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ABSTRACT

- The mechanical and trahsport properties and characteristics of rock sam-
ples obtained from DOW-DOE L.R. SWEEZY NO. 1 TEST WELL at the Parcperdue

GeopresSUre/Geotherma1 Site have been investigated in the laboratory. Elastic

 modu1i, 'cdmpressibi1ity; uniaxial compaction coefficient, strength, creep
: parametérs, permeabi]ity,:acoustic»ve]ocities (all at reservoir conditions).
-and changes in these quantities induced by simu]ated reservoir'production have

~ _been obtained from tests on several sandstone'and shale samples from different

depths. Most important results are that the compaction coefficients are

_approxﬁmate]y'an order df magnitudev1ower than those génerally accepted for

the,réservoir sand in the Gulf Coast area and that the creep ‘behavior .is

' sighifﬁcant.

'v‘Ged1ogic characterization includes 1ithologica1 description, SEM micro- .

- graphs and mercdry intrusion tests to obtain pore distributions. Petrographic
'ana]ysis,shows that approximate1y half of the total sand interval has excel-

lent reservoir potentiaT"and that most of the effective porosity in the Cib

Jéff Sand'is formed by secondary pofosity development.
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I. INTRODUCTION

N

The Division of Geothermal Energy of the U.S. Department of Energy (DOE/

f DGE) is evaluating the technological and commercial feaSibi]ity of explbiting

the geopressured/geotherma] resource in the U.S. Gulf Coast area. An exten-

s1ve program to design, dr111 and test wells in this area is be1ng conducted

to aid the evaluat1on process. It is recogn1zed that physical and mechan1caT

properties such as porosity, permeability, compressibility, etc., and changes

in these‘propertiee'during production'play'an important role in evaluating the

production potential of a subsurface reservoir. The program therefore inciudes

a systemaiic inveétigation of rock properties in the laboratory. This report

describes 1aborétory tests on core samples obtained from DOW-DOE L.R. SWEEZY

NC. 1 TEST WELL at the Parcperdue Site (near Lafayette Louisiana) in the Gulf

~ Coast Area ,
| The test cond1t1ons and the procedures are deswgned to produce results

‘that are usefu] for:

identifying and anticipating prob]ems associated with changes in
porosity, strength, and deformation and fluid flow characteristics
that are related to fluid product1on

provid1ng correlation with the reservoir propert1es assessed from
well testing and geophysical logging such as sonic velocity and
e]ectrwca] res1st1v1ty logs; = - - - - S

~ providing values or ranges of values for the input parameters such

as compaction and permeability coefficients, bulk and shear moduli,

etc., to the computer based models for predxct1ng Tong-term produc-

tion performance and- subs1dence prof1les

' Inradd1t1on to the description of core tests and the results, the report

inc]udes'a detai]ed‘geo1ogical description'of the Frio'Cibb-Jeff Sand and some

general comments on its reservoir aspects The report has been structured such

that the core testing and the geo3og1cal sections are essent1a]]y independent.
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II. CORE TESTING ;
- II.1 GENERAL LITHOLOGY AND CORE DESCRIPTION

The proposed DOW-DOE L.R. Sweezy #1 well in Parcperdde field near Lafay-

ette, Louisiéné has been drilled to a total depth of 13,618 feet. The'parget

sand interval was a small geopresSured water sand, called the Cibb Jeff sand,

~ which occurs within thé‘uppef Oligocene Frio Sand complex.. The reservoir of
Cibb Jeff sand in the Parcperdue field has,beeh determined to consist of a

small fault block. Remarkab1y good:wé11 control and the general lithology

suggest:thatkthe reservoir is efféctive]y isolated from adjacent fault blocks
by a thick shale sequence abové and below thg sand. Reservoir acreage is
appfdximately 940 acres and for an average sand thickness of 50 feet the
reservbir volume equals 0.015 cubic miles (Hamiiton»and’Wilson, 1980).

Two cores of 60 feetvlength and 4 inch diameter eachlwebe recovered from

.thé‘Sweezy #1 well across the proposed reservoir interval between 13,340 to

13,460 feet ]eye]s. Cohe’recovery was excellent considering. the unconsoli-

dated nature of portions of the reservqir sand. Two feet of shale were re-
covebed from above ‘the sand, and approximaté1y 48 feet of siltstone and shale

Wehe recovered from below. Total sand recovery was apprdximately 70 feet,

approximately half of which represented potential reservoir sand. Figure II-1

shows a vertical profiie characterizing the entire cored interval.
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I1.2 LABORATORY TESTS

II.2.1. Specimen Preparation, Characterizétion and Storage
II 2 1.1 Spec1men Preparat1on | |

Cy11ndr1cal test specimens, each 2 inches in d1ameter and 4 inches in
Tength were obtained from the whole core samples. In addition to test speci-

mens, a one inch diameter satellite core was obtained from each of the whole

~ core samples for density, pqybsity and a limited number of ultrasonic velocity

measuremehts. Initially test specimens were cored and edges were ground at

room'tempefature using 110,000 ppm brine as ; Tubricant. Extremely friab1e.

'sand'samplesywere frozen and cored’dry to obtain satisfactory test specimens.

Most of the‘shale samples fractured along the bedding planes during coring.

Some others were damaged during the griding operation to make the. edges flat

' and-para]iel; A single shale specimen was oPtainéd by casting the core in

hydrostone prior to cutting and grihding operations.  A1l the test specimens

"~ _were ground for flat and parallel ends to a tolerance of 0.005 inches.

11.2.1.2 Porosity'Measurements
Porosity measufeménts were done on samples from each of the whole core
pieces used for test specimen preparation. The dual chamber helium-gas Boyle's

Law method was used to determine volume of solids, Vs’ for each specimen. .The'

chamber volumes are optimized for the sample size to give near maximUm resolu-

tion for porosity detehmination "The apparatus was ca11brated w1th known

volumes. Poros1ty ), was then determ1ned by

v
S
=1~
Y

where V. is the total sampie'vo1dme a$ determined by immersion and displaced

fluid volume measurementh Resolution is estimated to be approximate1y +0.5%

porosity.



o~

e

'E

11.2.1.3 Pressure Resaturat1on |

A spec1a1 pressure saturatxon vessel is used to saturate the test spec1-
men. The test spec1men is placed in the pressure vessel and the pore 11nes
connected to‘the samp1e are evacusted‘and beckf{11ed with deaerated 111, 000
ppm. NaC] brine The vesse1 and the pore 11nes are pressur1zed s1mu1taneously,,

in. steps, up to 1000 psi such that at no time any effective stress is created

within the samp1e. A slight d1fferent1a1 pressure is then created between the

“top and thevbottom of specimen'and'the pore fluid: is allowed to flow through

for approximately 3 to 4 hours. The system is thenzdepressurized slowly and -

the specimen is stored in brine until it is ready to be jacketed_for a test.

11.2.1.4 Jacketing and Test Stack Preparation.

A test stack consisting of the cylindrical rockvspecimen; ceramic specers
and titanium end caps with pore fluid conneCtions is assembled. The ceramic
specers act as'in5u1ators and jsolate the electronics of the transducers at
the‘twouends from the high temperature zone in;the test vessel.' The titanium
end caps'resisi the corrosive effect of the brine used‘es the pore'f1uid;

Any nextreme. core surface ,irregu]aricies are . ffl]ed with epoxy. 1 Four

metal stand-offs to allow transverse strain measurements are cemented directly

to the rock at its 1atera]'center at opposing diameters. The end cap to
‘sample contact cwrcumferences are coated w1th a bead of epoxy followed by a
'band of sheet tef]on The ent1re assemb]y (except ends) 1s then coated with

Japprox1mate1y 0.1 “inch of uncured silicon rubber; Immed1ate1y, a tube of

0. 020-inch thick teflon heat-Shrinkab1e materia] is sl1pped onto the sample

‘and shrunk onto the uncured rubber with a hot air. gun F1na11y, the jacket is

add1t1ona11y secured near 1ts edges with sta1n1ess steel 1ock wire and allowed

to cure at room temperature for at least 24 hours. A completed test stack is

~ shown in Figure 11-2.



Y =

‘.W .

L <l oY ool Sl Suell SISl e

S S N

ENDCAP.

STAINLESS STEEL
LOCKWIRE

TEST SPE‘CIMEN

TRANSVERSE STRAIN
MEASUREMENT
STANDOFFS

STAINLESS STEEL .
 LOCKWIRE

”

~ PORE FLUID CONN

CERAMIC SPACGCER

T~
~—\'

. EPOXY BEAD

/ SILICON RUBBER

] HEAT SHRUNK
TEFLON TUBING

' CERAMIC SPACER

> EPOXY BEAD

- Figure I,IrZ.: Completed Test»Stack for Core Testing at Reservoir Conditions.



| G

EWT:"lT:t f_t:::“.lf:frh_[fff‘ r— r%fj

11.2.2 - Test Equ1pment

A1l tests .are performed using a system desxgned and built at Terra Tek

~

- for h1gh temperature creep measurements (Figure II-3). The system uses gas-

 backed, thermally stabilized hydraulic‘accumu1ators for applying the axial,

confining and pore pressures. The gas-backed accumulators are designed'to

maintain constant confining pressure and axial load over long periods if

}desired, ‘Figure 1I-4a shows a schematic of the'axial load, confining pressure'

and pore pressure units. The pore pressure unit is aTsovused for flow (perme-
abi1ity) and-ejected fluid volume (pore vo]ume changes) measurements. The
axial and transverse stra1n measurements are made using, respect1ve1y, linear

var1ab1e d1fferent1a1 transformers (LVDTs) and stra1n-gaged cant11ever fix-

tures. The strain gages have some drift over prolonged measurement durat1ons,

especially at'e1evated temperature,‘ The LVDTs, on the other hand, are ex-
tremely stable and have high sensitivity for prolonged measurements on most

rocks. ~The'specimen is heated internally within the cell by convection of the

 hot cell fluid within a ceramic shroud. ~Temperatures are measured by thermo- .

