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‘EXE CUTIVE. SUMMARY

In this first quarterly report for Sandia National Laboratories
(SNL) Heavy 0il Program emphasis is placed uponvthe relationship to DOE
Heavy 0il RD&D Prégram. The SNL heavy o0il activity is in Reservoir
‘Access as defined in the Heavy 0il Program. Plan. This program includes
six tasks: 1) survey heavy o0il drilling problems and solutions,
2) assess water jet drilling of horizontal holes, 5) survey state-
of-the-art for controlling disin;egrating heavy o0il sand formations,
4) survey fré;turiﬁé techniques in‘geavy oil form;tion,.S) develop
a high~temperature packer, éhd 6) peffqgm scopiné studies of alternate

techniques of heavy o0il extraction.

The survey of heavy oil drilling is béing done in conjunction with
Prof. Keshava Acharya, New Mexice Institute of ‘Mining and Technology at
Socorro, New Mexico. 'This prog?am, when completed, will help to identify
problems that can‘be most profitab;y studied. By having a firm basis of

past activity, new nonconventional techniques can be evaluated.

A literature search.of water jet ‘drilling in heavy oil formations

" has been initiated. :In.addition, detailed discusSsions have provided
contact with current research in heavy oil sands jet drilling programs.

A review of the correlation of labaratary and -field work done by

Canadian researchers indicates poor’ agreement. This indentifies the need

for additional baseline data on o0il sands cutting.

The survey of present sand control téchnology has. been most pro-
duc£ive in identifying areas where adaitional research is needed. 1In
working with Georgg Sqman of Completion'Technolggy Compgny,over 175 new
references have been identified and characterized. These are references

since 1975, the year when Mr. Suman wrote the Sand_Control Handbook.




Discussions with leaders in the field will be conducted duting the second

quarter.

The survey of fracturing techniqﬁes in heavy oil formations has
just begun. The éonsiderable previous activity in this area is well
documented in numerous review articles. These reviews and recent litera-
ture will be examined for téchniques‘(if any) thaﬁ are unique to heavy

0il formations.

The high temgekatgre.packef development first initiated under the
DEEP STEAM Project has béen ;ssociated wifh this program since May 1980.
The second phase, being performed‘by L'Gardé, Inc., of Néwpoft Beach,
CA, wiil design, fabricate and test an engineering modél of the L'Garde
packer concepf. Phase II cohsiéts of three basic taéks: ~a) seal simu-
lation tests, b) design, analysis and fabrication of an.engineering model,

and c) room temperature seal tests of the engineering model.

The use of controlled soUrde éudio magnetotelluric (CSAMT) survey
techniques for tracking in situ cqmbustion'and_steam drive thermal fronts
is an importan; aspect.of improved alterﬁate teéhniques of heavy oil
extraction. The benefit of the.CSAMT to the hea§y 0il program will be
éo better enable assessment of the efficiency'of and the cdntrol applied
to thermal recovery of heavy oils. The survey method that is used in
the first phase of the program involves the measurement of fields around
a grounded bipole. ﬁy examing thélbehavior of the electromagnetic field
with distance and frequency from the soqurce it is possible to obtain an
apparent resistivity of the gedlogic formations. The change in resis-
tivity will indicate the presence of the thermal.front. The experiment
chosen for the first test of this approach is a steaﬁ injection experiment
in the tar sands outside of Vernél, Utah. The preliminary results are very
encouraging but must now be carefully analyzed before detailed conclusions

can be drawn,
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ABSTRACT

Research and development éfforts in support of the DOE Heavy
0il RD&D Program in reservoir access were initiated. Preliminary activi-
ties in the survey of sand control, drilling, and fracturing techniques
in heavy oil formations are desbribed. The continued development of a
high temperature packer for use in steém injectidn applications is pre-
sented. A new appliéation 6f contrélled source audio magnetotelluric
survey to devéloping thermal fronts from in situ combustion and steam

drive is described.
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I. Introduction

Previéusly the heévy oil program a£ Sandia Naéional Labo;atories
(SNL) has been closely related to the Tar Sands Program because of
monetary and persdnnel reétraints. With this report, the heavy o0il
program will assume a new and separate direction that will benefit from
the past associa;ion ané also establish a §rogram to meet the goals and
objectives of the heavy o0il RD&D program management plan. The SNL heavy
oil activity is invﬁeservoir Access as defined in the Heavy 0Oil Program
Plan.l This is espeéially important becéuse improvéﬁent in thié
technology can have ; strong and key imbact on the economic feasibility
of heavy oil recovery. The objective of the Reservoir Access Program
is to improve the éxtractioh 6f the heavy o0il either by drilling and

associated activities or by mining or by some combination of both.

