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ABSTRALT

In only a 1iméted number of hydrocarbon
producing areas of the Unfted States and
elsewhere has the productfon of af{l and re-
Jated fuids from subsurface reservoirs been
correlated with surface subs{dence and damage
to property in the subsi{ding area as well as
damage to wells and producing facilities zs
a-result of campaction within the productive
reservoirs. These 1imited phenomena have
been aobserved and docuented most notably
in the Wilmington 011 Field in the southerly
portfon {n the Cfty of Los Angales and
adja{ntng City of Long Beach.

The Cfty of Los Angeles has pered ttad
urban of! producing operations for the
past 20 years i{n the belfef that the risk of
signif{cant of) field subsidence 15 negligi-
ble and in the knowledge that should slight
nagat{ve changes {n the surface elevations
be nmoted at or near the outset of production,
measures can be taken to shate the condition
before damage to surface {mprovements could

eccur.

)

References and 11lustrations at end of paper.

The Beverly Hills (Eact) DI1fteld was

K discovered during Decesber 1964, and 1t soon

became apparent that a major hydrocardon
reserve had been found. Within three yesrs
production rates exceeded 30,000 BOPD from
reservoirs as shallow as 3,600 feet beneath
one of the mst densely populated portions
of the city. Clearly, the s{tuation required
assessment of the subsidence prospects.

The Bevarly Hil11s (East) field s Yocatad
with{n an east-west trending elomgate com-
plex)y folded and faulted antic)ine situated
on the northwestarly rfm of the Lot Angeles
Bas{n at the common boundary between the
citfes of Beverly Hills and Los Angeles., -
Productive 1imits encompass approximately
848 acres within which §,200 individuals
are currently recefving royalty payments.
Development dril11ing Mas been conducted by
tvo operators - Standard N{1 Campany of
California and Occidental Petroleun
Corporation - and by May 1, 1975, 118
wells had been completed of which 26 are
water fnjection wells. As of May 1975,
over 61 mtll{on barrels of of) and Y24
m{11ion MCF of gas have been produced.
Production during April 1375 averaged
11,000 BOPD and 15,000 MCF of gas per

day.
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Early (n the 1{fe of the field, It was

(etermined that pressure maintenance opera-
sfons would prove ecaromfcally attractive

and water tnjection was begun fn December
1969. A cooperative venture to monftar
precisely the ground elevations over the
field area was initi{ated in 1966 by estab-
1ishing a network of bench marks to add
detail to thase bench marks previously estab-
lished by the City of Los Angeles.

Tradicionally, the City of Las Angeles
has relied upon precise leveling surveys as
a means of determining subtle changes 1in
surface elevations fn this tectonfcally
restiess geologic province. Such surveys
cohducted over the surface of the Beverly
Hi1Ys (East) 0f1field revealed that subsi-
dence rates were relatively uniform from
1960 to 1967, prior to the advent of ofl1 pro-
duction, and that these rates iIncreased only
slightly for the years 1967 to 1369, when
production reached 1%s peak, Subsequent
precise leveling data recorded decreasing
rates of subsidence as a result of declining
production and the fnitf{ation of a pressure

naintenance project.

The water injection program at this
time appears to be fulfilling expectations
that the project will be economic and s
roving effective {n arresting the minor
amount of iudbsidence which may be attribut-
adle to subsurface fluid withdrawals.

JHTRODUCTION

The spectre of surface subsidence,
sssociated with o{1 field operations, {s
2 matter of continuing concern to those who
reside or own property over and adjacent to
such operatfons, despite the fact that

- damage to surface facilities has occurved

only in rare instances and especfally where
the subsiding area adjofns a body of water.
The classic cases most often cited are
¥{1mington, California; Goose Creek, Texas;
and Lake Maracaibo, Venezuels. So dramatic
and well known are these examples of ofl-
fleld-related subsidence that of] preduction
{n urban areas iz pot permitted without
reasonable assurance that similar events

will pot octcur.

Outstanding among local Jurisdictions
in contralling subsidence s the City of
Los Angelas, which depends {n large measure
upon the following requirements:

*1¢ a zoning adminigtrator determines,
after first receiving the report and recom-
mendatians from the City Administrative
Dffice, that ol drilling and production

[

. ognized sxperts ..

actiyities ... have caused or may cause sub-
stdence ..., then after consulting with rec-
and with those produsing
hydrocarbons from tha affacted area, ha shall
have the authority to require the invelved
producer{s) to take corrective action, includ-
i{ng repressyrizing the o{Y producting struc-
tures or cessation of the ol drilling and
production.®

B8y means of such an order, the City of
Los Angeles has been dealfng with probiems
associated with oflfield subsidence since

1945,

In addttion, ofl operators have cooper-

ated among themselves to assure that hazardous
round movements will not be allowed to occur.
rior to the cormmencement of production,
Occidental Petroleun Corporation and Standard
011 Company af California, in connection with
the development of the Beverly Hills (Fast)
041fiald, made a thorough preliminary eval-
uation to defire the potential for the sub-
tidence. At the outset, this evaluvation
consisted of listing those empirical variables
that were known to have some control over

the magnitude of any earth movement which
might occur. A monitoring program was then
instftuted prior to first production and was
structured to yield Tnformatfon concerning the
detection and definizian of any subsidence
which might subsequently occur. .

HISTORICAL REYIEW AND REGULATORY FRAMEWORK

The Ctty of Los Angeles {s sftuated
squarely on top of one of the great petro-
leun producing provinces of the world. Viewed
from the standpoint of production per acre,
the Los Angeles Basin is unequaled 1n ts ofl

recoveries.

Commercial of] was first produced in the
City late in the 19th century, after the
discovery of the Los Angelas City 0t1f{eld a
short distance from City Mall. Since that
time, exploration and drilling have accurred
sporadically, as mjor trends of production
have been delineated throughsut the Basin (see
Figura 1) and as the City has provided a
mechanism to authorize driliing and develop-

ment.

Modern of1 aoperations began in Los
Angeles {n 1953, shortly after World War If
when the City {ncorporated usrban drilling
procedures in 1ts Municipa) Code (Spaulding,
1971)1, The essence of these procedures {s
the creation of of) drilling districts and
approval of "controlled® driliing sttes, The
Jatter are one-acrve compounds architecturally
stylad, landscaped, and aesthetically treated

Lo 2
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(n such a2 way as ta eliminate the offensive
aspects of a heavy {ndustrial land use in
the urban environment. As many as 75 wells
_have been drilled within one of these fsland
type dril} sites.

The most important element of ofl well
drilling in Los Angeles is the drill sfte
{tself, as this {s the tangible phase of
operations ta which residents in {ts vicine
ity can relate. [n order to provide requi-
s{te cantral of drilling activities, the
city relfes upon Yts zoning duthorities ta
{mpose opergting conditfons rigid enough to
furnish essential protection, yet at the
same time flexible enough to schieve environ-
santa) compatibtilfty. One of the rigid
requirasents which {s routinely prescribed
for a1l urban dri)1ing operations has been
racited in the introduction to this paper.