) couples attached to the test spec1men and placed in the cell f1u1d at several

pos1t1ons Figure II-4b shows a view of the entire test stack assembly.

The system is e]ectron1ca11y 11nked w1th a POP-11 computer system with

the pressure temperature, stress and strain transducer outputs be1ng aCQU1red

in real time.

}II.2.3 Test Procedures

Tests consisting of severa1 hydrostatic‘ triaxiaT and uniaxial loading
and un]oading cycles and pore pressure reduction were des1gned to prov1de'

measurements for ca\cu]atlng several mechan1ca1 and transport propert1es A

'schemat1c descr1pt1on of these tests is g1ven in Figure II-5 and the details

| - are descr1bed below
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1I.2.3.1- Tests for 0btain1ng Deformat1ona1 Characteristics
The test spec1men, 1nside the pressure vessel, is heated and 1oaded to
simulate the est1mated reservo1rﬂcond1t1ons at the depth from which the,spec1-'
men‘originated. The apprqximete reservoir conditions simulated in each case
are: temperature' 107°C; confining pressure"13;000] psi; total overburden
stress}13,§00 psf'and pore pressure 12,000 psi. The confining pressure and
the pore_pfessure are inereased.simultaneously (maintaining'a constant differ-
ential of approximately 50_psi to prevent a jacket failuhe). After the pore‘.
pressure reaehes its maximum value, the confining pressure is increased to the
reservoin level, followed by deviatoric stress appiication. Once reservoir
eonditiqns have been attained, the test procedure-varies for different test
types:
1. In the compaction tests, the pore pressure fs lowered to apphoxi-
mately 60% of its maximum value while constantly adjusting the con-
fining pressure and the deviatoric stress values to obtain a uni-

axial compaction (no lateral strain change) and ma1nta1n a constant
tota] axial stress (representing the overburden).

2. In the tr1ax1a1 tests to failure, conducted on three sand samples
from generally the same level, the pore pressure is reduced to
approximately  20%, 40% and 60%, respectively, of their maximum
values (representing the reservoir cond1t1on) The deviatoric
stress is then increased until the specimen fails while ma1nta1n1ng
the pore pressure and the confining pressure constant '

3. In the creep tests, the pore. pressure is 10wered to approx1mate]y
7000 psi while maintaining a constant total axial stress and uni-
~axial compaction. The specimen is a]]owed to creep for several days »
under constant stress cond1t1ons
II. 2 3.2 Permeab111ty Measurements
~In all these tests, except the test on the shale spec1men permeab111ty

measurements‘are‘made after attaining the reservowr cond1t1on. A second perme-

abi1ity‘meashremént is made after the 1-D compactipn phase*in'the type 1 tests

‘to'assess,the influence of fluid production on the porOSity and permeability

of the reservoir rock.

11
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:The'stgady-state determination 6f'permeabi1ity has been found unsatisfac-
v tony_in'the'micrbdércy and lower permeébi]ity range. Therefore the transient

pulse technique which is especially suited for low porosity,h1ow permeabi]itf_
‘range was used to measure permeability for a single shaie specimen. In the

transient techn1que, the two ends of a test specimen are kept open to fixed ‘

volumes of permeat1ng fluid and a d1fferent1a1 pressure pulse of the magnitude o

approx1mate]y 1% of conf1n1ng pressure is applied across the-spec1men.vrThe
‘préssure pulse resu]té in f1uid‘f1ow aCroés the specimen and the equf]fbrium
is reestab]ished.k.The pressurejdffferential decay with time is monitored and
the results in conjuhction with the propértiés of perméatihg fluid, specimen
“geometry and the system volumes enable the permeab111ty calcu]at1on ngure
- 1I-6 shows a schemat1c of the test setup. :
Since the setup perm1ts only a hydrostatic loading of the specimen, the
confinihg pressure was kept somewhat higher thanvthat correspohding to over-

burden in order to compensate for the in situ deviatoric stress.

JACKETED ' '

/ PRESSURE CELL

LARGE
DOWNSTREAM

VOLUME
°'§SE‘§‘§§E'€" : \ BYPASS VALVE FOR
T EQUILIBRIATING

TRANSDUCER

'Figure 1I-6. Schematic of the Test Set-Up for Transient Techn1que
: of Permeab111ty Measurement.
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II. 2.3, 3 E1ectr1ca1 Res1st1v1ty Tests

Electmca‘l res1stivity was measured on a s1ngle sand specimen. The

spemmen was saturated under water for 24 hours and then jacketed a]ong with

platinum e1ectrode plates, ceramic spacers and titanium end caps. Figure 1I-7

shows the test stack assembly and a schematic of the test setup. After jack-
eting, _t.he' test stack and the‘ connected pore lines were‘evacuated and back-

fﬂ]ed.with NaC1 br‘ine. The conﬁmng and the pore pressures were increased

in steps to attam an effectwe stress of 980 psi on the spec1men. As in the
- pulse techmque_ permeab111ty measurements, the test setup in this case permi"ts

‘only a hydrostatic loading of specimens. The maximum capacity of pressure

vessel being 2000 psi, the reservoir condition was simulated in terms of

effective stress only and not the total stresses.

TITANIUM
ENDCAP
LOCKWIRE
p , ~SEAL- : v ‘
CON’ . ISION
" zt'i:‘g;‘:nﬁc':xn ‘ PRE\CC .
POROUS ' SOURCE
L CERAMIC ’
.. .SPACER - ) 10 HZ sz:'rsKHz
i POTENTIAL : 2
A “ECecTRooE . 3 S - : S PRECISION
(PLATINUM) , o OSCILLSCOPES S NON-INDUCTIVE
e TEST SAMPLE . : :: HESIS"I;I.SIE -
R o L VOLTAGE VOLTAGE| < ELEME :
CERAMIC SPACER | THE TEST  RESISTIVE S
(BOTH ENDS)' . - SHETGEN RESISTIVE ™"
POROUS - ' S " '
C:RA\NC
o ‘; ' ‘ .
_TITANIUM ' TEST
Venocn: o _ R SPECIMEN
a) Test Stack - b) Schematic of Test Set-Up

Figure IIl-7.' Test Stack and Schematic of Test Set~Up for Electrical
Res1st1v1ty Test.
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After the fluid pressures stabilized (apprOXimately.two hours duration)_

an electrical resistivity measurement was made using a four pole AC resistiv-

'ity device to verify proper functioning of measurement devices. The tempera-

ture was then raised to 106°C and after a thermal stabilization was attained
(approximately 45 minutes ‘duratioﬁ)'vthe final resistivity measurement was

made.

I1.2.3.4 Ultrasonic Wave Velocity Measurements

~ The ultrasonic velocities in three sand samples were measured using a

“Through.TranSmission Technique" (Mettaboni, 1967). In this technique, the

travel time of an u1trasonic'signa1 through'a core sample is derived fbom the
frequency ef a very stable and accurate (sfebflity +1 part in 107/month;
accuracy +0.001%) variab1e>frequenqy"synthesiier (VFS), thus avoiding the

errors involved in direct measurements ef time. The VFS triggers a pulse gen-

erator transmitting pulSes‘throughrthe core samp]é at a rate which is a defin-

ite'submultip1e‘of’the‘VFS frequency. The pulse shapes are adjusted so that
the initial pulse, the singal received through the specimen and-the VFS output

itself (comparison wave) match exactly in shape. The VFS frequency is varied

~ so that an exact number of comparison wave cycles are included between the

time that initial pulse is transmitted and the specimen signal is received.
The travel time is determ1ned by VFS frequency The sample set-up for«fhese

measurements is shown 1n F1gure II- 8

14



- PRESSURE VESSEL

 TEFLON JACKET .