After the stage of primary production (if any), the remaining
heavy oil re§uires enhanced 0il recovery (EOR) techniques. 'Most of the
economically feasible methods require additional drilling, both of
injection wells and in denser spacing of production wells. Thus consid-
eration of improved directional control and increased drilling rates is
sonetimes required. Often the heavy o0il resource is located in
unconsolidated formations. This presents special problems in borehole
stability and lost circulation. The complex strategraph of the pay zone
can require the use of directional drilling for 'infill drilling programs.
Ihe use of new concepts for establishing well-to-well communication, e.qg.,
horizontally drilled holes, could be important. Thus the objectives of
the dril;ing subactivity include: development of new, improved economi-
cally viable drilling techniques to reduce costs, and establishing new

concepts of increased reservoir access for higher o0il recovery.

The production stage of heavy o0il extraction can be critical in

the development and operation of a field. Problems associated with



corrosive aases and liquids on tubular materials, sandscreens, packers
and downhcle rumms are well khown. Wellbore heat losses in surface stcan
injection lirmit exploitation of reservofrs decver than about 2500 ft.
The need for improved thermal efficiency 1s concentrated on downhole
stean generators, hicthemperature packers and steam string insulation.
The nhysical stimulation fof incressed flow involves the use of frac-
"turing technlcueé anc the use'of stinulants such as acid to onen the
reservolr. The fOR methods oftep introduct significant corrosion and
ysical erogion vrotleng for the rasing and associated hardwere. Alsu,
the assccilated trouble of sand control will enhance erosion and cavita-
Lion drognd the well), The hetter emnlacenent of sand conliul naterials
13 a needed aree of study for improved formation integrity around the
wellhore., The objectiveélof this subactivity are: improvéd techniaues
for use 1in the corrosive, eroéive andlthcrrél‘envirOns of FCR nethods,

a

Zevelecr increased heavy oll productions by better rhysical stimulation,

“and the application of higher quality steam in the reservoir.
The Sandiz fleavy 0Oil Program for FY20

The rwvuirements for the rcservqir access progran are extensive
and the time, pérsénnel and monetary resources are lirited. The ficst
stage of tais ?rogram ie thus restricted to those arees which are
Post Dressing and allow the identification of a more coherent program
in the fUthCf This quéram, as agree? npon by SAN/COE arnd Sandia
Hetional Laboratorics (SHLA) include the following tasks:

The firct toak will ke Lo develop a high-temperalure packer
for use 1in stecam EOR to alloﬁ prolonged application of high-
cuality and preséute Sﬁeam;‘ This will include building an
engineer1ng 2srotoctyrve and evaluation by a series of actuation

seal tests.



The second task will he-a survey of heavy oil drilling problers
and solutions. This survey will be maintained as ready reference

for helwing to defire program objectives ahd.tasks.

The third task will be to assess the ahilitv to drill horizontal
noles with the Sandia water jet drilling system. A study of heavy

o1l sand drilling characteristics will be rade.

The fourth task will bte to accumulate and document fracturing tech-
niecues in heavy oil forrations. The major bhenefit will be to
ldent1fy rossible prehlems and soluticns eepecially a2s they will

fit into the heavy o0il orogram.

The fi1fth task will ke to determine the state-of-the-art for ccn-—
trolling disintegrating send forwmations. This will help to establish
needed new rescarch in the areas of well comnletions, rhvsical

stimulation and .downhole steam production.

The sixth task will be the evaluvation of exploration electromagnetic
geophysicalftechniqués,for use in heavy o0il formations, Field tests

during a thermal_recovepy'process will he performed.

