead of better. We tentatively interpret this to mean that these
wells were too cool (201°F and 170°F) and/or too low pressure (11.4 and 11.3 ppg
mud wt.) to make this correction appropriate.

A new, simpler method of calculating formation water salinity has been devised

which works fairly well for (Header) > .4 Q M @ 75°F. Referring to Fig. 1, we
plot thecratio.of true salinity to conventionally calculated salinity vs. header

@ 75°F. For > .4 Q M there seems to be a fairly good correlation between
this ratio and Below RMF .4 OM, the data shows a tremendous dispersion, and
no correlation is possible.

~ When is plotted against mud weight, as in Fig. 2, we see

first a generally rising trend of as mud weight increases. Then, at around 14
to 16 ppg, the values fall rapidly as mud weight increases. We speculate that
this decrease in as mud weight increases is due to the much heavier chemical

treatment needed to control mud properties when drilling these high pressure zones.
The Imco data referred to in previous progress reports also seems to indicate a gen-
eral trend for decreasing (and hence of decreasing RTg? as mud weight increases.
See Fig. 8 of our paper, for example. (Prog. Report # ) The heavier chemical
treatment of the mud implies that is not a very good measure of Na+ ion activ-
ity in the mud filtrate, which is a basic assumption of the conventional calculation.
This may account for the great scatter of the data at RMF < .4 OM,

Whatever the reason for the vs. mud weight begavior, Fig. 1 provides a sim-
ple method for estimating water salinity when @ 75°F > .4 QM. The standard de-
viation of the 12 points meeting this condition, relative to a "best fit" line, is

26,500 ppm. This is not very much larger than the 21,000 ppm std. dev. found using

the much more complicated method discussed in our paper.

Using this simplified method, I have not yet found a way to help the estimate
by using the formation age.

Using logs and water data supplied to us by Prof. Bassiouni, we have applied
his method to his data set. We get a standard deviation of 24,000 ppm in calculated
vs. observed salinities, when using values of shale resistivity, etc. picked by the
author. Using Bassiouni's values of shale resistivity, etc. the standard deviation

"is 32,400 ppm. (See Fig. 3) Both values are not greatly different from the 21,000

ppu std. deviation we found in our paper. Incidentally, the standard deviation for
the Bassiouni data set for the conventional calculatfion of water salinity from the
S.P. is only 38,200 ppm, conpared to 69,000 for the data set in our paper. This
difference probably results from the lower temperatures and pressures in the Bass-
iouni data set.

The relatively close agreement in standard deviation between Bassiouni and my-
self is surprising, since we picked different shale resistivities in a number of
cases. Also, the overall reliability of this data set is questionable, due to un-
certainties in sample depth, £as water ratios, and log legibility. Point #2 (which
I excluded from the standard [deviation icalculation) is an extreme case of the poor
data quality. This water sample is listed by Kharaka as being from 15,882! How-
ever the total depth of this well is only 15,810. Bassiouni analyzed a zone at
15680-710! and compared this with the Kharaka water data at 15882!
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We are going to try a regression analysis on our various data sets to see if
we can improve the situation. We might speculate that the ratio

True Salinity

- Cale. Salinity

= R=1 41if the calculation is perfect. If it is not perfect (and
of course it never 1s) we should have

o
R=1+ Clkm‘@75°F+C2pMUD+CBT F+C4A106yrs.+CSRSHALE
where the C,'s indicate the relative contribution of i'th variable to the excess
of R over 1.” The five variables shown (mud filtrate resistivity, mud weight, well
temperature, formation age, and boundary shale resistivity) cover what seem the most
likely variables, but others could be used. In principle we will try to use stat-
istical analysis to decompose the residual error from a given calculation method in-
to error components resulting from specific known variables. If regression analysis
can give us good values for the C,'s, then we can solve the original equation for a
better esimate of the true salinity.

H.F. Dunlap, Aug. 4, 1981
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Table 1 - Measured

SP Derived Water

Data from Geo Formations

3 8]

Meas, Calc. Calc. Calc.
: Sand Well Mud Salin. Salin. Salin, Salin. 1
Well Depth Temp. ~ Dens. 1000 (Header) (Cen 7) (Kr) ‘Mud Geol.
Test # Name Locat ion ft. _F PPG PPM 1000 PPM 1000 PPM  IO00.PPM  Type Age
- Chambers Co. - ' ]
Sun State Texas
Tract 288 Red Fish 10,0004 .
26 #6 Reef Fld. 116] 176° | 12 63 63 63 68 Lime | Frio
Sun State
Tract 288 9334~
27 # 2 won 47 1181° |11.9 |142 - 115 190 " "
Sun State
Tract 307 10836+ o
28 #1 v 46 | 177 12.6 64 60 78 79 " "o
Sun State
_ Lse. 288 9696~ a
29 #1 non 9708 |179° |12 85 58 70 78 AR ok
Sun State
Tract 288 9730~ o _ Mid
130 # 13 non 42 201 11.4 88 85 79 90 L.S. Frio,.
Sun State :
Tract 288 8720 ° ‘ Upper
31 # 11 won -23 170 11.3 160 81 79 81 L.S. Frio |
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Progress Report #18, August 1981
Study of Log Derixed Water Resistivity Data
in Geo% Formations

Summary: We have obtained data on the variation of both Ry and Rye in a well
arilleg.recentIy in Grimes County, E, Texas. Previously we had onfy data on
variation of RM in drilling wells, The new data supports the indication of

wide fluctuations in both Ry and Ryr as the well is drilled (see Fig. 1).

In the upper section of the well, a series of high porosity sands occur. The
spherically focused log (S.F.L.) measures primarily the invaded zone resistivity.
Fig. 2 shows the SFL resistivity in these sands, which appears to roughly

track the Ryp variations. This supports our idea that it is the mud in the

well when it is drilled, rather than when it is logged, that mainly determines
the mud filtrate resistivity, and therefore, the 0g response.

- We have carried out a number of regression analyses of our data to attempt
to improve the match of observed and calculated salinities. We can reduce the
standard deviation of our 16 well lignosulfonate mud data set from 21,000 ppm
(Salinity 3 calculation) to about 15,000 ppm by this approach. For our 13 well,
non lignosulfonate mud data set, we can reduce the standard deviation from
about 20,000 ppm (Kf calculated salinities), to 6300 ppm by this approach.

If we use conventionally calculated (Gen 7) salinities, the standard deviation

drops from 32,000 ppm to 14,000 ppm by using regression analysis.

We have given some thought tb possible future work on this problem.
These ideas are set out in Appendix 1. ‘ .

Discussion: We have been fortunate in obtaining data on both Ry and Rwf,
taken about every 15 hrs in a drilling well in Grimes County, Texas. ?ﬁe

mud was lignosulfonate, 9 to 9.5 pd/gal., formation pressures were hydrostatic,
and temperature was moderate (max. wel] temperature @ 9500 ft was 214° F).