TEST SAMPLE

RECEIVING
m':”ﬁ|m\
" (SHEAR MODB)

~CONFINING FLUID

W

RECEIVING —
TRANSOUCER

(LONGITUDINAL
MOOE)

o resossdl , o o ,
ELecTRiCAL”” | : | l
. RUG

Figure 1II-‘8‘.  Test Set-Up for Ultrasonic Velocity Mgasdrements.*
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I1I1.3.1  Deformation Characteristics
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I1.3 RESULTS AND DISCUSSION

A surhmary of all "the, test results and ranges of values obtained for

' different_parameters.are given'ih Table II-1. Computer plots characterizing

the_materisl behavior throughout individual  tests are given‘in Appendix 1.
The main features of the results are.deséribed‘and‘discusséd here.

| .The defofmatiqnal behavidr of-astest specimen under a complex triaxial
loading sequehce pébhaps can best be repreSented'by a mean effective pressure
(c ) versus vo1umetr1c stra1n (e ) relat1onsh1p 'Figure'II-S shoWs a'plot of

this nature ‘for a sandstone and a shale spec1men Initia],non]ineérity in the

: stress-strain relationships is sign1f1cant and can be attributed to the clo-

‘ . ; Y ,
sure of pre-existing cracks and pore collapse. In addition to nonlinearity,

inelasticity is clearly exhibited resulting in hysteresis.. In one sandstone

 sample (DOW #6, depth 13,344 ft.) only about 33% of the strain at the maximum

effective stress of 6000 psi‘was'recovefed during un]oading‘tqizoo psi.
| ‘Figure‘Ii-lo shows the comﬁfessibi1ity vériétion with the mean effective
stress for the same séndStone and shale specimens  Compressibility is obﬁained
for all phases of 10ad1ng by the slope of the tangent to the (o ~ € ) curve.
These curves are typical of a11 the samples tested. |

‘The Young' s and shear moduli are ca]culated from the deviatoric stress-

strain (oy - o3 ~ el) and shear stress stra1n (01 - 03/2 ~ &1 " £3) curves

(cf. F1gure I1I-11 and II- 12) The,Young s modulus remained very much constant:

"throughout the. deviatoric - stress 1oading ,phase a]though' the shear modulus

decreased considerably near the maximum shear stress. The flattening of shear

_ Stress-strain‘curves near the maximum shear stress is typical of many other |

. rock types (Isenberg, 1972).

16
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v Table II-1 ‘
Summary . of Results De;éribing Deformation Characteristics
- . ‘Compaction
1 Young's " Shear Compressibility | Coefficient
. Sample | Depth | Porosity |  Modulus Modulus ___) x10-6* (-;-) x10-¢
Rock Type | Number (ft) (%) (psi) x108 | (psi) x108* \ps1 psi
Lompaction A :
Sandstone 1.26 0.58 : 0.35
6 13,344 28.6 3.261 1,31t - 3.§0~1.38' 0.30%+
0.84 0.36 S
33. | 13,364 25.8 1,27t 0.49t 10.30~1.95 0.35
35 ] 13,366 28.0 1.69 0.61 6.66~2.26 0.46
67A 13,389 30.1 0.60 0.25% 5.12~3.54 0.72
1.55 . | 0.351.0
68 13,390 26.7 2,16t 0. 85¢ 5.08~3.19 0.65
Shale 129 | 13,486 | 20.2° 0.54 - 3.15 -ttt
Triaxial (to failure) R . w
Sandstone 41 13,371 36.2 1.18 0.75~0.45 3.52~2.58 -
42 13,372 331.7 . -.0.97 0.45~0.44 4.87~2.95 --
75 13,395 27.9 0.96 0.51~0.37 5.59~3.85 .-
Creep : ,
Sandstone 71A | 13,393 29.6 1.58 1.06~0.52 4.06~2.83 0.70
_ 678 | .13,389 30.1 © 0.68 0.30 4.42~3.69 0.66
Compaction or Creep§ _ ; ‘
Sandstone | . 78 13,398 30.2 0.40 0.19 6.06 .
B 7 13,344 23.0 - - 3.24 -
10 | 13,346 30.4 -- * - 3.45 -
40 13,369 37.5 -- -- - .-
48 | 13,373 33.2 -- -- e --
: ’ 3.338§ .-
.80 | 13,400 26.7 - - 2.668§ -
o 2.55§§

*The | range of. values correspond to initial and

**The range of value$ correspond to stress range between zero effect1ve stress and
reservoir conditions.
tThese values were obtained from sonic velocity measurements.
11This value was obtained by repeating the uniaxial compaction phase.
TttExperimental results-indicated a compaction coefficient of 0.85 x 10-€ 1/psi in this case.
However, further 1nvest1gation of the failed specimen indicated that during the testing a -
horizontal failure (along the bedding) was created in the specimen just above the lateral
strain transducer stand-offs and the fa{lure was confined in the upper half of ‘the specimen.
This resulted:in recording of all the. axial compression, but ne 1ateral extension and hence
a fictitiously high compaction coefficient.
§Partially completed tests (not completed due to specimen or equipment fai]ure)
§§These va\ues were obtained during subsequent loading cycles.

17
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The'eiastic constants obtained from the'sonfc Ve1ocity measurements on
three sandStone‘sampTes are nuth highervthan the corresponding vaiues obtained‘
from’static measurements. »This is expected due to”the Tow stress and short
duration pulseS‘USed in sonic ve]ocity measurements. Figure 11413 shows a

comparison -of the compressiona1 ve10c1t1es (P waves) obtained in the labora-

" tory with those obtained from sonic 1ogs.

Compact1on coeff1c1ent (C ) is obta1ned from the pore pressure ~ axial

vstraln (Pp ~ €;) relationship during un1ax1a1 compact1on phase (change in

~ lateral strain, 6eg = 0) simply as the slope 881/8Pp. Compaction coefficients

are fairly constant throughoutvthe uniaxia1-compaction phase_for most of the
Sanples tested. | |

Figure II- 14 shows the Mohr s circles and the failure envelopes obtaxned
from the tr1ax1a] tests on three sandstone samples. The faw]ure envelope at
Tower normal ‘stress 1svvery linear and if extrapolated downwards, gives a
cohesfon of aporoximately'300 psi and a friction angle of 28° (a lower oohe~.
sion and a friction ang1e‘va1ue s1ightly higher than 28° may be a more realis-

tic approximation if nonlinearity is assumed at the beginning). A reduction

in‘the friction angle at the higher stresses probably is due to the associated

h1gher strains caus1ng a breakdown of the orlgtnal structure of the gra1ns and

‘the pores within the samp]e.‘_

Figure II-15 shows the creep curves obta1ned for a sandstone spec1men
allowed to creep under constant stress cond1t1ons for approx1mate1y f1ve days

It appears that a steady-state creep_modeshad been attained in this case.

Other creep tests yield similar results. Although it is difficult to say from

these results how long the steady-state creep would have taken place, it is

felt that over extended production periods creep compaction would be signifi-

cant.
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II 3. 2 Transport Characteristics '

Tab]e II-2 gives: permeab111ty vaiues for different sand samples. Asv
described in the test procedure section these permeability values have been-
obtained by flowing NaCl brine through the specimen at reservoir conditions of .

stresses and temperature. The second permeability value reported for some'f
cases corresponds to the test stage after the fluid production simuiation
phase Some general comments are given beiow

° The permeability va]ueS'reported in Table:Z»are approximately 1/4 to

- 1/10 of those reported by Core Laboratories,,Inc. for samples from
the same depth. This significant difference is due to the fact that
Core Laboratory results are gas permeab111t1es obtained at bench
condition.

° There is significant reduction, ranging from 26% to 88%, in perme-

ability, caused by one-dimensional compaction 51mu1at1ng the fluid
production phase

Figure II-lG shows the resuit from the‘permeabiiity measurement on a
sing]e shaie specimeh using the transient pulse technique. The final value
corresponds to the reservoir conditions simulated as ciosely as the experi-

mentai setup permitted

II1.3.3 Electrical Resistivity

Electrical resistivity of a sand specimen (#41) from 13,371 ft depth ob-

~ tained at an effective pressure of 980”psi and at temperatures of 23°C and

106°C~are 266 ohm-meters and 217 ohmrmeters, respectively. These values are

approximateiy‘aniorder of magnitude higher than those expected.

23



Table II-é

Steady-State Permeability Values for Sand Samples |

.

| Permeability (millidarcy)

| é‘;f Saﬁple Depth Porosity | Reservoir After Fluid Prod.
i . Number (ft) (%) Cond. ‘Simulation Phase
RS | #6 | 13,384 | 28.6 3.8 | 23.8
L #33 | 13,364 | 25.8  188.8 | *
e #35 13,366 | 28.0 193.2 142.7
; kjw #41 | 13,311 36.2 914.4 X
. - #42 13,372 3.7 92.3 x
s #6TA 13,389 30.1 6.0 3.7
'[k‘; o #678 | 13,389 30.1 6.0 *

.k;{t o #68 - | 13,390 | 26.7 26.3 3.1

b N #71A 13,393 | 29.6 13.6 4.5

A | #75 13,395 | 27.9 26.1 *
v . — , , ,

TR \ *Indicates that the permeability measurements were not

reliable in these cases or the measurement was not made.

| ﬂ;” BT = | 24
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. o \ ‘ Number of Values
Parameters ' ' ,Values-v . | Used In Averaging
| Porosity ' (29.9 + 3.81)% 16 o
Young's Modulus ] (.06 £0.43) 108 psi | 11
Shear Modulus | (0.51£0.25) 10% psi | 16
Bulk Compressibility 1(4.93 £ 1.9~ 2.82 £0.80) | 14 and 10
S 3 10-€¢ 1/psi ‘ L
Compaction Coefficient (0 56 + 0.16) 10-6 1/psi 7
Permeability Coefficient | 6~914md Varies greatly and
(at reservoir condition) | | averaging these may
Lo o v o not be meaningful.
1 Electrical Resistivity 217Qm 11
- at 106°C ' . :

I1.4 CONCLUSIONS - MECHANICAL PROPERTIES AND BEHAVIOR -
}The'resu1ts given in this report provide information on'the‘deformationafz
and tramsport characteristics ot rpcks from the Parcperdue Geotherma1/Geopres-

sured site. Table I1-3 g1ves some average values and ranges of vaIues for

~different parameters obta1ned from core testing.