The last task ‘will be the scoping studies of alternate extraction
technigues of heavyAQil. SNLA will.review and perform required
analyses to evaluate gach process to help establish those with the

areatest promise.



II. lbrilling Technology

a, Survey of Heavy 0Oil Drilling

The area of drilling problems in heavy oil formations is an old
toosic with mény recent and continuing developments. The specific forna-
tion applications are éften unigue bu£ allow.the development -of an
overview that should be most useful in thé evaluation of new concepts.
Thus, the background information from a careful literature survey will
identify problems that can be most profitably studied: This survey. will
algo dgive insight 1nto soiut;ons that have heen attempfed in the past.
The background information then'forms 2 basis. for the evaluation of new
nonconvenpionél techniques. To‘these~objectives, a-survey of heavy oil

drilling has begun,

This work 1% a joint program between SHLA (J;.R. Wayland) and New
tiexico Institute of Mining and.Technology (HMINMT) at Socorro. Prof.
Keshava Acharya 1s directing the NMIMT program. The survey will include
(1) dralling technology

(a) method uséd ‘

(b) new and novel concepts
(2) size of.well'éné celétionshié to forméfioﬁ ChﬁraﬂtPr{ﬁfiPS

(a) diameter

(b) stress-strain characteristics of formation
(3) purpose Qf‘well

(a) injection

(b) production
(4) rate of penetration

(a) formation effects

({b) rock mechanics |

(c) fracture characteristics



(5) directional drilling
(6) type of driliing fiuid used
(a) density
{b) chemical'comp6Si§ion
(c) physical characteriétics
(d) penetration into formation
(7) type of bit used
(a) weight of bit
(b) wellbore hydraulics
{c) characteristics of bits
(8) surféce terrain effects
(a) transportation effects
(b) operation time effects
(9) casing used for
(a) surface
(b) intermediate
(c) production
(10) drill collars and pipe characteristics
(11) formation temperature effects
(12) interaction with mud-filfrate effect
(13) drilling costs
The first phase of collecting all the current literature has begun. This
is-being organized in terms of the above outline. Careful attention is
being given to the problems of heavy o0il production to help identify areas
in which new efforts in drilling might be most usefully investigated.

B. Water Jet Drilling in Heavy Oil

Work was initiated on water jet drilling evaluation during the last
two weeks of the quarter. Attempts were initiated to search the literature

to find appropriate technical literature applicable to



(a) R&D Activities in ﬁater Jet Drilling

(b) Directiomal Drilling Results in Heavy 0il Sands

(c) Performance Data on Jet Drilling of 0il Sands
Detailed discussions of ongoing research activities sponsored by Sandia
in jet drilling of coal for methane drainage have provided contact
with researchers who are currehtly participating in development of

jet drilling programs, par;iéularly in 0il sands.

The jet drilling program df cavern development in oil sands is sup-
ported at Flow Industries by‘the Eureau.of Mines. Two small caverns (up
to 20' diameter) were developed off a central hole in a formation near
Bakersfield, CA. The project is completed and a réport has been sub-
mitted to USBM for approval. A copy will be provided by Jim'Reichman of

Flow Industries upon approval.

Numerous papers were reviewed which, although interesting, were not
too valuable since they concentrated upon economic productivity of
various heavy o0il regions and provided little in the way of useful

engineering data on drilling experience.

The feasibility of jet cutting of oil sands has been established
by both the Flow Industries and limited laboratory and field work

done by Canadian researchers.2

Single nozzles were used to traverse
oil sands specimens while water and energy requirements and performance
data were obtained. Depth of cut, %, was empirically related to nozzle
diameter, D, jet pressure, P4, and traverse speed, U, by the relation

Pg

_C_’
z=pla(l-29 a-e U )
d
where A, B, and C are constants. Similar relations for water and energy
requirements were offered and the correlation of the laboratory data

with field observations is shown in attached Figure 1. <Clearly, the



correlation is inadequate. These data are being used to assess the
needed additional baseline data on oil sands cutting rates and to plan

needed tests.