Fig. 1 shows the record of Ry and Ryr (both @ 75°F), plus mud weight, vs

depth. In this rather high resistivity mud system, it is interesting to note

that Rur > Ry. Normallywe expect Ry > Ryp, due to the presence of nonconducting
solids (Barite, etc.) in the mud., However when the mud is quite fresh (resistivity
high), the surface conductivity along the interface between the mud solids and

mud liquid more than makes up for the volumetric effect of the mud solids in
blocking current flow. Fig, 1 shows large variations in both RM and Ryf as the
well is drilled, even though the mud weight is not changing substantially.

"Fig. 2 shows a plot of Ryp variations, plus spherically focussed log (S.F.L.)
readings of invaded zone resistivity in a series of shallow, high porosity sands
(middle and lower WiTlcox ?) in this well, Note that the generally declining
RMF values between 3000 and 5000 ft are tracked fairly well by the S .F.L.
invaded zone resistivity readings. Below 5000 ft there are almost no sands
so it is impossible to carry the comparison deeper, However this data does
seem to support our idea that most of the mud filtrate is lost when the sand
is drilled, and that the resistivity of the invaded zone should more nearly
reflect the Ryr at time of drilling instead of Ryr at time of logging. Of
course, there are variations in porosity and formation factor from sand to sand,
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so a perfect correlation of invaded zone resistivity with RMg should not be
expected, . ’

We have carried out a series of regression analyses on our various data
sets to try to improve our water salinity prediction, and to estimate what
variables contribute most to our residual error., The basic equation we have
used for the 16 test lignosulfonate mud data set discussed in our paper is:

(1) V8 = True Salinity = CIRMF + Csz + C3TOF + C4A]05 yrs + CSRSH

+ Ci{Calc. Sal.; or S.P.} + Constant

where Rvr = Resis, of mud filtrate, QM = V4
Pp = mud density, pd/gal. = V2
Tor = Well temperature at formation depth, °F = V3

A1 0 yrs = Formation age, 10% yrs = Vy
RsH = Resistivity of bounding shales, QM = Vg
For the term in brackets; if we use conventionally calculated salinity, in
1000 ppm, we would have CgVg; if we use a Salinity 3 calculation, in 1000 ppm,

we would have CyV;; if we use only the SP (in millivolts) we would have CgVg.
The true salinity, in 1000 ppm, we have defined as Vg.

With the assistance of Mr. Eddie Parker, we have used the SPSS (Statistical
Package for Social Science) program on the University computer to carry out the
regressions. Results are shown in Table 1. We see that when we do the regression
analysis using conventionally calculated salinities, Vg, we can roughly cut the

- standard deviation nearly in half, from 69,000 ppm to about 39,000 ppm. Further,

it doesn't seem to matter much whether we use the conventionally calculated
salinity, the S.P. value, or (and this is a shocker) neither in the regression.
The standard deviation is about the same at 38,500 to 38,700 ppm whether either

or_none of these is included, -

If we work with Salinity 3 values, Vy, calculated as outlined in our paper,
and use the full regression equation with V7, we can reduce the standard deviation
a little, from 21,000 ppm to 15,200 ppm. None of the variables Vy through Vg
appears to be of overriding importance. If we drop them from the equation one
at a time, we see from Table 1 that the importance, as measured by the increase
in standard deviation when a variable is dropped, is.in the order V4 = Age;

V3 = T?F; Vg = Rgys V1 = RMF,‘and V2 = Py, with Vg = Age being the most important
variable.

- In Table 2, we show values for the constants Cj+Cg in the various regression
equations.

For the 13 cases of nonlignosulfonate muds, we have carried out a similar
regression analysis. The basic equation is the same as (1), except that the
conventionally calculated salinity is usually done with the Gen 7 correlation
rather than using a log header value for Ryp, since most of these wells were
drilled before Ryp was routinely recorded on the header. Also, the Salinity 3
calculation (whicﬁ we have pretty well shown not to be applicable to the non-
Tignosulfonate muds) is replaced by a "Kp Salinity" with the Ryr value derived
from a Kp curve appropriate to the mud fzfe, (See Fig. 1, Sixtﬁ Progress Report,
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August 1980). I.E. we define Vy as the "Kp salinity", and use all other
variables as previously defined. Results are shown in Table 3.

We see that the standard deviation for the conventional calculation is
31 ,600 ppm. This can, as before, be cut about in half by use of the regression
euqations to about 14 ,000 ppm. ‘The standard deviation for the Kg calculation
is 19,600 ppm. This can be considerable reduced, to about 6000 to 7000 ppm,
by use of the regression equations, Here again, 'no one variable is of over-
riding importance. In fact, it appears we could drop V3 = Temperature as a
variable without loss of accuracy. For the lignosulfonate data set, recall
that V3 was the second most important variable.

Table 4 shows values for constants in the various regression equations
for the nonlignosulfonate muds

A word of caution is des1rable here. Both data sets are small; 16 tests
for the L.S. muds; 13 tests for non L.S, muds. The fits to the data using
regression analysis are undoubtedly better than the fit would be if the
equations using constants shown in Tables 2 & 4 were applied to a second
sample of data of similar size. Much more data is needed before the regression

. equations can be used with a great deal of confidence., In the absence of such

data, they still represent the best estimate of the formation water salinity
which is presently available,

I was requested to give some thought to future effort on this problem
(after Nov, 1, 1981). Results are shown in Appendix 1. There is some doubt
that I will be involved after November 1 due to a conflict between Social
Security laws, Income Tax laws, and my 65th birthday.

K EDundsp

H.F. Dunlap
September 1, 1981

142




»

Table 1

Regression Analysis Results, Lignosul fonate Muds

Std. Dev. of Calc. Sal.

Regression # Variables Used in Regression (ppm)
- Conventional salinity calcuiation from S;P. log = V6 69,000
(1) V6 plus all yariab]es in equ. (1) except V7 and v9 38,500
(2) Same as (1) except replace Vg by Vg (the S.P.) 38,500
(3) Same as (1) except drop Ve 38,700
- Salinity 3 calculation, as outlined in our paper =V, 21,000
(4) - Same as (1) except replace Vg by Vy (Salinity 3) 15,200
(5) Same as (4) except drop V, = P, 15,600
(6) Same as (4) except drop Vi = Ryr 15,730
(7) Same as (4) except drop Vs = Rgy 15,850
(8) Same as (4) except drop Vy = TOF 16,100
(9) Same as (4) except drop V, = Age 16,250
(10) Same és (4) except drop both V, and V, = Py and T 17,100
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Table 2

Regression Equation Constants; Lignosul fonate Muds

(from Table f) G G | ] & | & | % | & | Co [Constant
(1) 158 | -.067 [ 1.26 | 4.95 | -83.6 | .549 | - - | -a0s
(2) 67 | 128|142 |57 | eaal| - - ,006 | -399
(3) 166 | -1.23 | 142|597 | 43| - | - - | -399
(4) 63 | 41 | .32 |20 |-203( - |.m2| - | -200
(5) 43.1 - .381 | 1.64 | -18.8 - | .759 - -136
(6) .| 792 156 | .580 | -6.49 -] 817 - -52.2
(7) 39.9 | 3.67 | 14| 761 | - - | 826 - | -128
(8) 39.2 (55 | - | .23 246 | - | .88 - | -128
(9) 23.3 | 2.41 | .2 - .42 - | .8 - -66.5

407 - | - | .10 |457 - el - |a

(19)
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Table 3

Régression Analysis Results, Non-Lignosulfonate Muds

Std. Dev. of Calc. Sal.