Table 11’3 :

Aveage Values for Mechanical and Transport Properties

Generally, the cbmpressibi]ityvva1ues’areis]ightly higher than those ob-
tained for reservoir rocks from the Pleasant Bayou Wells (Gray, 1980). The .

higher initial compressibiIity of Parcperdue samples can be attributed to the

. use of true reservo1r temperatures dur1ng tests (P]easant Bayou samp1es were
i'tested at room temperature) Any simulation for subs1dence pred1ction w111,

i have to. cons1der this factor. E]ast1c moduli and the compact1on coeff1c1ents 4

in the two cases are of the same order
| Compact1on coeff1c1ents are approx1mate1y an order of magn1tude lower

than those genera11y accepted for the reservo1r sands in the same geologic

2
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region COhkuma eteel' 1979) This has serious impIications with respect to

vproduct1on rate and the t1me for reservoir <iep1et10n ' A5sma11er compaction

3

coeff1c1ent results in reduction in the durat1on over which a max1mum produc-

ft1on rate can be mamnta1ned (Ohkuma et al, 1979).

Time and. stress-dependent inelast1c1ty exist and may be significant.

These factors»shou]d be considered in evaluation and modification of field

test prbcedures to obtain reservoir prdperties as well as mathematicallmode1-

ing for long-term reservoir performance and subsidence prediction.

| Sonic velocity measurements made in the laboratory correspond reasonably
well with the field logs. As expected, the elastic constants derived from
sonic velocities are higher than those obtained from static loading tests.

Permeability values are much lower than those obtained by Core Labora-

tories usfng gas as the:permeating fluid, but the general trend of change in

permeab111ty with depth is the same. » The loWer permeabilities may be attri-

- buted to reservo1r cond1tions s1mu1ated in the tests (The dramatic reduction

1n permeab111ty with increase in effect1ve stress is highlighted by the re-
su]ts for shale specimens.) | |

Electr1ca1 resistivity value. obtained for a specimen is much higher than

that expected for a saturated rock. Since only a single test;was done, it is

difficu]tp to gjudiciouSly comment on this'discrepancy. Past experience has

shown that the electrical resistivity and formation factor values for differ-

'-ent rocks measured in the laberatery using the same'equipmeht have correlated
well w1th the f1e1d logs in a qua11tat1ve sense provided enough measurements

“are made 1n the laboratory
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_ III.  GEOLOGY
II1.1 BACKGROUND

The C1bb Jeff sand was depos1ted as an offshore beach barrier sand which

trends a]ong the northeast Gulf of Mexico. F1gure III-1 illustrates the net

~ sand 1sopach and Figure III-2 shows a vertical profile of core interval for

Sweezy No.'l test well. The total sand interva1 exhibits an'overa11 upwards =
coarsehingitrend 1ndicat1ve of a regresswve phase of Frio shore]1ne fac1es

(Se]]ey,~1970). The sand 1nterva1 may be separated into two d1st1nct zones,

| upper and lower, both‘ref1ect1ng the depositional history and diagenesis of

the sand and surrounding shale facies. Both the zones have similar mineralo-

gies, but the ratio of their sand to’c1ay contents differ significantly. The
v :10wer'eand'interVa1'(13,391 - 13,424) exhibits an abundance of sedimentary

- structures, i.e., cross-bedding, sand flow clasts, and burrowing. Grains are

common 1y subangular, fair to poorly sorted, and average 0.15 mm in size. Min-

,‘era1ogica11y, detrital gfains_are3predqminant1y quartz (average 60%); feldspar

(5-10%), volcanic lithic fragnents (5-10%), and minor mafics. Bonding agents

~are’predominant1y clay with scattered g1auconite and carbonate cement. Al-

though the porosﬂ;y values obtained at bench conditwn generany are h1gh

(average ~28%) f1u1d permeab1lit1es are low (average 20 md) for th1s porosity.

» Th1s anoma]y is ‘due to the high c]ay content within pore,throats as shown in
the SEM photom1crographs (Figure III-3). Much of the'clay found in the lower

_zone is detr1ta1 and was probab1y produced as a by-product of b1oturbat1on,

a]though}auth1gen1c kaollnlteljs a]so found common]y rep]ac1ng~ear1y carbonate

-1cement whith has been disaoived' ‘These clays appear to be loosely. bound and

extremely suscept1b1e to nwb111zat1on w1th flow of br1ne through the rock

matrix. ,Therefore, clay brudg1ng at pore throats is a d1st1nct probability

28
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Figure III-3A. SEM Photomicrograph of Lower Sand Rock Fabric. - Note abundant
clay coating grains and fil]ing.pore‘throats;‘»(Dow Sample 80, 13,400 ft)
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;‘? "  Figure T11-38. SEM,Photdmicrograph‘of,Lower Sand Rock Fabric Shdwing Silica
td : Overgrowths (S) on Quartz Grains and Abundant Clays. Limited pore space
. . space is seen between grains. (Dow Sample 80, 13,400 ft).
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’Figure I1I-3C. SEM Photomicrograph'Show1ng Close¥Up of Kaolinite Clay (K).

Note diagnostic pseudo-hexagonal form of platelets and bookleaf stack-
1ng (K) (Lower Sand Dow Samp]e 80, 13,400 feet) '

during flow.[_This behayior was'observed when saturating oore samples for test

purposes. It—fs‘CIear that the'clay in the lowervzone will have a definite
1mpact on efficient f1u1d product1on from th1s portion of the reservoir.

The upper sand interval (13 343-13 391) exhibits larger gra1n 51ze (aver-

'd age 0 3 mm), 1mproved sort1ng, rounded detr1ta1 gra1ns and a great]y reduced

clay matr1x fraction - The ‘sand is general1y fr1ab1e and in some’ sections a

“total of approximate]y 5 feet 1is practically unconso11dated M1neraloglca11y,

' detrita] gra1ns 1n this. interval .are predom1nant]y quartz (approx1mate1y 70%):

w1th feldspar and volcan1c 11th1c fragments composing 5-10% each. - Matrix com-

ponents are authigenic c]ays (average 3%) trace mafics and early carbonate ;

* cement remnants.' Bench cond1tion porosities are unusua]ly h1gh (approx1mate1y‘

30%) and f1u1d permeab111ties are in the range of one hundred millidarcies to

. one darcy These poros1ty va]ues reflect the restorat1on and enhancement of
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primany porosfty eccompanying Secondery pOrosity‘developmeht and ebsence of
subsequent late prec1p1tat1on of carbonate cement 'PermeaBIIity-valuesvare‘
1,_approx1mate]y an order of magnztude hlgher than those measured from core’
'jsampIes in the, Tower. sand  zone. - The' upper sand 1nterva1 exhib1ts fewer
psedimentary structures and minlmal b1oturbat1on compared to the Iower ‘sand
interval. CIays found in the upper Zone are auth1genic and are be]ieved to
have ./occurred l‘ate in the d’iagenesis of the - sand. SEM photom'lcrographs :
(Figure III 4) show the ‘substantial contrast in the amount of clays found

| within pore throats in upper and 10wer Zones.

"Flgure III-4A SEM Photomicrogrep'h of Upper Sand Rock: Fabr1c Note absence
of clay and large secondary pores (P) and inhomogeneity of their dis-

tribution. Some grams appear to have welded contacts. (Dow Sample
10, 13,346 ft) : -
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_ FigUre'III'4B SEM Photomicrograph C]ose-Up of Photo 4A. Excellent example

-of a secondary solution pore. Grains appear to be welded and pore throats
_are free of clays. . (Upper Sand, Dow Samp]e 10 13,346 ft)

'Figure I1I-4C. SEM Photom1crograph Show1ng Auth1gen1c Kao]1n1te Deve]opment

(K) Within Silica Overgrowths (S). Note pitted texture.of grain (T)
" indicating incipient replacement by now d1sso1ved carbonate cement
(Upper Sand, Dow Sample 10, 13,346 ft)
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II1.2 PETROGRAPHIC ANALYSIS

: Petrographic[descriptions of tested core;sampIes'have_been prepared for

the SWeezy_#l'weII; ‘Detailed descriptions are given in Appendix 2. These

. analyses ‘involve the preparation'ofothin sections for microscopic analysis of
.fthe rock fabric both'before and'after core tests. Thin sections Were'described

. to. determ1ne grain size, poros1ty, and m1neralog1ca1 trends observed in the

Cibb Jeff sand and surround1ng sha]e. Core tests and petrograph1c analyses

are distributed within the core: interval .as 111ustrated in Figure III 5.

- One of the purposes of petrograph1c analys1s was to determ1ne and de-

vscr'lbe any effects of stress change on .core samples F.xammatwn of »thmv

sect1ons from tested core samp]es show m1n1ma1 effects of stress on. rock

fabric in the total sand 1nterva1 Two reasons for lack of apparent changes v

caused by stress are:

1.0 Deformat1on in specimens usually is loca11zed and the probab111ty of

- finding a deformed zone in a particular thin section is low. Addi-

.. tional thin sections selected throughout a stressed spec1men may

reveal where preferential deformation occurred, but time and budget
constraints prevented any addit1ona1 samp]ang in this case.

2. Some of the deformations 1nduced by stress changes dur1ng core test-r

ing could be masked by mechanical damage caused during grinding of

‘th1n sect1ons making it difficult to discern one from the other.