Efforts this next quéfter will concentrate upon detailing the
laboratory and field testszneeoed for assessing the applicability of
jet drilling, especially in horizontal holes. Material specimens will
be obtained in paralle]l with. the test‘matrix development to facilitate
rapid implementa;ion.of»thgjtesting p:ogfam.

I11. Well Completions, Physical Stimulations and
Downhole Steam'Generation

A, Survey of Present Sand Control Technology

The controlling of diéinteg;ating sand formations is one of the most
pressing problems in heavj oileOR. The current methods of EOR place a
heavy burden upon the formation in the environ of the injection and produc-
tion wellbore. .Often there'is'a synergistic effecf from the elevated
temperatures, heovy oil flow, cbrrosivo agents and gases introduced. Thus
the need ‘to exfend the useful period of production of the surrounding sand-
stone requires consideration of heat-resistant materials used for formation
stabilization and the best methods.of application. The survey includes
(1) effects of EOR methods on hoavy 0il sandstones
(2) materials for improved sand control

(a) heat-resistant resins

(b) other materials
(3) application of consolidation materials

(a) method of implanting

({b) depth of penetration
(4) maintenance of sand consolidation

(a) non-thermal applications



() thermal applications
(c) structural integrity of formation
This work is beino done 1n conjunction with Ceorge Suman of Comzletion

Technology Corp. of liouston, TX. Mr. Suman is the author of the authori-

tative %orld Oil's Sand Cont;ol'Handbqok.3 This handbook is a survey

of the sand control state—of-thevart ur to 1275. Thus our survey 1is
concentrating upon developments after 1875, The initial collection of
the literature is complete. The next step after diyesting this rather
voluminous series of articles will be to conduct 1interviews with univer-
sities, national laboratories, oiltcomyanies, 01l service companics and
other sources to detérmine thg curfent state-of-the-art. This work is
on échedule ard should give Qaluéble quidance to identifying meaningful

problens that need more study.

2. Survey of Fracturing TechniQﬁes in fieavy Cil Formations

ECR technicues need td provide well-to-well comrmunication for
effective application. Thug one of the most important well stimulation
techniques is the fracturing of heavy oil formation$. To understand the
vhenomenon reqguires site specific formation characterization, The survey
will include:
(1) (formation characteristics

(e) thickness

(b) rermeability

(c) porosity

(3) type of over- and underburden c-

{e) rock mechanics

(f) existina fractures

(9) clay content in Lhe reservoir

(h) formation temperature and pressure

(1) formation fluids



(2) injection fluids
(2) phvsical vroperties
(b) chemical additives
(c) leakfoffjrates

(3) nropping agent carrying ability

[&]
{n

e

n

(e) friction lo
(f) extent of formation darage
(¢) formation of coke
fh) FASRS, €., CCZ,-HZ

(3) wrorning aqents.
(3) Eractufe conductivity

(b) density of propnin:

7 agents
(c) spacing of propring agents
(2) nature of prbpping material
(1) sand |
(11) metsllic rellets
(iii)vorganic waste
(e) sclection of pronping agent
(4) fracture charecteristics
(a) initiation of fracgure
(o) mechanics of rock fracpuring, fracture lenaths, etc.
(c) angular orientation (vertical, horizontal, etc.)

(d) rulticle fracture formation

—
W
-~

egunliprent -

(a) surface equizment and wellhead equiprent
(k) downhole tools and pnackers

(c) valves, surface and downhole

(5) explosive fracturing

(7) wmodeling of fractures

(3) economics cof fracturing
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This work 1s being done corporately between SMNLA and HMIMT. The principals,
J. F. Wayland, ¥, Acharya and C. Morgan, have almost comnleted a survey
of the state-of-the-art literature from 1975 to the prrescnt. As soon as
thic is completed, the nost promising areas will be followed up witH

on-s3ite interviews.