Regression # Variab]gs Used in Regression {ppm)
- Conventional (Gen 7) Calculation from S.P. Log = Ve 31,600
(1) Vg Plus all variables in.equ. (1) except V, and Vg 13,700

- (2) Same as (1) except replace Vg by V9'(the s.p.) 14,000
(3) Same as (1) except drop 96 | - 16,600
- Kp Salinity (= Salinity 1, as outlined in our paper) 19,600
(4) - Same as (1), except reblace Vg by V?»(KF Salinity) 6,300
(5) Same as (4) except drop V3 = TOF ' 6,300
(6) Same as (4) except drop ¥, = Ryc 6,500
(7) Same as (4) except drop V, = P 6,500
(8) | Same as (4) except drbp V, = Age 6,500
(9) Same as (4) except drop Vg = Rg, 7;500
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Table 4

Regression Equation Constants, Non-Lignosulfonate Muds
<§$2£e?§i?2 g)'f G C2 C; | C | C | C | C; | Cq [Constant

(1) | 411 -24 | -27 |1.10] 258 51| - - 13
(2) -54.6 | -3.2 | -.08 gV 267 | - - | .39 154
(3)

(4) -13 -1.3 | .007 32| -106] - | .50 - 59
(5) -13.2 | 1.2 - 32| -106) - | 50 - 59
(6) - -2,1 | .033 Jof -8 | - | 50| - 64.7
(7) -17.9 - -.053| .38 -864| - | 52| - 50.0
(8) -7.52 | -1.55 | .012 - | -100f - | 51| - 67
(9) 38| -6.0 | .03 | 74| 8| - | - | - 160
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Appendix 1

Status of Log Derived Water Salinity
Work, and Possibilities for Future Work

Problem: Predictions of water salinity from S.P. logs using conventional methods
are usually too low in geothermal, geopressured wells of the Texas-Louisiana Gulf
Coast. The underestimation of salinity leads to an overestimation of methane
solubility, and hence, an overestimation of potential gas production from
geothermal wells,

Status: Work during the last year and a half has led to an improved method of
calculating water salinity from the SP in these deep hot wells (standard deviation
reduced from 69,000 ppm to 21,000 ppm), and has identified several factors con-
tributing to the remaining uncertainty. The most important of these are probably
the variation in mud and mud filtrate properties as the well is drilled; and use
of resistivity data rather than activity data for the mud and mud filtrate when
calculating the water salinity. The main results of our work have been written
up in a paper, "Problems and Partial Solutions in Using the S.P. Log to Predict
Water Salinity in Deep Hot Wells", This paper will be presented at the 5th
Geopressured-Geothermal Energy Conference at L.S.U., Baton Rouge, LA, Oct. 13-15,
;gsl;~and at the Geothermal Resources Council Meeting, Houston, Texas, Oct.

-29, 1981, '

Possibilities for Future Work: There is a possibility of some further improvement
in accuracy of salinity predictions by use of regression analysis to include effect
of variables not considered in the conventional calculation (this. study is just

now getting under way). A possible major improvement in accuracy could come from
measurements and use of Na+ ion activity, in addition to resistivity, of the mud
and mud filtrate, The need for activity measurements would have to be demonstrated
by wmeasurements of muds and filtrates from a number of deep, hot wells, but the
theoretical argument in favor of using activity data rather than resistivity data
is strong. Additional data on variability of muds and mud filtrates in drilling
wells is also needed. Finally, additional experimental data on variations of

mud and filtrate resistivity and activity as a function of temperature are needed,
to replace the data for NaCl solutions which is conventionally used in this work.
Most mud filtrates from deep hot wells are much more complicated than simple

NaCl solutions.

'H.F. Dunlap
-August 21, 1981
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TABE . {cont.)

Same as 1 but drop V.,. 47,150 38.7 | -8.23 1.02| —

Same as 1 but drop V5 53,160 35.1} -1.1} .36}-1.98
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Data for

TABI T 1

legress.0n Analvsis ~ SUSS - (20

.as2 Data Set, 1.S5. Mud)

Regression Equation: Est. Sal.= C V1 + sz2 + C3V3 + °4V4 + CSV + C6V6 + Constant

Serial Test True Sal. Header s Temp,  Geol. RSH M Conv. Sal.l Sal, 2 Sal.3 Sp
# # TSA -1000 R @75° p%g=v2 °F=V3 Age calc. 1000 ppm 1000 ppm 1000 ppm M.V.
10 years =V Sal,,1000 =V =V = V =V

aM 5 ? 7 8 9 10
=V =V ppm = Vo
1

1 1 150 .75 14.3 270 25 .85 68 180 173 192 80
2 2 92 .50 17.5 256 29 .63 72 125 100 91 60
3 3 130 .67 12,2 196 35 .60 54 150 132 140 60
4 4 110 .69 13.3 204 35 .60 51 145 130 130 60
5 5 130 .61 16.1 260 35 1.2 50 85 120 123 60
6 6 110 .81 15.9 288 35 2.0 38 .80 105 105 60
7 7 130 .74 16.8 248 29 .91 48 140 120 123 60

8 8 190 .35 17.6 266 37 .73 48 95 160 180 o
9 9 150 .35 17.6 266 37 1.35 48 100 180 202 50
10 10 73 .73 15.6 219 32 1.10 49 110 80 73 60
11 12 98 .27 17.9 304 35 1.67 49. 125 98 98 30
12 16 90 .24 17.3 332 37 2.0 52 74 85 72 20
13 22 23 .45 17.3 238 25 .55 42 82 41 18 35
14 23 15 .43 16.0 209 40 1.67 21 65 15 22 10
15 24 13 .34 16.1 250 52 2.0 42 51 -10 2 25
16 25 42 .46 16.2 264 32 .80 43 115 80 75 40
17 30 88 .23 11.4 201 32 .77 85 90 52 38 35
18 34 184 .64 17.5 254 35 77 52 160 148 160 58
19 35 45 «56 17.0 209 35 .84 25 78 35 15 26
20 37 187 .83 15.7 221 35 .69 32 160 147 160 50
21 38 57, - 1.34 16.5 213 35 .79 62 200 200 225 90
22 39 130 .38 16.1 230 35 .65 41 90 140 150 30
23 40 99 .82 16.0 185 35 -70 31 102 66 55 45
24 42 70 .38 14.3 194 35 .56 63 98 62 50 40
25 44 24 .58 14.6 243 52 3.33 .22 25 2 1 24
26 45 57 .68 14.4 238 52 1.67 23 45 5 2 32




PROGRESS REPORT #20, Oct. 1981
STUDY OF LOG DERIVED WATER RESISITIVITY DATA
IN GEO? FORMATIONS

Summary: Our paper, "Problems & Partial Solutions in using the S.P. Log to
Predict Water Salinity in Deep Hot Wells" was presented at the Geothermal
Resources Council meeting at Houston, and also at the Fifth Conference on
Geopressured -~ Geothermal Energy at Baton Rouge.