SUBSIDENCE CONTROL

Each time the City of Los Angeles
contemplates a nNew application for the
establ{shment of an oil drilling district,
the question fs inevitably asked whether
subsfdence sfmilar to that at W{lamington may
be expected to occur as 3 consequence of nMew
urban production.

1t {s fortunite that there {5 a lon
record of oil productfon from the centra?
portion of the City, more than 75 years, and
prolific, approximately 170 mi1l{on barre)s
fram eight oilffelds, and s unblemished by
any signiffcant sudsidence. More than this
record, however, the City and urban opera-
tors now depend upon their ability to detect
and predict subsidence before it reaches
damaging proportions with respect €0 people
and properties sftuated over the oiifiald.
The dasis for such early detection and
prediction 15 precise survey leveling of the
land surface. These surveys Mve the
capacity to measure changes in syrface
elevation within an accuracy of 0.005 of &
foot, ar 1.5 mm. Recent of drilling
districts now carry as a condition of
approval the requirement that precise
Jevel4ng be dene as often as necessary o
yiald diagnostic {nformation.

URBAN OTL PRODUCING AREAS

Exploration in central Los Angeles
reached 1ts zen{th {n 1965, and was Suc-
cassful 1n dfsclosing a numdber of very
substantfal of} accusmulatfons. Those of
particular {nterest - because of their size,
depth and degree of urbanization - are:
Beverly Hi1l1g, La Cienegas, Salt Lake, and
Los Angeles Downtown. Acting under the

—

authority of the subsidence provisions quoted
earlier, the Ctity Raninistrative Ofﬂcelq'
commiss{oned several well-kpown experts to
parform reconnajssance favestigations of these
oi)fields: for the purpose of evalyating sud-
si{dence prospects or occurrence, The con-
clusions of the more notable of these studies
are {)luminating. :

fabsan and aurnsz. consulting petroleum
engineers, concluded by saying: *Based on
such data as are available from older Los
Angeles Basin of1fields, we would not expect
substantial subsidence {n the fields fn
question because of the sharply folded
n¥ture of the structures, the prevalence
oP thrust faulting, the relatively small
o1l reserves of most of the pools, and the
{n{t{ation of fuid tnjaction projects in
almost 31} of the fields. It {3 recognized,
however, that many of the factors controlling
subsidence are Isperfectly tnown, and the
suggestion of increasing subsidence In the
Beverly H{11s fie)d indfcates that the
situation in 4)) these areas should be
watched carefully.®

Babson and Burns had earlfer stated
that data on subsidence in the Beverly
HS1ls field are derived from bench mark
observatfons recorded by the City Survey
Saction and the ol1field operators. These
records reflectad *a relatively consistent
rate of subsidence dur{ng the perfod 1950 to
1967 ... production from the east area of
the Beverly Hills field was inftfated during
1966 and reached a probable peak level
during 13968 apd 1969. Subsidence rates
for most bench marks fn the area increased
during the period from 1367 to 1969, some
reaching a leve) of approximately 0.05 feet
per year,” or from two and one-half to five -
times their former rates. From the distri-
pution of these subsidence rates, it could
be seen that the highest retes were measured
over the centra! portion of the field and
{nvolved an area of approxisately 80 acres.

Babson and Burms have qualified their
remarks by pointing out, "While the data ...
tndfcate that Increased subsidence rites
have occurred over the ares §n which the
hydrocarbon accumylation {s widest and the
production sands are thickest, definite
conclusions in regard to the influence of
oi1 production cannot be drawn wi thout 3
thorough and detailed study of geology,
hydrology and reservoir conditions {n order
to evaluate the {nflusnce of all possidie

factors.”
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ineer for the Department of 011 Properties,
Gy of Long Beach, Californfa, and under
petainer ta the City of Los Angeles for

sidence studfes, has {ndicated In his
m,,,,gs that a particuylar bench mark during
fhe period from 1949 to 1969 showed a sharp
{ncrease {n the subsidence rate between the
1967 and 1969 leveling surveys. Nr. Alten
furcher states, "The subsiding area does not
coincide fn shape or t{neation with the
onneld; however, the apparent tncrease in
rate does caincide with ot1fteld aetivity.
pecause of 1t proximity to ail operations -
snd the apparent increase {n rate approxi-
asting the period of of 1 production, this
yrea warrants future review.®

JISTORY OF BEVERLY HILLS (EAST)

The Beverly Hills fiald was d{scovered
{n 1900 when marginal production was cbtained
from shallow Pliocene sands. By 1926, there
gas mo further development and the wells
were eventually adandoned to make way for
awcelerating population growth,

,/:Nnnis R. Allen, Subsidence Control

(g

The Beverly Hills (West) Miocene sand
reservoirs were discavered in 1954 fram
yrbanized dril) sites within the 20th
Century Fox movie studio property. Th1s
new dri1Ying did rot establish an easterly
limit to the field and was tarminmated when
the wells became econcmically unattractive.
In addition, the City of Beverly Hills had
no provision for drilling under the City at

that time.

The Beverly Hi1ls (East) area was
discovered during 1964 by separate core
holes drilled by the Occidental and Standard
011 companias. The Standard 01) Company
core hole at the Packard Drill Site found
the esast end of the field, while an Occidental
core hole discovered the westerly edge of
the field. In September 1965, a Standard
core hole dritled in 3imost the maiddie
of the fleld delineated the 3ize and extant
of the field and confirmed a major discovery,
Ultramodern urban dri1) sitas were then
erected after establishing the drilliing
districes, and first groduction wis obta{mned

Yo date, 113 wells have been com-

pleted, including 26 water injection
walls and 7 wells which have been direc-
tiona)ly drilled from a third dril) site
at the Salt Lake Field to tha north,

The wel) survey map (Figure 2) indicates
the status of development as of May 1975.
Primary development {5 considered complete,
but drilling for water flood operations is

—

continying both for product a
Injection wells, producing and water

REGIONAL TECTONIC FRAMEWORX

. STRUCTURE AND SEDIMENTATION

The Les Angeles Basin exhid{

history of teectonic subsidence angsu:s‘o-mg
clated accumilation of sedimen?s from the
surrounding high lands, such as the Santa
Monica Mountains, the Puente H1lls and the
San Gabriel Mountains 6 the north. From
subsyrface evidence, 1t 1s apparent that
subsidence and sedimentation have been an
almost continuous process, at least since
the end of middle Miocene.

The complex network of faulting of the
general arez has been simpl{fied on Figure 1
ts show the major features relative to the
area under discussfon. The Santa Monfca
Fault shawn at the base of the Santa Monica
Mountaims extends along the northwesterly
edge of the Loy Angeles Basin. The Whittier
fault trends along the base of the Puente
H111s, and in the area of its westerly
termination it 4s Jost In the subsurface due
to rapid recent buyria) at the Whittier
narrows where the San Gabriel River enters
the Los Angeles Basin. The Inglewood Fault
trend is a prominent feature in the ofl-
f{elds shown along {ts trace and extends
at least through the Inglewood Ffeld but
seems to dissipate into more than one trace
near the Santa Monlca Fault.