In add1t1on to thxn sectlon anaIys1s, mercury 1ntrus1on tests were done o
',‘ on three sand specwmens to determxne the1r pore size d1str1but1on pr1or to and
.vafter the tests for mechan1ca1 propert1es Approx1mate1y 1-2 cc volume of:'
:rock nas tested in each case F1gure II1I- 6 g1ves the cumulat1ve pore volumes

for a range of pore diameter in pre-sand post-test stages of.the ‘three speci-

mens,fnThe:pore'Size,distribution'remainsvpracticaIIy unchanged_in all three

- cases:indicating,that the volume changes seen during mechanical testing (see

Appendix}l)fwas mOStIy due to elastic deformationsdand was recovered during
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GRAVEL waMp ST CLAY o SAMPLE NO. DEPTH  TEST - PETROGRAPHIC ANALYSIS

QDG 13343 compacTioN®* + TS, SEM

o7 13344 COMPACTION TS, SEM
P10 13346 =—  + TS, SEM

D33 13363 COMPACTION * TS
D35 13365 COMPACTION . . TS:
D4t 13370 TRIAXIAL TS

D42 13371 TRIAXIAL o TS
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Sy

= /0129_ 13446 COMPACTION TS, SEM

1

-80

P

L
F f‘:«:. L B

B R

‘1ses0 -y’ sONIC VELOCITY TEST

4+ MERCURY INTRUSION FOR PORE SIZE
DISTRIBUTION PRE AND POST TEST

- Figure III-S' Core Test and Petrograpmc Ana]ysns Interva]s.
36
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Un'loading Subtle grain size d1fferences in. pre-test and post-test samp]es, '

*:V';may ‘be reﬂected 1n the pore size d1str1but1on, espec1a11y in the case of
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g -»sample #10 where the post-test result displays a shght 1ncrease in pore‘
d1ameters. . | | |
| Addit'lona] SEM studies may provide evidence of stress fractures and pres~

sure solutwn of sﬂica at grain contacts (Schatz, et al - 1980).
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III.3 POROSITY DEVELOPMENT -

Secondary poroSity development constitutes the predominant form of effec-

vdt'tive porosity formed. in the Cibb Jeff sand ApproXimately ha]f of the total.
o sand interval has excelient reservoir potentia1 based on petrographic ana]y-v
i sis. Carefu'l ana]ysis of these depth intervals shou'ld be considered when
‘piacing perforations in the weli Pore geometries‘have‘been a]tered with
L secondary poroSity development deveioping different reservoir characteristics ‘
‘in the Cibb Jeff sand where tota] sand diagenesis has not been uniform.
Porosity deveiopment within the upper and lower sand zones reflects the;fbfv
ydepositional history and diagenesis of the tota] sand‘and surrounding shale
| facies. Clay' content is the primary factor contro]iing secondary porOSity'
_ deve]opment The lower sand zone contains an abundance of detrital c]ay which '
t_i is a product of extensive bioturbation of the zone during depOSition ,These
".‘clays filled much of the available pore space’ prior to buria] In contrast '
‘the»upper sand zone shows 1itt1e evidence of bioturbation MaSSive bedding of-.
'fthe upper ‘zone coup]ed with absence of clays are’ features which ailow good;
“verticai permeability within the sand : Initiaiiy, during buria1 and compac-
_'tion of surrounding shaies, selective rep]acement of feldspars and volcanic
: ]ithic fragments with carbonate occurred in both zones Ear]y preCipitation
nof poikiiotopic calcite cement exc1u51ve1y fiiled al uncompacted pore space..
~.Remaining pore space in the Tower- zone' not occupied by detrita1 ciays was also

| 5\f111ed with carbonate cement

Norma] compaction and cementation proceeded with buria1 of the Cibb. Jeffv

'i'sand -and consequently primary porOSity was reduced to less than 10% at depths_f
'of a few thousand feet (Figure I11- 7) Upper zone core samp]e porOSities mea-'

‘sured at bench condition average approx1mateiy 30 percent “Such porosity -

a
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s BRI POROS!TY {pemnt] o :

’ Figure’III-Y; Depch D1str1but1on and Evo1utionary Sequence of Pr1mary
SR and Secondary Porosity. . -

; ,values are not possible when consider1ng compactlon and Toss of f1u1ds within
-.‘pore space at depths be]ow a few thousand feet (Hayes 1981) To-exp1a1n th1s ]'
'phenomena, one must con51der the d1agenet1c processes 1nvolved w1th secondary

‘tf-poroswty deve]opment

W1th the f1rst ep1sode of bur1a1 of Gu]f Coast sed1ments mud w1th up to

f,8u% pore water is dewatered by compactxon until poros1ty is about 15% at
- depths of several thousand feet (Burst 1976) F1gure III 8 shows the de-

"‘,‘crease of sha1e poros1ty with depth and a]so shows that water squeezed from

the mud enters the more permeab]e sands- and f]ows 1atera11y through the sands__

”’h‘toward the surface (Magera, 1976) Var1ous chem1ca1 react1ons accompany shale:o

dewatering and water chemIStry changes compos1t1ona11y upd1p as d1sso]ved ionslj"°
. are exchanged and removed For example kerogen'd1agenesis in sha1es ‘was
_,} accompan1ed by decarboxy1ation - a reactwon wh1ch created ac1d1c f1u1ds that .
| :'entered the sand zone (Schm1dt et al, 1977). These pore f]u1ds preferent1a11yi

"1eached solub]e detr1ta1 gralns and carbonate cements formed dur1ng 1n1t1a1



SHALE WATER CONTENT ~ * SHALE DEWATERING
. {percent p°r°Sit',ion o , T

 DEPTH (thousands of feet)

 Figure I1I-8. Shale Poros1ty Versus Depth and Flow Paths of Shale
, T ' Water Durlng Compaction and Diagenes1s.,

'cementation‘of‘the-totaT sand'interva1 Once d1sso1ution began, removal of‘

soluble gra1ns and cements created f1ow channe]s causing 1ncreased flow rate,;

: wh1ch-in ‘turn 1ncreased d15501ut1on ratesvand the process.became se1f—acce1er-~r~
}ating’(Hayes 1981). Subsequently, these carbonate r1ch f1u1ds may be flushed:'

: o upd1p to be prec1p1tated as. ear]y diagenetic cement

F]uids from sha1e dewater1ng f]owed preferent1a11y 1nto the mass1ve uppery,

" zone w1th1n the C1bb Jeff sand where near complete secondary 1each1ng of car-,"
vi»vbonate cement feldspars, and 11th1c fragments occured M1grat1on of abundant'
E c]ay into pore throats and presence of detr1ta1 c]ays w1th1n the lower zone o

o ; prevented secondary poros1ty deve]opment to the degree of that seen in the

upper zone

Ev1dence supportxng the ex1stence of secondary poros1ty can. be documented :

~in th1n sect1on analysws F}gurelIII-Sﬁ(shown on the,f0110w1nggpages) shows
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;E"photonicrographs'frOm'tne total Cibb’Jeffdsand intervaT evidencing secondary_'

'porosity'deVelopment.3 Photos A-1 dEDICt the upper sand zone, and J-L depxct '

Py Sthe»Iowerfsand zone. Al magn1f1cat1ons 120x except where noted. SChm1dt
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et a1 (1977) presented cr1ter1a for 1dent1fy1ng secondary poros1ty deve]opment
fv'1n th1n section, all of wh1ch may be observed in port1ons of the Cibb Jeff
'3sand These cr1ter1a are 1isted below and are referenced with photom1cro-
: graphs in F1gure III 9: v | ‘ ' , / -
' ,'1;' Partial D1sso]ution- The'leachfng'of'the‘so]uble‘constituents 15':'”
"‘i'1ncomp1ete., Patches of corroded ‘remnant mater1a1 occur adjacent to -
‘pores which can be 1dentified as. 1ncomp1ete molds (Photomicrograph

- 9-A). Th1s is an unequivoca1 ‘and very common criter1on for second-
fb ary poros1ty

"f2.f -Inhomogene1ty of Packing' The sandstone displays marked 1nhomogene-v
e ity with areas- of very tught packing with 11tt1e or no porosity
'_1mmediate'ly adJacent to’ areas of _ open_, packing with cons1derab]e
. porosity (Photomicrograph Q-B) The tighter packing is the result
' fv‘of mechan1ca1 compact1on and/or chem1ca1 grain 1nterpenetrat1on 1n_l
"areas that conta1ned}no soluble: mater1a1 Open pack1ng 1s caused byf
" removal of SOIUb1e'cement'0r’matrix -Individual grains may straddle

the - boundary between tight ard open pack1ng, thereby forming veryr

'v,diagnostac fabr1cs

3y3. 1-Recognﬁzab1e»Mo1ds:b The,pdres eXhibit the!shapes of“orecursOr:crysr,
: ,tais”or grains (Photomicrograph 9-C).. Molds of small euhedral crys=
e tals are, however, often d1ff1cu1t to recognwze in thin sect1on and-

‘°¢,are better 1dent1f1ed by means of a scann1ng electron m1croscope S

4 Oversized Pores Pores that have a 1arger diameter than that of
B adJacent gra1ns commonly ind1cate secondary poros1ty (Photom1cro-_
graph 9-D) However, overs1zed pores can also ‘be created by sedi-_”,