The problem of the "ancmalous" points on the KF vs mud wt. plot (See
Figure 1, 19th Progress Report) has been studied further. These points are all
for wells with rather high mud resistivities. Figure 1 of this month's report
shows & plot of points with nearly constant mud wt. (13—18 PPG) ve mud
resistivity. We see that for R above about IQm at 75 F, ‘rises sharply.
This is probebly due to the inc?easing effect of surface conductivity due to
the clay &nd other dispersed solids relative to the ionic conductivity of
the dissolved salts in the relatively fresh mud filtrates.

Regression analyses have been run on the enlarged 26 case data set.
Standard deviations are not greatly different from those reported earlier
for the 16 case data set provided test #38 (the most anomalous of the
anomalous points) is dropped from the data. If test 38 is included, the
standard deviation rises from 20,000 ppm for the 16 case data set to 35,000
ppm for the 26 case data set. (See Table 1, 19th Progress Report, and Table 2,
this Progress Report). :

This will be the last progress report on this problem under the present
arrangement. For November and following months, the work will be done by a
graduate student, including consultation twice a month with the asuthor. This
arrangement is forced on us due to the present social security and income tax
laws. '

Discussion: Our paper covering results of our research through last May was
presented at two technical society meetings in October -~ once at Baton Rouge,
La., the other at Houston, Texas. '

The "anomalous' points discussed in last month's report (#10, 22, 23, 24,
25, & 38) .have been stuidied further. All of these have rather high mud
resistivities, If we minimize the effect of mud wt. by considering only a
narrow range of mud we%ght values (16+18 ppg.), we see from Figure 1 that a
plot of K ve Ry at 75, will include all except test 10 (mud wt. = 15.6 ppg).

The remaining 5 "gnomalous" pointe define a rising trend of KP values for B> '

=10M at 75°F. Recall also that for the Grimes County well discussed in Progress
Report #18, August '8l1, Kg = /RM was about 1.5, for an R_ value at 75°F of
#2,250M. Although the mud weights are different, about 9 p?b;g. for the Grimes
Co. well vs 16.5 ppg for the wells in Fig., 1, this does seem to support & trend

of rising K. with riging Ry
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It appears that a proper correlation of with mud weight must also include
mud resistivity, at least in those cases where R_ is large. I suspect that a
family of vs mud weight curves, one for each value of R , would best
represent the situation. We would need much more data than we now have to
define this family of curves.

A series of regression-.analyses, similar to those reported in the last
two months progress reports, have been run on the enlarged, 26 case data set.
Table 1 gives the data for the variables used in the regressions, and Table 2
gives the standard deviations between known salinity and salinity estimated
from the regression, plus constants in the estimation equation, for each of the
regressions., Comparison of this data with the results shown on Table 1 of the
19th Progress Report and Table 2 of the 18th Progress Report indicate that
~ if Test 38 is omitted (the most "anomalous" of the anomalous points in the
data set) results are not greatly different for the 26 case data set as com-
pared to the 16 case data set (20,000 ppm std dev. for the 16 case set, rising
to 23,000 ppm for the 26 case data set). If case 38 is included the standard
deviation increases to 35,000 ppm for the 26 case data set. Apparently standard
deviations in the low 20,000 range reflect about the best that can be done using
this data. This i1s quite a reasonable result when we remember the unresolved
problem of short term fluctuations in Ry and Ry When the well is being
drilled, .

152




ioo "i-
o/ F J
[A1[§] 4
) q T T U MO
' ¢RI /7).
8 \
;
3
g Y 21y
X
‘t ‘ &
Ke=»
Rmf
Rm ‘
10
g 5, ok
IS tl \J‘
- i 61“1_
\\
\\
. \ N
“" \\ \a‘
o4
o
AN *
3 X
AN S
O.d N
P! Ch
2 NN
DN
O
9
) faki] :
! 3
. G
183
~ 0 /0 /2 /- A /8 20 22
~ Vo P Y. N

AAe.a NEalIKI1vvy TPN/a o




kegression #

TABLE 1

Corrected Standard Deviations for Regression Analyses

Lignosulfonate Muds

Variables in Regression

Corrected std.
dev. 1000 ppm

(6)

(7)

(8)

(9)

(10)

Conv. Sal. Calc. from

SP Log = V

V. plus all var. in eq.

(1) except v, & v9

Same as (1) except replace
V6 by V9

Same as (1) except drop
Ve

Salinity 3 calculation = v7

Same as (1) except replace
V. by v, (Sa1.3)

as (4) except drop
V. =pm

Same as (4)
Vv, = R
mpF

except drop

Same as (4)

Vg = Rgy

except drop

Same as 54) except drop
V, =TF

Same as (4) except drop

V, = age

as (4)

V2 and V3

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

i

Non Lignosulfonate Muds

Variables in Regression Corrected Std.
dev. 1000 ppm
Same as L.S. case 31.6
Same as L.S. case 19.2
Same as L.S. case 19.6
<t
n
Same as L.S. case 21.7 —
KF Sal. = Sal. 1 calculation = V7 19.6
Same as (1), 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 8.3
Same as L.S. case 8.5



TABLE 2 Lignosulfonate Muds - Texas

‘calculated Salinity, ppm X 1000

Tests | Well Name & Field County Perforation |Temp. | Mud |S.P, R RM T.D.S.{NaCl | Equiv.|Geol. K )
% we, Mov) SR le7s%  YE lopm x {pem x| naca Me F 3 Gen 7| K= sal 1 After age | sal. 3
Ppg o @5F(1000 [1000 | ppm x Corrections
1000 Sal. 2

34 | Exxon Armstrong #60, 12781~ Lower

Candalaria Fid Kenedy 870 254 17.5 [s8 | .77 .98 .64 |246 {100 | 184 Frio | .153 | S2 85 160 148 160
35 | socony Mobil

Leahman #1, Mobil 11102~ Lower.