The tectonic forces which have resulted
{n the development of these faults probably
ortqginate along the San Andrias Fault north
of the San Gabriel Mountains®. The forces
seem to be acting in a southerly direction,
resulting $n the San Gabriel Mountain mass
overriding the adjacent lowlands of the San
Fernando and Sam Gabriel yalleys and the -
Santa Monica Mountatin Mass overriding the
rorthwesterly margin of the Lps Angeles
Basin, The Puente Hi1)s Fault Block s
similarly overriding the mortheasterly part
of the Lot Angeles Basin. The Inglewood
Fault {s the resylt of the pressure of the
Santa Monica Mountain Block against the
basina) block and has resulted in right
laters) movenent. The Santa Menfca Fault
shows dominantly thrystal movement, but some
Teft lateral soverent has occurred.

Cross Section A-A’ (Figure 4) ¢s drawn
north-south from the Santa Monfca Mountains
to the !nglewood Fault and passes through
the middle of the 8averly Hills (East)
fleld. The Santa Monica Fault fs on- the
north end of the cross sectien and separates

Le-4
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{ the Intrusives and metamorphic rocks fram
the basinal rocks to the south. The south-
erly acting crustal pressure has also
enerated 3 compiex series of en echelen
fo1ds, some of which have ruptured due to
the intensity of folding and have daveloped
thrusta) faults stimidar to the Santa Monfca
fault. As {5 fndicated on the cross section,
these faules are not major faylts becoaming
obscure high in the scctfon, and are appar-
sntly limited to Miocene formations,

The antfclines are {yplcally asymmet-
rical, the northern flanks dipping fram 20*
to 45° and the southerly mnﬁ' overturn{ng
to a3 much as a 75° northerly dip., The
saall anticline {mmedfataly to tha south of
the Beverly M11ls (East) f{ald fs the sast-
erly continuation af tha plunging anticlinal
structyre of the Cheviot Hills, It s not a
hydrocardon-bearing raservoir in this per-
ticular localfty but 15 ofl-bearing up the
plunge to the west.

The Miocens sands present at Beverly
f111s (East) show mtnor stratfgraphie
thinning across the crest of the reserwoir
and thicken markedly {n the Salt Lake Fleld
as the highlands are approached. Sands were
depos ited during the early Pliocene around
the mryins of the anticlines, while later
Pl1ocena sands were depositad across the tops
of the structures which grew aimost contin-
vously throughout the Pli{ocene deposition,
The Plco Formation has not been found of!
bearing in the {mmediate area and {s composed
primerily of sands and soft shales accumu-
lating to great thickness farther out in the

Los Angeles basin.

Covering a1l s a serfes of sands,
gravels, and shales of Plajstocens age. Th1s
series of sediments is fresh water-bearing
and apparently al) of subaerial deposition,
It is notsworthy that La Brea Tar Pits 11e
Just to the east of the 1ine of section and
it is prodbable thet some trace of the Santa
Monica Fault system accounts for thelr
occurrence.

Cross Section B-B' (Figure 5) s at the
westerly end of the Beverly Hi11s (East)
field and shows in larger magnificatfon
unﬁ?npnic changes and structural cose

lexitias. [t may be seen thet foldimg has
een pore intense than along Section A-A",
and the resultant folding 13 of greater
magnitude,

‘Figure 6 13 a typa log of the Beverly
H111s (East) ofifietd, The top s st the
laft, Tabaled A, and the bDottom 13 at the
right, labeled b, wen depths nre not shown
on the 109 decausa of the wide range of

vert{cal depths @ the structure and the
highly deviated wells., One Aundred foot
fatervals from a typfcal penretration are
tndicated on the centerline of pach section.
Not shown on Figure § are 3,500 feet to
4,500 feet of unconsalidated formations
above the shal)lowest ofl sands, includimg
the freshwater-bearing Plefstacene conti-
nental sediments and relatively ehfck Pice
(Upper Plfocene) sediments.

The Repetto sands were deposited
primarily around tha fringes of the anti-
cline in channels or emdayments and exhibit
moderate compaction. LUp to 50X of the sand
volune 1s commonly camposed of a breccia of
the underlying Miccene shale which was
stripped from the crest of the Salt Lake
structure immadiataly to the north. The.
sands ars complexly Tenticular, but reser-
voir contfnuity 1s present over 1imfted
areas. At no place 1n the field (s the
total section productive. The upper sand is
productive at the east end, and the lower
sand is productive at the west and.

Lying below the Repetto sands is a
fairly thick and wel) compacted Puente
shale and siltstone sequence of Upper
Miocene Age. The shalas are typtcally
fractured and slickemsided from the Intense
folding and frequently have ofl and gas
within the fracturss. There s very Ifttle
permeabflity, and the shales do mot produce
hydrocartons at economic rates. The saries
of sands labeled as the “DN® sands are well
developed on the south flank of the struc-
ture and are occasionally present as thia
stripgars on tha north flank., These sands
have been G:Eln(uﬂ where present in cop=
bination with ths Main rome.

The Main zone 1s, a3 the namm fimplies,
the largest oi! reservoir in the fiegld.
These we!] coapacted sands ars ralativaly
continuous in the uprr psrt of the zons but
become quite Tenticular taserd the base.
T™ha shala dodies withi{n the mne sre wide-
spread over the field and constituts the
best correlation narkers. The serfes of
shales below the main rne are also frace
tured and are much harder than those abdve.
Some o) and gas are prasent {n the frac-

tures.

The Deep zone which consists of a
series of hard sands and shales s a gas
distitlate resarvofr with a downstructyre
of] band. The lattar {s pot coemercially
attractive alone but Ras Deen dually cox-
platad with the Main 1one for development.
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The Nodular Shale, although productive in
om ATEAS of the Los Angeles Basin, fs not
_roduczive here despite containing modest
pounts of o1l and gas fn fractures, It #s

sed of a serfes of hard calcareous and

posphatic shales with sccasional hard sand-
stone streaks and 1s extensively fractured.

A simplified structure contour map drawn
it the top of the ma¥n zone ts represented by
figure 7- This structure 1s noteworthy in
tnat the seutherly flank 1s verrfcal to
overturned and 1s characterized by an active
paturdl water drive within the field. The
cast-west faults are those previously de-
scrided as ruptures due to the intense falding
yhereds the north-seuth faules are probably
(ractures agsacfated with the Inglewood

fault trend,

The West Pico 4 fault separates the area
of very complex geclogy to the west frem the
relatfvely simple geology to the east. As
wi]) be mentioned later, there is evidence for
its presence within the shallow freshwater
aquifers, It is east of this fault that
waterflooding has been undertaken.

F{qure B8 13 3 structural map at the base
of the Repetto 20ne. The fault pattern is
much less complex than 4n he Main 20ne and
Jfalding s less {ntense with dips up to 60
degrees 1n the south flank. Mowever, with-
in some of the sands, due to “draping® efa
fects, dips might be greater above this
particular horizon., The productive 1imits are
fn some cases marked by downstructure oil-
water contacts and §n other cases represented
by sand pinch-out 1ines. Waterflooding within
these sands has been of marginal economic

success.