:mentary processes Keystone vugs,.for examp]e, are formed by air,_b ,“

o gescap1ng from unconso]1dated sand
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o Echgate Pores. Replacement processes often operate along . grain'

boundaries If the replacement mineral ‘is subsequently dissolved

: - the sandstone will exhibit a high incidence of elongate pores which
o follow the grain boundaries (Photomicrograph 9-E)

COrro'ded Grains: The si Ticiclastic grams show ragged edges result-
iing from incipient replacement by the now-dissolved mineral (Photo-:.'
"micrograph 9-F).  Early replacement attacked the detrital grains
~ directly,. whereas ‘a late replacement may have had ‘to penetrate
: silica overgrowths '

Honeycombed Gramsn The'interior of feldspar grains' and shale frag-‘: -
ments commonly suffered. partial replacement by carbonate "The‘:r o
: removal of the carbonate results in grains honeycombed by: 1ntra-'. :

4 granular voids (Photomicrograph 9-G) ‘ Honeycombed grains are an
- -excellent - criterion for. secondary porosity, as ‘such . grains could; -
-hardly have survwed sedimentary transport or . mitial compaction |

Fractured Grains The removal of ‘a large amount of soluble consti-j'

,'tuents may increase the stress at some of the remaimng grain con-
-tacts to such a degree that grains w1ll fracture (Photomicrograph
“S-H). Fractured grains are common in sandstones vnth a high percen-”. |
f tage of secondary porosity
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F1gure III-9A.: Photomicrograph shows remnant pork1lotop1c pore fiII1ng
calcite cement (C): evidenc1ng early diagenetic precipitation w1thin
Ioose pack1ng of gra1ns. (Dow 10 13 346')(x nico]s) ’

F1gure III BB Photom1crograph show1ng overs1ze pores (P) and - 1nhomogene1ty
“of: pack1ng.. Pink is porosity, dark red is authigenic kaolinite (K),
"which' commonly replaces dissolved carbonate cement. This photo was
taken in the same section as Photo A, evidencing complete solutlon RN

- of pr1mary cement. (Dow 10, 13 346 )(p]ane I1ght) ' : -
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Figure III-9C

~grain. is _ ,
" near the bottom of upper sand zone.

',Phofomicrograph'sdes“oVersizéfpores (P) and a partially dis-

(Dow 67, 13,389')(plane 1ight)

(c1).
Figure IT1I-9D:

“(Dow 7, 13,344f)(nico15jpartia1ly crossed

.
-

- solved Tithic fragment (L).

for contrast)
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o ngure 11f—9Ei 'Pho£omi¢rograph éhowing elongate pores (P),;fndicatihg high¥'  LN
:  degree of interconnection.  Porosity is pink. (Dow 10, 13,346')(plane.

_ﬁ;ﬁ; L Figuhe,III49F:i.PﬁdtOmicrograph°shOWing cOrrdded grain edges (C). ~Some corro-
: . sion attacked silica overgrowths on grain surfaces. Note intragranular
" .. porosity in feldspar grains (F). (Dow 33, 13,363')(plane light) =




Figufe I1I-9G: - Photomicrograph show1ng closeup of honeycombed fe]dspar grain_
which was leached to form intragranular voids: (V) (Dow 42, 13 371‘) '
(n1cols part1a11y crossed 480x) -

F1gure III 9H: Photomicrograph shows fractured gra1ns (X) Note near complete
solution of “f1oat1ng" gra1n 1n center (G) (Dow 42, 13,371 )(plane
11ght)
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‘Figure III 91 Photomicrograph show1ng part1a11y d1ssolved 11thic fragment
L, por051ty (P) (Dow 42 13 371')(n1cols part1a11y crossed)
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F B
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s
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v F1gure 111-9J: Photomicrograph show1ng fe]dspar grain (F) s1m11ar to one in
g Photo G. This section was taken from a sample which occurs in the transi-
-~ tion between the upper and lower sands. This grain has not been subjected
to the degree of intragranular solution as those found in the upper zone,
indicating low permeability to pore fiuid movement (Dow n, 13, 393').
(partialIy crossed n1co]s 480x) ¢
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Porosity is much reduced by kaolinite (K) and pores

.Phbtomicrograph showing porosity (P), light blue, found in
‘are much smaller (Dow 80, 13,400')(plane light)
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Photomicrograph showing porosity (P), light blue, in lower

Figure III-9L

(Dow

- Clays (C) gccupy,muchjof,available pore space.

80, 13,400')(plane 1ight)

L
-
[
>
S
e @
2
[~
L
<
=
1
w

51




Textural development of secondary poros1ty is i1lustrated . 1n Flgure

'III -10. Pr1mary poros1ty was destroyed with carbonate cementation and 1n1t1a1

compaction. -Feldspars_and lithic fragments were also subjected to partial

so]utionvandereolacement by cerbonate. With diagenesis endiflow of pore fluids

through the rock matrix,:preferential'so]ution of the cerbonate'OCCurred.

creating secondary porosity.

L B . . Secondary -
Primary porosity - Cementation - porosity

T T s
: ?!l ‘,lnl g 7 /\ -

A ! ﬁllll
k - Cementation & ~  Secondary
P nmary porosity- selective replacement ~ porosity

' Figure I11-10. Textural Deve1opment of Secondary Porosity,
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1114 CONCLUSIONS - RESERVOIR FLOW IMPLICATIONS

Primary and_seCondary porosity'development‘within the Cibb Jeff sand_wilf-'

_vaffectithe reservoir properties differently. This main1yyis due to the fol-

Towing differences: L :" e : 2 f o . .

" 1. The size range of- secondary pores 1s wxder and pore shapes h1gh1y
variable .

‘2.r fThe spectra of sizes and shapes of secondary pore throats are radi-
. cal]y different. Sl e

‘3f v'Poros1ty distr1but1on in secondary pores -is -much 1ess uniform.

Pore throats observed in th1n sections are en]arged rep11cas of precursor pri-

'mary- poros.'i‘ty,- vand interconnectlon of pores is vast]y 1mproved Secondary

porosity in many_wayssresembIes vuggy porosxty found~inpcarbonates-(Schmidt,
et al, h1977) Irreducib1e water:saturation'Within secondary porosity is also
very s1mi1ar to that found in vuggy porosity

E Mechan1ca1 competence to compaction -can be expected to be much h1gher in.

" zones of secondary poros1ty when compared to sandstone W1th s1m11ar volumes of

primary poros1ty. “This fact has been substant1ated through Cibb Jeff sand

L - core teSts and'mercury-1ntrus1on for ‘pore size distrwbut1ons Inhomogene1ty'i

of graln pack1ng and br1dging of gra1ns create a stronger rock matrix. De-

formab1e gra1ns and matrix components have already been disso1ved and keystone )

’relat1ons for gra1n contacts were deve1oped dur1ng 1n1t1a1 compactxon.

s Permeab1]1t1es w1th1n the C1bb Jeff sand will be h1ghest (>100 md) in the -

c_:;upper sand ‘interval where secondary poros1ty deveTopment is greatest -They'
f;W1]] also remain hlgher dur1ng product1on due to the 1esser stress sensitivity

' of th1s 1nterva] For opt1m1zation, add1tiona1 petrograph1c ana]ys1s covering

the entire upper sand zone should be performed to character1ze the degree of

'secondary,poros1ty:development In th1s way -the most eff1c1ent perforat1ona
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a authigenic-‘é'tays and f,ines into pore throats.
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S V. APPENDICES
R V.1 Core Testing Results

 The following types of plots were obtained from the core tests on sand

and shale specinens.end are included in this appendixﬁ

Mean Effective Pressure - Vo]unetric:Strain
 Deviatoric Stress - Axial Strain and Transyeree Strain
. Shear Stressvf_ShearvStrain‘

.‘,“Mohr's.Circ]es and Failure Envelope (for triaxial tests)

B I R

Cneep Strain - Time (for creep tests)

-‘The type of plot and the test specimen descript1on are given at the top

- o G

*,.: ’ ‘i : —_— 4 - ~

- of each p10t Descr1pt1on p]ots for shale specimen (#129) 1nc1udes the word

| fSHALE'

Pl

1

The fo]lowwng symboTs or. mneumon1cs have been used in 1abe11ng the axes

and the head1ng of these plots.

SIGL - Axial stress (0,)
SIG3 h'-.Confin1ng stress (03 or P )
B El | - - Axial stra1n (81)

: 3 - Lateral strawn (e3)

éflj; : : DELV/Vﬁ ‘i"‘-:Volumetr1c strain (AV/V = ei +.223)‘
‘f'f_ o ‘»,vd o -,In1t1a1 volume of test spec1men (V )
g,ki~  PHIG :h | - In1t1a1 poroswty of test spec1men (¢, )

Lo

~ P.MEAN EFF - Mean Effective Pressure [(P ) effective = g, + 205 - 3p
S in wh1ch Pp is the pore pre@sure] g P

— ,,g;i;f“
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V. APPENDICES
V.2 PETROGRAPHIC DESCRIPTIONS

';-Detai'led results of pe»trographic analysis for all the sandstone and shale

.samples”are included in this appehdix The sample numbers given at the topyof'
: each sheet correspond to those ment.1oned in the core testmg sections. The

_ suffix C and T respectwe'ly correspond to the stages pnor to and after the

core ‘testing on the part‘icu]ar, sample.
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 PETROGRAPHIC DESCRIPTION: DOW 6C

CROCK TYPE: Sandstone - .