David Fld Nueces 140 209 17.0 |26 | .84 |1.09: .56 } 43 Lk} 45  IFrio .33 1 25 35 78 35 15
37 | Cities Service '

State Tract #494, Nueces

Corpug Christi 10954~ Lower

Bay Flad €0 221 15.7 {50 .69 |1.06 | ,a3 213 135 | 187 Frio .10 32 62 160 148 160
38 | Union Tex. Pet.

E.L. Summers #1 Brazoria 10858- Lower

N. Rowan Fld 64 213 16.5 [90 { .79 |1.60 1,34 S7 57 57 Frio .88 | 62 120 200 200 225
39 | Superior & Pan

Aa Winton Unit #1, [Galveston 11472~ Lower

Algoa Fld 99 230 16.6 |30 § .65 J1.04 | .38 133 107 130 Frio 11 41 46 90 140 150
40 | Lockhart Bank

Unit 1, #2, Brazoria 10497- Lowexr

S. Alvin F14 574 185 16.0 J45 ! .70 }]1.30 .82 99 96 99 Frio .20 31 55 102 66 55
42 | superior W. L.

Traylor D §,N. Calhoun 9293~ Lower
. Maude B. Traylor Fldj 9323 194 14.3 {40 .56 .80 .38 70 69 70 Frio .48 -63 ky 98 62 50
44 |} Exxon K.F.G.U. #1 Waller 10414~

Well N-42, Katy Fld 42 243 14.6 {24 13.33 [1.71 ] .58 26 24 24 Wilcox .32 22 17 25 2 1
45 | Exxon KFGU #1, Well 10049~

W-34, Katy Fld waller 58 238 14,4 132 11.67 |[1.24 ) .68 60 s2 s7 Wilcox .28 23 29 -45 S 2

* “Equivalent NaCl" is obtained from chemical analysis of formation water using

{3

‘Schlumberger chart Gen 8.
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TABLE 3

Standard Deviations - Lignosulfonate Muds (26 Cases)

Method of Calculating Water Salinity from S.P.

Standard Deviations
1000 ppm

Conventional, using log header values of RMF
Ditto, Except exclude test 38

Conventional, using Gen 7 values of RMF

Ditto, except exclude test 38

Salinity 1 calculation as outlined in ourApaper
Ditto, except exclude test 38

Salinity 2 calculation (after age correction)
Ditto, except exclude test 38

Salinity 3 calculation

Ditto, except exclude test 38
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71.2

72.6

63.9

63.9

49.3

41.0

37.2

24.3

42.5

26.5



TABLE 4

Data for Anomalous Cases on K, Curve, Lignosulfonate Mud
5T|Well Name & F1d |Location Depth [Temp. | Mud Wt. S.P. | R o [Ryp RSH@ Geol. True Log Salinity 3
(£t) | of p.p.GJ M.V. | @15°F | .0 Age Salinity | Header (1000 ppm
. @75 Foxrm,
m Qm Temp.F 1000 ppm Salinity
P 1000 ppm
Phillips Brazoria |11772-[219 | 15.6 | 60 08 |.72 |1.10 M. 73
Gardiner #1 County 86 Frio 49 73
S. Choc. Bayeu Texas
Wainoco, Lafayette [14717- {238 17.3 35 1.21 (.44 .55 Anahuac 23.5 42 18
Girouard #1 824
Cade Fld la.
Lear Jefferson |11641~-|209 16.0 10 .89 |.43 1.67 Jackson 15 21 22
Koelemay #1 County 780 ' (Yegua)
w.C. Texas
Riddle, Zapata 9745- |250 | 16.1 25 | 1.33 |.34 2.0 wilcox 13 42 2
Saldana #2 County 9835 ~
Ww.C. Texas . =
Houston Calcasilu |14775- |264 17.3 40 .93 |.46 .80 M. Frio 42.5 43 75
Prairie 820
Canal #1 la.
w'c.
Union Tex. Brazoria |10858-1213 16.5 90 1.60 [1.34 .79 L. Frio 57 62 225
Pet. Summers County 64
#1 Texas
N. Rowan Fld

&
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Progress Report #19
September 1981
Study of Log Derived Water Resistivity Data

in Geo2 Formations

Summary: We made an error last month in calculating the standard deviation

of salinitie ing regression analysis. We used the formula standard

deviation _?uA , where n is the number of data points, and IA is the
n-1

sum of squares of deviations between true and calculated salinity. This

is correct for cases where regression analysis is not used, but for the

regression analysis cases, we should have used the formula TA

where k is the number of constants determined in the regression analysis.
Corrected figures for the standard deviations are shown in Table l. These
should replace the data given in Tables 1 and 3 in last month's progress
report. For lignosulfonate muds, the regression analysis (based on the
corrected standard deviation figures) does not significantly improve the
calculated salinities over the results obtained in our papex. For non
lignosulfonate muds, there seems to be a significant improvement by use of
regressidn analysis.

We have obtained 9 additional tests (all in Texas)using dense
lignosulfonate muds from the Bureau of Economic Geology (See Table 2).
These, plus test 30 (see Table 1, Progress Report #17), and the 16 cases
reported in our paper, give a total data set of 26 cases for SP calculations
in wells with dense, hot, lignosulfonate muds. Table 3 shows standard
deviations for various methods of calculating water salinity from the
SP for this enlarged data set. Results check those reported in our paper,
for the 16 case data set fairly well for the standard calculation method
using log header RMF data. The standard deviation for the conventional
salinity calculation is still about 70,000 ppm. The standard deviation
for salinity 2 or salinity 3 is increased to about 40,000 ppm (as compared
to 21,000 ppm for the 16 case data set reported in our paper). Note,
however, that if test #38 is eliminated from the data set, the standard
deviation for the convential calculation is essentially unchanged, while
the standard deviation for salinity 2 or salinity 3 drops to about 25,000ppm,
very close to the 21,000 ppm reported earlier,

We have no specific reason to reject test 38, but it does seem to be

unusual. Figure 1 shows a plot of K= RMF vs. mud wt, All the new data
RM

except for test 38 falls fairly close to the dashed line, reproduced from
from Figure 1 of Progress Report #6. Test 38 shows the greatest deviation
from the dashed line. Data for the & anomalous cases (5 from the old data
set plus test 38) are shown in Table 4. There are not any obvious simi-
larities in data for these anomalous cases. ' :
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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. 1In general, the degrees of freedom must be reduced by 1 for
each constant fitted by the regression analysis (counting both the
coefficients of the variables in the regression equation and the constant
term in this equation). As we were fitting from 5 to 7 constants in the
regression analysis and we only had 16 cases in our data set, this made
a significant difference in the standard deviation equation,; changing
it from A (incorrectly used last month) to "W,ZAI which is

g = (o]

1S 9+ 11

what should be used for the regression cases. The correct standard

deviations are given in Table 1. We see that for the lignosulfonate

muds, use of regression analysis does little to reduce the standard

deviation of calculated salinity below the 21,000 ppm value reported previouslye
For the non lignosulfonate muds, regression analysis lowers the standard
deviation from about 20,000 ppm (using the KF or Salinity 1 calculation) t
about 9,000 ppm. -

- 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). Many of these
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. Criteria for acceptance
were: Gas/water ratio < 100 MCF/Bbl., Temperature > 185°F; mud weight > 14.3ppg/
Thé average temperature was 221°F and average mud weight was 15.8 ppg. The
range of true salinities was from 24,000 to 287,000 ppm, averaging 95,000 ppm.
No measurements of R _were available, but complete chemical analysis had
been run, from which wéquivalent" NaCl salinities could be calculated using
the Schlumberger charts shown on Gen 8 of their chart manual.