WATERFL 00D

€arly 1n 1567, Standard and Occidental
bergan negatiations and planning precedent o
witerflooding the field. It was eventually
agreed that operations should be a cooperative
venture and that water {nfection thould be
siarted when Mafn zone reservoir pressure
reached approximately 1,700 psi, which was
forecast for January 1971. Standard used the
Dykstra-Parsons technfque to predict water-
flood performance, whereas Occidental based
fts forecast upon the Buckley-Leverett msthod,
It §s noteworthy that both companies arrived
at essentfally the same answer (see Table )
for reservo{r data), although Standard planned
a peripheral flood and Occidenta) planned

a pattern flood.

Agreements for the appropriate lease line
injection wells were consumated late in 1989,

Water injection for the peripheral

inftiated fn December of91969'and f:log:e'as
pattern flood 1in February of 1970, At
present, the injectors are located as fndi-
cated on the well survey map (Figure 2) which
shaws locations for both the Main and Repetto
Zohes. Pressura-{n the Main zone was_approx-
imately 1,800 psi upon initfation of the
fnjection, It ts—the-aim of the Flaad to
stabilize and not Increase Iormatfon pressure.

HISTORY OF EARTH MOVEMENTS

Southern California has long been known
as a tectontcally restless province. In
connection with oil productien from an urban
area, 1t {s therefore essential that the
history of earth movements be reviewed and
understoad before substantia) production is
permi tted. Faortunately, the record of such
movements 5 both extengive and has been
thoroughly investigated>.

Cammencing in 1908, the U.S. Coast and
Geodetic Survey developed a network of first-
order leve!l 1ires in the Los Angeles regfon
tn complement more randoem surveys performed
late 1n the 19th century, This network was
expanded during the repeated levelings in
the years 1920, 1924, 1927, 1932, 1934, 1939,

ana 1945.

Stince 1934 the C1ty6 and County of
Los Angeles have also leyeled over this net-
work and enlarged upon {t to the extent that
1t now provides very comprehensive coverage
in Southern Cal{fornia. These survey records
were used as part of the earth mavement
evaluation by Occidental and Standard for
the 8everly Hills (East) field.

Although available level{ng records in
the area of study go back to the 1920s, their
erratic coverage dié not allow for the con-
struction of good regional ground movement
maps, but dy 1949 the density of level
traverse lines in this area was such that
one cauld begin to construct regional maps

using the 1945 data as base date. Figure 9
shows the annual rate of ground movEMERT

period 1949 £51963. Th¥¢ T3 prior
fluid extraction from the Beverly Hills

field.

Experfence at Wilmington had shown that
the guickest and least expensive method for
mopitoring earth sovements due to o{lfield
operations and other possible causes was
through periodic ffrst- and second-order
leveling surveys. These records yielded a
cantinuous up-to-date picture of where the
subsidence was occurring, how much was
occurring, and at what rate 1t was occurring.

to an
(East
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1" ¢p obtain such information, Accidental and
i gtandard decided to estab)ish thefr own
! teveling petwork over the area of indicated
{1 accumulatfon prior te any fluld extrac-

ddon.

Pafford and Associates7. 3 private
conselting survey firm, was retained to
rake the first 1967 leve)ing, pericdic
i relevelings and to set additisnal bench
! marks as needed. Included in this network
| were as many of the U.S. Coast and Geedetic
: Survey and Los Angeles City traverse 1ines as
| could possibly be used. Even the same datum
mean sea level was adopted, thus allowing for
past and future utilization of their recorded
elevations. Releveling and expansion of the
Occidental-Standard net occurred during the
years 1963, 1870, 1971, 1972 and 1973.

To svaluate ground movements in West
Central! Los Angeles, 811 of the elevation
determfnations, based on mean sea level, for
esch bench mark in the leveling network were
placed in & canputerized data ratrieva) file.
Printouts coasisting ¢f tabulations of alt
bench mark elevation records n graphical

l

plots of slevatfon versus time for each bench

mark in the file were made and reviewed,

From this review, selectad north-south and

east-west profiles of total graund movement

, were constructed tn show taotal change in
}s‘levations since 1949. ’

It was then determined that for histor-
ica) background the perfod 1949 through
1963 could be used. During the review it was
discovered from the fndfv{dual bench mark
plots that changex {n elevation throughout
the area were not always consistent but
exhibited marked changes {n rates of move-
ment. 1t was therefore found desirable to
construct annual rate of change maps for
selected periods of time fn order to estab-
“1{sh a proper base for future comparisons.
By converting the tota) movement to an annua)
rate of change, ft would also be possible
ta compare shorter perifods of observation
with longer perfods, thus xfding {n the
detection of signiftcant changes 1n surface
ground movement which may or may m? be
related to subsyrface fluid withdrawals,
Cong{derable care was taken to separate the
larger significant changes {n rate of move-
nent from the minor fluctuations which are
thought to be largely attributable to survey-

ing error.

Triangulation surveys to determine
herizantaY ground movement are avallable 8
for the Los Angeles area (Alexander, 19637),
They have not been utilized or enlaryed upon

./ for the Beverly H{11s (East) field. because

they are generally too
¢ gross and {maccye-
;:::e:xn:s: ::1 1th1e early detececfon oru
efinitian of the
mavements encountered. © low magnituce

With this backgroun A
and Standard set abgutuaga:;z?:;d;NZCC1de":AT
the pre-production ground movements that
are apparent tn Figura 9. This wae dene
fn order to develop a techrnique for
recognizing and defining any addi tipnal
ground movements that might be caused by
of1field fluid withdrawals. Analysis of
the causes of these ground movements
follows later in this report. Figure 10,
an annual rate of earth mvement map for
the perfod 1967 to 1871, the period of
heaviest production, shows a 3Vight
{ncrease {n the rate of subsidence over
the pre-productfon background (Figure 9).
It was noted that this Increase also
tended to center cver the productive area.
To determine how such of this movement
might be related to oflfield operations,
Bench Mark Ne. 82 at the corner of Westemn
Ave. and Wilshire Boulevard was selected as
a datum. Chofce of this bench mark was

based on 1ts historical stab{li2y and the
fact that there are no known subsurface
fluid withdrawals anywhere 1n the {mme-
dfate area. Figure 11 shows the amount of
movement based on mean sea level datum
that has occurred {n the area of Bench
Mark No. 82 between 1967 and 1973 as the
possible vesylt of tectonic mvement,
surveying error, and minor local building
or traffic disturbances. Figure J2 shows
the annual rates of ground movement for
the pertod 1961 tm 1971, dased on using
Bench Mark 82 as. a datum rather than mean
sez tevel as {n the case of Figure 10.
T™is new map (Figure 12) probably represents
the rate and areal distribution of subsi-
dence related to ofl field fluid withdrawals
during this period - a rate and amount too
small to be considered sertous, Figure
13, an annua) rate of earth movement map
based on Bench Mark 82 as datum for the
pariod October 1972 to October 1973,

shows the arresting effect of both the
water infection project and declintng

production,
POSSIBLE CAUSES Of GROUND MDYEMENT

Standard and Occidental have used an
ampirical approach for predicting potentis)
subsidence whersin each of the pessible con-
triduting factors must be considered, weighed
and, 1f necessary, recefve further evalustion.
Many of the factors causing earth soverent
are imperfectly known. W{th sufficient data.
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ever, 1t has become possible to isolate
certain components and determine which may
pe contributing to the movesent. Whenever
there are multiple causes, difficulty natur-
ally arises in estimating the quantftative

effect of each.