. This rock is composed of subangular to subrounded sand grains;'O.Z to 0.5 mm in
- size. Sorting is good. Porosity is about 25-30%. The surface area of any one
- grain touching adjacent grains is about 30%. The rock is quite friable. The

quartz grains have overgrowth rims, 0.003-0.02 mm wide, of optically continuous
quartz.. Clay platelets (illitetkaolinite) oriented perpendicularly to grain .
surfaces, are sparsely disseminated on grain surfaces adjacent to open pores.

- Pockets of kaolinite occur throughout the rock nearby to completely filling in-

smaller pores and as replacements of 1ithic fragments. The total clay content
is 3- 5% Carbonate is present 1n rare patches as a pore filling. -

MINERALS _ % R _ OCCURRENCE

‘1 Quartz = -~ 60 - Subangular to subrounded; 0.2-0.5 mn in size; most

grains exhibit weakly undulatory extxnction, the
remainder exh1b1t flat extinction.

'Cheft = 34  Detrital graxns composed of m1crocrysta111ne
e . - quartz.
. . Gnefssic Quartz =~ 0.5 _ Grains which are aggregates of f1ne-gra1ned,

' | e foliated quartz. 7

- Orthoclase 2-3  Meakly replaced by clays. ' S
Plagioclase - 1-2  Detrital grains 30 to 50% replaced by zeol1tes or
. R dissolved away; some gra1ns are honeycombed by

: - . voids, : :
Rutile 0.1 Detrital
Tourmaline 0.2 - Detrital

‘Garnet- tr
Magnetite - 0.1

L1th1c Fragmentse,-:2¥3 . Appear to have or1g1na11y been andesite, these/
o particles. are now composed mostly of zeolites. and
clays and appear to have 1arge1y been dissolved

, away. .
Zeolite - b 0.2 ~ Alters feldspars t1ny crystals present in some Co
.o pores. , S e
Mlite 0.1 - Clay pTatelets on grain surfaces. N
Kaolinitev, o 3-6 . On grain surfaces and complete]y f11ls some pores.
Carbohate- 0.1 Fills pores. | , co S
~ Porosity: e ,v125f30' Voids filled w1th blue epoxy, evenly d1ssem1nated

) throughout sample

DON-GT

_Samp]e 6T is v1rtua11y identica] to 6C “ The por051ty may have been reduced

s11ght1y by compact1on.
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~ PETROGRAPHIC DESCRIPTION: DOMW-7

o ROCK TYPE: Sandy Siltstone

SUMMARY:  Angular to Subrounded,.quartz'sand géains, 0.2 to 0.3 mm in size,

- form 30-40% of this rock. The sand grains occur in clots up to 4 mm across,

in annular aggregates and in linear aggregates; the occurrence of the sand
grains suggests seme type of bioturbation. That is, the sand grains may fill
worm burrows. Angular, quartz and feldspar silt grains, 0.01 to 0.05 mm in

”, size, comprise about 50% of this rock. The silt grains are cemented together

by authigenic feldspar or zeolite, mineral or minerals with low birefringence

- and refractive indices slightly greater than those of quartz. The cement is
~too fine-grained to identify optically. : RRETU .

 No veins or fractures occur in this sample. -

MINERALS g E " OCCURRENCE

 Quartz . 30-35 sand grains, 0.2 to 0.3 mm in size; angular

- to subrounded; about 80% exhibit weak to
-moderate undulatory extinction; about 1%

- ‘are derived from well-foliated, gneissic
 quartz--these grains are multicrystalline;
overgrowth rims of optically continuous
quartz up to 0.02 mm wide occur on most

quartz sand grains. S

©30-40 i1t grains, 0.01-0.05 mm; very angular.

 Chert o 1 sand grains, 0.2-0.3 mm in size; composed of
. R o SR microcrysta]1ine quartz. - - o
Feldspar =~~~ 10-20 Silt grains; very angular; 0.01-0.05 mm;
A ER - albite-twinning seen ina few grains. _ o
Cement E | ]0-15" Authigenic feldspar and/or zeolite; very fine-

grained; refractive indices slightly greater
than those of .quartz; birefrjngenCE.TOW'first

. order grey.

' Kao]inite_‘ - -,‘, J‘ 2 ‘.Crysta1s,Up_tolo;1lmm'1ong§ authigéniC?;

- fills some pore spaces.

"  }Porosity-»¢ 35 This thin-section has not been impregnated by -

. a colored epoxy; the voids observed may be =
~ original or artifacts of thin-section making;
- -most of voids observed occur among clusters
of sand grains--these clusters are isolated
in seas of silt grains, therefore permeability

| _is probably very Tow. -

- Garnet. 0.1 Detrital grains.
 Tourmaline 0.2 " Detrital graihs.:
Carbonate 0.1 - Tiny rhombs; cement? | L
L Goethite - f : 1 “Tiny blebs disSeminated‘throughout rock; authi-
5 O oo . genic? - | | o
. Rutile = . 0.1  Detrital.
Muscovite e _Detrital.:



R Y

~~ No veins or fractures occur in this sample.

PETROGRAPHIC DESCRIPTION: DOH-10

' ROCK»TYPE Sandstone

SUMMARY. Subangu]ar to subrounded sand grains, ' 0.2 to 0. 4 mm in size, form

_most of this rock; the sand grains are predom1nant1y quartz. The quartz sand

grains have overgrowth rims of opt1ca11y continuous quartz; the rims average
0.01 mm in width. - The sand grains have been weakly to moderately compacted,

' about 20-50% of the surface area of any grain is touching adjacent grains.
- Kaolinite, carbonate and an unidentified m1nera1 fi1l some interstitial spaces.

Poros1ty is about 25- 30%

MINERALS. % occURRENCE

'VQuertz‘v‘ - . ' 60 f, Sand grains, 0.2 to 0.4 mm in size, subangular

to subrounded; about half of the grains ex-
hibit weak to moderate undulatory extinction;

-~ overgrowth rims of opt1ca11y continuous quartz
‘average about 0.01 mm in width. ‘

Chert T . 1-2 Sand grains, 0.2 to 0.4 mm in size; subangular
T T o ‘ - to subrounded, composed of macrocrysta111ne
E . _ quartz. :
. Plagioclase 1 Sand grains, 0.2 to 0.4 mm; subangular, ;
, R : “albite-twinned. =
 Muscovite .1 Detrital grains. | |
Pyroxene? 0.5  Detrital grains. CE ,
Clay Clasts .~ 0.5-1 Sand-sized clasts composed of clays or1g1nally‘
L ; : volcanic glass? o
~ Rutile . tr.  Detrital.
 Orthoclase 0.5  Crystal clasts and fragments from rhyol1tes_
MATS R ST - or aplites. , :
~ Tourmaline .. = 0.1 Detrital clasts..
Carbonate =~ 0.2 Fills some interstitial spaces
. Kaolinite = = 5-7 Fine-grained mater1a1 wh1ch fills 1nterst1tia]
S - . spaces.. .
' Unknown"',} :_d SRR I Authigenic cement birefr1ngence first order

yellow, high indices of refractxon--much greater
than quartz; 2 V = 70-800, opt +, occurs in ‘
tabular crystals with parallel extmnction

~ Probably a sulfate, anglesite?

_PorOSity_v':A: ' L 25-30 This rock has not been impregnated by colored g

‘epoxy; the estimate of porosity includes .
original voids and areas of plucking developed
during thin-sect1on mak1ng.
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ﬂROCK TYPE: Sandstone

PETROGRAPHIC DESCRIPTION: DOW-33C

. Angu]ar to subrounded sand grains averag1ng 0.2 mm in size form most of th1s |

rock. Sorting is good. Porosity is about 25%. The rock is friable. The
quartz grains have some very irregular surfaces suggesting dissolution; other

“'vsurfaces have rims of optically continuous secondary quartz 0.005-0.02 mm wide.

P1ag1oc1ase and orthoclase grains have been 30-60% replaced by zeolites and
minor clays on their interiors; their exteriors have ragged borders indicating

- dissolution. Trace amounts of i1lite occur as grain surfaces adjacent to open -
. pores; these clay plates are oriented nearly perpendicularly to grain surfaces.

-+ The pores occupied by kaolinite are usually completely filled with kaolinite;
-~ it is not common for kaolinite to only partially fill pores. Some kaolinite '
“appears to be after original lithic fragments. No lithic fragments are present -

or recognizable as such; if any were present they have been dissolved away or

~replaced by clays. A trace of carbonate is present as pore fillings.

MINERALS % | : OCCURRENCE

Quartz - 60 ° Angular to subrounded detrital grains; most grains

exhibit weak to mild undulatory extinction; the
- remainder have flat extinction.