It is interesting that in some cases the Ca content was quite high
(apparently present as CaCl,). 1In test #34, the Ca/Na ratio was 32/40;
in test #37 it was 21/54; and in test #39, it was 9/42. 1In spite of
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. '

Note that 7 of the 9 new cases are the lower 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. 1In three cases, #34, 37, and 38 I
assigned the test to the "younger" correlation, since the "older" correlation
would have implied super saturation of formation water. In the other
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four cases, the assignment was made to get the best check to the equivalent
water salinity calculated using Gen 8. This turned out to be the "younger"”
correlation for all except case 39, where the "older" correlation was used.

A calculation of standard deviations using various methods of calculating
the water salinity was made for the entire 26 case data set (16 cases reported
in our paper, plus test 30, reported in Progress Report #17, Table 1, plus
the 9 new cases listed in Table 2). Results are shown in Table 3. The result

is not greatly different from that obtained using the 16 case data set (reported

in our paper) when using the log header derived R _ value and the conventional
calculation method, about 70,000 ppm for either dgga set. The standard
deviation for salinity 1 (obtained using RMF values from the dashed curve of
Figure 1) drops to about 50,000 ppm. If we make the age correction (Salinity
2) the value drops further to 37,000 ppm. Applying the final correction
(Salinity 3) actually raises the value a little to 43,000 ppm. These values
for salinity 2 and 3 are ébout twice as great as the 21,000 ppm value for

the 16 case data set reported earlier. However we should note that if

we drop case 38, the standard deviations are unchanged for the conventional
calculation but drop to 41,000 ppm for salinity 1, 24,000 for salinity 2

and 27,000 for salinity 3. These last two values are not too different

from the 21,000 ppm value reported earlier.

We have no syecific reason for rejecting test 38, but it does appear

unusual. Figure 1 shows a plot of KP = RmF vs mud weight taken from

R
m

Figure 1, Progress report #6, together with the K_ values for all 26 cases

in our enlarged data set. There are six points wgich seem to deviate
considerably from the general trend of the data #10, 22, 23, 24, 25, and 38.
Of these, test 38 deviates the most. Table 4 shows data for these six
anomalous points. We have not been able to deduce any particular differences
between these and the remaining cases in our data set.

We hope to carry out regression analysis for the enlarged data set
and will report these next month.

H.F. Dunlap, Oct. 9, 1981

UFruek
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N en-expone’mial decay in dielectrics and
dynamics of correlated systems

L. A. Dissado & R. M. Hiil

Chelsea College, University of London, Pulton Place, London SW6, UK

A new model for the relaxation of a potential perturbation in
dielectric materials is developed based on the correlated
properties of a two-level system containing two types of
decay 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 applxcabtltty in the solid,
and liquid, state.

IT has been shown' previously that for materials exhibiting a
dielectric Joss peak the magnitude of the imaginary part of the
susceptibility, as a function of frequency, obeys the empirical
relationship.
” wm

Xy = (@ +@@)i-memra (V)]
where 0= m, n and s < 1. In the post-peak region, w > w,, this
relationshi ip can be written in the form Y. %(iw)"*™™ and
Jonscher®™ has suggested that the behaviour can best be under-

stood as ,
Xlr/X fr = cOt (nm/2) = constant @

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, ™, and equa-
“tion (2) is not obeyed. The empirical equation (1) describes a
complete decay characteristic for the materials exhibiting foss
peaks. It can be Krumers-Kronig transformed to give x/.), and
agreement with experimental measurements has been observed.
‘We use here the presence of a loss peak to define our term
dipolar dielectric, and we shall only consider this class of
materials.

“The universal equation (2) requires the susccpt:b:hty tofollow
apower law in time (¢™") in the equwalent short nmc. reeir ‘E
has recently been postulated by Ngai ef al.® that the origin
form of decay lies in an infrared divergence mechanism and that

the basic requirements for the application of this mechanismina
wide range of systems have been established computationaliy,

Startmg from the concept of an assemblv in which the local
units possess two equilibrium positions”™ * (a two-level systam)
we will show that the consequence of interaction betw=en the
local units leads to a complete description of the susceptibility of
dipolar dielectrics. The post-psak behaviour arises naturally
from this description. The method used is powerful and yields
detailed and quantitative information on the microscopic struc-
ture and its dynamics. As the final expressions describe the
macroscopic behaviour they can be conceived in a variety of .
ways and reveal the flexibility of the approach presented hers.
The results of this analysis have a wide range of applicability
outside purely dielectric behaviour and similar approaches
should be generally applicable.

The ™" behaviour

Before describing dielectric relaxation in terms of the cocopera-
tive model we must describe briefly the origins and requirements
of the ™ behaviour, which is a special 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 turn,
causes & much slower response of the second sub-system. The
state of the total system then corresponds to the excited first
system together with the unresponded second system, and can
be considered as a transient or metastable state which slowly
decays as the second system rcsponda In this way a Franck-
Condon progression is developed in molecular spectra’®*?, the
fast system being a high frequency transition which is cocpled to
the slow response of a discrete spectrum of low frequency

-oscillations.

The special requirements for a 1~ behaviour are’®; (1) a

. continuous spectrum of slow responders extending to zero

frequency; (2) a constant density of transition states, per unit
energy, for the slow system, in the same energy range; (3) an
effective population distribution in the slow states such that they
can be regarded as either fully occupied or unoccupied only.
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The time behaviour of the state vector of the transient can be
obtained from the total hamiltonian H as

exp (—iHt) =(r|0) 3)
which in second order perturbation theory'™', in
energy/frequency normalised units, becomes

~ exp(-iFr)-exp{~F(1)} @
with E the unspecified excitation energy of the transient, and
F(n= in{t—-L‘ LV_:I_I" {1 —exp (—iut)} du 7 (5)

N is the total number of slow responders and { is their maximum
excitation energy, the constant density of states is thus N/{. V is
the interaction change brought about by the fast excitationand i
the energy ditference 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 NV. As { is the
maximum excitation energy, [INVI?/(¢) is less than unity and is
set equal to n. Integrating equation (5)**"*¢

gives
F(t)=inft — n{y +In(ifs) + E.(i{)} (6)

where vy is Euler’s constant and E, (iz) an exponential integral’.
For short times, such that £ <1