Those varfables which the authors consid-
ered fmportant in the evaluation of earth
mwvenents, particularly oflfield-related, have
been organfzed {nto the following empirfical
model and were applied to the Beverly Hills

gast) field prior to production in arder to
gstimate the oilfteld subsidence potential:

1, Tectonic Activity.

Compaction of Sediments due to elther

zh
Surface Loading or Wetting.

Compaction and Lensolidation due to
Vibration.

Subsurface Solution ar Cavitation.

Subsurface Pore Pressure Reduction.

a. Controlling Geologic Character{stics.

(1) Regtonal Structura) Conditions.

(a) Geologic Structure.

(b). Depth of Production,

(c) Breadth and Length of
Accumylation.

Physical Properties of Producéng
Zones,

{(2)

(a) Porosity.

(bg Lithology.
(¢) Preconsnlidatfon and Cementa-
tion.

: In the Beverly Hills (East) area, varfa-
tfons 1n recorded ground movement were too
great and too camplex to be explaimed by only
one or two causes listed abave. By analyzing
these recarded ground movements {a Tight of
each of the possible causes 1t can be shown
that In"THIS area the Tovemenls were resylt-
ing from the combined effects of tectonfsm
near surface freshwater fluid wit ayi]i and,
to a s)i{ght extent, recen eeper
offield fluid withdrawals, Far this empirical
approach to be effective, it has becom
necessary to rely on correlatfon techaiques
wherein the survey records are used as tha
base to which all other factars are comared
on a time-of-occurrence bdasis (t.e., formation
pressure decline, earthquake fncidence, the
lowering of freshwater tables, etc.).

wi
.ZE]:EtEE wqll below the presept water fleoding

Tectonic Activity

That the Beverly Hills-Hellywood area {s
and has been tectonically active is readily
apparent from the existing folding, faulting
and sedimentary patterns. Als6, recorded
sefsmfc actfvity (Figure 14), surface physio-
graphic features and the fault displacements
of quartermary sediments testify to the
restlessness of the regton. How much, where,
and at what rate the earth has moved as
a result of this activity has been revealed dy
reécourse to proper monitoring systems. For
example,” surface moyements have been measured
) 'se surveying technigues and the
seismic acf‘ii%y hag_been recorded by rhe
selsmographs_of the Californfa Institute of
Technology and the University of Southern
CYTyfornia, To date, al! of the seysmic e _4
events Precorded by Tnstruments fn these two

nédrky Setsmograph nets have been associated ©~ A’

h movepents along geolagic featuras at

project,

Figure 14, a map af earthquake epicenters

for the period 1934 ta 1973, {1lustrates py

regfonal seismic sctivity. Most of the events A
shown on this figure appear to be related to
either the Santa Monfca Fault 2ene or the
Inglewood Fault 2one. Larger earthquakes have
also occurred along both of these fault zones
during historical times beyond the limits of
Figure 14, For fnstance, quakes of magnttude
greater than 6 have occurred further south

along the Inqlewood Fault zone during 1920

and 1933, Quakes greater than magn{tude S

have occurred during 1835, 1918, 1927, and
1973 along the Santa Mgniza Fault zone. (U.S.
Department of Commerce’.)

Leveling traverses run prior to first
of1field production show some slow sudsidence
persisting over the atlfield area which cannot
be attributed to shallow groundwater flufd
withdrawals (Ffgures 9 and 15). The t
plausible explanation for th{s movement s
STow XeTtonTc sudbsidence over an area which
h¥sTeCETved a relatively thick section of /
sediments throughout recent geelogfe time. A
more subtle expression of this movement can be
found by comparing present day tepography
along La Clenega Boulevard with the annual
rate of change In elevation records for the
perfod 1949 to 1963 (Figure 9) and also with
the isochore map (Figure 16) of shallow fresh-
water-dearing sands and gravels, These
aspects combine to produce a broad, gentle
southerly sloptng topagraphic valley coinci-
dBnt with the greatest subsidence rate and the
thickest section of quarternary freshwater-
bearing sands and gravels, Ouring the years
1935 #o 1953 (Figure 15) when the elevation of

’gr/
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! table elevation was at ene time at or mear the

£

freshwater table was befng lowered, some

of this surface subgidence has %o be attri-
jted to this pressure decline.

Displacement of quarternary sediments and
rather grominent fault scarps along the
]ﬂgfewood and Santa Monica Fault zones are the

s g5t conspicuaus {1lustrations of recent
wsctonic activity., More subtle evidence (n
e Beverly Mills (East) fleld 1s afforded by
ariations in water table elevations where

i yhese faults or thefr subsidiaries behave as

! fludd barriers, It has been noted from

| yrecise leve) surveys that substdence rates

i say vary between fndividual fault blocks.

ynen such varfatfons occur, they are usually
associated with markedly diffarent variations
in the water table of the shallow freshwater
aquifers. It has also been noted {n several
instances that the underltying structural grain
i{s reflected fn the surface leveling syrveys.

compaction of Sediments Oue to Efther Surface
[ading or Wetting

Thare are no ind{cat{cns that any signif-
| {cant part of the present day earth movements
in the frmediate area of the Beverly Hills
(East) field have resulted from surface
Joading or wetting. The fact that the water

wesent surface precludes shallaw compacting
Jrom surface we:ﬁn? {n this area {(Mendenhall
1905 and Ebert 152110). Vvery local differen~
tial surface settlements af 1imited duration
have been recorded during spectfal leveling
surveys fn the {rmediare area of high rise
structures under construction, Substidence of
this nature does not appear to be reflected in
Figures 9, 10, 12 or 13.

Compaction and Consolfdation Due to Yibration

The only events capable of causing
subsidence by vibration are earthquakes,
a)though some very minor, tocal moverents may
be occurring &s a result of surface traffic.
flecent ltevel{ng traverses east of the Beverly
Hills (East) oi1f{eld and along Pico Boulevard
showed a marked acceleration in subsidence
between leve! runs {n October, 1970 and March,
1971. ft fs belteved that this acceleration
resulted from vidratory subs{dence set up
within the shallow fresh water aquifers by tha
February 9, 1971 magnitude 6.4 San Farnando
earthquake. For exarple, several bench marks
which prior to Septewmber, 1970 had consistently
subsided for many years at a rate of less than
0,01 foat per year showed an fmcrease %o 0.04
foat per year {n the March, 1971 survey. A

imtlar acceleratien im substdence appears tc
ave also accurred durtna the Pt. Mugu earth-
quake of magnitude 6 on Fedbruary 21, 1973,

Subsurface Solutfon or Cavitation

There {5 nn evidence
subsidence aver the Beverl;hzg1::y(g:s:;e
of1field has resulted from subsurface solutq
or cayitation, The subsurface sedimentsy e
not subject to solution, and there has na:"
been 2 mechanical reroval of the subsurface
strata in this area.