C. igh Tempgratqre Packer Develppment ‘ . |
In EQE, 1t 1s often imrortant to havée a packer:that will'%ithstand
the temperatures and pressures encoun;ered in ‘the long periods of appli-
cation associated with thermal producticn‘techn;ques. The pacier develop-
rment prograr 1s divided into elastomeric and alternate sealing material
Zevelovment., We will be conqefned with the latter materials. .The first
phasc of this work was. initiated under the DEEP STEA!' Project and was
associated with this program in May of 1980. Phase I was confined
privarily to characterization of seéal materials for the packer sealing
elements. The materials surveyed included metals and inorganié fibers.
Thesc materiale are to be used in the development of metal vacker seels
for minirum stress packers. vThis work 1s being done by L'Garde, Inc.,
of Wewport Leach, CA. The first'bhase rrovided a conceptual desiqgn of
the high temperature enhanced recovery packer'&ERP), material properties
ot several candidate scal materials and a structural analysis of the
L'Carde concept to help establisﬁ feasibility of the concept. They are

now 1nto Phase II.

The bhasic objective of Phase II is to design, fabricate and test
an engineering model of the L'Gardc rocker concept. The hardwsre proof-
of-conccpt tests will establish a seal against 2 simulateﬁ casing at
room temperature, This will involve prelirminary developmental testing
on the conponeht level. The one area where analysis cannot he exact
and indicates testing is in sealing. The anmount of sealing pressure

reguired, seal surface finish recuirements and need of a sealing nad



et the surface must be established prior to designing and fabricating
the demonstratiqn model. Phase II consists of three basic tasks:

a) scal simulation tests, b) design, analysis and fabrication of an
enagineering model, and c) room temperature seal tests of the engineering

nodel.,

The tests of Phaée I provided material properties--tensile, com-
nressive, shear, friction and creep~~-for several candidate materials.
These data wore used:to ideptify the most accenteble material candidates.
These materials wili.bé subjectéd to seal simulation tests in July 1980
to 25sess sealablllty. In tHeéé tests, .a vasher-shaped material svecimen
1s rressed hetween two.nlates s1nulat1na a casing surface. A center
volune (washer hole) 1n fhe samrle 1s nres :ur1?ed with water and the
leakage cetormlneﬂ as a functlon of squeeze force on the two plates
(racker setting force) anu water pressure in the washer hole (differ-’

ential pressure across the vacker).

The de51gn.ahd fabrlcét;on of‘a ore-half scale engineering model
requilres ééal elemenf and séttiné mechanism structural analysis, detaiied
design,'préparatiph of fabrication drawings, and fabrication and assembly
of the hardware. AFirst,'a~fihite element analysis will define the
optimum shapé'aﬁd force of the.- actuators to nrovide constant seal pressure
about the circumferenge; The necessary trade-off bethel seal thickness
and the.sealinq pfessufe will be established.‘ Where necessary, manual
analysic will be used to check consistency of design. Then a design
lavout of the engineering model will be generated. TLetailed fabrication
drawings of the seal confiquration and actueting mechanisms will be nade.
After part fabrication, the assembly will be tested prior to installation
of the seal element; Then the engineering model will be ready for roon

temnerature seal tests.
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The objective of the room temperaturé seai tests will be to demon-
strate that a seal against a typical casing section can be madé. The seal
test will consist of the engineering model being set in a section of 3-1/2
inch API tubing ﬁsing L'Garde's 200~ton press. The lowér end of the tubing
will have a fitting that provides a pressure chamber for applying pressure
to the bottom of the seal. Two test runs will be made. At the conclusion
of the first run, the test data will be evaluated and the model modified

as needed. The second run will be to verify the design modification.

In summary, this task consists of design and fabrication of the test
casing, redesign of the engineering model after the first run, fabrication
of the changed components, performance of the test and documentation of

the tests.

D. Controlled Source Audio Magnetotelluric Survey

The tracking of in situ combustion and steam drive thermal fronts
by surfacé measurement techniques is an important aspect of improved
reservoir stimulation. There are numerous electrical and electromagnetic
geophysical techniques that might be applicable. Almoét all depend upon
the tact that the oil zone will usually be df a higﬁer'elec£rical resis-
tivity than the surrounding strata because of the resistive nature of the
oil. During a steam drive EOR process, the heated region will be of a
lower resistivity because of the presence of hot éteam, the heaﬁed ground-
waters and the absence of o0il. During a fire flood EOR process, the
combustion region. will be of a lower resistivity because of the hot
carbonaceous material, the nearby heated groundwater, and the absehce
of o0il. The o0il front will probably be a high resistivity region because
of.the presence of excess oil and absence of groundwater. The objectives
of this project are to evaluate and improve the effectiveness of surface
electromagnetic exploration geophysical techniques that can be used to:

1) map and monitor the thermal recovery process for heavy oil sands, and

12



2) explore and map shallow heavy oil deposits. More specifically, field
tests of controlled eouxce audio magnetotelluric and pulsed or transient
EM techniques will be conducted for evaluation of their applicability

to this objective;

The benefit of the controlled source -audio magnetotelluric (CSAMT)
to the heavy o0il program will be to better enable assessment of the
efficiency of and the controls applied. to the thermal (steam and fire
floods) fecovery of heavy oils, The CSAMT method may allow one to map
and monitor the progress of the recovery process. In addition, to
adequately plan the recovery of the heavy oils in a particular field
requiree knowledge of the areal exteat and depths of the reservoirs.
Seismic reflection data cannot alone supply this information. There is
speculation among various exploratioh geophysicists that the proposed
EM techniques may be.used to directly indicate the presence of hydro-
carbons. The proposed project will address the evaluation of the use
of EM techniques to map shallow deposits ‘and monitor thermal recovery

process.

The survey method that is used in the first phase of the program -
involves the measurement of fields around a grounded bipole. Witheut
a detailed examination of the electric and maéhetic fields associated
with a grounded bipole, it is impossible to make accurate prediction
from an analysis of field éata. Many solutions exist for different
geometries bqt all require reformulation into a form that will allow
analysis of site specific measurements. One example that indicates the
approach: is: given by Foster4 for the case of the b1pole grounded into
a 1ayer of given thlckness and resistivity over a half-space of given
resistivity. By examining the behavior of the field with distance from

from the source, it is pos31b1e to calculate the apparent resistivity, N

_ 1.26x10° (E/H)2
Pa = £

a

13
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where I 1s the electric field in volts/m and II is in amp turns/m for a

source of frequency f. then meaéq;ements are made at distances greater
than three skin denths, the anparent rgsistivity calculated by the above
equation corres=onds tc the actual avparent resistivity. The skin depth

is given by
d = 503\/Oa/f

'ore detailed solutions will-solve.iiaxwell's ecuatione for the com-
nénents ot the lertz vecktor 1, i. =., cach component cf ‘the Hertz vector

satisfiles

2 2 =
VoI 6, My 0
vhere
i=20,1l, 2
k =x, 2z
§ = propagation constant

Then the electric field I is aiven by

Ei=CVV‘ﬂi—cy,

and the magnetic field ¥ is given hvy

H. = -3¢ 2
Hl w Vi VxHi

where ¢ 1s the velocity of light and w is the angqular frequency, and

2 _ . 4 2
Yi = 3} nwoi - W ei

where o 1s the conductivity and e the electric permeability. The solu-
tion of these equations gives a near and far field solﬁtion that 1s
frequency dependent. Thus_the analysis of measurements must include this
cffect and a proper interpretation of measured T and 1 fieldsf At the

present time, calculations are being set up for analysis rurvoses.
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The experiment chosen for a first test of this approach is a steam
injection experiment in the tar sands outside of Vernal,.Utah.' This test
is being run by Laramie Energy Technology Cenper (LETC). The site for
the LETC TS-1S, fouf miles west of Vernal, U;ah, in the Northwest Asphalt
Ridge deposit, is on Sohio National Resource Company property. -Based
upon steam injection tests aﬁd modeling, two concentric five spot produc-
tion patterns were chosen (figure 2). "The outer four production wells
(3P1-3P4) are on the ?eriméter of 0.25 acres production pattern and the
inner four production Wellsf(3P54328).bbupd 0:1 acres production pattern
with a common injection wéil (3115 located in the middlé. The wells
(3M1-3M4) are teméerature,ménitor‘wells. fhere is a greater permeability
in thé North-South direction“than in the East-West direction. Also, the
top 45 ft of the pay.zone avefaged'about 10 md, while the bottom 5 feet
had about 2 darcies of sétufatedlpefmeaSility.. The bottom layer appears

to be unconsolidated. The_overlying and underlying shales have less than

10 md of permeability for reasonable pay zone isolation.