F(t)~»0 ‘ 0

and the transient oscillates with its excitation frequency cor-
responding to the energy E. At long times (¢ >1)

F(t)=exp {~i(E—n{)t}. exp (~ny). exp (inw/2) . ()" ®

where the excitation energy of the transient has been reduced by
n{, and the transient decays as ™",

In applying this result to our problem the 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 excitations of
the slow responders, which decay monotonically. For this reason
E is taken equal to n{, and it has already been shown that # 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 -
real part of equation (4), and thus oscillates with diminishing

frequency while decaying as t™".

unoccupied

]

iy e

Pt ‘ D); two-level system: the range of initia) states available

for excitation with energy u is shown by cross hatching. The

equtvalens number of initial statcs is (Nu/¢) where N/ is the
constant encrgy density.

e Wy i P

Interacting two-level systems

A lovil two-level system can be considered as a group of atoms,
tans or molecules possessing two equilibrium configurations

aparated by a small energy difference and between which locai

tunnclling is allowed’”, Such a system can be described by aspin
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formalism in which the encrgy tensor is

(o 5 ®

where B, is half the energy difference between local potential
minima and U, 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 coupling to an
electric field takes the form

(i _.:)F (10)

with the off-diagonal elements u allowing a resonance absorp-
tion, the diagona! elements a relaxation spectra. A spin-spin
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-spin
interaction through a virtual two-phonon exchange
mechanism'®, The spin-spin interaction can be regarded as a
perturbation on an unperturbed local system with energy levels
+ B, 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 Ising hamiltonian and when calculated
in the mean field approximation has a contribution to B of T.M,
where M is the mean value of the z component of the local
dipole unit vector, in this case 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

B+ kT,M.)

M, = tanh ( et
which is a consequence of the condition that the dipoles can only
be in one of two states. B is the average of B, over all the systen,
and the dipole of the system in equilibrium is NM.d. The value

(11)

" of M, is defined by equation (11) 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 B, is not constant
but takes a continuous range of values with a constant number
density at each value'®?°, It has been suggested® 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

to=7/Vy (12)

where Vj is the flip-fiop interaction energy. The time has been
estimated as 107%-107's (ref. 19).

On a time scale greater than ¢, the local spins will sample the
whole of the local values of B,. In general those local spins whose
values of B, differ by less than the maximum value of the
interaction energy, Viamas, can be regarded as in resonance and
hence involved in a true spin-spin exchange. Those spins witha
greater difference than Vg, interact in an off resonance

" manner and do not have a true spin-spin exchange.

In this way, on a time scale greater than ¢,, the macroscopic
value of B in equation (11) will alter without altering M,. Butthe
nature of equation (11) requires an alteration in B to generatea
consequent change in M., Thus the flip-flop interaction hastobe
regarded as causing fluctuations in M, about a well defined
average,

(3) The.raising and lowering interaction: this interaction
couples M with raising and lowering eperators. These operators
allow excitation and de-excitation of the unperturbed local



o
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system, and generate absorptions at multiples of the Larmor
frequency in nuclear magnetic resonance spectra®., When
paired together the value of M is unchanged and oscillations are
gencrated at frequencies equal to the difference between excited
and unexcited local systems??. Since the frequencies span the
range from zero up to a particular maximum they can be
regarded as a systera 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 1™ as the frequencies less than Vgpax, that is,
10%-10"° Hz, respond. The magnitude of the parameter being
given by

m= (Vﬂlverm/ Vﬂm)z . (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 luctuating on a long time
scale. Because of the connection betwzen M and B in equation
(11) 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. 2¢ and b).

The rate equation for the thermal process can be written as*

B (22422) -von (221320
(14)

where »g has an activated form with a pre-exponential
frequency of the order of 10'* Hz, that is

Vg = Vo €XP ("'A/kT) (15)
Writing
M = M'+tanh (w)=M'+Afe (16)
kT | ‘
a linear form of equation (14), exact in M,, can be found,
dM’ B+kTM.,\.. ., :
e cosh (—W%)[M {(1-(1-M3TJ/TY] .

= ~wM' 17

where M’ is the deviation from equilibrium of M.

As w, involves M, 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 w,,. To
carry out this averaging, the form of the equilibrium fluctuations
must be determined.

Resonance flip-flops exchange dipoles between the two
minima, in each of which a new configuration is generated. The
initial equilibrium value of B of the macroscopic state is 163
appropriate to the new configurations and the state evolves in

65/

y—
YA T
AB+KTeMy—k—

e

Fig. 2 A double minima potential. a, A tunnelling process of

synchronous excitation and de-cxcitation. b, A cooperative

tunnelling relaxation process. ¢, 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-occupied level. The population 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 exponcnt 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 form '

(t=)". 6" : (18)

as the balancing is delayed in time by ¢, to allow for the initial
decay. Equation (18) represents fiuctuations about a well
defined average expectation value because of the constant time
average

! I'(t-t,)"'.tf"' dt,=T(1+m).T(1-m) (19)
0

To allow for these fluctuations a time average has to be taken
in the rate equation, equation (17),

(%')x_w,(r)“j t-a)""Me-n)dn (20)

0
The evolution of the initial state, £;™, competes with the thermal
decay process, but the balancing {(¢ — #,)™} initiated by the decay
at #, 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 ¢ shown in
equation (20). The value of M'(t—¢,) is evaluated from

d{dM('ft:';l;l)} = _wp(l'__ ’])ml;”‘M'(’._ ‘1) (21)

giving
L
M (0)/ M 0] = ~w, [ =) d-1)  (22)

and hence, using equation (20), and normalising to unity,
M'(t— 1)) = Mg, exp {~w,(t- 1)} (23)

The variable in equation (21) is the time span, (t,~#,), during
which the relaxation proceeds uninterrupted as opposed to the
actual time, ¢, at which measurements are made.

The initial deviation from equilibrium, M{,, arises from the
removal of a perturbation which alters B, for example an
external electric field which makes a contribution Fd to B where
d is the local z component of the dipole moment, and is given by

E_*_F_d_t"fs‘_{@z) -

24)
T M, (

Mfo) == tanh (
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That is, I rotates the macroscopic dipole towards or away from
she fixed internal ficld direction.

The rate constant w, is the maximum probability that a
thermaily activated process leads to a transition of a dipole
titween alternate minima. The activated factor is the prob-
avility for a thermal process of sufficient energy to surmount the
barrier, and the pre-exponential factor is the quantum
mechanical transition rate at the barrier peak.

A second independent relaxation process, that of local
tunnelling, may also occur. Each tunnelling event takes place in
a time of approximately v3* 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 (n7/2) . ()" (25)

the range of frequencies, ¢, in the slow system being from zero up
to »o, or the maximum value in the system, whichever is lower.
This behaviour describes the tunnelling relaxation 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,

tog [ <dMdr>]

logt

Fig. 3 A log-log plot of the decay current as a function of time.
The power law limiting behaviour regions can be clearly seen.