Chert - DR 3» ‘Detrital grains composed: of m1crocrystalline quartz.
7-0rthoclase/_,A" ~ 2-3 . Detrital grains 30-60% replaced by zeolites and
- microcline -~ . . - minor clays; irregular surfaces on grains suggest
. L d1ssolution.,' :
~ Plagioclase  1-2  Same as above.
~Tourmaline .~ 0.1 = Detrital - :
Pyrite =  \ tr ‘Specks occur in clay-a1tered grains. f
Rutile/ tr  Detrital: ’ |
_ Teucoxene S
- Magnetite tr - ?DetritaI'
~Carbonate .~~~ tr Fills pores. « : ,
O Ilite - 0.5-1 Platelets perpendicular to gra1n surfaces; has also
S o - replaced primary muscovite and b1ot1te grains.
. Zeolites ' 0.5-1  Replace feldspar; occas1ona11y ‘occur as part1a1
R .. - pore filling. ‘ , :
- Kaolinite . 3-5 Occurs as pore f111ing
Porosity -~ 25 :
SRR | DOW=33T

i, 33T. is essent1a11y the same as 330 Porosity,mayvbe s]ightly ]ess}ih. 33T

as compared to 33C
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* PETROGRAPHIC DESCRIPTION: DOH-35C

© ROCK TYPE: Sandstone SN Ll L

-~ This rock is' composed of angular to Subangu1ar particles, 0.1 to 0.6 mm in size;
-~ the average grain size is about 0.2 mm. Sorting is fair. Porosity is about -

30%. The most common pore filling is kaolinite.  Pockets of smectiteichlorite

~also occur. It is sometimes difficult to decide whether the smectites are pore

fillings or replacements of lithic fragments; apparent1y both types of occur-

~rences are present. Smectitetchlorite also occur as a thin rind (0.005 mm) on
. some quartz particles. Total clay content of the rock is about 10%. Most
" quartz particles have overgrowth rims of optically continuous quartz; the

rinds range between 0.003 and 0.010 mm in thickness. On many quartz grains

- the overgrowth rinds appear to have been dissolved; irregularly surfaced p1ts'

interrupt the overgrowth rim. The exterior surfaces of the overgrowth rims or

- dissolution surfaces are partially covered by tiny platelets of clay (i11ite?,

kaolinite?) oriented at a high angle to the grain surface; these clays are

7.~sparse -Tiny zeolite crystals are sometimes associated with the clay platelets;

zeolites completely line some pores. Plagioclase grains have been partially -
replaced by zeolite; the exterior surfaces of -plagioclase grains are in part
highly irregular or pitted suggesting dissolution. A1l volcanic lithic frag-

o ments have been rep!aced by smect1tetch}or1teiquartz.

- MINERALS % -  OCCURRENCE
- Quartz - 50 Angular to subangular; 0.1-0.6 mm; grains exh1b1t
: o flat to m11d1y undulatory extinction.. : A
Gneissic Quartz -~ 1-2 Polycrystalline. clasts composed of f1ne-gra1ned
o ‘ - foliated quartz. ‘ ,
~ Chert - 2 Detrital grains.
.VOrthoclaSe,f‘ -~ 1-2 - Detrital; partial]y rep]aced by zeolite.
. Plagioclase. '3 Detrital; partially replaced by zeo]ite, has some
,'A EE o : ragged d1ssolut1on surfaces._»
© Rutile = tr  Detrital |
~Glauconite . 0.2 . Pellets of bright green c1ay
Biotite/ - - 0.5 ‘Detr1ta1 flakes; usually bent around other gra1ns,
. Muscothe L o usua]ly expanded by hydrat1on S
S IMlite . ,»; 0.5-1  Sparsely. disseminated in pores; sometimes as
R . alteration product of feldspar,. T
. Smectite 5 Alteration product of lithic fragments part1a71y

- 4chlorite. -~ - fi11s some pores; sometimes. rims detrital part1c1es,'
S L -very fine-grained; pale greenish to brownish in
plane Tight; up to first order yellow b1refr1ngence

: -Pyr%te'f R | '0.1‘J Most occurs in c]ay-a]tered lithic fragments.

" Zeolites ~  1-2  Alteration product of fe1dspar, a]so sometimes a
s pore filling. _
‘m‘-“Goethite- e 0.1 T1ny b]ebs. after magnet1te’

‘110



MINERALS % . OCCURRENCE
Kaolinite 5-7°  Pore filler; grains up to 0.1 mm in size. "

{ Porosity 30 Rock has not been impregnated with colored epoxy; - -
LA o . ‘voids are uneven in size and distribution--this ,
eiEE s : _ suggests that some grains may have been dissolved,
N T ‘ : i.e., secondary porosity; the irregular voids could
Lj( S also be artifacts, products of p1uck1ng during
{
i
{
|
\

‘thin-section mak1ng.

DOY-35T

‘No d1fferences were observed between 35C and 35T

.
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 PETROGRAPHIC DESCRIPTION: DOH-41C

- ROCK TYPE:  Sandstone ST . o -

'?~ This rock is composed of angular to subrounded c]asts ranging between 0.1 and
- 0.9 mm in size.  The average grain size is about 0.5 mm. Sorting is good.
~ The rock is quite friable. Porosity is about 30-35%. Very few pores are filled,

those few that are filled contain zeolites and/or kaolinite. The quartz grains

- _have 0.001 to 0.01 mm wide overgrowth rims which are interrupted by dissolution

. pits. Clay platelets, 1 to 3 um in size, on the surfaces of the clasts are ar-

;. ranged in "card-house"-type structures up-to three layers thick. Zeolites form
- discontinuous rims up to 0.01 mm wide exterior to the quartz overgrowths. Zeo-

Tites also partially replace feldspars. Plagioclase clasts have suffered exten-
sive dissolution, up to 60%. Volcanic clasts have been largely replaced by

' f_ smect1te+ch1orite, iquartz and have been honeycombed by dissolution.

Bl [c‘.:‘;‘..",'?‘ o8 oy

- ____MINERALS % | | . OCCURRENCE
- Quartz . - 50-55" Angular to subrounded, exhibits flat to m11d1y
A o o undu1atory ext1nct1on.v~
| ‘Chert 1 Detrital.
¢ - Gneissic Quartz - 2 Po]ycrysta111ne clasts of fine-grained foliated
LJ“ L - quartz. ]
.~ Orthoclase - 1-2 Partially replaced by zeo]ites.
V‘Lj*‘ Plagioclase - 2-3 Partially replaced by zeolites; some grains have
,,,g B been honeycombed by d1sso1ut1on. :
"% Muscovite 0.5  Detrital flakes. |
E,LJ*E " Tourmaline o tr Detrital A
o7 Pyrite - tr Occurs in some clasts,
;,t}? - Carbonate “tr  Inpores. | | .
| .1 Smectite 1-2  Alteration product of volcanic fragments.
“'kif ; tchlorite - el o : f o
. ®7 ' xeolinite . 2-3  Fills pore. ; | :
T Zeolite ~ 1-2  Alteration product of feldspar, 11nes and f111s
| tJ{; - S R - pores. o ,
| Porosity ~ 30-35 Voids f111ed with blue epoxy..

r”“t . F*— :

DON-41T

'Sample.'41T is‘petrographically the same as 41C,

2



}PETROGRA?HIC DESCRIPTION:  DOM-42C

"tz_ ~ ROCK TYPE: Sandstone o T .
;A This sandstone 15 composed of subangular to subrounded clasts averag1ng 0.25 mm
: ff;ﬁ‘ in size. Sorting-isigood. Consol1dation/cementat1on is poor; the rock is quite
_,mje _ friable. In thin-section, the grains appear to have less than 30% of their sur- -
b face areas touching adjacent grains. Porosity is about 25%. The detrital quartz
(. grains have rims up to 0.03 mm wide composed of subhedral to euhedral quartz cry-
~'{j_ g stals which are opt1ca11y continuous with clastic quartz. Coatings of a brown
b~ clay occur on some grain surfaces bounding open pores. Kaolinite, up to 0.02 mm
TR ‘grain size, fills some of the smaller pores; if- kaol1n1te 15 present in a pore
~LﬁiL | it usually fills it up comp]ete1y |
L MINERALS 1% - OCCURRENCE
CQuartz . 60 Originally subangular to subrounded; now have
‘ AN ‘overgrowth rims of quartz and sometimes thin coat-

ings of a brown clay. Most grains exhibit moderate
undulatory extinction. Polycrysta111ne, foliated
quartz grains derived from- gne1ss1c rocks comprise
~-2% of these grains.

Chert ,'}5223 ' Detrital grains composed of very fine-grained,
B ' R L .anhedra] quartz. .

T

[ SEC

o

~ Orthoclase 3

Plagioclase ,?752§3‘; . Partia]ly replaced by zeo]ite

: Muscovite 0.5 'Detrita1 flakes.

; Tourmaline tr .

N Zircon . . 'f'ét%. f - | , = ) o

.. " Volcanic - fi ;-p?:S ‘1 'Largely clay-replacedf(ch1or1teismectite).

~- . Fragments iy '

g Carbonate jf;g*;tr SN T1ny blebs in pore spaces. P

= Zeelite i bi2 Partially replaces plagioc]ases rare]y in pore
: - spaces. .

_ v1111te - ~Coats a few grains.
. f"Kaol1n1te Occupies pores up 0. 02 mm gra1n s1ze

‘1”Poros1tyk-

C » g ~ DOW-£2T )
1»Samp1e 42T i ery'51m11ar to 42C. Porosity may have been reduced‘in, QgI;by
a small Fraction due tq ‘compaction. : o , : .

E et

(o
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PETROGRAPHIC DESCRIPTION: DQW-67C

ROCK TYPE: Lithic Sandstone

" The sand grains are usually between 0.10 and 0.15 mm in size although grains

up to 0.2 mm in size form about 10% of the rock. Sorting is fair. The parti-
cles are angular to subangular in shape. Porosity is unevenly distributed
throughout the rock; voids as.large as 0.