Subsurface Pore Pressure Reduction (Filuid
Hithdrawal

One of the most 1{mportant criterfa
related to oilfield sudbsidence 1s the reduction
or change fn pore pressure within the sub-
surface formations undergoing depletion. When
the formatfon pressure ig eithar reduced or
increased, deformation within the particular
reservoly will oeccur, Such a change in
formtion pressure will result in a load
transfer from the fluid phase to the solid
matrix or the reverse. The magnitude of the
resul ting deformation 13 dependent upon
several other variables which interact with
each other. Because of the difffculty fn
adequately defining each of these varf{ables at
the time of first hydrocarbon dfscovery, a
rigorous mxthematical analysis of the eventual
magnftude of deformtion is 1mpossible. An
early assessment of the potentta) compaction
can, however, be made by using the empirfical
approach mentioned earlier,

Subsfdence has_been pccurring in the 4rea

of the Beverly Ril1s (East) ffeld for many
years prior to the {nfttation of ailfield

aperatiofhs.” Studias discussed earlier have
vealed the fact that somm of this suds{dence

was Tetated Y8 Shallow freshmwater withdrawals,

The same controlling geologic character-

1stics, discussed ¢n constderable deta{l under

011 f1eld-Related Subs{dence, can also be

3ppifed to the shallew freshwater aquifers.
o AnRsTMaAet 2

50 determine the extent t0 which shallow
groundwater y{thdrawals were contributing to
subsidence, the distribution and thicknass of
the agutvers were iugped (Figure 16). _The
changes in watpr table elevation within this
‘aquifer system'! were then compared to over-
Yyi{ng ground movement measurements. ' _Since
the changes In the pore pressyre are a reflzc-
“tion of changes {n the_water table elevation,
~WTthin the productive formations, it was not
nEcessary to account for dischargé or recharge

volumes, TTTTTT

Graphfcal plots of surface rovement at

bench marks near or adjacent to fluid level
recording paints were constructed. The
Jongest history of such recordings fs shown {n
Figure 17. Tnis bench mark and cbservatien

_9’

~N

A

o~

& & NS ey

W (T »



\E=

—

—

SPE 5603

wells are located southeast of the_area of
study within what §s called the central bazin
frashvater aquifer, in an area beneath which
nydrocarbons have never been withdrawn.
this Tong-term record shows a goed correlation
gince 1926 between surface subsfdence and
{restwater withdrawals. How much of this
mvement is due to tectanfc act’lvﬂ; s , -
unknown. 7.9 4 Y-"—t:' ,) RS ,“-‘ b d
¢l . CFpreTE s L0 L
Sediments comprising these aquifers are
described as nearly flae-lyfng, Voose,
unconsolidated sands and gravels wterbedded
with s11ts and clays (Fowler 196112). The
same aquifers extend northwesterly across the
geverly 1111)s (East) fie)d. In Figure 15,
surface movements at one of the bench marks
centered over the field are compared to fluid
level changes {n the underlying fresimeater
aquifer. In this {nstance, between 1935 and
1953 subsidence was occuring as a resylt of
path frestmater fluid withdrawals and tectonic
activity; byt 3t {s tmpossible to discriminate

one from the other,

Between 1953 and 1966 when the water
, table remained essentially static, the
[ overlying surface continued to subside -
apparently duve to tectonic activity,, By agafn

7 comparing Figures 9 and 16, as was done {n the
evaluation of tectonfically Induced subsfdence,’

it 'can be seen that 45 a_correlation
. ‘bstween the h{gRest rates of. subsidence and
'tk ifer thickness. It al

the aquifer ckness. S
| the greatest change in water table elevatians
i have also occurred in the area of gregtest
i aquffer thickness. For example, in the area
{ of the Beverly Hills (Last) fleld where the
' freshwater aquifer 1s nearly 800 feet thick,
. the water table has been lowered approximately
© 140 feet since the early 1800s.

Prior to preduction from the Oeverly
~)1s (East) fleld, it was conceivable that
sltght subsidence from oilffeld production

might occur. As a consequence, a network af

precise leveling traverses was fnitfated to

detect surface elevat{on changes at an early
" date so that corrective measures could be

: taken if required,

r In Figure 1S, acceleration and movement
" 2t Bench Mark 120 after 1966 (¢ believed
o be related in part to oilfield production,
This slfght {ncrease {n groumd movement can
also be seen in Figure 18, a profi{le of total
ground movements since 1942 along La Cienega
8sulevard, Ouring the early life of the
0f)ffeld when a{]l production exceeded 39,000
‘arreis per day, the subsidence rate from
21 causes increased to 8 maximum of D.12 foot
. per year during a six-month perfod in 1969.
Afrar March of 1971, it can be seen from

URBAN GLlL PRODUCTION AND SUBSIDENCE CONTROL - A CASE HISTORY

/" AlLrecerynies A ’

‘ ing 4n the B
RilYg EEastE E}e_?d. with nne’griTrTéquBg:?rU
exceép v _are of the depletion type with

. farces and deplati{on of shallow aqutfers,

Figures 12 and 15 thae the subs{

decreased to Yess than 0.04 footdszsey;::ea:a:

::su]t ef declining praduction and the fafitia-
on of a pressure matntenance progece Th

rates of subsidence are 1nsigniﬂcant ;.h ese

compared to 3 max{mum annual rate of 2 7e:

per year which occurred at Wilmingeon, o

. . B 4

|

moderate “edgewater encroachment. Fgure 1
shows a plot o?depth'ursus pnessurz wt nﬁ,,
the varieus hydrocarbon-bearing 2ones at the
time of discovery. A normal hydrostatic water
and otl gradient was noted for each, Since

*—:.

fnitia) production when origfnal pore pressures |

were approximately 2,900 psi within the main
zone, pressures have dec)ined to approximately

1,400 psi (Figure 20).

Subs 1dence which might be attriduted to
ci1field production is depfcted {n Figures 12,
13 and 15, Notice that the subsiding area fs
approximately 12,000 feet in radfus with a
maximun of 4,6 {nches of different{al subsid-
ence at the center. Stated differeatly, the
regional tilt amounts te about 5 inches in
more than two miles.

- Beverly H{)1s (East) fie)d subsidence -
should be comparedd with that of the Hollywood
!syncline area to-the north {Figure 18) where
{ nearly 11 {nches has resulted from tectonic

in

neither case, however, has any surface damage

" been reported from this differential movement,

—

\ A — -
Controlling Geolagic Characteristics
(1) Reqional Strhcturﬂ Condftians

The qeometry of the trapping structure
for the Beverly Hills (East) field varies
from a tight asymmetrical fold within the
deep Miocene sediments to a broad gentle
folé in the shallower lower Pliocene
rocks to a-nearly flat-lying ar gently
dipping sedtmentary section {n the
shallow wpper Pliocene-Pleistocene »
sedirents, The sign{ficant 0!} accumla-
tions occur within the deep tightly
folded section which reflects, along with
the assaciated thrust faulting, strong
north-<ayth compresaion. This confligur-
stion should furnish stroag arch suppert

" within both the producing fntervals and
the averlying capping rock (Figure €).