This cooperative tunnelling relaxation process competes
‘independently with the thermally activated relaxation, equation
(23), and takes place on the same time scale. Therefore, at atime
t—1, after the relaxation has been initiated at #;, M’ has
relaxed to

M'(t—t)) = M, cos (nm/2) . [{(t—6)]7" exp {—w,(t— ")(}26)

T.he value of the relaxation current observed at time ¢ is that
given in equation (20) with M'(¢ — t,) given in equation (26) and
is

'
Wy, COS (121) ‘-n L (5 h)mh_mM('o) (1= f;)-" e""""'"’ dty

JUA"
i) ;
L (t=1)™;™ dny
X - wp 003‘ (”T"){-uMZQ) e”" . f.."lF](l —-m; 2-- n; w,',t)
(27
where (Fyf,

Miere i) is the confluent hypergeometric function®,
E.puation 27) describes a complex situation, An initial deviation
"“"‘?‘ through two independent processes. One is an internal
tcadiusiment, and is described by the 1~" behaviour, The other

. is a thermal decay process in which the rate constant fluctuates
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second microscopic interaction. The composite rate observed at
time ¢, thercfore, has to be averaged over the fluctuations. A
linear Ising model calculation of configuration correlation
functions®® has revealed some of the features of the above
expression. .

Frequency-dependent susceptibility

To obtain the linear frequency-dependent susceptibility a form
of (dM’/dt), equation (26), requires to be determined in which
the initial deviation from equilibrium is linear in field strength.
Expanding cquation (24) gives

Mip =12 (1-MD{1-(-MOT/TF  @8)

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
confiuent hypergeometric function has a limiting value of unity,
as has the exponential term, and hence

dM* —n
<—d—;-)=1¢x(w,t) . (9
where J is the decay current. At infinite time the asymptotic
form of the hypergeometric term is proportional to
exp (+wyt) . (wyt)" ™! and the equivalent current is given by

(wpt)™*™ (30)

In the limited region around ¢t =~w;" the decay is dominated by
the exponential term. The Laplace transform of equation (26)
is?, in normalised form,

1-n
T e __2__.)
x(.)oc(wp“w),_n.,ﬂ(l nl-m;2 n’(w,+iq))
(31)

in which ,Fy(, ; ;) is the gaussian hypergeometric function®.
Equation (31) has the simple asymptotic behaviour that at
frequencies greater than w, both the real and imaginary Pans of
the complex susceptibility are proportional to »~ %, in
agreement with equations (1) and (2). At frequencies less than
w, the imaginary part of the susceptibility is proportional to &™
and the real part is given by Xfw.o—Ax{) 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
frequencies that the slow responders cannot give rise to the
fluctuation process. Both forms have been observed experi-
mentally®,

Discussion

The basic requirements for the present model 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 is
effectively constant. The existence of these states has been
demonstrated experimentally in glasses'® and theoretically
established in other materials®; from this the high frequency

. be'haviour follows. It should be pointed out that most dielectric

susceptibility measurements are made close to a phase tran-
sition?”*® where a cooperative system of structural changes with
at least two local potentials must exist. The local two-level

- gystem considered here can be regarded as describing the struc-

tural changes involved in a phase transition. The processes
described here are the microscopic reality behind Jonscher’s
‘screened hopping model'®, The exponents n and m hgwe bcen
determined as follows; m is the degree of structural adjustment
required for the average flip-flop process. It is therefore a

about an average value. These fluctuations are the result of a I6Xorrelation of these processes in the ground state. n Is the degree
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of structural adjustment required for the average spin flip (spin
raised or fowered). It is thus a correlation fuctor {or the dyn'\mlc
restorative tunnelling events.,

ft is expected that mechanical strain, nuclear magnetic
resonance 1 measureaents™, magnetic susceptibility and the
molecular dynamics of plastic crystals will show similar
behaviour®, In particular ultrasonic absorption measurements
in which the pseudo-spins respond to variations in B produced
by acoustic vibrations show a similar response®

Finally we po:nt out that a non-cxponential decay behaviour
is a theoretical necessity in all systems which do not have an

infinite range of energy in their decomposed state*?, for example

which may recombine. The required behaviour has to be faster
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than exponential at short titnes and slower than exponential at
long times. The transitional behaviour between these regions is
close to exponential in form, as it is here. Usually the availabls
experimental time region is such that only minor deviations from
an exponential behaviour can be observed. Hecause diclectric
susceptibility is observable aver wide ranges of frequency and
amplitude, and is amenable to temperature scaling, it provides a
unique opportunity to study the details of the non-exponential
decay and the microscopic mechanisms involved,
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Thermal aspects of komatiite generation and

greenstone belt models

B. L. Weaver & J. Tarney

Department of Geological Sciences, University of Birmingham, UK

Thermal modelling suggests that the problems posed by the
high liquid temperatures (~ 1,650 °C) of peridotitic lavas
in Archuean greenstone belts, and the implied high degree
of mantle melting (~70% ), are significantly reduced by

_considering uprise of a more refractory mantle diapir hav-

ing an inherent density conitrast with the -surrounding
mantle, and in a tectonic environment analogous to a
marginal basin.

LAVAS of komatiitic composition'?, representing very high
magnesian liquids with up to 33% .MgO, 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 volcano-sedimen-
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 textures® indicates that in most cases the high-MgO
character is primary and not due to olivine accumulation.
Deriving such highly magnesian liquids * oy mantle fusion poses
severe thermal problems

Experimental studies® have shown that the high liquidus
tesuperatures of peridotitic komatiite (~1,650° at 1 atin) would
require ~70% partial melting of mantle pyiolite. Simitar 7 l}
ting experiments on mantle nodules® have also demons: ‘i

C08-0835,79/0279—-0689501.C0

that high degrees of melting would be required to produce
periodotitic komatiite liquids. Modelling of the therinal evolu-
tion of ascending pyrolite diapirs”™* indicates that attainment of
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 Finland®** have shown, however, that many perido-
titic komatiite lavas not only have Jow trace ¢lement abun-
dances, as may be expected with high degrees of mantle melting,
but also have light rare-earth depleted rare-earth clement
patterns and low incompatible element abundances (Fig. 1).

-These features have been taken as indicating that such perido-

titic komatiites are derived from a ‘depleted’ mantie source®?
similar to that for modern mid-ocean ridge basalts, and are most
unlikely to have been enriched in U, Th, K and Rb. Other
peridotitic komatiites may 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. 1), higher levels of
incompatible elements and essentiaily ‘undeplcted’ incompati-
ble elemeut ratios. They do not seem to be consanguinous with
the depleted komatiitic lavas but have been derived from a

diflerent mantle source. Inhomogeneity in the Archaean mantle

© Macmillan Journuls i4d 979
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