Steam injection'begaﬁ on 22 April 1980. After the initial shakedown,
the steam injection rate is about 400 equivalent barrels of water pef day
(BWPD). The steam qua1i£y is ébout 50 to 80%.at approximately 500 psig
and 460°F. ‘A sﬁéam_breakfthfough to production well»3P6 has occurred
and 3F6 is now shut-in'with'peziudic_iow'levél steam bleed-oftf. The best
producers have been prbducfionfwells 3P7 and 3P8, with 3P8 giving about
twice the amount of o0il as 3P7. The production well 3P5 is not producing

any oil.

A geries of CSAMT measurements have been made at the Vernal site.
The electromagnetic field was produced by a grounded bipole source. The
two ends of a 2000 £t antenna were érounded with transmitter located at
the center of the bipole. The electric field was measured by a dipole

receiver (5 m spacing) in contact with Lhe ground, and the magnetic
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field measured with a ferrite coil magnetometer. Soundings were made

by varying the frequency from 4 to 2048 Hz and lateraliyariations by

-moving the receiving antenna.

When meaéurements.of the electric andlmagnetic fields (E parallel
to and H perpendicular to the transmitting bipole antenna) are made at
distances greater than three skin depths (far field region) from the
transmitting antenna, the apparent resistivities calculated using the
equation given above correspond to the “true“.apparent resistivities.
Tn the far field regiun plane wave solutions are appropriate. Measure-
ments made at distances less than three skin'depfhs (near field region)
yield an apparent resistivity which will be higher than the "true"
apparent resistivity. Even though the near field resiéﬁivity values
do not represent the "true" apparent résisti&ities, the near field
measurements can be used to delineate Subshrface variaﬁiohs if there
are sufficient tesistivity/contrasts. For the most part, the measure-

ments made at the Vernal site were in the near field region.

Because of the steam breakthrough, the firstysét of measurements
in late May 1Y80 concentrated upon measurements between 3I1 and outpost
3P6. A resistivity low found near 3Il1 increased to a maximum away from
the injection well and then decreased to a backgrodnd vaiue further
away from 3I1. Later tests indicate that the presence of plumbing does

not have detrimental effects on CSAMT measurements.

This set of preliminary results encouraged us to make a complete
survey of the injection site on 20 to 22 June 1980. The results of this
survey are shown in Figures 3 to 7. Each data collection point is shown
by a dot overlain upon the well pattern of Figure 2. Thé numbers beside
each dot are the apparent resistivity in ohm-meters at the indicated ‘
frequency. The contours are best estimates bf the coﬁstant fesis-

tivities (indicated by the circled numbers). The analysis of the



data is not complete, so interpretation cannot be made at this time.
However, a number of observations can be made to indicate possible
interpretations. - Temperature measurements in 3M1-3M4 indicate that the
steam has develoééd most strongly along the lower layer of the pay-zone
with some heat towagd the top of ione at 500 ft. The higher temperatures
on 20-22 June 1980 were in 3M2 and 3M3. Thus the 4 Hz results shown in
Figure 3 follow a patternhﬁhat is consistent with the observations from
the production and monitor wells, (3P2 and 3P3 were not operational at
the time of these measureménts;) The same general phenomena is seen up
to about 128 Hz (see Figures 3'~4 and 5). However, at 256 and 512 Hz,
the contour pattern chanées and the in£erpretation is less clear. At
256Aand 512 Hz the resistive high near P2 is still present. The higher

frequencies (1024 and 2048 Hz) are not shown because of pattern breakup.

As a hypotheéisL if we assumg,that the pattern shown for 4 Hz is the
steam front, then 3P7 and 3P8 should be the best producers. But also
then the next two Véils to start up should be 3P2 and 3P3. By the end
of July, the steam front was at 3P8 to the exten£ that.there was suffi-
cient pressure to produce without pumping. Also 3P3 had prbduced for
awhile but sand control problems had shut it down. The well 3P5 has not

yet produced oil.
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