The shallower Repetto hydrocarbon
accumiations, which are not as large or
as extensive as the Miin 20ne, 1de within
the more gently fo)ded portion of the

wn” & MK ST
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structure. Structural suppert from
arching was not expected withi{n these
shallower sediments. The overlying
ounger formatiens rest nearly horizon-
tally as a dead Yoad on these shallower

prodlKUUe 20peS.

From the subsurface structural pattems
mapped to date and supplemented by
dens ity log records and injectivity
tests, there (s good supporting evidence
which indicates that the maximum prin-
cipa) stress directon lies in the
horizontal north-south direction,
whereas the least principal stress
direction 1des in the horfzontal east-
west direction, This places the inter-
mediate stress accese in the vertical
direction and consists aof the averburden
Toad, a gradient of approximately 0.9 psi
per foot. (Injectivity tests broke down
the Main zone sediments at a fractured
gradient of 1,26 psi per foot.)

Othep important subsidence contrslling
factors are the depth to production,
breadth and Tength of the accumulations
and the thickness of each productive
zone. 1n the Beverly (I{11s (East) ffeld,
the shallow producing recervoirs are
generally thin and limited in areal
aextent. Some contribution to surface
gsubsidence was antictpated from these
2ones because of thefr shallew depth of
buriz} between 3,600 feet and 4,500 feet
and their nearly horfzontal attitude.

The major producing reserveirs, Main
and Deep rones, are considerably deeper
within the strnn?1y arched section of the
entrapping antfcline. The minimun depth
to the top of the Main zone is 5,400
fecet. The mintmum depth to the top of
the Deep zone {s approximately 6,800
feot. The ratios of breadth of accumi-
lation to depth for each significant
zone are Yisted in Table 1. Thickness of
the oil productive Mafn section is
impressive on the south flank where the
bads are standing nearly vertical, o
productive thickness an this flank ranges
up to 1,000 feet, whereas on the north
flank, which 1s more gently dipping,
the productive section averages about 650
feet in thickness. There (s also the
strong 1{kelihood that these deeper
Miocene reservoirs are rore resistfve to
conspljdation due to retained tactontc

pre-stressing.

(2) Physica) Properties of ghe Producing

lanes

The phys{cal propertfes of the
5

:htch make up the producing re5erv:?;?cnts
1:ve a bearing on the deqgree af consgl-

atfon which may occur when and §¢ a
tizable Toad transfer from the fludd
phasa to the vock matr{x occurs. The
principa) rock characteristics which
appear to exert sore contro) on the
:nuunt of consol{dation that wil} occyr

re:

3. Porosity
b, Lithology
c. Preconsolidation and Cementation

Pora:it; - All of the commercially >
product{ve zones are made up of clastic
sediments with intergranular porosity.

The poresity versus depth cyurve for the
field has been constructed utilizing

both core data and density log informatton
(Figure 21). This piot shows an average
reduction in porusity with depth of
approximately 2% per 1,000 feet. A
further reduction of this avaflable vaid
volume can occur as a result of grain
fracturing or rearrangement of the grains
which constiture the host rock, or both,
In the Beverly Hi1ls (East) fteld, the
shallow Repettc zones with their slightly
higher porosities were expected to
undergo a greater change per unit vo]ume
than were the deeper Main and Deep zones.

Lithelo -« In {ntergrenular reservairs,
the degree of sorting and mineral content
are the principal Yfthologic variables
which contro) consol{datfon. from ditch
samples, cores and sidewall samples, .t
was determined that these reservoir rocks
are generally poorly sorted, dirty
argt)laceous arkosic sands which can be
physically unstable when subjected to
additional Yoading, This type of lithol-
ogy 15 generally more subject to consol-
{dation than are clean, '311?§ rted .

zuartzitic sands (Meade 1968 Th{s
{fference s chiefly due to the presence

of minerals which aither fail rapidly by
shearing or yleld plastically when
additional loads are applied.

Preconsolidation and Cementation =

ese variablas are Dasically re ated to
depth of burial, maximusn lozding during
geologic time and chemical cementation of
the rock matrix by geologic processes.
At Beverly 1H{1ls, the shallow Repette
sands are not well consolidated and tend
to flow quite readdly, necessitating

LL-!
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grave! pack comletions. The
and Deep 2ene sands show co”gf:gg;b?:in
degree of consolidation and cementatfan
apparently because of depth of pypya)
reater age and the presence of strong
norizanta] compressive forces. No
. significant stripping or removal of
! sha)lower sediments 3ppears to have
occurred {n this area. The stratigraphic
columm as praesented (Figure 6), appears
to be one of & normal sequence of deposi-
gfon Interrupted dy mimar unconformities.

Cementation of the Majn zane with second-
ary mineralization {s Vimited to only %
occas{onal 1ime-cemented stringers.
Surface compressibility tests were run on
main 2one cores and {ndicated rock
compressibilities averaged 4.12 x 10-5
PY/PY/PSI for changes in effective
overburden pressure between 2,300 psi and
3,900 psi. These determinations do not
appear to reflect trua subsyrface con-
ditions, because the amoynt of measured
subt{dence does not approach theoretical
predictions, or the difference between
theoretical and actual caonsolidat{on may
reflect $nherent structural arch support.

Preci{sfon collar logs have beea rPun in ¢
four wells with a repeat run (n one well.
Due to the large number of highly dev{-
ated holes, 12 has been impossible to run
as many precisfon collar logs as desirabla
to check for subsurface compaction. From
the repeat runs (January 30, 1967 and
November &, 1570), negligible compactfon
was noted apposite the Repetts zones, byt
this compaction was so smal]l that §t was
barely within the Yimits of the accuracy
of the measuring fnstrument. A repeat
run through the deepap 20ne has mot been
nade as of this date.

POSSIBLE EFFECTS OF EARTH MOVEMENT

Surface earth movemants which may be ‘t
associated with of1fiald operations in the
Beverly Hi)1s (East) f{eld have been {nsuffi-
efent to cause any damage to surface struc-
tyres. Because of the pressura maintenance
program now in progress, future subsidence
attridutable to production should be sudstan-
tially Tess and {nsignificant. It {s certain
to be small fn compar{son with long-term
surfaca movements arising from ather causes.

Stresses which accumulated in the sub-
surface as a result of possible consolidation
within the praducing zones and overlying cap
rock may have caused some casing deformation
coincident with the decline {n formation
pressure. Now that water injection iz main-

taining formation pressyres

at 2 relatiyely

constant Teve) delow origina} fo
rmation
Pressure, further deformation 1S not expected.

CoNCLUS Yons

1.

Clty.
Env'mm"ta] settin r Yoeal
broad enough §n s:up?iob::,c:::s:hey are

udusual a{)rfelq
surface subsiden:g?ve‘ ntS such as

The Beverly Hills (East ) ‘*
sftuated {n an area undlrgn:;el:g:; al
subs{dence as a consequence nf te:to‘:\ic
forces. Imprinted upon this reqiaonal
downwarping are subsidence componaents
arising from shallow water productinn ang
deeper of1field futd withdrawals.

Singly or in combination, these forces
produce subsidence measurable 1n no

more than 3 few hundredths of a foot per

year,

Precise leveling surveys conducted by
Standard 041 Company of Califarnia and ya
Occidental Petroleum Corporation have

been effective in detecting and monitoring
syrface elevation changes over the ’
Beverly Hills (East) of1fleld. Similarly,
these surveys have demanstrated that
subs{dence attrfdutadble to of)field
operation §s being arrested by a pregram
of subsurface retervoir pressure ma{n-
tenance based on watar fnjection.

011 field subs{dence, which in rare cases
has been extremely damzging, can be
datectad at an early date following the
advent of production by precise leveling
surveys. Corrective measures can than be
instituted. to arrest subs{dence defore
damage to surface structures or wells
occurs., As a result, the principa)
problems which have been associated with
subs {denca can be prevented, '

-

011field subs{dence may be due to a wide ~°
assortment of causes, chiefly geologic in
sature, and thermfore {ts prediction may
not be quantitatively accomplighed. Frem
a qualitative point of view, however, the
construction of a model using empirical
components may be extremely helpful fn
forecasting subsidence prospects and
estimating thefr magnftude, Sudsurface
gealonic data, coupled with other related
information, are iadispensable in the
accuracy of such forecasts.

b~ 1



of 5603 _

$
' ACKHOMLEDGHENTS
/"_-—.

T.

3.

10'

el

N

R. C. ERICKSON AND A, O.

SPAULOLNA

The authors wish to express thefr appre- -

ation to the Standard 011 Company of
cz]iforn{a for permission to prepare and

publish this paper. =°

REFERENCES

Spaulding, Arthur 0. -~ 1977, "031 and Los
Angeles - An Environmental Tr{umph,® Paper
No. SPE 351G, presented at SPE 46th Annual
Fall Meeting, New Orleans, Oct. 3-5.

Babson, E. C. and Burns, J. -- Letter
dated Jume 23, 1970, to Arthur 0. Spaul-

dfng.

Allen, Dennis R. -~ 1970, "Surface Subsid-
ence Possibilities 1n the Beverly Hills,
salt Lake, Las Cienegas and Los Angeles
Downtown 011 Fields, City of Los Angeles,
Caljfornia,” Report prepared for the

City of Los Angeles.

Anderson, D. L. -- 1972, *The San Andreas
Fault," Scientific American, Vol. 225, Neo.
5. pp. 53-63.

Grant, U. 5. and Sheppard, W. E, -- 1939,
*Some Recent Changes of Elevation in the
Los Angeles Dasin, Southerm Cal{farnia,
and Thetr Possidble Significance,” Bul. of
the Seismological Soclety of America,
¥ol. 29, No. 2, pp. 244-32h.

Los Angeles Cfty -- 1963, Bureau of
gngfneering Survey Divisfon Publtshed
precise Oench Mark Index.

pafford & Associates -- 1972, Unpublished
Precise Level Survey Records, Beverly
Hills Area.

Alexander, I. H. -- 1962, “Hor{izonta)
farth Movement fn the Baldwin Hills, Las
Angeles Ares,” Journal of Geophysical
Research, VYol,. 67, Mo. 8, pP. 2869-2475.

U. S. Department of Commerce -- 1961,

*tarthquake History of the United States,
part 11, Stronger Earthquakes of Califor-
nia and Western Nevada,® U, S. Government

Printing Office, Washington, D.C.

Ebert, F. C. == 1921, “"Records of Water
Levels in Wells in Seuthern California,”

USGS Water-Supply Paper Mo. 468, 156p.

Mendenhall, W. C. -- 190§, *{estarm
Coasta) Plain Region of Southern Califors

nix,* USGS Water-Supply Paper No. 139,
$Q3p.

..

2.

13,

California Department of. Wat
. er Regource
;501235520‘1970ﬁ 8ul. 130-64 through :
- ries, f
Cattformin) ydrologic Data, Southern

Fowler, L. C. at 2} 1981, *

. L. C. < == 1981, *p

Utilization of the Ground Water ;:::gg

of the anstal Plain of Los Angeles

g::gty. Ca%i;ornta Department of Water
urces, Buyl. 104, A d :

Hater Geol.agy. ppendix Az Ground

Meade, R. H. -- 1983, "Canpaction of
Sedimants Under1y1ng'Areazpof L:ndo
Subs{dence {» Central California.® USGS
Prof. Paper 437-D, p. 19.

SN

LoD




f1-9%

lﬂ

S
2ons Raparno Miocene Main |Miccene Doe:J
Year of Firnt Praduction 1967 1666 1967
Ressrvoir Arsa {Acres) - 840 -
Depth o Top of Zons (h) 3200 5350 6750
Maximum Width (It.) 2000 3300 2100

Ratic of Depth/Width* 1.8 1.6 29

Net Sand Thickness st Creet (ft)) 535 465 426
Aversga Porosity (% bulk voluma) 28.6 yxN) 20.2
Aversge Permesbility {millidarcies) 265.0 108.0 22.0
Imteestitial Watar (% pore tpace] 22.0 227 26.0
Origingd Oil i Ptaos (barrets/acra—feet) 1349 990 710
Original Solution Gas—Qil Ratio {nandard cubic feet/berrel) 500 685 1040

Initia! Formation Volume Factor (volume }/volume 1.283 1.40 1.64
Origina! Reservoiv Premura {prig) 2200 28502920 3300
Saturstion Pressurs {psig 200 26802975 3300

Dutusn {foet wibeea) 4700 5700 7000
Ressrvair Temparatiise (OF) - R | e 200 215

A. P. L. Gravity of Ot {°) 30-35 22-30 | 045

"Ratio of Depth/Width a1 Wilmington Ranger Zons 2300/15000 = .15
Tahte ) ~ Beverly HillIs {Easll Reservois Dala

- (A0 Ry 4,
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Fig. & - Inglewnod to Santa Menica mountalns cross seclion.  Flg. 8- Beverly Hills (Easth tield siructure cross section.
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Beverly Hills €astl (leld, structure contour map on top
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Beverly HIlly {Last) flesd, structure contour map on base
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Fig. 9 - Annual rate of earth maovement for the pariod 1949
1963.
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Fig. 10 - Annual rate ot sarth movement for the period March 1967
to March 1971, based on 3 mean sea level datum.
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Flg. 13 =~ Anpual rate of earth movement for the perled October 1972 b
October 1973, based on B.M. No. & as datum.

fig. 14 - Earthquake epicenter map for the period 1934 1o 1974 data from
Callfornia Institute of Technology and USC Geophysical Lab.
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Fig. 11 - Adjustment of B. M. Ng. 82 bo a constant datum as of
March 1967.

Fig. 12 = Annual rate of earth movement for the perlod March 1967 o

March 1971, based on B.M. No. 82 xs datum,
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fFig. 1S ~ Graph of surface change in elevation at 8. M. 120 and / 7/:7// ' e

hydrograph of fluid levels at 8.H. Clty water well No. 4.
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Fig, 18 - isochore map of fresh water aquifers. Refar to Fig. 4 for

stratigraphlc positlon.






